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The work is devoted to establishing the identity of the topological phases arising in the
Josephson medium of granular high-temperature superconductors YBa,Cu;O; 5 during the
Berezinskii-Kosterlits-Thouless phase transitions (BKT transition) under the influence of
an external magnetic field and transport current. It has been established that the nature
of the topological phases arising as a result of the BKT phase transition does not depend
on the type of external influence.
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OcobauBocti nporikanaa (Ga30BUX MmepPexXoiB y A#K03e(COHIBCBKOMY CEPEeOBUINl TPAHYJIAp-
HOI0 BHCOKOTeMIepaTypHoro Hagnposimmuka YBa,Cu,O; s mix giero remmeparypu, 30BHINIHEOro
MATHITHOTO MOJA i TpancmoptHOro ctpymy T.B. Cyxapesa, B.O. @inxenn, B.B. [[epes’anko

PoboTa mprcBsAUeHa BCTAHOBJIEHHIO TOTOMKHOCTI TOMOJOTIUHNX (pas, II0 BUHUKAIOTL B A:K03ed-
COHIBCHKOMY CePeJIOBUIII IPaHyIAPHUX BUCOKOTeMIIepaTypHuX Haamposigaukis YBa,CuzO; 5 mpn
nporikauui ¢asosux mnepexojiis Bepesuncvroro-Kocrepaums-Taymeca (BKT-uepexin) mix miero
SOBHIIIHBLOIO0 MATHITHOIO IIOJIS 1 TPAHCIOPTHOI'O CTPyMy. BeTaHOBJIEHO, IO XapaKTep TOIO-
Joriunux ¢das, ki BuHukamoTs B peayasrati BET (gasoBoro mepexony, He 3a1eKuUTh Bia BULY
S0BHIIIHLOTO BILJIUBY.

PaGoTa mocssIeHa yCTaHOBJICHUIO TOKJAECTBEHHOCTH TOIMOJOTHUECKUX ($as, BOBHUKAIOIINUX B
A703e(DCOHOBCKOM cpejie TPaHYJMAPHBIX BHICOKOTEMIIEPATYPHBIX cBepXTmposoanukos YBa,Cus0; s
npu mporexannu (asoBelx mepexonoB Bepesmucxoro-Kocrepanua-Tayiaeca (BKT-mepexon) mof
JelficTBHEM BHEITHEro MarHUTHOI'O IIOJA W TPAHCIIOPTHOTO TOKA. ¥ CTAHOBJIEHO, UTO XapaxKTep
Tormosioruvueckux ¢as, BosHukamwinux B peayiabsrate BKT ¢dasoporo mepexonma, He 3aBUCUT OT
BUA BHEIIHEro BO3AelCTBUA.

© 2020 — STC "Institute for Single Crystals”

1. Introduction

In 2016, the Nobel Prize in Physics was
awarded to John Michael Kosterlitz, David
Thouless and Duncan Haldane with the
wording "for theoretical discoveries of topo-
logical phase transitions and topological
phases of matter”. From the wording of the
decision of the Nobel Committee in 2016, it
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follows that the prize was awarded exclu-
sively for theoretical work in the field of
establishing the nature of topological phase
transitions and topological phases of matter.
Naturally, the theory contains a set of suf-
ficiently important markers for the possible
detection of topological phase transitions, in
particular, the Berezinskii-Kosterlitz-
Thouless (BKT-phase transitions) transition,
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the most important of which is the reduced
dimension of systems (1D or 2D), in which
the occurrence of such phase transitions is
potentially possible [1-4]. The basis of our
experimental studies on the discovery and
establishment of the nature and mechanisms
of topological BKT phase transitions and
topological phases is the idea that the
Josephson medium of two-level granular
high-temperature superconductors, whose
topology can be controlled by temperature,
an external magnetic field, and/or trans-
port current [5], can serve as an optimal
two-dimensional object, in which topological
BKT phase transitions can be detected and
reliably identified using measurements of
electromagnetic properties.

As is known, a description of the behav-
ior of granular high-temperature supercon-
ductors (HTSC) in an external magnetic
field is possible within the framework of a
two-level model of the critical state [6, 7].
In the framework of this model, granular
HTSCs are considered as a combination of
two subsystems of superconductors of the
second kind [8]: three-dimensional supercon-
ducting granules with strong superconduc-
tivity and two-dimensional intergranular
boundaries Josephson "weak links” with
weak superconductivity.

In the framework of the two-level model
for superconducting granules (grains) [indices
"g" (grain)] and intergranular boundaries
Josephson "weak links” (index "J"):

H1g(T)>H 1501y Hoag(T)>Hooi(T), (1)
Icg(T’ H  )>>1,5(T,H ),

where H 1, and H,j are the critical fields in
the beginning of the process of penetration of
the magnetic field into the subsystems of the
granular superconductor; H g, and Hyj are
the critical fields for the total penetration
of the magnetic field into the subsystems of
the granular superconductor; I.,, I,y are
critical currents of superconducting granules
and intergranular boundaries, respectively.

It would seem that the system of in-
equalities (1) adequately describes the proc-
esses of penetration of magnetic field into
both subsystems of a two-level granular super-
conductor. The penetration of the external mag-
netic field H,.,; into granular high-temperature
superconductors is realized by means of Abrikosov
vortices into granules at H,,; > H., and
through Josephson vortices into "weak finks"
at Ho,; > H,1y [9]- In this case, however,
the question on the nature of the influence
of the transport current density (j) on the
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critical parameters of granular HTSC is
rather complicated. Two channels of the ef-
fect of the transport current on the critical
temperatures and critical fields of supercon-
ducting granules and "weak links™ are pos-
sible (see, for example, [10, 11]): a) by
means of the magnetic field created by the
current, and b) by the "direct” action of the
current on the vortex structure of a two-
level HTSC. It is almost obvious that the
direct influence of the transport current
can noticeably affect only the processes oc-
curring in the Josephson medium (we are
talking about the evolution of the system of
"weak links", i.e. the appearance and move-
ment of single "weak links"”, the appearance
of their conglomerates and the formation of
continuous Josephson contacts) [12].

The ultimate goal of the study is to es-
tablish the identity of the topological
phases occurring by two fundamentally dif-
ferent scenarios of BKT phase transitions
the effect of an external magnetic field
and/or transport current on the Josephson
medium of granular HTSCs. We believe that
the coincidence of the H-T phase diagrams
of the Josephson medium of granular
HTSCs in the region of realization of BKT
transitions according to the two different
external exposure scenarios could serve as
an adequate proof of the identity of the
topological phases.

2. Methodological aspects

In this paper, the routines of experi-
ments, processing experimental results, and
analyzing data obtained according to two
fundamentally different scenarios of possi-
ble topological phase transitions in a
Josephson medium of two-level high-tempera-
ture superconductors were optimized using a
continuous change in one parameter, a dis-
crete change in another parameter, and a con-
stant value of the third parameter.

Scenario 1: Studying the temperature depend-
ences of the magnetoresistance p(7, H, ext)j=const
at a constant value of the transport current
density j (temperature T is a continuous
parameter, external magnetic field strength
H,,; is a discrete parameter, and transport
current density j is a constant parameter)
[18]. The nature of Hpgp(Tggr) depend-
encies will be established.

Scenario 2: Studying the current-voltage
characteristics (CVC) with a constant value of the
external magnetic field strength, E(T, Drext—const
(temperature T is a continuous parameter, j is a
discrete parameter, and H.,; is a constant

Functional materials, 27, 4, 2020
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Fig. 1. Temperature dependences of electrical
resistivity for YBa,Cu;Og g5 granular HTSC
in external magnetic fields. From bottom to
top, H,,, = 0, 10, 25, 50, 100, 250, 500 Oe.

parameter) [12,14]. The nature of
TerT(Hext) dependencies will be established.

The discrete parameters in the experi-
ments should be changed over a sufficiently
wide range; in our opinion, this will make it
possible to detect topological phase transitions,
both in the magnetic field and in the transport

current: 0 < Hoyy < Hyjg and 0 < I <[,.
2.1. Objects of study

The objects of study were single-phase
samples of granular HTSC YBa,CuizO;.5 of
nominal composition YBa,Cu30gq g5 synthe-
sized according to the standard “ceramic
technology”™. The sizes of the samples were
=~2x2x20 mm3. Current and potential con-
tacts were obtained by deposition of silver
vapor in vacuum [15].

To certify the HTSC samples of
YBa,Cus30g g5 composition, we wused the
methods of X-ray diffraction analysis (the
values of the parameters of the rhombic
crystal lattice within the measurement ac-
curacy coincided with the tabulated values.
a=38.82%0.001 A b=3.89 £ 0.001 A,
¢ = 11.6802 + 0.001 A) [16], and resistive
and magnetic measurements of the critical
temperature (the temperature of the middle

of the superconducting transition, Tg/2, de-

termined from the maximum of the derivative
dp/dT(T), was 92.6510.01 K, the transition
width AT, did not exceed 0.4 K.) [17, 18].

2.2. Experimental setup

To carry out electro-physical measure-
ments in both of the scenarios described
above, a special installation based on the
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Fig. 2. Temperature dependences of magne-
toresistance for YBa,Cu,Ogq o5 granular HTSC.
For clarity, only a part of the obtained mag-
netoresistance isotherms corresponding to in-
teger values of the parameter T is shown.

RGD-210 Leybold cryogenerator (20 — 273 K)
was developed and implemented; it was
equipped with an external system of perma-
nent magnets from the high-coercive Nd,Fe,B
alloy to create permanent magnetic fields of
strength up to ~ 2000 Oe [19] (a similar
method of creating a highly stable magnetic
field in cryostats provides improved measure-
ment accuracy [20]).

3. Results

3.1 Scenario 1. Magnetoresistance

In accordance with Scenario 1, the fol-
lowing research program was implemented:

1. Measurements of the temperature de-
pendences of electrical resistivity under condi-
tions of continuocus temperature change
(=70< T<100K) and discrete changes in the
strength of an external perpendicular magnetic
field (0<H,,,< 5000e) at a constant value of the
transport current density (j = 2 A/cm?).

2. Development and implementation of
algorithms for converting the results of di-
rect measurements of the temperature de-
pendences of the electrical resistance at given
external parameters (H.,, j) into the set of
magnetoresistance isotherms p(H . {)7—const-

Fig. 1 presents the results of precision
measurements of the temperature depend-
ences of the electrical resistivity at fixed
values of the strength of the perpendicular
external magnetic field in the temperature
range of 70< T< 95 K (to apply a magnetic
field, the FC mode, cooling in a magnetic
field was used. A similar regime, as shown
previously [19], ensures the achievement of
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current density values are (from bottom to top): j = 50, 100, 250, 500, 1000 and 2000 mA /cm?2.

the maximum degree of equilibrium between
the object of study — a granular HTSC and
an external magnetic field; the achievement
of the equilibrium was facilitated by use of
very low cooling and heating rates for the
samples (0.002-0.004 deg/s).), at a constant
value of the density of the transport cur-
rent. All the measurements were carried out
under conditions of increasing temperature.

In accordance with the program de-
scribed above, the results of direct measure-
ments of the temperature dependences of
the electrical resistivity, i.e. the matrix
O(T)H oyt—consts Was transformed into the
matrix P(Hgg)p—const- 11 this regard, the
obtained values of P(T)gext—const Were inter-
polated to specific temperature values with
a "step” of 0.1 K. The results of data con-
version p(T)Hext=const - p(Hext)T=const are
presented in Fig.2.3.

As you can see, when the temperature
changes, the behavior of the magnetoresis-
tance curves changes fundamentally:

— in the range of =82 <T < =86K, the
isotherms of the magnetoresistance are al-
most linear; this behavior of the magne-

toresistance curves p(Hy), obviously,
eliminates the possibility of any other
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phase transitions besides a continuous
phase transition at T = Tgo; = Ty (the
temperature of the full penetration of the
magnetic field into the subsystem of Josephson
"weak links”, characterized by the appearance of
resistivity); — in the range of =87 < T < =89K,
the isotherms of the magnetoresistance are
clearly anomalous: with increasing external
magnetic field H,,;, the "high-temperature”
isotherms p(H,.,;) exhibit a sharp increase
in resistance, a characteristic kink appears
on the curves; after passing the inflection
point, the magnetoresistance isotherms no-
ticeably change the course.

3.2. Scenario 2.
Current-Voltage Characteristics

In accordance with Scenario 2, the fol-
lowing research program was implemented:

1. Measurements of the temperature de-
pendences of the electrical resistivity under
conditions of continuous temperature change
(=70 £ T < =100K) and discrete changes in the
transport current density (50 < j < 2000 mA /cm?)
at constant values of the external perpen-
dicular magnetic field strength (H,, = O,
25, 50, 100 Oe).

Functional materials, 27, 4, 2020
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2. Recovery of the current-voltage char-
acteristics (CVC) in a wide temperature
range on the base of the obtained experi-
mental data on the temperature dependences
of the electrical resistance of granular sam-
ples of HTSC Y832CU306_95.

Figure 3 shows the temperature depend-
ences of the electrical resistivity p(T) for
various values of j at constant values of the
external perpendicular magnetic field
strength H_, = 0, 25, 50, 100 Oe. The absence
of a maximum on the p(T) curves at H = 0 is
due to the almost complete absence of the sub-
system of "weak links” in a zero magnetic
field. The appearance of a maximum on the
p(T) curves at H, # 0 is associated with a
change in the dissipation mechanism — a high
level of dissipation on "weak links"” is replaced
by a moderate level of dissipation on supercon-
ducting granules as a result of the redistribu-
tion of the magnetic flux between both subsys-
tems of a two-level granular HTSC [5, 18].

In accordance with the research program
described above, the result of direct meas-
urements of the temperature dependences of
the electrical resistivity the matrix
p(T)j=const was transformed into the matrix
E()p—const- In this connection, the obtained
values of p(T)j=const were interpolated to specific
temperature values with a "step” of 0.1 K.
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Fig. 4. Dependences of the electric field
E on the density of the transport cur-
rent at H = 25 Oe (a), H,,,=50 Oe (b),
H, ., = 100 Oe (c). For the convenience

ex
of graphical presentation, a limited

number of CVCs are shown. From bot-
tom to top, T = 83, 84 ... 93 K.

Figure 4 shows only a part of the isotherms
E(j) obtained in this way at H,; = 25, 50, 100
Oe. As can be seen, all the CVCs are obvi-
ously nonlinear with the exception of the
dependences E(j)p_g3g, i.e. at T > T.

4. Discussion

Before discussing the results obtained, it
should be recalled that according to modern
concepts (see, for example, [21]), the es-
sence of the Berezinskii-Kosterlitz-Thouless
topological phase transition consists in the
transition from a high-temperature disor-
dered phase with exponential correlation to
a low-temperature quasi-ordered phase with
a correlation function which decreases with
distance according to a power law and depends
on temperature. In other words, as shown by
V.L. Berezinskii in priority works [1, 2], at
low temperatures, the vortex and antivortex
form a bound state — a vortex pair; and at
sufficiently high temperatures, the pairs
dissociate. Unlike dissociation in a three-di-
mensional gas, the two-dimensional disso-
ciation is not carried out gradually, but by
a phase transition at a certain temperature.

4.1. Establishment of the nature and be-
havior of magnetoresistance isotherms with
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a change in temperature and intensity of an
external magnetic field

The first subject of discussion should be
the appearance of the anomalies described
above in the behavior of magnetoresistance
isotherms with a change in temperature and
external magnetic field strength (see 3.1).
Obviously, the nature of the evolution of
magnetoresistance isotherms with tempera-
ture changes carries information on the oc-
currence of topological phase transitions.
Thus, there is every reason to believe that the
anomalous behavior of the magnetoresistance
isotherms (see Fig. 2) is due to the BKT
phase transition by the magnetic field in the
region of the existence of resistivity of the
Josephson medium, [H o (T) — H14(T)], in
the granular HTSC YBa,Cuz04.

4.2. Establishment of the nature and fea-
tures of the behavior of CVC parameters
with a change in temperature and external
magnetic field

In a number of theoretical and experi-
mental works (see, for example, [22-28]), an
analysis of the CVC behavior was used as
the main method for detecting topological
phase transitions. As is known (see, for ex-
ample, [29-32]), in relatively weak magnetic
fields, the current - voltage characteristic
E(j) of granular HTSCs can be described, to
a first approximation, by a semi-pheno-
menological power function:

E = A[] - jc(T’Hext)]v’ (2)

where A is the proportionality parameter
depending on the dissipative properties of
the object under study; j, = j,; is the critical

density value of the Josephson current; v is
the CVC nonlinearity coefficient.

In Fig. 5, the dependences of the critical
density of the Josephson current j j;(T) for
H_ .= 25, 50, 100 Oe, obtained in accord-
ance with equation (2), are presented. It can
be seen from the figure that, in a very nar-
row temperature range, there are pro-
nounced jumps in the critical density of the
Josephson current j.;. In this case, the ef-
fect of an anomalous decrease in the critical
density of the Josephson current by several
times takes place! At the same tempera-
tures, characteristic jumps were found in
the dependences of the proportionality pa-
rameters A(T) and in the nonlinearity coef-
ficients V(T) of CVC (Fig. 6, 7). Obviously,
the observed effects of the jump-like change
in CVC parameters (see Figs. 5, 6, 7) are
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Fig. 5. Temperature dependences of the criti-
cal density of the Josephson current j ; in
Eq. (2). Pentagons, squares, and circles corre-
spond to H,,, = 25, 50, and 100 Oe.

associated with the BKT phase transition in
the transport current [I {(T) - I Cg(T)] in the
region where the resistivity of the Josephson
medium exists in YBa,Cu307.

4.3. Establishment of the identity of the
topological phases arising as a result of
BKT phase transitions under the influence
of electric and magnetic fields

In the present work, it was first discovered
that the appearance of all anomalies in the behav-
ior of magnetoresistance isotherms (see 8.1, 4.1)
and CVC parameters (see 3.2, 4.2), regardless
of the magnitude of the external magnetic
field strength and the density of the trans-
port current, is localized in a strictly defined
sufficiently narrow temperature range,
namely, in the region of existence of Joseph-
son medlum resistivity, TcZJ(Tp=O)_.7:’clg'
Moreover, it was shown that the positions
of the anomalies on the temperature axis,
determined for two fundamentally different
types of external impact on the Josephson
medium of the YBa,Cuz0-_5 granular HTSC,
coincide within the accuracy of the electro-
physical measurements. However, the ques-
tion remains open: does the proximity of
the temperatures of the BKT transition
found in the work testify to the identity of
the topological phases arising under the in-
fluence of a magnetic field and a transport
current? To get an answer to this funda-
mentally important question, an H-T phase
diagram of the Josephson medium of granu-
lar HTSCs was constructed in the range of
realization of BKT transitions proceeding ac-
cording to the two external impact scenarios.

The data presented in Fig. 8 clearly indi-
cate the almost complete identity of the

Functional materials, 27, 4, 2020
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A (mViem)

A (mVicm)

Fig. 6. The temperature dependences of the
proportionality parameter A(T) in Eq. (2). The
symbols are the same as in Fig. 5. The inset
shows the temperature dependence of the pro-
portionality parameter A in the jump region.

phase diagrams in the region of the BKT
transitions when external magnetic and
electric fields are applied to the object
under study. As can be seen, the results of
constructing the Tggr — Hpgr phase dia-
gram under different external impacts are
satisfactorily described by a single relation-
ship (see the dash-dot line in Fig. 8). Possible
errors in the determination of TBKT wvalues
from the analysis of CVC and the HBKT from
the analysis of magnetoresistance isotherms
are presented in the figure by horizontal and
vertical "whiskers,” respectively.

5. Conclusion

It was already noted in the Introduction
that the aim of this work was to establish the
identity of the topological phases arising under
two fundamentally different scenarios for the
realization of the Berezinskii-Kosterlitz-
Thouless topological phase transitions in the
Josephson medium of granular HTSCs.

The following was established in the work:

1. It was shown that the two-dimensional
Josephson medium of granular HTSCs is the opti-
mal object for studying the BKT phase transitions.

2. It was shown that the criterion for the
identity of the topological phases arising dur-
ing the BKT phase transitions when exposed
to an external magnetic field and transport
current is the almost complete coincidence of
the corresponding H-T phase diagrams.

3. It was established for the first time that
the nature of the topological phases arising as
a result of the BKT phase transition does not
depend on the type of external influence.

Functional materials, 27, 4, 2020

Fig. 7. Temperature dependences of the CVC
nonlinearity coefficient W(T') in Eq. (2). The
symbols are the same as in Fig. 5.

120

100 - —@— + B

80 |- . T E

=y
N
=3

© -
o o
=3

(=2}
o

60 N, -

40 T~ 4

H_, (Oe) {scenario 1}
/
(Oe) {scenario 2}

ext

L J
H

20 - 4

86 87 88 89 920

Fig. 8. H-T phase diagram in the region of
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