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We report the effect of the ab-plane magnetic field B up to 8 T on the resistivity p(T) and fluctuation conduc-
tivity o'(T) in YBa,Cu30_; thin films. As expected, up to ~2.5 T the magnetic field monotonously increases p,
the width of the resistive transition, AT, and coherence length along the ¢ axis, &.(0), but decreases both T, and
the range of superconducting (SC) fluctuations ATy. The fluctuation conductivity exhibits a crossover at charac-
teristic temperature T, from the 3D Aslamasov—Larkin (AL) theory near T, to the 2D fluctuation theory of
Maki-Thompson (MT). However, at B =3 T, the MT term is completely suppressed, and above T, o'(T) is un-
expectedly described by the fluctuation contribution of 2D AL, suggesting the formation of a 2D vortex lattice in
the film under the action of a magnetic field. At the same time, ATy sharply increases by a factor of about 7, and
£.(0) demonstrates a very unusual dependence on T, when B increases above 3 T. Our results demonstrate the
possibility of the formation of a vortex state in YBCO and its evolution with increasing B.

Keywords: high-temperature superconductors, YBCO films, excess conductivity, fluctuation conductivity, mag-

netic field, coherence length.

1. Introduction

One of the most actual challenges in modern solid-state
physics is to develop a theory that can fully describe high-
temperature superconductors (HTSCs). Unfortunately, a
serious obstacle remains the lack of a clear understanding
of the physics of internal interactions in multicomponent
compounds such as HTSCs, in particular, the mechanism of
superconducting (SC) pairing, which makes it possible to
have a superconducting transition temperature T, > 100 K
[1, 2]. It is believed that the study of unusual features of
the normal state of HTSC, primarily such as the pseudogap
(PG), sheds light on the microscopic mechanism of high-
temperature superconductivity [3, 4] (and references there-
in). Among HTSCs, one can distinguish a class of metal
oxides with an active plane CuO, such as, for example,
YBa,Cuz0;_5 (or YBCO), called cuprates. In addition to
high T, and PG, these substances have a low density of
charge carriers ny, strong electronic correlations, quasi-two-
dimensionality and, as a consequence, strong anisotropy of
electronic properties [5-8]. In particular, the coherence

length along the ab plane, which determines the size of
Cooper pairs in HTSCs, is &(T) ~ 10&(T), where E(T) is
the coherence length along the c axis [3].

It is the low charge carrier density, n, that promotes the
formation of paired fermions in cuprates below the charac-
teristic temperature T* >> T, the so-called local pairs (LPs)
[7, 9], which are considered responsible for the formation
of the PG ([3, 9, 10] and references therein). At high tem-
peratures 7 < T* LPs appear in the form of strongly bound
bosons (SBBs), which obey the Bose—Einstein condensation
theory and can form only in systems with small ng [10].
SBBs are small, since &,(T*) ~10 A in YBCO, and very
tightly bound pairs, since, according to the theory [5, 8],
the binding energy in a pair g, ~ 1/&. As a result, SBBs are
not destroyed by thermal and other fluctuations. However,
as the temperature decreases, & and, consequently, the size
of the pairs grows, and the SBBs are gradually transformed
into fluctuating Cooper pairs (FCPs), which already obey
the BCS theory near T, [9-11]. We emphasize that near T,
when &.(T) exceeds the size of the YBCO unit cell along
the ¢ axis: &(T) >d, the quasi-two-dimensional state of
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HTSCs changes to the 3D state [3, 11], since the condensa-
tion of FCPs into the SC state is possible only from the 3D
state [5, 8].

We also note that at T<T* not only the HTSC re-
sistance deviates downward from the linear dependence at
high temperatures, but also the density of states at the Fermi
level begins to decrease [12, 13], which by definition is
called a pseudogap [4]. At present, it can be considered
quite established [14, 15] that at T < T* the Fermi surface
rearrangement also begins from a single large hole surface
above quantum critical point (QCP) p* ~0.19 in YBCO,
where the non-superconducting ground state is a correlated
metal, to small electron pockets between p = 0.08 and 0.16,
where charge order prevails at low temperature and finally
to small nodal hole pockets below p = 0.08, where mag-
netic order prevails at low temperature [15]. Recall that the
hall concentration p = 0.16 corresponds to critical doping,
whereas p* = 0.19 corresponds to pseudogap critical point
(or QCP) [14, 15]. Moreover, it is currently believed to be
well established that, at least in Bi2201, below T*, the FS
is not a closed surface, but decomposes into separate Fermi
arcs [16, 17].

It is believed that a correct understanding of such an
unusual phenomenon as the PG state in HTSCs should also
answer the question of the mechanism of superconducting
pairing in cuprates. To explain the PG state, spin fluctua-
tions [18], charge [15, 19] and spin [14-16] density waves,
charge ordering ([15, 16] and references therein) are pro-
posed. However, despite the fact that the interest in the PG
study has noticeably increased in recent years [20-23],
the physics of the PG state is still not completely clear.
At the same time, although the number of works devoted to
the study of HTSCs and, in particular, the PG, is extremely
large, there is a lack of papers studying the influence
of a magnetic field on excess conductivity and especially
on fluctuation conductivity (FLC) and PG in cuprates.
However, it is the study of the effect of the magnetic field
on FLC and PG that can answer the question of which of
the mechanisms considered above actually take place in
cuprates.

A few attempts have been made to analyze the excess
conductivity in YBCO in strong magnetic fields [24-26].
In [24], both Bjjab and BjJ|c orientations of the external
magnetic field were used to study FLC in aluminum-doped
YBCO single crystals with a system of unidirectional twin
boundaries (TBs). Obviously, in this case, the results are
deeply affected by the aluminum impurities and TBs. Be-
sides, the applied field does not exceed 1.27 T. In [25],
magnetic field B=12T was applied to study FLC in
YBCO composites, which again were doped with Ag,
which deeply affected the results. It is not known whether
these were films, single crystals, or polycrystals. The authors
did not show the evolution of the FLC with a magnetic
field, but show only the data at B=0and 12 T. In [26], the
magnetic susceptibility and FLC were measured in an op-

timally doped (T, =91.1 K) Y-123 film in fieldsupto 9 T
perpendicular to the ab plane. But, surprisingly, as in [25],
the authors also did not show the evolution of the FLC
with a magnetic field. In addition, no attempts were made
to use the Aslamasov-Larkin and Maki—-Thompson fluc-
tuation theories to describe FLC as a function of B. As a
result, the mechanism of the magnetic field influence on the
FLC and the vortex motion in YBCO is still unclear.

In this paper, we report on the study of the effect of a
magnetic field in the ab plane on the resistivity p(T) and
fluctuation conductivity o'(T) of a YBa,Cu30;_; (YBCO)
thin film with increasing magnetic field fromB=0to 8 T.
Since the magnetic field does not affect the normal-state
resistivity, the studies were carried out in the temperature
range corresponding to the transition of the film to the SC
state. The study can become a key to understanding the
formation of a vortex state in YBCO and its evolution with
increasing B. It is shown that up to ~ 2.5 T magnetic field
monotonously increases p, the width of the resistive transi-
tion, AT, and &.(0), but decreases both T, and the range of
SC fluctuations ATy. At B =0, o'(T) near T, as expected,
is described by the 3D Aslamasov-Larkin (AL) theory and
by the 2D fluctuation theory of Maki—-Thompson (MT)
above the crossover temperature To. Butat B =3 T, the MT
term is completely suppressed, and above Ty, o'(T) is unex-
pectedly described by the 2D AL fluctuation contribution.
At the same time, ATy sharply increases by a factor of
about 7, and &.(0) demonstrates very unusual dependence
on T, when B increases above 3 T. A detailed discussion of
the results obtained is given below.

2. Experiment

The epitaxial YBCO films were deposited at T = 770 °C
in 3 mbar oxygen pressure at (LaAlOs)q3(Sr,TaAlOg)o 7
substrates, as described in [27]. The thickness of the depo-
sited films, d ~ 100 nm, was controlled by the deposition
time of the respective targets. X-ray analyses have shown
that all samples are excellent films with the ¢ axis perfectly
oriented perpendicular to the CuO, planes. Next, the films
were lithographically patterned and chemically etched into
well-defined 2.35x1.24 mm Hall-bar structures. To perform
contacts, golden wires were glued to the structure pads
using silver epoxy. Contact resistance below 1 Q was ob-
tained. The main measurements included a fully compute-
rized setup, the Quantum Design Physical Property Meas-
urement System (PPMS-9), using an excitation current of
~100 pyA at 19 Hz. The four-point probe technique was
used to measure the in-plane resistivity pa(T) = p(T).

3. Results and discussion

3.1. Resistivity

The temperature dependence of the resistivity p(T) = pay(T)
of the YBa,CuzO,_s film in the absence of an external
magnetic field is shown in Fig. 1. For temperature above
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Fig. 1. Dependence p(T) for YBa,CuzO;_; film in the absence of
an external magnetic field (B = 0, circles). The solid line deter-
mines py(T) extrapolated to the low-temperature region. The
smaller dot corresponds to the T* temperature. Inset: The method
of determining T*, using criterion [p(T) — po}/aT = 1 [1].

T* =215 K and up to 300 K, the p(T) dependence is linear
and is described by a slope a=dp/dT =2.050 uQ-cm/K.
The slope was calculated by approximating the experimen-
tally derived curves and confirmed the linear behavior of
p(T) with a mean-root-square error of 0.009 + 0.002 in the
specified temperature range. The temperature T* >> T,
was defined as a temperature at which the resistive curve
deviates downward from the linearity (Fig. 1). The more
precise approach to determine T* with accuracy + 1 K is to
explore the criterion [p(T) — po]/aT = 1 [1] (inset in Fig. 1),
where, as before, a designates the slope of the extrapolated
normal-state resistivity, pn(T), and pg is its intercept with
the y axis. Both methods give the same T* = 215 K, that is
typical for the well-structured YBCO films with T, ~ 88 K
and is in good agreement with the literature data [11, 28].

The influence of the magnetic field from B=0to 8 T
on the temperature dependence of p(T) is shown in Fig. 2.
As can be seen, the magnetic field noticeably broadens the
resistive transition and reduces T, but, as usual, does not
affect the normal state of the sample [29, 30]. The straight
lines 0.9p, and 0.1p, allow us to determine both T "*!(B)
and T2 (B), respectively. Here, p, is a normal state re-
sistivity in the vicinity of the SC transition.

Measurements of T2 (B) make it possible to determine
the temperature dependence of the upper critical field B,(T)
(Fig. 3) [31]. One more important curve on the B-T phase
diagram of HTSCs (Fig. 3) is the irreversibility line [32] that
separates the vortex glassy state from the vortex liquid state.
This line is determined by the temperature dependence of
the irreversibility magnetic fields B*(T), above which the
magnetization curve is reversible [33] and the flowing cur-
rent forces the vortices to move. It means that energy dissi-
pation appears and the supercurrent vanishes. From this
point of view, the irreversibility field of HTCSs plays a
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Fig. 2. (Color online) Temperature dependences of the resistivity
of the YBa,Cu30;_;5 film measured in the superconducting transi-
tion region in a magnetic field 0-8 T parallel to the ab plane:
pn =203 pQ-cm at T=92.3 K is a normal state resistivity in the
vicinity of the SC transition. 0.9p, and 0.1p, determine T. ™ (B)
and T2 (B), respectively.

similar role as the upper critical field in classical supercon-
ductors [32, 33]. Accordingly, T2 (B) measurements give
B*(T). Both quantities are shown in Fig. 3 as functions of
temperature. Recall that the magnetic field is oriented per-
pendicular to the ¢ axis of the sample (B|jab). Straight lines
with arrows on the ends show the difference between
ToMet(B) and T2 (B), marked as AT¢(B).

3.2. Fluctuation conductivity

At high temperatures T > T*, in the resistive measure-
ments, the dependence of the resistivity pa,(T) = p(T) in
HTSCs is linear. Below T*, a deviation of p(T) from a linear

10
I AT(B)=5.97K B|lab
8l-a -0
N\ 558K iy
= 6L \A 521K \=
N [ \A 480K \e
c'q‘% al N\, 438K \.
i \A 3.92K \,
5 e Tonset \A 340K \.
c \ \
offset 2.79K s
AT M ank e
0 L A 206K 4
84 85 86 87 88 89 90 91
T, K

Fig. 3. Upper critical field B.,(7) (criterion 0.9p,, ®) and irrever-
sibility field B* (criterion 0.1p,, A) as a function of temperature
for studied YBa,Cu;0,_s film. Magnetic field is oriented in ab
plane. Straight lines with arrows on the ends show the difference
between T ™ (B) and T ™ (B), marked as AT(B).

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 12



Study of fluctuation conductivity in YBa,CuzO;_; films in strong magnetic fields

dependence toward smaller values occurs (refer to Fig. 1),
which results in the excess conductivity expressed by

o'(7) = o(T) — on(T) = [1/p(T)] — [1/pn(T)], or

ey Pn (D) =p(T)
= o™

where py(T) = aT + b is the sample resistivity in the normal
state extrapolated to the low-temperature region [11, 28,
34, 35]. It should be noted that, according to the model [18],
the linear dependence of p(T) above T* is the normal state
of HTSCs that characterizes by the stability of the Fermi
surface [14-16, 18].

According to recent concepts [3, 9, 10, 34-39], a small
value of the coherence length in conjunction with a quasi-
layered structure of the HTSCs leads to the formation of a
noticeable area of superconducting fluctuations on p(T) in
the vicinity of T, where ¢'(7) follows conventional fluctu-
ation theories [3, 11, 40-42]. At the same time, changes in
oxygen content, the presence of impurities and/or structural
defects have a considerable impact on o'(7) and, accord-
ingly, on the implementation of various FLC modes above
T, [11, 43-45].

The fluctuation conductivity of the YBCO film under
study was determined by analyzing the excess conductivity,
which was calculated by the standard method according to
formula (1). The FLC analysis was performed within the
model of local pairs, in which the presence of paired fer-
mions (LPs) in HTSCs is assumed in the temperature range
T.<T<T*[3,9,10, 23, 36]. First, the mean-field tempera-
ture T™ >T_ limiting the region of critical fluctuations
near T, where the mean-field theory does not work, has to
be determined [46]. In addition, Tcmf determines the reduced
temperature

@

_T-T1™

e
mf
Tc

, O]

which is used in all equations. From this, it is clear that the
correct determination of Tcmf plays a key role in the calcu-
lations of FLC. At the vicinity of T, the coherence length
in the ¢ axis &(T) is greater than d. Here d ~ 11.7 A [47] is
the ¢ axis lattice parameter of the YBCO unit cell [42, 48].
In this case, the fluctuating Cooper pairs are combined
throughout the superconductor and form a three-dimensional
(3D) state of the HTSC [11, 42, 48]. Therefore, at the proxi-
mity of T, the FLC can be described by the 3D equation of
the Aslamazov-Larkin theory [49, 50] with the critical
exponent A =—1/2, which determines the FLC in any 3D
system:

2
€ 871/ 2 . (3)

o3paL (T)=Cjyp M

Here o'(T) ~ ¢ 2. Simple algebra yilds ¢’ (1) ~e~T—
-TM . which vanishes at T=T™ (see Fig.4) and thus
allows determining both Tcmf and ¢ with high accuracy

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 12

5 7
Blab ®B=0 ;
mpB=3T
o 4 *B=8T
£ |
2
S 3|
= Ty —89.51 K J
= 2l T,=89.02K *.i" T,
N 7" =87.90 K i* .e
© | LT=ga0K

%3 84 85 8 87 88 8 90 91 92
T,K

Fig. 4. Dependences of ¢"(T) for the YBa,Cu30-_ film at B = 0 (®);
3 (m) and 8 (%) T. Arrows indicate 7, TCrnf , the Ginzburg tempera-
ture Tg, marked by a, and the crossover temperature T,. Straight
dashed lines designate the linear approximations of ¢ 2(T).

[11, 29, 49, 51]. Also in Fig. 4, the arrows show T. and the
Ginzburg temperature Tg, down to which the fluctuation
theories are valid [42, 48]. The temperature of the 3D-2D
crossover Ty limits the area of 3D fluctuations. Notably,
above T, =90.89 K (refer to Fig. 4), the data deviate to the
right from the linear dependence, indicating the presence
of 2D Maki-Thompson contribution to the FLC [42, 48].
Having determined &, we construct the dependences
Inc'(In¢) at different B (Figs. 5 and 6). Upper panel of
Fig. 5 shows the corresponding dependence for the case of
abcense of magnetic field. As expected, at the vicinity of
T., in the interval Tg—T, (In gy = —4.28), the FLC is well
modelled by the 3D AL fluctuation contribution (3). In
double logarithmic coordinates, this is the 3D AL line with
a slope L =-1/2. As mentioned above, it implies that a
classical three-dimensional FLC materializes in an HTSC
when T— T, and &(7)>d [35,39,49]. Above the
crossover temperature T,, &.(7) <d [39, 42, 48, 49], and
this is no longer a 3D regime. However, as before,
E(T) > do;, where do; ~3.5A is the separation of the
conducting planes of CuO, in YBCO [47]. Thus, up to
temperature To; (In gy, =—2.16, Fig. 5, upper panel) &.(T)
connects the inner planes of CuO, through the Josephson
interaction [39, 42]. This is the 2D FLC regime, which is
perfectly approximated by the 2D MT equation (curve
2D MT) of the Hikami-Larkin theory for HTSCs [48]:

e? 1 In(§l+a+\/l+2a]8_1

Soomt (T)=Cyp 8071-0/6 | o115+ 1125
(4)
Above Ty, the experimental points finally deviate
downward from the theory (Fig. 5) implying that the clas-
sical fluctuation theories are no longer valid. Thus, Ty
limits the region of SC fluctuations ATy = Tg; — Tg from
above. Conversely, Tg limits the region of SC fluctuations
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Fig. 5. Upper panel: In ¢’ vs In ¢ for the YBCO at B =0 in com-
parison with fluctuation theories: 3D AL (line 1) and 2D MT
(curve 2). The Ty (In ;) determines the range of SC fluctua-
tions, Ty (In &) is the temperature of the 3D-2D crossover and Tg
(In g) is the Ginzburg temperature. Lower panel: The same de-
pendences forB=1T.

from below. As a result, below Tg, designated as In g in
Figs. 5 and 6, the experimental points also deviate down-
ward from the theory, suggesting the transition to the range
of critical fluctuations or fluctuations of the SC order pa-
rameter A just near T, where A < KT [46, 49].

At Ty, &(Tp) =d =11.7 A, which allows us to determine
£.(0) [11, 39, 42, 51]

£.(0) =d\fe, . )

Taking into account that In g, =—4.28 (Fig. 5, upper
panel) and using Eq. (5), we get &.(0) = (1.38 £ 0.02) A
(B=0), which is in a good agreement with &.(0)=
=(1.65 + 0.02) A obtained for well-structured YBCO film
with a slightly lover T, =87.4 K (sample F1 in [11]), but
almost 1.6 times the coherence length along the ¢ axis ob-
tained for an optimally doped untwined YBCO single crys-
tal with T, =91.6 K (sample Al in [52]). Besides, in both
films the region of SC fluctuations is approximately the
same: ATg =Ty — Tg =100 K-90.06 K= 9.9 K (Table 1).
Both findings indicate the better agreement between the
properties of films and suggest the validity of classical re-
lation [46]:

o
8_
T Ing;=-4.94
£
o Tr
)
©
= ol
In g,=-2.08
B=3T In gy, = —1.05
5 1 L 1 1 1 L 1 L
) e
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Fig. 6. The same dependences as in Fig. 5 for B=3 and 8 T. In
both cases, MT contribution is completely suppressed and o’
above T, is described by 2D AL (blue line). As before, the region
of SC fluctuations is limited from above by Tg;.

hog

%0~ 7A)

(6)
taking into account the fact that superconducting gap
A(0) ~ kT, [46] and in YBCO films the Fermi velocity v
is almost independent on T, [11]. In addition, evidently
that &.(To1) = dog, and, since £.(0) has already been defined
by Eg.(5), we can calculate dy; from the relation
£.(0)=d\feg =dgsfeg;. For B=0, calculations give
dor = (4.1£0.2) A, in good agreement with the literature
data [51, 52].
In the above equations

2
o= 2(‘20(0)] 8_1 (7)
d
is a coupling parameter;
2
8= 1.203|—E[&°—(0)} kgTt (8)
éab nh d ?

is the pair-breaking parameter, and the phase relaxation
time t,, is determined by the equation

T,8T =nh/8kBe=Ale, 9)
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Table 1. Parameters of FLC analysis for YBa,Cu;0,_s film depending on the applied magnetic field

B, T ToK | T"™ K| ToK In g Tos, K In g Te, K Ineg | A(Ta), K | &(0), A | E(O)meorys A
0 88.7 89.65 | 90.89 -4.28 1000 | -2.16 | 90.06 | -5.39 9.9 1.38 1.38

0.5 88.3 89.50 | 91.14 -4.00 96.8 —250 | 89.89 | -5.43 6.9 1.58 1.39
1 87.9 89.40 | 91.12 -3.95 94.5 —287 | 89.89 | -5.20 46 1.62 1.39
2 87.2 89.06 | 92.69 -3.20 94.0 -289 | 89.60 | -5.10 4.4 2.36 1.40
3 86.6 88.88 100 -2.08 1200 | -1.05 | 8951 | -4.94 30.5 413 1.41
4 86.0 88.67 100 -2.06 1200 | -1.04 | 8944 | -4.75 30.6 4.18 1.42
5 85.6 88.46 100 —2.04 1150 | -1.20 | 89.24 | -4.73 25.8 4.22 1.43
6 84.9 88.30 100 —-2.02 1150 | -1.20 | 89.26 | -4.51 25.8 4.26 1.44
7 84.5 88.09 98.4 -2.15 1150 | -1.19 | 89.10 | -4.47 25.9 3.99 1.45
8 84.0 87.90 98.1 -2.15 1150 | -1.18 | 89.02 | -4.36 26.0 3.99 1.46

where 4 =2.998-10 % s-K. Here the factor p = 1.203(I/E4,)
with | being the mean free path and &, is the coherence
length along the ab plane, takes into account the approxi-
mation of the clean limit (I > &), which constantly happens
in HTSC because of the smallness of (T) [40-42, 48].

Figures 5 and 6 show the dependences Inc'(In€) for
magnetic fields of 0, 1, 3, and 8 T. It can be seen that with
an increase in B, the contribution of 2D MT fluctuations is
gradually suppressed, and ATy =Ty — Tg also gradually
decreases but only up to ~2.5T (Table 1). Ultimately,
somewhat unexpectedly, above B=3T, Inc'(Ing) at
T>T, is now well described by the 2D AL fluctuation
term [50]

oo = Copy ! (10)

2DAL 2D 164d ’

where in this case d is the thickness of the sample. Simul-
taneously, both To; (In &gz in the figures), that is, the range
of SC fluctuations, and T, (In g, in the figures), that is,
£.(0) (Table 1), increase significantly. Indeed, the coher-
ence length £.(0) increases from 1.38 A (B =0) to 3.99 A
(B=8T) (Tablel) in agreement with Eg. (6), since
&.(0) ~ 1/T.. However, &.(0) measured in a magnetic field
demonstrates a rather unusual &.(0)(T,) (Fig. 7, curve 1) and
is almost 3 times larger than &.(0) vs T, (Fig. 7, curve 2)
calculated by Eq. (6) at B =0 with v, = 1.16-10° m/s and
proportionality coefficient K = 0.11 obtained for F1 in [11]
(the last column in Table 1). Since formula (6) is rather
simple, one may conclude that magnetic field should
somehow increase v . Interestingly, at B =3 T, ATy sharply
increases by a factor of about 7, then unexpectedly de-
creases by ~ 1.2 at B=5T, and then remains independent
of B (Table 1). Accordingly, &.(0) also sharply increases at
about of 1.75 at B =3 T, then remains almost independent
of B and even decreases at B > 6 T (Fig. 7).

According to our knowledge, such an unusual transfor-
mation of FLC under external influence is observed for the
first time. Really, in YBCO films with defects [29, 53]
Inc’(In €) is always described by the Lawrence—Doniach
model [40]:
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which reduces to 3D AL when T — T, and to 2D AL at
high temperatures [29].

In Y.Pr,Ba,CuszO,_; single crystals [54], the increase
in the number of defects generated by Pr results in both a
noticeable decrease in T, and a large increase in the resis-
tivity. The same result is obtained when YBCO single
crystals are irradiated with high-energy electrons [55].
Moreover, in all cases when there is no magnetic field, the
width of the resistive transition AT, remains rather narrow,
and the 2D AL behavior of In c’(In €) has never been ob-
served. In addition, magnetic field does not affect the nor-
mal-state resistivity above T2™® [29, 30], as mentioned
above. It is also worth noting the absence of visible fea-
tures on the resistivity curves (Fig. 2) obtained at different
values of B in the range of SC fluctuations.

Taking into account all of the above, we can conclude
that the influence of an external magnetic field does not
reduce to a simple introducing additional disorder into the
system. And, in fact, the revealed transformation of FLC

(11)
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Fig. 7. Temperature dependences of &.(0) of the YBa,Cus0;_5
film (dots with corresponding fields marked by the arrows) and
&:(O)tneory (square) calculated at B = 0 using Eq. (6).
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from 2D MT to 2D AL under the influence of a magnetic
field remains an open question. Most likely, the magnetic
field forms a two-dimensional vortex lattice in the film,
which leads to the observation of 2D AL FLC above Ty,
when B exceeds 3 T.

To obtain more detailed information, it is necessary to
study additionally the magnetoconductivity Acy. It is
known from the literature [56] that the orbital motion of
superconducting carriers is strongly suppressed when using
the scenario Bjjab instead of BJ|c. For this reason, only
Zeeman terms contribute to the “magnetic” fluctuation
conductivity Aoy in this case. Corresponding experiments
are ongoing. Our next article will be devoted to a detailed
analysis of Aoy, which, according to the relevant literature,
is practically not studied due to the complex shape of the
ALZ and MTZ contributions.

Conclusions

We report two-dimensional vortex lattice under influ-
ence of the external magnetic field up to 8T in a
YBa,Cuz;0,_; thin film. The measured fluctuation conduc-
tivity exhibits a crossover at a critical field B~ 3 T from a
semiclassical weak-field 2D MT dependence to the unex-
pected high-field 2D AL dependence. In this case, To;
sharply increases, and the range of SC fluctuations AT
also increases by about 7 times. Accordingly, &.(0) demon-
strates a rather unusual dependence on T, in comparison
with the classical &.(0) vs T, usually observed in YBCO
films at B =0 T. The results obtained demonstrate the possi-
bility of the formation of a rather unusual two-dimensional
vortex lattice in a YBCO film under the action of in-plane
magnetic field, but only when the field exceeds 3 T.

Acknowledgments

This research was funded in part by the Science Com-
mittee of the Ministry of Education and Science of the Re-
public of Kazakhstan (Grant No. AP08052562).

1. E. V. L. de Mello, M. T. D. Orlando, J. L. Gonzélez,
E. S. Caixeiro, and E. Baggio-Saitovich, Pressure studies on
the pseudogap and critical temperatures of a high-T, super-
conductor, Phys. Rev. B 66, 092504 (2002).

2. E. Snider, N. Dasenbrock-Gammon, R. McBride, M. Debessai,
H. Vindana, K. Vencatasamy, K. V. Lawler, A. Salamat, and
R. P. Dias, Nature 586, 373 (2020).

3. A.L. Solovjov, Pseudogap and local pairs in high-T,
superconductors, Superconductors — Materials, Properties
and Applications, A. M. Gabovich (ed.), InTech. Rijeka,
Chap. 7, (2012), p. 137.

4. A. A. Kordyuk, Pseudogap from ARPES experiment: three
gaps in cuprates and topological superconductivity, Fiz. Nizk.
Temp. 41, 417 (2015) [Low Temp. Phys. 41, 319 (2015)].

5. R. Haussmann, Properties of a Fermi liquid at the superfluid
transition in the crossover region between BCS superconductivity
and Bose-Einstein condensation, Phys. Rev. B 49, 12975 (1994).

6. V.M. Loktev, R. M. Quick, and S.G. Sharapov, Phase
fluctuations and pseudogap phenomena, Phys. Rep. 349, 1
(2001).

7. O. Tchernyshyov, Non-interacting Cooper pairs inside a
pseudogap, Phys. Rev. B 56, 3372 (1997).

8. J. R. Engelbrecht, A. Nazarenko, M. Randeria, and E. Dagotto,
Pseudogap above T in a model with dx, , pairing, Phys.
Rev. B 57, 13406 (1998).

9. V.J. Emery and S.A. Kivelson, Importance of phase
fluctuations in superconductors with small superfluid density,
Nature 374, 434 (1995).

10. M. Randeria, Pre-pairing for condensation, Nature Phys. 6,
561 (2010).

11. A. L. Solovjov and V. M. Dmitriev, Fluctuation conductivity
and pseudogap in YBCO high-temperature superconductors,
Fiz. Nizk. Temp. 35, 227 (2009) [Low Temp. Phys. 35, 169
(2009)].

12. H. Alloul, T. Ohno, and P. Mendels, ®Y NMR evidence for a
Fermi-liquid behavior in YBa,Cu;04.y, Phys. Rev. Lett. 63,
1700 (1989).

13. T. Kondo, Y. Hamaya, A. D. Palczewski, T. Takeuchi, J. S. Wen,
Z.J. Xu, G. Gu, J. Schmalian, and A. Kaminski, Disentangling
Cooper-pair formation above the transition temperature
from the pseudogap state in the cuprates, Nat. Phys. 7, 21
(2011).

14. L. Taillefer, Scattering and pairing in cuprate superconductors,
Annu. Rev. Condens. Matter Phys. 1, 51 (2010).

15. S. Badoux, W. Tabis, F. Laliberté, G. Grissonnanche,
B. Vignolle, D. Vignolles, J. Béard, D. A. Bonn, W. N. Hardy,
R. Liang, N. Doiron-Leyraud, Louis Taillefer , and C. Proust,
Change of carrier density at the pseudogap critical point of
a cuprate superconductor, Nature (London) 531, 210 (2016).

16. Y.Y. Peng, R. Fumagalli, Y. Ding, M. Minola, S. Caprara,
D. Betto, M. Bluschke, G. M. De Luca, K. Kummer,
E. Lefrangois, M. Salluzzo, H. Suzuki, M. Le Tacon, X. J. Zhou,
N. B. Brookes, B. Keimer, L. Braicovich, M. Grilli, and
G. Ghiringhelli, Re-entrant charge order in overdoped
(Bi,Pb), 1,Sr; ggCuOg,s outside the pseudogap regime, Nat.
Mater. 17, 697 (2018).

17. T. Kondo, A. D. Palczewski, Y. Hamaya, T. Takeuchi, J. S. Wen,
Z. J. Xu, G. Gu, and A. Kaminski, Formation of Gapless
Fermi Arcs and Fingerprints of Order in the Pseudogap
State of Cuprate Superconductors, Phys. Rev. Lett. 111,
157003 (2013).

18. B. P. Stojkovic and D. Pines, Theory of the longitudinal and
Hall conductivities of the cuprate superconductors, Phys.
Rev. B 55, 8576 (1997).

19. A. M. Gabovich and A. I. Voitenko, Spatial distribution of
superconducting and charge-density-wave order parameters
in cuprates and its influence on the quasiparticle tunnel
current, Fiz. Nizk. Temp. 42, 1103 (2016) [Low Temp. Phys.
42,1103 (2016)].

20. D. Chakraborty, M. Grandadam, M. Y. Hamidian, J. C. S. Davis,
Y. Sidis, and C.Pépin, Fractionalized pair density wave in
the pseudogap phase of cuprate superconductors, Phys. Rev. B
100, 224511 (2019).

1154 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 12


https://doi.org/10.1103/PhysRevB.66.092504
https://doi.org/10.1038/s41586-020-2801-z
https://doi.org/10.1063/1.4919371
https://doi.org/10.1103/PhysRevB.49.12975
https://doi.org/10.1016/S0370-1573(00)00114-9
https://doi.org/10.1103/PhysRevB.56.3372
https://doi.org/10.1103/PhysRevB.57.13406
https://doi.org/10.1103/PhysRevB.57.13406
https://doi.org/10.1038/374434a0
https://doi.org/10.1038/nphys1748
https://doi.org/10.1063/1.3081150
https://doi.org/10.1103/PhysRevLett.63.1700
https://www.nature.com/articles/nphys1851#auth-Takeshi-Kondo
https://www.nature.com/articles/nphys1851#auth-Yoichiro-Hamaya
https://www.nature.com/articles/nphys1851#auth-Ari_D_-Palczewski
https://www.nature.com/articles/nphys1851#auth-Tsunehiro-Takeuchi
https://www.nature.com/articles/nphys1851#auth-J__S_-Wen
https://www.nature.com/articles/nphys1851#auth-Z__J_-Xu
https://www.nature.com/articles/nphys1851#auth-Genda-Gu
https://www.nature.com/articles/nphys1851#auth-J_rg-Schmalian
https://www.nature.com/articles/nphys1851#auth-Adam-Kaminski
https://doi.org/10.1038/nphys1851
https://doi.org/10.1146/annurev-conmatphys-070909-104117
https://doi.org/10.1038/nature16983
https://www.nature.com/articles/s41563-018-0108-3#auth-R_-Fumagalli
https://www.nature.com/articles/s41563-018-0108-3#auth-Y_-Ding
https://www.nature.com/articles/s41563-018-0108-3#auth-M_-Minola
https://www.nature.com/articles/s41563-018-0108-3#auth-S_-Caprara
https://www.nature.com/articles/s41563-018-0108-3#auth-D_-Betto
https://www.nature.com/articles/s41563-018-0108-3#auth-M_-Bluschke
https://www.nature.com/articles/s41563-018-0108-3#auth-G__M_-Luca
https://www.nature.com/articles/s41563-018-0108-3#auth-K_-Kummer
https://www.nature.com/articles/s41563-018-0108-3#auth-E_-Lefran_ois
https://www.nature.com/articles/s41563-018-0108-3#auth-M_-Salluzzo
https://www.nature.com/articles/s41563-018-0108-3#auth-H_-Suzuki
https://www.nature.com/articles/s41563-018-0108-3#auth-M_-Tacon
https://www.nature.com/articles/s41563-018-0108-3#auth-X__J_-Zhou
https://www.nature.com/articles/s41563-018-0108-3#auth-N__B_-Brookes
https://www.nature.com/articles/s41563-018-0108-3#auth-B_-Keimer
https://www.nature.com/articles/s41563-018-0108-3#auth-L_-Braicovich
https://www.nature.com/articles/s41563-018-0108-3#auth-M_-Grilli
https://www.nature.com/articles/s41563-018-0108-3#auth-G_-Ghiringhelli
https://doi.org/10.1038/s41563-018-0108-3
https://doi.org/10.1038/s41563-018-0108-3
https://doi.org/10.1103/PhysRevLett.111.157003
https://doi.org/10.1103/PhysRevB.55.8576
https://doi.org/10.1103/PhysRevB.55.8576
https://doi.org/10.1063/1.4965890
https://doi.org/10.1103/PhysRevB.100.224511

Study of fluctuation conductivity in YBa,CuzO;_; films in strong magnetic fields

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

S. F. Kivelson and S. Lederer, Linking the pseudo-gap in the
cuprates with local symmetry breaking: a commentary,
PNAS 116, 14395 (2019).

N. J. Robinson, P. D. Johnson, T. M. Rice, and A. M. Tsvelik,
Anomalies in the pseudogap phase of the cuprates: Compet-
ing ground states and the role of umklapp scattering, Rep.
Prog. Phys. 82, 126501 (2019).

V. Mishra, U. Chatterjee, J. C. Campuzano, and M. R. Norman,
Effect of the pseudogap on the transition temperature in the
cuprates and implications for its origin, Nat. Phys. 10, 357
(2014).

R. V. Vovk, Z. F. Nazyrov, G. Ya. Khadzhai, V. M. Pinto
Simoes, and V. V. Kruglyak, Effect of transverse and
longitudinal magnetic field on the excess conductivity of
YBa,Cus_,Al,O;_5 single crystals with a given topology of
plane defects, Funct. Mater. 20, 208 (2013).

B. A. Malik, G. H. Rather, K. Asokan, and M. A. Malik,
Study on excess conductivity in YBCO + xAg composites,
Appl. Phys. A 127, 294 (2021).

R. I. Rey, C. Carballeira, J. M. Doval, J. Mosqueira,
M. V. Ramallo, A. Ramos-Alvarez, D. Séfioral, J. A. Veira,
J. C. Verde, and F. Vidal, The conductivity and the magne-
tization around T in optimally-doped YBa,Cu;0;_s revisited:
quantitative analysis in terms of fluctuating superconducting
pairs, Supercond. Sci. Technol. 32, 045009 (2019).

P. Przyslupski, 1. Komissarov, W. Paszkowicz, P. Dluzewski,
R. Minikayev, and M. Sawicki, J. Appl. Phys. 95, 2906 (2004).
A. L. Solovjov, H.-U. Habermeier, and T. Haage, Fluctuation
conductivity in YBa,Cuz0-_ films of various oxygen content.
Il. YBCO films with T, >> 80 K, Fiz. Nizk. Temp. 28, 144
(2002) [Low Temp. Phys. 28, 99 (2002)].

B. Oh, K. Char, A. D. Kent, M. Naito, M. R. Beasley,
T. H. Geballe, R. H. Hammond, A. Kapitulnik, and
J. M. Graybeal, Upper critical field, fluctuation conductivity,
and dimensionality of YBa,Cuz0,.,, Phys. Rev. B 37, 7861
(1988).

E. Nazarova, A. Zaleski, and K. Buchkov, Doping dependence
of irreversibility line in Y,_,Ca,Ba,Cu30;_s, Physica C 470,
421 (2010).

E. Nazarova, N. Balchev, K. Nenkov, K. Buchkov, D. Kovacheva,
A. Zahariev, and G. Fuchs, Supercond. Sci. Technol. 28,
025013 (2015).

W. M. Woch, M. Kowalik, M. Giebultowski, R. Zalecki,
A. Szeliga, J. Przewoznik, and Cz. Kapusta, Magnetoresistance,
irreversibility fields, and critical currents of superconducting
2G tape, J. Supercond. Nov. Magn. 30, 569 (2017).

J. Hénisch, N. Kozlova, C. Cai, K. Nenkov, G. Fuchs and
B. Holzapfel, Determination of the irreversibility field of
YBCO thin films from pulsed high-field measurements,
Supercond. Sci. Technol. 20, 228 (2007).

F. Rullier-Albenque, H. Alloul, and G. Rikken, High-field
studies of superconducting fluctuations in high-T. cuprates:
Evidence for a small gap distinct from the large pseudogap,
Phys. Rev. B 84, 014522 (2011).

W. Lang, G. Heine, P. Schwab, X. Z. Wang, and D. Bauerle,
Paraconductivity and excess Hall effect in epitaxial

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 12

YBa,Cu30; films induced by superconducting fluctuations,
Phys. Rev. B 49, 4209 (1994).

R. Peters and J. Bauer, Local origin of the pseudogap in the
attractive Hubbard model, Phys. Rev. B 92, 014511 (2015).
R. V. Vovk, N. R. Vovk, A. V. Samoilov, I. L. Goulatis, and
A. Chroneos, Effect of long aging on the resistivity proper-
ties of optimally doped YBa,Cus;0,_s single crystals, Solid
State Commun. 170, 6 (2013).

M. S. Grbi¢, M. Pozek, D. Paar, V. Hinkov, M. Raichle,
D. Haug, B. Keimer, N. Barisi¢, and A. Dul¢i¢, Temperature
range of superconducting fluctuations above T, in
YBa,Cuz0,_5 single crystals, Phys. Rev. B 83, 144508
(2011).

R. V. Vovk and A. L. Solovjov, Electric transport and
pseudogap in high-temperature superconducting compounds
of system 1-2-3 under conditions of all-round compression,
Fiz. Nizk. Temp. 44, 111 (2018) [Low Temp. Phys. 44, 81
(2018)].

W. E. Lawrence and S. Doniach, Proc. of the Twelfth Int.
Conf. on Low Temp. Phys., Kyoto, Japan (1970), E. Kanda
(ed.), Keigaku: Tokyo (1970) p. 361.

J. B. Bieri, K. Maki, and R. S. Thompson, Nonlocal effect in
magnetoconductivity of high-T, superconductors, Phys. Rev. B
44, 4709 (1991).

Y. B. Xie, Superconducting fluctuations in the high-tempe-
rature superconductors: Theory of the dc resistivity in the
normal state, Phys. Rev. B 46, 13997 (1992).

R. V. Vovk, N. R. Vovk, G. Ya. Khadzhai, I. L. Goulatis,
A. Chroneos, Effect of praseodymium on the electrical resis-
tance of YBa,Cuz0;_;5 single crystals, Solid State Commun.
190, 18 (2014).

R. V. Vovk, N. R. Vovk, G. Ya. Khadzhai, O. V. Dobrovolskiy,
and Z. F. Nazyrov, Effect of high pressure on the fluctuation
paraconductivity in YgesProesBa,CusO,-5 single crystals,
Curr. Appl. Phys. 14, 1779 (2014).

R. V. Vovk, G. Ya. Khadzhai, and O. V. Dobrovolskiy,
Resistive measurements of the pseudogap in lightly Pr-doped
Y 1Pr,Ba,Cus0,_5 single crystals under high hydrostatic
pressure, Solid State Commun. 204, 64 (2015).

P. G. De Gennes, Superconductivity of Metals and Alloys
W. A. Benjamin, Inc., New York, Amsterdam (1968) p. 280.
G. D. Chryssikos, E. I. Kamitsos, J. A. Kapoutsis, A. P. Patsis,
V. Psycharis, A. Koufoudakis, Ch. Mitros, G. Kallias,
E. Gamari-Seale, and D. Niarchos, X-ray diffraction and
infrared investigation of RBa,Cu3;0; and RysPrysBa,Cus0;
compounds (R, Y and lanthanides), Physica C 254, 44 (1995).
S. Hikami and A. I. Larkin, Magnetoresistance of high-
temperature superconductors, Mod. Phys. Lett. B 2, 693 (1988).
A. L. Solovjov, L. V. Omelchenko, R. V. Vovk, O. V. Dobrovolskiy,
S. N. Kamchatnaya, and D. M. Sergeev, Peculiarities in the
pseudogap behavior in optimally doped YBa,Cuz0,_; single
crystals under pressure up to 1 GPa, Curr. Appl. Phys. 16,
931 (2016).

L. G. Aslamazov and A. L. Larkin, The influence of
fluctuation pairing of electrons on the conductivity of the
normal metal, Phys. Lett. A 26, 238 (1968).

1155


https://doi.org/10.1073/pnas.1908786116
https://doi.org/10.1088/1361-6633/ab31ed
https://doi.org/10.1088/1361-6633/ab31ed
https://doi.org/10.1038/nphys2926
https://doi.org/10.15407/fm20.02.208
https://doi.org/10.1007/s00339-021-04448-2
https://doi.org/10.1088/1361-6668/aafe93
https://doi.org/10.1063/1.1646445
https://doi.org/10.1063/1.1461921
https://doi.org/10.1103/PhysRevB.37.7861
https://doi.org/10.1016/j.physc.2010.03.002
https://doi.org/10.1088/0953-2048/28/2/025013
https://doi.org/10.1007/s10948-016-3840-4
https://doi.org/10.1088/0953-2048/20/3/019
https://doi.org/10.1103/PhysRevB.84.014522
https://doi.org/10.1103/PhysRevB.49.4209
https://doi.org/10.1103/PhysRevB.92.014511
https://doi.org/10.1016/j.ssc.2013.07.011
https://doi.org/10.1016/j.ssc.2013.07.011
https://doi.org/10.1103/PhysRevB.83.144508
https://doi.org/10.1063/1.5020905
https://doi.org/10.1103/PhysRevB.44.4709
https://doi.org/10.1103/PhysRevB.46.13997
https://doi.org/10.1016/j.ssc.2014.04.004
https://doi.org/10.1016/j.cap.2014.10.002
https://doi.org/10.1016/j.ssc.2014.12.008
https://doi.org/10.1016/0921-4534(95)00553-6
https://doi.org/10.1142/S0217984988000369
https://doi.org/10.1016/j.cap.2016.05.014
https://doi.org/10.1016/0375-9601(68)90623-3

E. V. Petrenko, L. V. Omelchenko, Yu. A. Kolesnichenko, N. V. Shytov, K. Rogacki, D. M. Sergeyev, and A. L. Solovjov

51. A. L. Solovjov, L. V. Omelchenko, V. B. Stepanov, R. V. Vovk,
H.-U. Habermeier, H. Lochmajer, P. Przystupski, and K. Rogacki,
Specific temperature dependence of pseudogap in YBa,Cu;0,_;
nanolayers, Phys. Rev. B 94, 224505 (2016).

52. A. L. Solovjov, E. V. Petrenko, L. V. Omelchenko, R. V. Vovk,
I. L. Goulatis, and A. Chroneos, Effect of annealing on a
pseudogap state in untwinned YBa,Cus;0,_5 single crystals,
Sci. Rep. 9, 9274 (2019).

53. A. L. Solovjov, Fluctuation conductivity in Y-Ba—-Cu-O
films with artificially produced defects, Fiz. Nizk. Temp. 28,
1138 (2002) [Low Temp. Phys. 28, 812 (2002)].

54. A. L. Solovjov, L. V. Omelchenko, E. V. Petrenko, R. V. Vovk,
V. V. Khotkevych, and A. Chroneos, Peculiarities of pseudogap
in Y .05Pro0sBa,Cus0;_5 single crystals under pressure up to
1.7 GPa, Sci. Rep. 9, 20424 (2019).

55. A. L. Solovjov, L. V. Omelchenko, E. V. Petrenko, R. V. Vovk,
D. M. Sergeyev, and A. Chroneos, Influence of electron irradia-
tion on fluctuation conductivity and pseudogap in YBa,CuszO7.5
single crystals, Submitted to Superconducting Science Tech-
nology.

56. A. G. Aronov, S. Hikami, and A. I. Larkin, Zeeman effect on
magnetoresistance in high-temperature superconductors,
Phys. Rev. Lett. 62, 965 (1989).

1156

BuBYeHHs hnyKkTyauiHOI NpoBIgHOCTI B NniBKax
YBa,Cus07_5 B CUINbHMUX MarHiTHUX NOnsix

E. V. Petrenko, L. V. Omelchenko,
Yu. A. Kolesnichenko, N. V. Shytov, K. Rogacki,
D. M. Sergeyev, A. L. Solovjov

BuUBYCHO BIUIMB MArHiTHOTO IOJIsL B OpieHTalii ab-miomuau
1o 8 Tn ua nutomuit omip p(T) Ta ¢uykTyauiiiHy NpoBiIHICTH
o'(T) y Tomkux miiBkax YBa,CuzO;; Sk ouikyBamock, 10
~ 2,5 Tn MarHiTHe 1MoJjie MOHOTOHHO 301IbIIYE p, IIHPUHY PE3UC-
TUBHOTO Iiepexony AT Ta TOBKXHHY KOT€peHTHOCTI BIOBX OCi C,
£/0), ane 3meHuIye 5K T¢, Tak i iHTEpBaI HAANPOBIAHUX (QIYKTY-
amiit ATy. @iykryaniliHa IpoOBiAHICTE JEMOHCTPY€E KPOCOBEP IIPH
xapakTepHiil Temmepatypi Tg 3 3D-teopii Acnama3zoBa—Jlapkina
(AJI) nobmm3y T, Ha 2D-durykryaniliny Teopito Maki—Tomricona
(MT). Onnax mipu B = 3 Tt BHecok MT mOBHICTIO MPUTHIYYETHCS, 1
Bume Ty o'(T) HecmoxiBaHo onmcyerbest Guykryauiiaum 2D-
BHeckoM AJl, o cBiAYMTh Mpo YTBOpEHHS 2D-BUXpOBOi IpaTKu
B IUTIBIN MiJ Ji€}0 MarHiTHOTO moiisi. Y Toi ke 4yac ATy pi3ko
3pocrae nproau3Ho B 7 pasis, a £.(0) 1eMOHCTpYe nyXke HEe3BHUHY
3aJIeXHICTh BiX T¢, Komu B 3poctae Bume 3 T. OtpumMaHni pe3yiib-
TaTH JEMOHCTPYIOTh MOXJIMBICTh YTBOPEHHS BUXPOBOI'O CTaHy B
YBCO Ta itoro eBosmomniro 3i 30utbmenusM B.

Kito4oBi cioBa: BHCOKOTEMIIEpATYpHI HAAMPOBIJHUKH, ILUTiBKA
YBCO, HagmmmkoBa NpOBITHICTE, (IyKTya-
uiffHa TPOBIAHICTH, MArHiTHE MOJE, JOBXKHHA
KOTEpPEHTHOCTI.
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