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Abstract: A method of simultaneous analysis of the magraatit crystalline microstates of superconductorsepgsed
to find out the specific features of interactiontvizeen the crystalline and magnetic microstructwepolycrystalline
HTSCs. Qualitatively new results are obtained famgles with different microstructures. For exampégular steps are
observed on the magnetic-field dependence of eqgped magnetic flux density Btr(HO) in polycrysta and epitaxial
YBCO films for both increasing and decreasing fidltie results of the analysis imply that epitafilahs, as well as bulk
and film polycrystalline HTSCs, are "decomposedtb imonodomains, crystallites, and subcrystalliteth wdifferent
demagnetization factors. The simultaneous peneftraif vortices into crystallites of about the sasiee and into more
regularly arranged subcrystallites gives rise ® above-mentioned steps. As the quality of the &sripcreases, these
steps become more prominent, which is attributetiécenhanced short-range ordering. The abserstem$ on Btr(HO) in
bulk polycrystalline samples clearly demonstratae tibsence of long-range ordering in these sampies the
vitreousness of the crystalline microstructure 0f3€s that is responsible for the transformatiorthénvortex system. The
similarity of the results obtained in samples vdifierent microstructures points to the universaictmanism of penetration,
distribution, and trapping of magnetic flux in teesamples. It is found that polycrystalline HTS@s ia fact multistep,
rather than two-step, systems. It is shown thawitieousness of the microstructure of HTSCs amddianse arrangement
of twinning boundaries lead to the penetration cignetic flux in the form of hypervortices into sdey and are
responsible for the formation of a superconductitass state on physical principles different frdrose of the Ebner--
Strode model of granulated glass.

Keywords. Vortex Front, Josephson Medium, Demagnetizatiomtdfa Thermodynamic Field, Crystallites and
Subcrystallites

films®™® this fact restricts the practical applicationtioése
materials. It is knowh™® that the low critical current
density in polycrystalline HTSCs is attributed twe tlow

1. Introduction

The problem of determining the interaction mechanis g : - - :
between the crystalline and magnetic microstrustwe ~ CUTTeNts associated with weak links at the gramriolarl_es.
high-temperature superconductors (HTSCs) is onéhef 1N€ macrostructure  of HTSE® and the physical

key problems of HTSC physics that has attracted 0C€SS€S in the intercrystallite Josephson mediane
worldwide interest. This problem marks one of nibegs ~ Peen well studiet! ' However, the microscopic state of

in the development of superconductors with theicafit ~Crystallites and the physical processes insidetystallites
current densityJ; close to the critical Ginzburgiandau ~have been studied insufficiently. To increase feof
depairing current densityd.®- ©® and is a challenging polycrystals, it is hlghly_|m_p0rtant to study thde1y|s_|cal
problem from both fundamental and applied pointsief. ~ Processes that occur inside the crystaff®s, since
From the technological viewpoint, it is much simpind ~ C'ystallites are characterized by the lowest stmadt
cheaper to synthesize polycrystalline HTSC sampies imperfections and have the highest critical paranset

. . . 1,12,16) : . . .
required shape and size. Howe\grin HTSC polycrystals In . it was conjectured that crystallites (grains) of

is well below that in HTSC single crystals and axial ~ Pelycrystalline HTSCs may have a finer subcrystalli
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structure. This structural division was associatgtth the  both in homogeneous and local magnetic fields and t
presence of twinning boundaries in the crystallitfs smoothly vary the spatial scale of the applieddfeems to
polycrystalline HTSCs. Since the distance betweerbe a quite topical problem. This method allows doe
twinning boundaries in the crystallites of polydaléne  selectively analyze the distribution of local figldround a
YBa,Cw0,_, (YBCO) is about 50 A, it is rather difficult ~sample, monodomains, crystallites, and subcrysslli
to detect subcrystallites by means of current aagmatic  Thus, one can obtain useful information not onlytba
measurements. To measure the characteristics afagnetic flux penetration (exit) and the formatiand
monodomains (large crystallites), crystallites, andtransformation of a vortex lattice but also on the
subcrystallites, the authors'®f” carried out a detailed crystallographic microstructure of samples and aéseme
analysis of the problems of demagnetization andeatures of interaction between the magnetic apstalitine
thermodynamic fields and established a close o#lakip  microstructures of a sample. Conventional methaats f
between these problems. The complex solution ofethe investigating magnetic properties (see, for exarfipfa
problems would open a direct access to the expatahe and references therein) allow one to observe ohly t
measurement of the thermodynamic magnetic fieldilpro integral characteristics of superconductors, bezaile
which is crucially important for the description t¢iie  external field, after being switched off or reduced
physical properties of spatially inhomogeneous type smoothly exits from a sample and is partially tregy
semiconductors. The measurement of the magnetit-fie the sample. This fact prevents one from obtaining
dependence of the effective demagnetization fatigH,) information on both the magnetic and crystallogiaph
of a sample and of the thermodynamic magnetic fieldnicrostructures of a sample. It is known that a
H;(Hg) made it possible to trace the motion of the fal®  simultaneous analysis of the magnetic and crysjadlohic
between regions occupied by vortices and the Merssn microstructures of samples can be carried out by th
regions, which are free of vortices. When vortipesetrate  neutron diffraction technique. However, in spitetlod fact
into a sample or into a large number of crystalind that the field distribution is detected locallyistiechnique
subcrystallites with close demagnetization factafse is also an integral technique, because the magnetic
function neg(Hg) undergoes appreciable changes. In thisstructure of a sample is analyzed either in a magfield
way one could determine the values Jfand the first or when the magnetic field is slowly switched?8ff

thermodynamic critical magnetic fields,, = H; = Ho/(I — The aim of the present study is to determine the
Nne) for chosen monodomains, crystallites, andpenetration mechanism of a magnetic flux into arSBT
subcrystallites. to find out the specific features of interactiortvibgen the

In spite of a large number of works on the penitnat crystalline and magnetic microstructures of an HT S
(exit), distribution, and trapping of a magnetitxflin  to develop a method for simultaneous analysis & th
HTSC films and single-crystal and polycrystallin€ $C  magnetic and crystalline  microscopic  states  of
samples, a systematic comparative analysis of @rpatal  superconductors.
data on the magnetic flux trapping, obtained by sheme
technique, has not been carried out for samplef witp Samples and Experimental Method
different microstructure¥-?? This analysis would provide
useful information on the magnetic (local critical 2.1. Experimental Method
parameters of monodomains, crystallites, and
subcrystallites, as well as interdomain, interalise, and
intersubrystallite weak links; the energy of intemthin,
intercrystallite, and intersubcrystallite Josephgorctions;
the condensation energy in monodomains, crystslhted
subcrystallites; the pinning forces in them; etand
crystallographic (linear dimensions of monodomains,
crystallites, and subcrystallites; the anisotropyd ahe
density of twinning boundaries; enhancement ofsihert- h ; J -
range ordering as the size of monodomains, critssll modified frequency of the oscillatory circuit, amd=1/LC.

and subcrystallites decreases; and the morpholdgy c>ce the oscillation amplitudeHoexp(54t) falls off
different-scale defects, localized dislocations,asit ~ €XPonentially fromH, to zero, the trapping of the magnetic
deformations, and other possible defects of micuogire)  1UX z(gg:cu_rs due to the fieltH, rather than due to the ac
microscopic states of superconductors. The answirese  field”". Figure 1a shows the time dependence of the field
questions will allow one to establish a detaile@tienship ~H(0) for arbitrary parameters of the LC circuit. Byryag
between the crystallographic and magnetic microsires the capacitanc€, we made sure that the circuit operates in
of HTSCs and stimulate the development of many? Steady-state mode up to a frequency of 2 kHz. An
prospective technologies based on HTSCs. Therefoge, NCréase in the capacitane® to 4000 uF leads to the
development of a method for the local diagnostiés oVvanishing of oscillations and brings the system ao
HTSCs that makes it possible to capture a magriietic conventional mode when, instead of a capacitance, a

To detect the trapping of a magnetic flux only duehe
front of the magnetic field, we connected a capaci¢ of
C = 0.05pF in parallel with a solenoid (with inductance of
L = 7.6 H and resistancBR ~ 85.9 Q) that produces an
external field. The application of a dc voltageseuto this
LC circuit gives rise to a decaying ac magnetitdfid(t) =
Hoexp(-ft)coL2t in the solenoid. In this expressiof,=
R/2L is the attenuation facta® = (w*4%)"?~ 1.6 kHz is a
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resistor is connected in parallel with the solendithe By (2)/B,"(0) along the axiz. The extrapolation of these
analysis of the magnetic-field dependence of thpped curves to the ordinate displaced b200 um from thez
magnetic fluxBy(Hg) of a superconducting sample by the axis has shown that a signal loss at a distan@00fum
method proposed was carried out in the ZFCMFA (zerdrom the sample surface is at most 5%BgF*(0) ?*. The
field cooling with magnetic field accumulation) magnetic field was directed perpendicular to trenglof a
regimé®?. According to the ZFCMFA regime, a sample sample.

is cooled to the liquid nitrogen temperature inozer Figure 1b provides a schematic illustration of thdial
magnetic field. Then a steplike impulse of externaldistribution of the sample responBg to the field H(t).
magnetic field is applied, and, in five minuteseaft This distribution allows one to determine the reerdn
switching off the field, we measurd®}, at the center of a field 4B, due to incomplete compensation of the signal
sample on its surface. Next, without heating theda, we  from positive and negative half-periods of the di&l(t).
applied another impulse &f, and measured the totB},, = We considered a case when the fiél{t) leads to the
and so on. The amplitude of the steps was monaitiyic implementation of the Bean modflin crystallites of size
increased by equal amounts and, upon reaching th#&ry; and to the suppression of weak links in the
necessary value, monotonically decreased in thee sanintercrystallite space 0d'*2%. For the fields below the
manner. To pass smoothly from large to small spatiales, first critical magnetic field of crystallitebl, the shift of
after each cycle of measurements, we graduallycestithe  the front ofB, from the disk center, is equal to the radius
amplitude of the step to the minimum value; morepve rq of the disk. The suppressidiB;, was determined from
after each cycle a sample was heated to temperalane

T. and was again cooled down © = 77.4 K. This k
technique allowed us to move step-by-step the ntagne
field front into the bulk of the sample, monodonsin
crystallites, and subcrystallites, and back antbfolup the
motion of the interface between the regions ocalpie
vortices and Meissner regions. Since the experiahent \\{
conditions allowed us to eliminate the effect of thailing

edge of the magnetic pulse, the probing of the luilla - — Hn
sample by the front of a decaying ac magnetic fiedg [\ TK\W\H

allowed us to separately investigate the magnéedite sof u U A
//
7

_By(t=0) _ By (t=0)

. .
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regions with identical critical parameters, to makéocal
capture of the flux, and change the topology oftthpped
magnetic flux by the front of the field. As the ental field
increases, the interface between the vortex andsdvier y
regions starts to enclose domains with the maximalues —Ho+
of the critical parametersH(;, Js, and T). Thus, by @)
cycling the field, we can achieve mutual transision
between the Gaussian amXHg)-like distributions of the
trapped magnetic flux. This allows us to obtain fulse
information on the magnetic properties of samplssaa
function of the crystallographic microstructure spfatially
inhomogeneous superconductors such as HTSCs.

The functionBy(Hp) was measured in magnetic fields of
up to 1.3 kOe at liquid nitrogen temperature by allH 0
probe with the working area of 50 x fifh? and sensitivity
of about 200uQ OmT ™. The equipment allowed us to
detect a Hall probe signal with an accuracy ofID5 G
and move a sample relative to the Hall probe altheg
radius and along the axis of the cylinder. Firsgample
was moved relative to the Hall probe with larggstalong ~
both the radius in the axiszto a specific region of interest,

! . . . (b)
and then this region was examined with a step qirht.
Due to the electric contacts on the Hall probe, the 9:1(a)Timedependenceof thefield H(t) for arbitrary parameters of
minimum spacing between the working area of thel Haltﬂggmilrgféﬁng%fgﬁ;;g'ﬂzgf’mon of the radial distribution of
probe and a sample was about 200. To determine the

exact value of the maximum density of the trapped The ana|y5is has shown that, due to mu|tip|e

magnetic fluxB,™*(0) at the center of a sample on its compensation of the response signal from positivd a
surface, we constructed normalized axial distringi negative half-periods of the fieldH(t), the averaged
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remanent signaldB, is a quantity of second-order
compared with the responBg of a sample to the first half-
period of the fieldH(t). To evaluatedB,, for the values of
corresponding to six extrema of the first threeiqus of
the field H(t), we determinedB,(t) from Hoexp(-t). Next,
we calculateBy(tz) = Byz + Bya+ Bys andBy(ton-1) = Bya +
Bys + Bys for the positive and negative half-periods,
respectively. The calculation yields the valuekof123.1
for all values ofH, throughout a frequency interval of
0.1-2 kHz. Moreover, Fig. 1b shows thhtsignificantly
increases due to a relatively close position ofwloeking
area of the Hall probe to the front of the magngtipulse.
The remaining signal after the front of the magnditld
can be substantially reduced by increasing thdutsp of
the method via reducing the damping fadr= In(H,, /
H,:+1) of the LC circuit and reducing the size of thellHa
prozbe (there are Hall probes with a working area®k 10
pum°).

To trap magnetic flux in a homogeneous magnetid fie
and measure the magnetic-field dependencegf,) and
Hi(Hg), as well as to compare the results obtained im th
way with the results obtained by a front of a déwgyac
magnetic field, we also carried out measurementthén
ZFC (zero field cooling) regime. The ZFC differsorin
ZFCMFA in that, each time after the trapping a netign
flux, the sample was heated to temperature afigvend
cooled again to temperature of 77.4 K. The compbpén
Earth's magnetic fieldH, was compensated by a coil
coaxial to the solenoid producing the external netign
field. The method and the setup are described mmilde

- .18-20, 29
in )

2.2. Samples

The analysis was carried out on YBCO samples wittfP

different microstructures, different edge barriezights,
different bulk pinning, and different demagnetiratiields.
Samples in the form of a disk 8 mm in diameter,auit of
single-crystal epitaxial quasi-single-crystal YBCidms
(samplel), texture polycrystalline YBCO samples with the
axis ¢ perpendicular to the sample plane (sanf)leand
nontextured polycrystalline YBCO samples (san§)ldad

a thickness of ~0.4um, ~0.7 mm, and ~4.3 mm,
respectively. Epitaxial YBCO films were obtained lager
sputtering of a high-density stoichiometric YBCQOget
onto a well polished NdGaO(110) samp®. X-ray
diffractometer analysis showed that thexis in the films
is perpendicular to the plane of the substratethadilms
have low concentration of defects. Investigationsried
out by a high-resolution scanning electron micrpscand
current measurements have shown that films havesdey
number of twinning boundaries and exhibit in-plane
anisotropy comparable with the crystal anisotfdpyrhe
critical current measured by the dc four-probe égpine on
bridges fabricated by photolithography and wet ietgh
was about B0° A/cn? in the Earth's field. The textured
and nontextured YBCO polycrystalline samples wane ¢
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out from a cylindrical ingot by a diamond-point tewt The
melt textured samples were synthesized by placisgeal
on the top of a melt at high temperature. Polarizedm
optical microscope examination of a mechanicallljshed
surface clearly revealed bright (single-crystaydils with

a size of about 0.11 dnseparated by narrow inclusions of
green color. This fact was confirmed by the resaftshe
scanning Hall-probe measurements of a trapped niagne
flux. The nontextured samples were synthesized Hey t
standard solid-phase technology and had a reldéwsity

of 95% (the theoretical density was assumed to .B8 6
glém™) and consisted of chaotically oriented anisotropic
crystallites of different shapes and arrangemeiitt) an
average size of about dm. To eliminate the nonuniform
distribution of oxygen on the surfaces of the digke end
surface layers were removed by a diamond cultter.

Figure 2 shows the radial distribution of the tregp
magnetic-flux densityB, for samplesl, 2 and 3. For
sample2, the functionBy(r) was measured in magnetic
fields of 25 Oe (curvé in Fig. 2a), 50 Oe (curnv2 in Fig.
2a), 65 Oe (curve in Fig. 2a), and 1.3 kOe (Fig. 2b).
Figure 2c and 2d show the functidy(r) measured on
samples 3 and 1 in a magnetic field of 1.3 kOe.s€he
measurements were performed in the ZFCMFA regime,
when a resistor was connected in parallel withstilenoid.
To eliminate the effect of the external and intérna
demagnetization fields on the results of measurésneve
applied the following measurement procedure. Thd Ha
probe was placed in the gap (of height 0.8 mm) betw
the test sample and an analogous sample that wasitcof
the same ingot and arranged coaxially with thegastple.
By moving the composite sample relative to the Idedbe,
we measured the functid®,(r). Figure 2a shows that the
plicability domain of the Bean model is restritct® a
field of 65 Oe, which approximately correspondsthe
first critical magnetic field of penetration of aagnetic
flux into crystallites. The curve in Fig. 2b clearl
demonstrates monodomains with a size of abedtdm.
Figure 3c shows that, because the size of cryslin
sample3 is small compared with the size of the working
area of the Hall probe, the functi@y(r) does not exhibit
any specific features. Earlier, results similar tttose
presented in Figs. 2a and 2c have been demonsti@ted
nontextured polycrystalline HTSCs obtained by dedént
technology (see Fig.2#). Similar results obtained for the
film (Fig. 2d) show that, in strong magnetic figldse film
is also decomposed into crystallites with a sizées$ than
the working area of the Hall probe. The criticakrent
measured by the dc four-probe technique on bridges
fabricated from textured and nontextured polyctiisg
YBCO samples were 5I0° Alcm? and 16 Alcn?,
respectively, at 77.4 K in the Earth's field. Twimp
boundaries were observed on the surface of monadsma
of textured YBCO. The critical current measurecthy dc
four-probe technique on a bridge fabricated from a
monodomain was®0® A/cny’ at 77.4 K in the Earth's field.
The resistance anisotropy measured on the surfh@ o
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monodomain was about 3, which indicates that thiera
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small number of twinning boundaries in the monodioma 6] (d)
The starting temperature and the width of the ]
superconducting transitiod and4T.) of a sample placed 5 - i
in a microsolenoid |(~ 330 pH) were measured by a
resonance inductance meter in the frequency babell 55 o 41 T
kHz. The temperature dependence of inductd(Eg for @ 3 ]
the epitaxial film yielded; = 92 K and4T, = 0.6 K, while, ]
for sample® and3, we obtainedr, = 92 K and4T. = 2 K 24 -
and 4 K, respectively. 1_‘ A
11 T T T T T T T T 1
10 e 532106123 45
g 3 ] r(mm)
7] b Fig. 2. Radial distribution of thgtrapped magnetic-flux density Bt'r for
6 1 9mp|e§ 1,_2 and 3. (a) the function Btr(r) measured on sample 2 in
0) 5 ] ] magnetlcﬂe!dsof 25 Oe(curve l), 50 Og (curve 2) and 65 Oe (curve 3);
~ 2 ] (b) the function Btr(r) for sample 2 in a field of 1.3 kOe; (c, d) the
m” g' ] function Btr(r) measured on samples3 and 1 in a magnetic field of 1.3 kOe.
5] 1 ] .
1] ] 3. Experimental Results
_2 . 3.1. Experimental Results Obtained When Trapping
-3,56-3,0-2,5-2,0-1,5-1,0-0,5 0,0 Magnetic Flux by the Front of a Decaying Magnetic
r (mm) Field
—— Figure 3 shows the magnetic-field dependence of the
244 o _(b) 4 density of the trapped magnetic flB(Ho) for sample 1
]l T T (@), sample 2 (b), and for sample 1, measured @ th
ordinary ZFCMFA regime (c). One can see (curiem
20 1 Figs. 3a and 3b) that the functioB,(Ho,) reaches a
G 184 ] maximum as the field increases. When the fielddpwise
;; decreased from its maximal value (cur®sthe function
16 . reproduces the forward curved up to a certain
irreversibility pointQ, after which curved and2 start to
141 i diverge. Namely, curves2 monotonically increase,
124 4 reaching a saturation value. Further repetitions thod
5 5 1 0 1 3 3 2 cycles of increasing and decreasing external fimdnot
change the character of curv2sFigure 3c shows that,
r(mm) during the trapping in a uniform field, curve slowly
50 - increases with the field and reaches a saturatienthe
45 ] (c) ] external field decreases (cun&, a sample stores the
ol I maximum value 0By reached on curvé.
35 T T . N
30 ] a :,.=.=,_.*_'._v\“ Lal
T 251 ] Ve 2
©” 20 ] 3 \&
15 - ",
10+ ] & 2 \
5 - " ,
0 e N':"-..
5.4 -3-2-101 2 3 4 5 " 1 s
r(mm) ~ 1"1’%',0
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Fig. 3. The magnetic-field dependence of the density of the trapped
magnetic flux By(Ho) (a) for sample 1, (b) sample 2, and (c) for sample 1,
measured in the ordinary ZFCMFA regime.

Figure 4 shows the functid®,(Hy) for sample 3 (a) and
for sample 1 measured at a point shifted by 2 nomfthe
geometrical axis of the film (b). Figure 4c demoatgs the
tail of Fig. 4b in expanded scale. A comparisowfves in
Figs. 3a, 3b, and 4a shows that, as the qualitghef
samples deteriorates, the irreversibility point esncloser

because otherwise the functi®y(Ho) would show steps
regardless of the sample microstructure. Note tinathe
region of strong fields, the functioB,(Hg) exhibits the
same behavior for both points. To find out a quatitie
difference between the values of the pgnand curvesl
and2 (Figs. 3a and 4b), we measured the functi®slo)
andBq(r) by Hall probes with different size of the working
area (50 x 5Qm?, 150 x 450um?, and 0.5 x 1.5 mfr We
found a quantitative difference between the reaglofgthe

probes; this difference increased with the sizehef Hall
probe. At the same time, the functioBg(Hg) and By(r)
measured by the ordinary method did not dependhen t

size of the working area of the Hall probe; thistfa
eliminated the effect of the external
demagnetization fields on the measurement resihlss,
the
quantitative difference between the values of thatpQ

and internal

results obtained clearly demonstrate that the
and curved and2 (Figs. 3a and 4b) are associated with the
increase in the spatial dispersion of the locatatigristics

of a sample due to the absence of long-range andtre

film. Thus, the fieldH enhances the manifestation of small

spatial differences between the local charactesstf a
sample. The smearing of curvegFigs. 4b and 5a) under

the cycling of the external field is caused by the

disordering of crystallites and the dispersion d¢fe t
parameters of weak intercrystallite links due tce th
deterioration of the quality of sampf®s We have also
investigated polycrystalline films with a distrilegt
network of weak links. Unlike massive polycrystadi
samples, the functiorB,(Hy) in these films exhibits
pronounced steps; however, the fronts of theses stee
wider and are smeared compared with those in aaitax
quasi-monocrystalline films. The results illustchia Figs.

3 and 4 remain qualitatively the same in the fregye
range 0.£2 kHz under the radial motion of a sample with
respect to a Hall probe. An estimate for the epalafim
(sample 1) has shown that™{0) = J.d 0200 G € is the
film thickness). This result strongly differs frorthe
experimental resuB,™{(0) 05.5 G, which is shown in Fig.
3c. This discrepancy shows that, in spite of tlamgport,

and closer to the point of maximum, while, above th X-ray diffractometer, and scanning electron micomsc
irreversibility point, curve2 is smeared more and more Measurements, in strong magnetic fields, the twigni

under the cycling of the external field. One cap Heat

boundaries in the epitaxial film exhibit behaviam#ar to

curvesl and2 in Figs. 4b and 4c exhibit regular steps overthat of weak links in polycrystalline films. Takingto

certain intervals of the external field both forcieasing
and decreasing fields. The initial parts of the cfion
By(Ho) shown in Fig. 3a demonstrate that curefor
sample 1 exhibits good repetition as opposed toctimee
for samples 2 and 3. Another goal of the presemtysis to
compare the results for a point on the geometega of a
film and a point shifted by 2 mm from the axis. lHigs 3a
and 4b show that the results in the low-field regare
qualitatively different. This fact can be attribdtboth to
the stronger manifestation of the demagnetizatiefdd
due to the external surface of a sample and to
microstructure of the film, and is not an experita¢error

account that the steps more clearly manifest thvesas
the field increases and the interval between thepsst
increases, we can conjecture that, in the absefice o
magnetic field or in a weak magnetic field, shorter
twinning boundaries that are situated much closegach
other (at less than 50 A) are hidden. This is gason why
we could not observe them through a microscopes,Tiva
may assume that, although the increased qualisawiples
leads to a decrease in the number of twinning baties),
this number is still large enough, and the twinning

theoundaries have a significant effect on the physica

processes in HTSCs. Thus, our results show that the
method proposed demonstrates enhanced capabdities



high sensitivity to small spatial dispersion of thecal
characteristics of a sample. A comparison of Figand 4
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in Fig. 5a is measured in the ZFCMFA regime, anve(,
in the ZFC regime. Curvd in Fig. 5b is obtained by

shows that the method proposed allows one to obtaisubtracting curved from curves2 (Fig. 5a), and curve
qualitatively new

microstructures.
(a) In contrast to the conventional methods, thetion

results

in samples with different corresponds to sample 3. The inset in Fig. 5a shbes

initial region of curvel. As is shown itf’, the magnetic-
field dependence oBy, — By, is proportional to the

By(Ho) passes through a maximum, rather than reachesfanction nes(Hg). Curvel in Fig. 5b allows one to clearly
saturation value, as the field increases.
(b) As the field decreases, the maximum value ef thcritical magnetic field of the interdomain mediuH.{;
function B, (Ho) is not stored as the field increases, but thi€13 Oe), the setting field of the critical state of the
function exhibits strong hysteresis.

(c) Under further cycling of the field, the funati®,(Ho)
shows complete reversibility (the absence of hegsis).
(d) The curveB,(Ho) exhibit steplike behavior.

distinguish the values of the following fields: tHigst

interdomain medium Hcy 050 0e), the first critical
magnetic field of monodomainsH{y 060 Oe), and a
number of first critical magnetic fields of cryditds and
subcrystallites {1240, 320, 460, 600, 650 Oe, etc.). The
values ofHc; Heyn andHggare in good agreement with
literature dat¥® Figure 5a shows that that these curves

g - 2 a) do not allow one to clearly determine the firsttical
“"'a Q magnetic fieldH .y andHc.q and the first critical magnetic
: . o0 fields of crystallites and subcrystallites. CurvénIFig. 5b
44 J y allows one to clearly determine the values of thidds,
i \ because the Meissner screening currents play @atrote
o 7 JI 4 when subtracting curves. When the size distributidn
L / Y monodomains, crystallites, and subcrystallitesdiaar-cut
o | Y maxima, the magnetic-field dependence of the effect
04 ~ demagnetizing factong(Hg) of a sample more clearly
, displays the characteristic fields (Fig. 5b, cutyewhile,
2] - when the distribution function is smooth, the cletesistic
fields manifest themselves weaker (Fig. 5b, ciZueThe
00 200 200 200 10D 12 Meissner surface currents can be found from the
H (06 expressiof’
Js=10H, / 471, (2
15 .
1 ; b here is the penetration depth of the magnetic field into
3.0 \ ] a sample.
2,54 Y 5 | Figure 6 demonstrates the magnetic-field dependence
i1 Hi(Hp) (a) andJ(Ho) (b) for sample 2. It is well-known that,
2,01 l ] at zero temperature, the critical thermodynamic metg
. 15 !l, i field H.(0) for bulk YBCO is about 1% Substituting these
2 ] P parameters into the formdla
o 1,01 } .
] ! T H(T) = HL(O)[1 - (T/T)*?, (3)
0,54 { o J
1 : =5 25 .
0.0+ L P 4 {a)
_ ] bL ¥ 2_._._:_-;%-&-‘-“—
-0,5 4 | | § | | | | . 50 B 1-—*
-20 20 40 60 80 100120140 I,-”’
H:I:OE:: 154 jf_,"’j_ /
Fig. 4. The function By(Ho) (a) for sample 3, and (b) for sample 1 %) [V an
measured at a point shifted by 2 mm from the geometrical axis of the film; 10 ,"/T e /f
(c) thetail of Fig. 4b in expanded scale. fr = /’/
!
3.2. Results Obtained When Trapping Magnetic Flux In a 5 ‘;-" / .
Uniform Magnetic Field i
Figure 5 shows a typical magnetic-field dependence

By(Ho) (8) and the difference of the densities of trabpe
magnetic fluxes,, — By; as a function oH, (b). Curve2

100 200 300 400 500 800 700

H, (Oe)
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Fig. 5. (a) Atypical magnetic-field dependence By (Ho), and (b) the
difference of the densities of trapped magnetic fluxes By, =By asa

function of Ho. Curve2in Fig. 5a is measured in the ZFCMFA regime,

and curve 1, in the ZFC regime.
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Fig. 6. The magnetic-field dependence (a) Hi(Ho) and (b) J«(Ho) for

sample 2.

we obtainH(77.4) = 2.810° Oe. The measured value of

650 Oe of the first critical magnetic field of sujstallites
corresponds to the calculated value of the thermaihjc
first critical magnetic field oH;. ~ 2.8210° Oe, which well
agrees with the estimated result. Figure 6b shiwat the
Meissner screening current is a nonlinear functbrihe
field. As the field increasesls varies from about 5.7 20
Alcm? for a sample to about 8®' Alcn? for
subcrystallites; this curve continues to slowlywgrather
than reaches a saturation value. This shows that th
currents of subcrystallites in a field bf ~ 2.8210° Oe are
more than two orders of magnitude greater tharctitieal
current of a monodomain measured by the four-probe
technique in the Earth's field. For sample 2 atpemature

of 77.4 K, the depairing curred" is determined frori’

JPH(T) = 10HJ1-(TT) /36" ). (4)

According to our estimate$,®-(77.4) = 1.9110° A/cn?.
Substituting the values df; andB,,; into the formulas

Fp = (16)J:By, (6)
fo = (@/0)Jc (6)

(@, is a magnetic flux quantum amdis the velocity of
light), we determine the volume density of the jniign
force and the pinning forces acting on a unit langt a
vertext?,

Figure 7 shows the magnetic-field dependencie,(y)
(@), fo(H) (), and  Fp = Fp)(Ho) (0). Here Fpy
corresponds to the ZFC regime, dfg corresponds to the
ZFCMFA regime. Figure 7c show thaft— F,1)(Ho) is a
nonmonotonic function ofly. This behavior of the curves
is likely to be attributed to the anisotropy of pimg at
twinning plane®*? as well as to the pinning of the
magnetic flux at other possible structural defecibe
linear size of crystallites and subcrystallitedé&termined
from the expression

ag = (@ H)™ ™)

0 100200300400500600700
H, (Ce)
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Fig. 7. The magnetic-field dependence of (a) Fy(Ho), (b) fx(Ho), and (c)
(Fp2 = Fp1)(Ho). Here Fp; corresponds to the ZFC regime, and Fy,
corresponds to the ZFCMFA regime.

Figure 8 demonstrates the functiagf{/) for sample 2.
One can see that, as the field increases, the afize
subcrtystallites decreases from about Qu&#to about 0.1
pm. The energyE; of interdomain, intercrystallite, and
intersubcrystallite Josephson junctions and thedamain,
intracrystallite, and intrasubcrystallite condeiwatenergy
Ey for fields Hi; and currents); can be found from the
expression$=9

E; = Jeay/2e, (8)

(9)

whereV, = a,’ is the volume of domains or crystallites
and subcrystallites, arelis the electron charge.

Figure 9 presents the magnetic-field dependebgéh)
(a), Eg(Ho) (b), andEyEy(Ho) (c) for sample 2. Figure 9a
shows that the energy of Josephson junctions forared
intercrystallite and intersubcrystallite twinnindapes is
much greater than the energy of intradomain Josephs
junctions; the energy of intradomain Josephsontjons
changes little as the magnetic field increases. él@w Fig.
9b shows that the values of the intradomain, imyrstallite,
and intrasubcrystallite condensation energy ineeasthe

E, =V He 87

29

size of crystallies and subcrystallites decreaseslead to
the decrease of the ratl/Ey as a function oHy. It is
obvious that, in view of the sufficiently high
demagnetization factor of the film, the valuedHgf Jg;, Ej;,
and Eg for domains, crystallites, and subcrystallitegtia
film are much greater than the analogous charatiteri
values in sample 2; in this case, the linear sigeof a
subcrystallite may reach the minimum value (see Bjg
thus giving rise to nanocrystallites (intertwinidgmains?.
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0,41
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Fig. 8. The function ay(A) for sample 2.
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Fig. 9. The magnetic-field dependences (a) EJ(HO), (b) Eg(HO0), and (c)
EJ/Eg(HO) for sample 2.
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4. Discussion of the Results

Since the epitaxial and polycrystalline films ardtured
and nontextured bulk polycrystalline HTSC sample
exhibit similar behavior, we carry out the compamat
analysis of the results for sample 2. The densgodition
of interdomain links and

microstructure of the sample lead to the macroscop
penetration of magnetic flux into the sample. First

magnetic flux penetrates into interdomain weakdinkthe
form of hypervortice® and is trapped there after the
removal of the field. Then, as the field increasles,flux in
the form of a linear chain of Josephson and Abnkos
vortices penetrates into monodomains and is trapipect
after the removal of the field. Thus, the functiBp(Ho)
monotonically increases up to its maximum. A furthe
increase in the external field leads to the petietraof
vortices into crystallites and subcrystallites anch partial
suppression of the currents of interdomain, inyetedlite,
and intersubcrystallite weak links by the straydéeof the
Josephson and Abrikosov vortices trapped in theadasn
crystallites, and subcrystallites. As the fieldresses, due
to the significant amplification of the local stréiglds of
vortices trapped in the domains, -crystallites,
subcrystallites by the demagnetization fields ofrbg
domains, crystallites, and subcrystallites, thesmll stray
fields become large enough to close the flux patured
domains, crystallites, and subcrystalffed“® Thus, the
density of the flux directed opposite to the exdtrfield

an

increases, and curvdecontinues to decrease (Fig. 3b). This

reduces the mean value Bf and the size of hypervortices.
The competition between the decrease in the effethe
demagnetization fields and the preservation of nstaéle
weak links leads to the narrowing down of the spate
interdomain, intercrystallite, and intersubcrystallweak
links, forming transparent windows and narrow regio
(bridges) that connect the above structures. Ithisse
windows through which the stray fields of the voes

the vitreousness of the . s . . .
measuring the variation iB, within five minutes after
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trapped in monodomains, crystallites, and subclitst&
are closed. A decrease in the external field fromgiven
maximal value leads to the slow rearrangement ef th
vortices trapped on the twinning boundaries of
monodomains, crystallites, and subcrystallites again to
the trapping of the Josephson and Abrikosov vastion
intersubcrystallite and intercrystallite twinninapes. This
gives rise to phase-dependent identically direatertex
arrays in the sample. A further decrease of tHd feads to

a slow aggregation of the vortex arrays, and thetfan
Bi:(Hg) increases, reaching a saturation when the vortex
array occupies the whole volume of the sample dmd t
stray fields of all the vortices are closed arothelsample.
The cycling of the external field does not change t
character of curv in Fig. 3b due to the repletion of the
cycles of slow suppression of weak links by thaysfields

of the Josephson and Abrikosov vortices trapped in
subcrystallites, crystallites, and monodomains amther
flipping and trapping of the Josephson and Abrkos
vortices in weak links. Thus, as the field increasthe
trapped flux is gradually switched to centers vattonger

Spinning, suppressing the trapped flux at centeth wieak

pinning. This fact is exhibited by a slow decrease
magnetic relaxation down to its complete vanistasghe
field increases. The relaxation was determined by

turning off the solenoid current. As the field degses, the
trapped flux is preserved at centers with stronunipig,
and then centers with weak pinning start to take ipathe
trapping. Thus, as the external field increasesptiundary
between the vortex and Meissner regions slowly rectg
around the areas with the highest critical pararadft.;,
Jai, andTy); as the field decreases, the space between these
areas is filled. The explanation given above cleaHows
that the cycling of the field leads to transitidretween the
Gaussian andd(Hg)-like distributions of the trapped
magnetic flux. In the traditional methods, all thning
centers take part in the trapping of the flux wiles field
either increases or decreases. The fact that theltse
obtained on samples 1, 2, and 3 exhibit similaralveir
points to the universal mechanism of penetratiaxit)(e
istribution, and trapping of magnetic flux in thesamples.
his result allows us to suggest that the majort pér
magnetic flux penetrating into a HTSC sample petes
there in the form of Josephson vortices, whichragénly
pinned on weak links and twinning boundaries. Then
growth of the field just shortens long weak linkada
twinning boundaries and changes the size of Josephs
vortices. As the size of vortices decreases, thext $o0
"see" densely arranged twinning boundaries and Ismal
scale structural irregularities of the sample. The
irreversibility pointQ determines the vanishing threshold
of hypervortices. This is indicated by the appraadion of
the irreversibility point to the maximum point abet
quality of samples deteriorates. Thus, the mulsghaature
of the magnetic flux (which consists of Josephson a
Abrikosov vortices of different spatial scales aod
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vortex-antivortex-type nanodipoles formed by Josephsomissing?

and Abrikosov vortices with different orientatioremd the Is the penetration depthinvariant under the variation of
vitreous character of HTSC give rise to thethe space scale?

superconducting glass state in the sample. The How do the size and the energy of vortices changenw
simultaneous penetration of vortices into monodomai passing to nanoscales?

and a large number of crystallites and subcrytgallivith Moreover, these questions entail many other related
close values of the demagnetization factor leaddeps on  questions.

the diagram ofBy(Hy) (Figs. 4b, c¢). Since an ever

increasing number of small crystallites and subetites g Summary

take part in the process as the external fieldemses, the

steps on the diagram become more and more pronduace We have developed an algorithm for the experimental
decrease in the demagnetization factor of the altitss  investigation of HTSC problems that have not been
and subcrystallites impedes the penetration ofiéhé into  actually analyzed. We have proposed a method ddl loc

them and thus increases the interval between #teps. approximation for the simultaneous investigation té
crystallographic  and magnetic  microstates  of
5. Conclusions superconductors and for studying the specific festiof

interaction between the crystallographic and magnet

The results of the study clearly show that theatffe  microstructures of HTSCs. We have found that both
magnetic permeability of HTSC experiences a shargpitaxial films and bulk polycrystaline HTSC samgpl
change as the magnetic field increases and a saisiple consist of various groups of monodomains, crysts)iand
decomposed into monodomains, crystallites, andubcrystallites with different demagnetization éast We
subcrystallites. This result clearly demonstrateg HTSC  have confirmed the earlier obtained resfiftd that, to
represents a multistep magnetic system consistihg aeduce the Gibbs free energy component due to
interpenetrating subsystems with opposite magnetidemagnetization fields, it is energetically favdealor a
moments spatially separated by current clusterke Rey = sample to decompose into domains, crystallites, and
parameter of such a systelﬁ,/Egll), decreases as the subcrystallites. We have found that interdomainknaeks
magnetic field increases (Fig. 9c). The resultstioé  with wide spectrum and high demagnetization fietds
investigation show that the vitreous character @S58 is monodomains allow weak magnetic fields to penefirgte
attributed to the very nature of HTSC, more prdgjs® a textured polycrystaline HTSC sample, forming
the small coherence length of HTSC. The enhancewnfent hypervortices in it. We have shown that the mukigh
the short-range order due to the improvement oimple  nature of the magnetic flux and the vitreous charaof
quality, as well as the fact thal, of monodomains, the microstructure of a polycrystalline HTSC sampkeds
crystallites, and subcrystallites is much greatantthel.  to the formation of a superconducting glass onfiereint
of a macroscopic sample result in a qualitativéediihce  physical basis compared with the Ebtf&troud granulated
between the local and integral properties of HTS&s. glass modél**“® We have measured the local critical
deeper insight into the factors responsible fordifference  parameters of monodomains, crystallites and sutadliyss
between the local and integral properties of HT®@s  and the interdomain, intercrystallite, intersubtaifge, and
facilitate the design of a model for the adequatscdption  intrasubcrystallite weak links; the energyof interdomain,
of the HTSC physics. To explain the mechanism ofenit  intercrystallite, intersubcrystallite Josephsoncpions; the
flow through current clusters and the flow of voe along  condensation enerdyy in monodomains, crystallites, and
normal zones, it is more appropriate to apply theclb  subcrystallites and the pinning forces in them; dhd
model of Meissner domains rather than the clustedeh linear dimensions of monodomains, crystallites, and
of weak Ilink§Y. To take into consideration the subcrystallites. We have found thEf sharply increases
transformation of the topology of Meissner domaam&l  with the magnetic field due to the diffusion of matjc
the multiple scale phenomena, as well as to cakeulee flux from the interdomain space into a monodomairthis
characteristics of the percolation transition ane ¢ritical — case,E; varies little in the intradomain space, whig
exponents, it is much more convenient to apply thencreases and becomes more than three orders of
Sierpinski carpet with infinite ramificatior a modified magnitude over the entire range of the externéd.fie
two-dimensional analog of the Cantor*4é?. Combining the homogeneous field-local detection and

According to the results obtained, the experimevahle local field-local detection techniques, one canlgaghis
of J.° of subcrystallites is much higher than the estidat method to the analysis of the magnetic state (ntagne
values ofJ.°"; therefore, the following questions remain microstructure, magnetic moment, magnetic indugtion

open: internal and external demagnetization fields, mégne
How do the width and length of twinning boundariesrelaxation, and other magnetic characteristics) of
change as the field increases? ferromagnets, antiferromagnets, magnetic fluids, atiher

Is the coherence length the lower limit of the sife physical objects.
subcrystallites at which the weak links affectihg I, are
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