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Vortex matter in superconductors

Abstract

The behavior of the ensemble of vortices in the Shubnikov phase in biaxially oriented films of the high-
temperature superconductor YBazCu307-5(YBCO) in an applied magnetic field is investigated for

different orientations of the field. The techniques used are the recording of the current-voltage
characteristics in the transport current and of resonance curves and damping of a mechanical oscillator
during the passage of a transport current. It is shown that the behavior of the vortex ensemble in
YBCOfilms, unlike the case of single crystals, is determined by the interaction of the vortices with linear
defects—edge dislocations, which are formed during the pseudomorphic epitaxialgrowth and are the

dominant type of defect of the crystal lattice, with a density reaching 10"° lines/m?. The effective pinning

of the vortices and the high critical current density (Jc=3x1 0'% A/m? at 77 K) in YBCOfilms are due

precisely to the high density of linear defects. New phase states of the vortex matter in YBCOfilms are
found and are investigated in quasistatics and dynamics; they are due to the interaction of the vortices
with crystal defects, to the onset of various types of disordering of the vortex lattice, and to the complex
depinning process. A proposed H-T phase diagram of the vortex matter for YBCOfilms is proposed.
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The behavior of the ensemble of vortices in the Shubnikov phase in biaxially oriented films of
the high-temperature superconductor ¥YBa0O;_ s (YBCO) in an applied magnetic field

is investigated for different orientations of the field. The techniques used are the recording of the
current—voltage characteristics in the transport current and of resonance curves and

damping of a mechanical oscillator during the passage of a transport current. It is shown that the
behavior of the vortex ensemble in YBCO films, unlike the case of single crystals, is

determined by the interaction of the vortices with linear defects—edge dislocations, which are
formed during the pseudomorphic epitaxial growth and are the dominant type of defect

of the crystal lattice, with a density reaching*ilines/n?. The effective pinning of the vortices

and the high critical current density.=3x 10'°A/m? at 77 K) in YBCO films are due

precisely to the high density of linear defects. New phase states of the vortex matter in YBCO
films are found and are investigated in quasistatics and dynamics; they are due to the
interaction of the vortices with crystal defects, to the onset of various types of disordering of the
vortex lattice, and to the complex depinning process. A propbked phase diagram of

the vortex matter for YBCO films is proposed. @001 American Institute of Physics.

[DOI: [DOI: 10.1063/1.1401182

INTRODUCTION state in films of the moderately anisotropic high-temperature
superconductofHTSC) YBa,Cu;0;_ 5 (YBCO).

It was first shown by the Ukrainian physicist L. V. Shub-
nikov back in 193&that in superconducting alloys there ex-
: . g . . 1. QUANTIZED VORTICES IN A SUPERCONDUCTOR
ists a wide range of magnetic fields at which the Meissner
effect gradually diminishes and the magnetic flux penetrates The penetration of magnetic field into a type-Il super-
into the volume of the superconductor. In that case the reeonductor occurs in the form of quantized vortex lines or
sponse of the superconductor to an increase in the externfilix lines. Each such flux line carriers a quantum of magnetic
magnetic field(i.e., the magnetization curvebave a com- flux, ®y=hc/2e=2.07x10 *® T-m? and has a normal
pletely different form than in the case of pure metals, i.e.core, which in an isotropic superconductor is a thin normal
type-l superconductors. The term “type-Il superconductor”cylinder along the magnetic field. The radius of this cylinder,
was first used for alloys and compounds by Abrikosov inthe vortex core, is equal to the coherence lergtan impor-
1957 in developing a consistent theory of type-ll tant scale length in a superconductor, which in the micro-
superconductorsThis theory made it possible to understand scopic theory is defined as the distance between interacting
the experimental results of Shubnikov on the basis of thelectrons in a Cooper pair and in the Ginzburg—Lanzlu)
concepts of flux quantization and the penetration of magnetiphenomenological theory, as the distance at which the super-
field into type-ll superconductors in the form of a lattice of conducting order parameter varies from its maximum to zero
Abrikosov vortices. On theH—T phase diagranii.e., the at a superconductor/normal metal boundanAround the
diagram in magnetic field versus temperajuiee phase in normal core flows an undamped supercurrent, which in iso-
which a type-ll superconductor is threaded by vortices—tropic type-Il superconductors is oriented in such a way that
magnetic flux quanta—has ever since that time been callethe magnetic field induced by it is directed along the core
the Shubnikov phase. As time went on, it became clear thand coincides with the direction of the external field. The
vortex states in superconductors are very complex and divortex current flows in a region with a radius of the order of
verse while at the same time being exceedingly important fok, the London penetration depth of a weak magnetic field.
understanding the behavior of superconductors in an electrd-or a type-Il superconductor this region is much larger than
magnetic field and under current loading. A new field of ¢, and this is a consequence of the fact that<<O in a
physics has arisen, which might be called vortex-mattetype-Il superconductor, i.eN>¢. The penetration of vorti-
physics. In this article we examine the features of the vortexes into a type-ll superconductor becomes energetically fa-

1063-777X/2001/27(9-10)/15/$20.00 732 © 2001 American Institute of Physics



Low Temp. Phys. 27 (99-10), September—October 2001 V. M. Pan and A. V. Pan 733

vorable in an external fieltHo>H., (H¢; is the first, or  shown to strongly alter the form of this phase diagram, add-
lower, critical field. Penetrating into the volume of the ing new features and new phase regions.

type-Il superconductor, the vortices are spaced a distance

ao* (®o/H)Y? apart, and whemy,=<\ they begin to interact

(repelling each otherowing to the Lorentz forcd, =1/c[] 3. THE H- T PHASE DIAGRAM IN THE PRESENCE OF

X ®,], forming a regular triangular lattice in the transverseCORRELATED DISORDERING

cross section* _ _ _
The presence of linear defects, which by their nature are

capable of pinning vortices most strongly along their entire
> VORTEX STATE—A NEW FORM OF CONDENSED Iength anq Whosg density is gomparable to the density of
MATTER vortices will give rise to a special state, the so-called “Bose
glass,” when the vortices are localized in a random manner
A powerful impulse for the further development of the by linear defects lying parallel to one another. The mecha-
physics of the vortex state was obtained after the discovergism of formation of the two-dimensiondbr correlated
of high-T, superconductors in 1986. This was because of twBose glass is reminiscent of the mechanism of formation of
important circumstances: first, the critical temperature ofthe three-dimensional vortex glagshich is another disor-
HTSC cuprates is so high that they become superconductingered state of the vortex lattice, in which it interacts with a
at temperatures where thermal fluctuations play an appreset of random pointlike defects of the cry$t%ﬂl°the linear
ciable role, since their energy becomes comparable to the@efects also generate additional low-lying vortex states
elastic energy of a vortex and/or of the vortex lattice and alsavhich differ from those already existing in the perfect lattice,
to the pinning energy, thus creating the necessary conditionsnd the vortices are trapped by these states if the potential
for the appearance of unusual new regions ortthd phase  wells induced by the disorder are sufficiently deep in com-
diagram of the superconductor—different states of the vorteyparison with the energy of thermal fluctuations. The charac-
matter and phase transitions between them; second, owing ter of theH—T phase diagram, as in the case of pointlike
the layered crystal structure and the anisotropy inherent tdisorder, is determined by the compensation and competition
HTSC metal-oxide cuprates, favorable conditions are createdf the elastic, pinning, and thermal characteristic energies
for the appearance on tie-T diagram of phase regions and and also by the use of the corresponding Lindemann
phase transitions involving changes in the dimensionality ircriterion?
the vortex ensemble from three-dimensional to two-  The upward shift of the melting line on thé—-T dia-
dimensional and vice versa. gram in the presence of linear defects can be estimated,
The vortex matter in type-Il superconductors is a uniquekeeping in mind that the modulation of the parabolic elastic
example of a condensed state with controllable paramterspotential of the vortex lattice by the linear pinning potential
Unlike ordinary condensed-matter systems the density of theauses an increase in its effective depth. Therefore, in order
constituent particlesmagnetic vorticesand their interaction  to remove a given vortex from the confines of the “box,” the
can be changed by several orders of magnitude in a controthermal fluctuations must overcome not only the elastic bar-
lable way by simply varying the external magnetic field. Inrier but also additional pinning barriers. Thus the condition
addition, extremely important thermal fluctuation effects infor the loss of stability of the vortex lattice can be deter-
experiments with HTSC cuprates can be observed over mined from the equation
wide temperature range, and these effects are reflected on the KT—E.  +E. e
H-T phase diagram. Finally, vortex matter is the most con- B elastict =pin>
venient tool for studying disordered media—one of the cenwherekgT, Egjasic, aNdE;, are the characteristic energies of
tral problems of condensed-matter physics. thermal fluctuations, the elastic interaction, and pinning. The
In a conventional treatment of the Shubnikov vortexform of Eq.(1) shows that linear defects are the cause of the
state without allowance for thermal fluctuation and pinningshift of the solid-liquid transition, which in this case is
effects, it is assumed that a homogeneous solid vortex-latticealled the Bose glass transitiddgc(T), to higher tempera-
phase exists in the field interval between the lower criticaltures in comparison with the melting temperature of the per-
field H;,, where the vortices begin to penetrate into the sufect crystal in the absence of these linear defeldtgg(T)
perconductor, and the mean-field upper critical field,, >H,(T).1 In the case of a fairly low density of linear de-
above which the superconductivity vanishes. fects, when the main contribution is given by the elastic en-
The upper critical fieldH ,(T) of a type-ll supercon- ergy and the disordering leads only to small shifts of the
ductor is defined as the field at which, at a temperafyrdne  melting line, the melting of the Bose glass still preserves the
normal cores of the vortices begin to overlap, and the supeifeatures of a first-order transition. Such a transition occurs in
conductor becomes “normal.” If one ignores thermal fluc- low magnetic fieldH<Hgy,, whereHq,=®,/D? is the so-
tuations, therd ,=®,/(2mw¢&?), and this means that a small called “matching” field, at which the density of linear de-
coherence length is conducive to an increaskl ip. fects equals the density of vorticé3 is the average distance
For highT, cuprate superconductors the small valug of between linear defedtsAt higher fieldsH>H,, the correc-
is the reason whA ., far exceeds 100 T at low temperatures.tions to the melting temperature rapidly decrease, and the
The well-knownH-T phase diagram for a “clean” or ideal melting line of the Bose glass returns to its original position.
type-Il superconductor can be obtained using the “mean fiel@hus the greatest deviation of the melting line of the Bose
approximation” in the GL theory. However, taking thermal glass from its original position in perfect crystals is expected
fluctuations and disordering effects into account has beeto occur neaH=Hg, .
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FIG. 1. Schematiti—T phase diagram of the vortex matter in the presence
of statistically distributed extended line@molumnay defects’

Figure 1 shows a schematic phase diagram of a vortex
system with correlated disorder arising because of the pres-
ence of defects. According to Ref. 5, an accomodation line
separates two regimes of behavior of the vortex matter: the
regime of individual pinning, and the regime of collective
pinning with the participation of linear defectsThe posi-
tion of the accomodation line is determined by the competi-
tion and compensation of the characteristic elastic energy
arising because of the interaction with the remaining vortex
lattice (the potential boxand the pinning energy. Below the
accomodation line the pinning force dominates, and the vor-

tices can therefore be shifted substantially from their equilib¥'G: 2 Vortex line in a potential "box” containing an extended linear
defect>1%! which modulates the parabolic potential well, creating new

r_ium positions !n t_h? perfept !attif:e- To emphaSilze the parminima and displacing the vortex from its equilibrium position in the box.
ticularly strong individual pinning in such a state, it has beenalso shown are the short-wavelength lateral displacements that arise due to

proposea to call this state of the vortex lattice a “strong the simultaneous action of a random point potential. These displacements
Bose glass.” It was proposédhat the state that is formed in promote depinning of the vortex from the linear defect.
the collective pinning regime be considered a quasilattice or

“‘weak Bose glass.” A very important distinction between the (5nce for the controlled creation of desired transport current-
effect of linear and point defects is that, unlike point defeCtScarrying properties of a material. The competition of these
which stimulate lateralbending deformations of the vorti- 4,4 types of disorder was first studied experimentally in
ces, linear pinning centestabilizethe residence of a given gets "12_18 and theoretically in Ref. 19. In particular, it was
vortex line in the potential box formed by the elastic inter-ghon in Ref. 19 that in the real cases the influence of the
action with the neighbors against thermal fluctuations and,qre|ated disorder is dominant in the behavior of the vortex

against bending displacements caused by point defast®  matter, even when the density of defects is lower than the
shown schematically in Fig.)2thereby preventing the for- density of vortices.

mation of a three-dimensionally disordered solid state of the Up till now, however, the discussions and calculations of

vortex lattice. It_ is particularly important t_o emphasize that intheorists have been based exclusively on the hypotheses of
the case of linear crystal defects—pinning centers—thgyyctyres with linear defects obtained in HTSCs subjected to
strong” glass phase, with a highly two-dimensional dis- jiradiation by heavy ions with high energié@round 1 GeV
torted structure of the vortex lattice and the highest criticaly, g highey. Very recently it has become clear that disloca-
current density, occupies the low-field part of e T phase i ensembles in strongly biaxially textured epitaxial films

diagra}m. Qf course, such behavior contrasts W'ith the effectéf YBCO play the role of strongly-pinning correlated linear
of point disorder, when the more strongly pinned three-yefects.

dimensionally disordered solid vortex phase appears in
higher fields:?~18

Thus it turns out that the contributions of linear and
point defects to the volume pinning force notonly donotadd As we have said, the fact that the highedt
together but they may even subtract, i.e., the point disordef=10°A/m? at 1 T and 77 K can be obtained relatively
promotes the depinningbreakaway of vortex lines from easily in YBCO epitaxial films while remaining unachievable
linear defects. This conjecture has been showrfor any YBCO bulk materials should be attributed to features
experimentally’ 28 to be well confirmed for configurations of the defect structure of the films and, accordingly, to the
in which the linear defects are oriented parallel to the magformation of a volume pinning force in them due to the most
netic field (or, more precisely, to the direction of the vortex effective interaction, primarily with linear defects. Many at-
lines). Since all real HTSC materials unavoidably containtempts have been made to establish a linkage of the pinning
pointlike defectde.g., oxygen vacancigshe question of the force to the the screw dislocations that initiate the corre-
dominant pinning mechanism is one of paramount imporsponding three-dimensionai mode of film growth during

4. PINNING CENTERS IN EPITAXIAL YBCO FILMS
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deposition (by the appearance and propagation of screw
dislocationg—the so-called “screw-mediated” growth?!
—and to the growth steps on the surface of the film in the
two-dimensional, “layer-by-layer,” growth mode. However,
these attempts have been futile: for example, one can prepare
films in which the concentration of screw dislocations will
differ by an order of magnitude or morgrom 5x 10’ to
10° cm™2) while the critical current density will be the same,
and vice versa. Moreover, the cores of the growth screw
dislocations in YBCO films have been shown by electron
microscope studies to have a characteristic transverse size
that is much greater than the coherence lefAgtFherefore,
they can hardly be effective pinning centers. The experimen-
tal evidencé>1423-2%f a very high density of edge disloca-
tions in YBCO epitaxial films is also not very convincing,
since the investigators could scarcely believe that a disloca-
tion line (i.e., the core of a dislocatigrcould in itself serve
as a strong pinning center providing effective “core pin-
ning.” Indeed, on the one hand, back in the early papers of
Dew-Hugh$® it was shown that dislocations pin only when
they comprise an ensemble which forms “walls” of a cellu-
lar structure in metallic bcc alloys owing to the long-range
stress fields, which can lead to bathand 6T, pinning® As
to an isolated linear defect, in the papers by Dew-Hughes
and his followers it was clearly stated that “isolated disloca-
tions lead to a negligibly small change iy, " (the param-
eter of the Ginzburg—Landau the@ryAnd, on the other
hand, it is known from the theory of dislocations that the
transverse cross section of the core can have an area of the
order of the square of the Burgers vector, which is clearly
much smaller than the square of the coherence length, even
for HTSCs(&,,~1.5nm for YBCO in comparison with the
value of the Burgers vectd@d~ 0.4 nn). Thus it appears that,
as in the case of point defects, dislocations can pin only
collectively, since the depth of the pinning potential we|j
is small, and the experimental pinning force of an individual
dislocation,f,=dU,/dr, is small. Two new important re-
sults have played a most important role in the further devel-
opment of the concepts of dislocation pinning in HTSCs,
presenting unambiguous evidence in favor of strong pinning
on dislocation lines. The first of these was obtained by
Chisholm and SmitR’ and then, more convincingly, by
Merkle and co-worker&?° A high-resolution transmission FIG. 3. a—Moirepattern showing edge dislocations with the aid of a trans-
electron microscopéHRTEM) was used to obtain pictures of mission electron microscor@EM);_the disl(_)cation Iine_ are perpendicular '
the real distribution of atoms inside and in a neighborhoocLo the cuprate planes. The dislocations, which are additional ?rystallographlc
. . alf planes in the structure are clearly revealed by the mivinges, the
around the core of a compleftl@01] edge dislocation. It was distance between which is 2.2-2.3 Afi*182535h_TEM moire pattern
found that the core of an edge dislocation is a highly dis-showing the distribution of edge dislocatiofis a YBCO film 10—12 nm
torted structure on a characteristic scale length of the order ¢fick: deposited on a single-crystal MgO substratiee dislocation lines are

. . . . . perpendicular to th@b plane. The arrangement of the dislocations corre-
5-10 interatomic distances, i.e., around 3 it In addi- sponds to an averaged misorientation angle of 1.2° between neighboring

tion, it was found that in the core region there is an excess adomains(subgraing 314182535

copper above stoichiometrfgee, e.g., Ref. 28Thus it turns

out that the cores of dislocation lines have a structure that

resembles that of artificial defects introduced by irradiationthat our recent HRTEM resultsome of which are shown in

with heavy ions of high energy; those defects act as exceedrig. 3) unambiguously confirm the formation of such a dis-

ingly strong one-dimensional linear pinning centers. This hasocation structure in YBCO films exhibiting record values of

been shown convincingly in many studiésee, e.g., Refs. J.(H). These results also make it possible to understand the

30-32. mechanism of formation of linear defects during deposition
It remained to show whether a structure state providing and growth of the films. The problem of the formation of a

very high average dislocation density is formed in YBCOdislocation substructure during epitaxial growth of films in

epitaxiai films during their deposition and growth. It appearsgeneral and YBCO films in particular goes beyond the scope
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of the present paper, and for an introduction to this topic thedeas®**#3°The model is actually completely adequate for
reader is referred to the recent papers cited as Refs. 13, 1#eating the electrodynamics of bicrystals with this sort of tilt

18, 20-25, 27-29, 33, and 34. boundaries and with small values of the misorientation angle.
The model does not require making any sort of assumptions

5. DYNAMICS OF VORTICES IN A YBCO as to the transmissivity for supercurrent or to Josephson

SUPERCONDUCTOR WITH LINEAR PINNING CENTERS properties of the bicrystals with such a tilt dislocation bound-

ary, as must be made for the models proposed in Refs. 40—
It follows from the results of structural 43 poqt importantly, in the framework of the model one can

H 3,14,18,20-25,27-2! H H _ A . L.
;StUd'?é VBCO th _?ha_t tlrﬁ mostdln;_erestlnlg type of de- . qsistently explain the strong dependence of the critical cur-
ectsin thin epitaxial films and bicrystals In reSpect 0 o 3 - through the boundary on the misorientation angle

their contribution to the pinning and dynamics of vortices arey nveen the adjacent domaittbanks” of the junction), as
low-angle tilt dislocation boundaries. Of course, point de ’

fects (oxygen vacancigsdistributed in a random manner “has been observed for YBCO bicrystals and it **In
dislocation loops due to stacking faults and lying parallel toorder to apply this mode for describing polydomain mosaic

; . . . films containing this sort of low-angle boundaries, one must

the ab plane, and 110 microtwins are present in the films, , I : !
; . . I take into account the additional effects in the motion of vor-
and in certain cases make an appreciable contribution to tr}e

. . g ices in both the direction transverse to the domains and
behavior of the vortices and to the magnetic-field depen- . : . -
. . along the curved domain walls, with spatial variation of the
dence of the critical current density.

misorientation and also of the distance between adjacent dis-

As we have said, recent transport measurements in com- =~ .
locations.

bination with a scaling analysis provide substantial argu- .
9 ysiS p 9 The model of vortex transport along a row of edge dis-

ments in favor of the existence of a Bose glass phase ip i Wi llel to th ) d formi h
YBCO crystals and thin films irradiated by heavy ions at ocations lying parafiel to the axis and forming, as we have
said, a low-angle boundary between slightly misoriented

high energy(1 GeV and higher The formation of a Bose . )~
glgss phag?é is initiated b)EJ randomly distributed correlatec‘fsybgra'ns(domamg‘ '_S based op the- above treatment of the
extended defects—columnar tracks made by the heavy jon8IMNiNg and dynamics of vortices In 321_13%er(.:or.1ductors with
However, as we have seen above, correlated linear defects ftended lineafcolumnay defects.™ "It IS important
deposited YBCO thin films are actually distributed nonuni- {0 note thgt collective effects were not taken into account, at
formly: they form more or less well-formed rows or walls of /€ast not in Refs. 35-37. According to the results of those
edge dislocation lines lying parallel to one another, with nonPapPers, the depinning of vortices residing at linear pinning
superconducting cores of transverse $ize &,,,. The dislo- centers and their subsequ_ent dynamics in the presence of
cation walls frame domains of mosaicity, azimuthally misori- {fansport current occur owing to the spontaneous formation
ented by approximately 1° with respect to the neighboringOf vortex excitations caused by thermal fluctuations in the
domains. Inside the domains the dominant pinning defect¥olume of the superconductor. A vortex excitation has the
are pointlike(oxygen vacanciésFor such a spatial distribu- form of a partially depinned vortex looff-ig. 2. When the

tion of correlated linear pinning centers the Bose glass phasdize of the depinned part of such a loop exceeds a certain
exists only at sufficiently low applied magnetic fields, for cfitical value for a given superconducting transport current
which agx(®,/H)Y? remains much larger than the trans- (see Refs. 35 and 36the loop becomes unstable and begins
verse domain sizé 4omain. When the magnetic field is in- 10 expand until it touches the neighboring linear defect. After
creased to a certain critical valits ¢ there is a crossover that, the motion of the remaining part of the given vortex
to a distinctive new correlated glassy state, the “Fermiwill occur through the motion of two vortex “stepgkinks)
glass,” in which the vortices are located both in dislocationmoving apart in opposite directions along tbeaxis under
walls and in the interior of the domains. The vortices insidethe influence of the Lorentz force. The model of vortex mo-
the domains interact with random point defects, and theition along an equidistant row of mutually parallel disloca-
behavior is therefore similar to that in single crystals. tions can be extended to the case of a real polydortrao:

At a certain value of the applied magnetic field the linearsaig structure of a film with a low-angle-boundary network
tension of the vortex “softens” as a result of dispersion of formed by ensembles of edge dislocations, as appears to be
the elastic constar@,4(k), and then the picture arises that is the case in an actual image similar to that shown in Fig. 3.
described below in an analysis of the concrete results of ouFhese dislocations are found in a more or less disordered
recent experimental measurementslgfH, T,6) for YBCO  state and are not equidistant, as was proposed above. Never-
films (¢ is the angle between the cuprate planes and the agheless, using a percolation approach, as was done by
plied magnetic fieldH). For an idealized case, i.e., when the Gurevich in a treatment of flux creép;® one expects that
low-angle boundary is formed by a regular row of equallythe low-angle boundaries will serve as percolation channels
spaced edge dislocations parallel to one another and with rfor the thermally activated motion of vortices. This is appar-
other disruptions of the crystalline order in neighboring sub-ently the case, since the activation enetdgy(D) for the
grains(domaing, one can use the model of vortex dynamics.transition of a vortex from one edge dislocation to a neigh-
For this case Kasatkii 3" examined the transport of vorti- boring one[i.e., at a distanc® ()] is much less than the
ces along low-angle domain wallsr more precisely, bicrys- corresponding valu&l ., for the traversal of a vortex across
tal boundariek In the framework of this model it was shown a domain. Thus the network of low-angle boundaries can be
that despite the strong single-particle core pinning by lines oformed by a spatial landscape bf;, in the more or less
edge dislocations, the motion of the vortices occurs along thpronounced “valleys” of the vortex activation enerth.(r).
domain walis in accordance with the conventionalConsidering the thermally activated fiux flQWAFF) regime
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FIG. 5. Damping curves for=0 and 100 mA aH=2 T. The dotted and
dashed curves were calculated according to(Bg following the procedure
described in Refs. 48, 52, and 58.

C}10‘9_ 7 YBCO films in the region of their depinning at angles
a [ e 6=90° (which is equivalent to a parallel orientation of the
F zzvj:?_i/‘g‘ . applied field relative to the cuprate planeg5°, and 60°,
101 L i ' with the transport current always flowing perpendicular to
84 85 86 88 . .
T K the applied field.

The dynamic behavior of the vortices in such an oscilla-
FIG. 4. Square of the resonance frequefay of the corresponding damp- tor is well described by aiffusion modefor the thermally

ing (b), and of the resistivity(c) as functions of temperature for different gctivated vorticeC In this model the diffusion constant is
values of the transport current at a fidl=2 T and #=0°. The dashed ;
. ; i given by
curve in part(c) is an example of a resistivity curve rescaled by means of
Eg. (2) to the diffusion constant, which was taken for calculation of the D=D(H ,T)=p(H :T)/,Uvol (2)
damping curvesee Fig. % according to Eq(3).
wherep is the resistivity of flux flow. In the framework of

this model, in accordance with Refs. 48, 51, and 52, the

of vortex motion along these percolation channels, one exd@mping of the vibrating superconductor has the form

pects that the average distance between nearest dislocations 1 [ pH?
is nevertheless related to the angle of misorientation of I'= m( 5
neighboring domains. Then at small values of the angle one :
has 9(U¢(D))=((sin®) 1), and, hence, the strong depen- wherel; is the effective moment of inertia of the oscillator,
dencel () obtained for a straight row of equidistant dislo- which can be found experimentaff is the resonance fre-
cations will hold for the percolation situation with sihre-  quency of the oscillatoV,, is the volume of the sample, and
placed by its value averaged over the whole film. x" is the imaginary part of the ac susceptibility of the
A strong dependencéd.(9) for polydomain epitaxial sample:x” as a function of temperature has a maximum
films of YBCO with low-angle boundaries was observed ex-Xma=0.41723" This result is valid for any value of the
perimentally in Ref. 47. transport current density, i.e., xmax IS independent of the
current load. Changing the diffusion paramefeby the pas-
sage of current only shifts the position of the damping peak
An extremely informative method for describing the be- (e.g., on account of the dependence of the effective activa-
havior of the vortex ensemble in YBCO films in the dynamic tion barrierU, on the current but it does not introduce any
regime utilizes a mechanical oscillator with a high Q factorchanges in its absolute value. It should be noted that the top
under passage of a dc transport current. Such measuremenfdhe damping peak determines the position of the depinning
have been done using miniature current and potential cortemperaturel g, or the irreversibility point.
tacts on a vibrating YBCO film sampfé The technique per- If the measured value of the resistivipgyT,H,J) is used
mits making the following simultaneous measuremenjs: 1for D=p/u, according to the procedure described in Ref.
the change in the square of the resonance frequency8, then it becomes possible to apply the theory quantita-
w?(B,,T)— w?(0,T), of a mechanical oscillator with a film tively to the discussion of the experimental results, through
sample of the HTSC YBCO attached to it, executing vibra-the use of Eq(3). Figure 5 shows the the calculated damping
tional motion in a magnetic field, which yields information curves for two values of the curreht=0 mA (J=0 A/m?)
about the pinning fordd (Fig. 4a; 2) the dampingl’,  andl=100mA (~2x 10°® A/m?). The calculated tempera-
which characterizes dissipative processes in the sample inre dependence fdr(l =100 mA), its absolute value, and
connection with the motion of the vorticEs® (Fig. 4b); 3)  the width of the transition turn out to be in good agreement
the resistivity of YBCO films(Fig. 40. Using this technique with experiment. Furthermore, it is clear that richer informa-
we were aple to study the dynamic behavior of vortices intion about the depinning transition of the vortex lattice can

Vpx"(D), ()

5.1. Dynamic depinning of the vortex lattice in YBCO films
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be obtained from the damping of a vibrating superconductor
than from the value of the electric field induced by the mo-
tion of the vortex lattice. The broadening and asymmetry of
the damping peak are evidence of a diverse character of the
depinning of the vortex lattice.

Of course, from the present investigations it is difficult
to reconstruct the microscopic picture of the dynamics of the
moving vortices, but, considering the known results from
o_bsgrvatlons of the r,nOtlon of an almost ordered vortgx Iat_FIG. 6. Pinning potential with a vibrating vortex at different temperatures
tice in superconducting crystaidthe results of theoretical (T4<T,<T3) during the passage of current and with no current.
papers on moving disordered vortex lattic&s® and the
aforementioned complex “valley” spatial landscape of the
pinning potentiall, in real YBCO superconducting films, valleys,” i.e., the easy-slip channels, when they are oriented

we propose a scenario that will lead to the observed effects - . .
(FigF.) 48: 1) a narrowing and symmetrizing of the damping parallel to the driving forcésee also Ref. §0This behavior,

o o as we have said, can be treated as percolatfGrllf the
peak upon application of a current load;2rise of the peak initial breakaway of the vortices when depinning is achieved
value of the damping fod>2x 10° A/m?. We note that at y P g

) . . is interpreted as vortex rows moving along “channels,” then
high values of the transport current density the height of theone expects that the vortex lattice inside the domains remains

dag’lpmlg tpheak be_ztc_:omefstrl]ndepelzlde;]nt of the r::_:cjt_rren;[ dlensn inned on account of the strong pinning on domain walls
and only the position of the peak changes, shifting fo lowe perpendicular to the driving force, i.e., it remains practically

temperatures W|th-|ncreasmg current. ) . ... immobile at temperature3 <Ty,. As the temperature is
In the YBCO films under study there is a chaotic distri- ._:co§ the observed damping peal g{J=0) is indicative
bution of the pinning potential, the interaction with which of depinning of strongly pinned regions. Under the influence

leads to disordering of the vortex lattice. The situation be- ia aforementioned factors, this peak, which characterizes

come even more complicated when one takes into acCOURe geninning of the vortex lattice, becomes broad and asym-
that rather complex vortex configurations can arise for fieldqtric.
orientations close to parallgl with respect to thle planes, Phenomenologically, without specifying the type of pin-
when two mutually perpendicular vortex subsystems can COsing defects, one can describe the behavior of the damping
exist simultaneously in the superconducting films on accounfeak of a vibrating sample d@t=0 by introducing a distri-
of thseez\é\go components of the field vector penetrating into the,ytion of the potential energy of the activation barriers. Such
film.>>~>*Then for vortices parallel to thab plane the ma- 3 gistribution will lead to two main effects: broadening of the
jority of linear defects are dislocation loops distributed cha-yansition with respect to temperature, and, consequently, de-
otically in the interior of the film. Their characteristic size is creasing the height of the damping peak at the depinning
5—7 nm, but then their pinning force hardly decreases withemperature. Indeed, the use of a single-barrier approxima-
temperature because of the weak stress—strain fields near tign in the framework of the diffusion model leads to an
core (see Sec. J7and also because in this orientation the ynavoidable difference between theory and experiment, as is
bending modulu€,, does not “soften” along the field, as it ysually observed in practi¢&>2
does in the casekllic on account of the anisotropy and lay- One can give a simple picture in which the loading of
ered nature of the atomic structure. In the case of vorticeghe sample by current leads to tilting of the whole pinning
parallel to thec axis there exists a hierarchy of pinning cen- potentiaf! and in which the depth of the potential is tempera-
ters, with a spatial distribution:) the strongest obstacles for ture dependentFig. 6). By scanning the pinning potential
the transverse motion of the vortices are close-packed dislayvell with the aid of low-amplitude mechanical vibrations of
cation walls with vortices already residing on them and withthe superconducting sample, one can record the tiniest
shielding currents flowing along these wallg; iddividual  changes in the height of this well at very low transport cur-
“standing” or “threading” dislocations, which are also rents. This effect is observed at current densities as low as
strongly pinning ifHlIc; 3) point defects inside the domains, J<10° A/m?. The decrease and shift of the high-temperature
which can rapidly decrease the net pinning force and currergart of the transitior{Fig. 4) indicates that the upper part of
density, as follows from the arguments given abtsee Sec.  the potential distributiorthigh U,,) is shifted to lower values
3) and the experimental data presented be{Bec. 8. of U,,. Itis possible that a decrease and shift to higher values
The larger-scale topological defects existing in YBCOof U, occurs in the low-lying part of the, distribution(i.e.,
films, such as shapedpolygonized domain dislocation at lower temperaturgsThis effect can scarcely be observed
walls, can lead to plastic flow of vortex rows but not to by the technique used, since the flux bundles remain pinned
displacement of an elastically deformable vortex lattice. Aby the highest potential barriers until the temperature be-
mechanism for the motion of vortices along so-called “easy-comes high enough to provoke depinning.
slip channels” has been proposed previousge, e.g., Ref. At large values of the driving forceJ& 10° A/m?) the
59). However, this mechanism requires a small shear moduelocity of the vortices is expected to play the role of an
lus Cgg in the vortex lattice, and that ordinarily takes place inorder parameter. The observed motional narrowing of the
fields approachindd;,. Thus the thermally activated depin- damping peak upon increasing current loading., driving
ning of the vortex lattice under the influence of a small driv-force) means that a new “instrument” for the ordering of the
ing force can occur neaH;,(T) along “plastic flow vortex lattice has appeared. We again note the explicit satu-
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FIG. 7. Normal_ized_ damping p(_ea(la) and th? half-width of the damping FIG. 8. a—Resistivity of a YBCO film versus the transport current density,
peak (b) of a vibrating YBCO film as functions of the transport current measured ati=2 T and various temperatures with a step of 0.1 K. The
density at different values of the external magnetic field. The dashed curvegotted line is the so-called “vortex glass” transition at a temperafye

were calculated with the use of the functiar-btanh(/c), wherea=0.57 =86.35 K. b—Scaling behavior of the(J) curves as described in the text;
(1.03, b=0.42 (0.44, and|c|=15%x108(5.5x10°% A/m? for the upper  herez~1.7 anda=4.7+1.
(lower) panel.

The “vortex glass” model predicts that the typical scal-
ration effect at high values of the transport curréfig. 7).  ing procedure can be applied to theJ) curves to give two
In terms of the picture of a distribution of effective potential groups of lines with different signs of the curvature. Indeed,
barriers, this result indicates that the moving elastic vortexhe experimental curves can be subjected to a scaling analy-
lattice becomes increasingly dominant over the pinning dissis in the coordinatesp,,/|T—T4|“®~Y versus J/T|T
order and approaches a delta-function distribution of barri-—Tg|2a, wherez=1.7+0.15 anda=4.7+1 (Fig. 8b. Both
ers. In other words, the thermally activated depinning beparameters agree with the values given in Refs. 63 and 64.

haves as if all the barriers have equal depth. It can also be A particularly interesting fact that emerges from these
assumed that the vortex lattice begins to behave like an elaseasurements is that foe=0 and angle®=90°, 75°, and

tically deformable continuum whose motion is insensitive to60° in magnetic fields of 0.5FH=<2 T the depinning tem-
the individual pinning centers. An important circumstance iSperature and the temperature of the proposed formation of
that the dampind’(T) of the vibrating film can be described the “vortex glass” coincide:Ty=Tg,. Since the behavior
quantitatively with the help of formul&) without any free  observed with the use of the mechanical oscillator can be
parameters by using the experimentally determined resistivdescribed by a depinning transition in the framework of dif-
ity of the flux flow as the diffusion constar). fusion concepts, it is necessary to understand to what extent
the result obtained from the scaling analysis can be taken as
evidence of a second-order phase transition in the vortex
lattice. In contrast to the experimentally proven melting of
Simultaneous measurements of the resonance frequendye vortex lattice, which has been observed in clean high-
and damping of a vibrating sample of a superconductingemperature superconductors by different techniques, the
YBCO film together with the resistivity curvgg(T,J) (Fig.  “vortex glass” transition is determined solely by means of
4) permit a direct comparison of the so-called “glass tem-the scaling analysis shown in Fig. 8b. One wonders whether
perature” T4 and the depinning temperatulg,. Figure 8a the result of this scaling analysis can be described using a
shows the dependence of the resistivity on the transport cudifferent model without invoking the concepts of a “vortex
rent density. It is seen that thg€J) curves are clearly sepa- glass” and a phase transition of the vortex lattice into such a
rated into two groups by the dotted ling,=86.35K. Be-  state.
havior of this type is often used as an argument in favor of  Indeed, a serious alternative interpretation of the results
the possibility of a “vortex glass” staté®®?In other words,  of the scaling analysis of the experimental data is the perco-
it is assumed that the vortex lattice undergoes a second-ordktion model of vortex motion proposed by a number of
phase transition to a “vortex glass” state at a temperatur@uthors over the past few ye&rs®’According to the perco-
Ty- lation model, a superconductor found in the mixed state con-

5.2. Vortex glass or depinning?
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FIG. 9. a—Angle dependence df(H) measured by the four-probe transport method for YBCO films deposited by a pulsed laser technique onsa LaAlO
substrate. b—Schematic representation of the angle dependeddgi9ffor the case when both dislocation ensembles perpendicular and paralleleab the
plane contribute to the two-peak curves: the contributions from linear def¢ctsom the intersection of vortices with dislocatiofif), from pinning centers

lying in the ab plane(lll), and from the anisotropy dfl;, (IV).

sists of percolation regions with different resistivities, which relaxation time of the vortex lattic&he increasing velocity
correspond to pinned and frégepinned vortex lines. When the lattice becomes “stiffer. On the whole, this process
the percolation threshold is reached there is a transition frorteads to an average viscosityof the vortex lattice which is
the depinned state to a pinned state with an insignificantelated to the diffusion constant &= uoH?/ 7.

linear resistivity. In the framework of the percolation picture

the disorder and the distribution of percolation regions also

leads to a broader pinning transition. Consequently, the nar o J.(H.T.8) CURVES FOR YBCO FILMS. RELATION

rowing of the depmnmg transition when a current l0ad iS5 tHE CHARACTERISTIC ENSEMBLE OF LINEAR
applied, as we have said, can be interpreted as a decreaseqfrects

the disorder(or the pinning of the vortex lattice as a result

of its motion. In the “microscopic” picture of this process, Saemann-IschenRdwas the first to show that when the
the vortex lattice, as its velocity increases, ceases to “noticemagnetic field vector is rotated with respect to thexis
the point and pointlike defeci®.g., the crossing of disloca- (while maintaining constancy of the Lorentz foyda a bi-
tion lines by vorticey through which a vortex passes in a axially textured epitaxial YBCO film thd.(H,T,6) curves
very short time. There is insufficient time for the vortex to have two characteristic peaks Htlc (#=0°) and Hllab
interact with them, since the pinning time is shorter than thg §=90°), which are shown in Fig. Sour data. The prop-

TABLE I. Properties, characteristics, and behavior of dbgd) peaks.

Experimentally measured parameter

J.(60) peak forHllc

J.(0) peak forHllab

1. Temperature change during measurements

2. Influence of the strength of the applied
magnetic field

3. Rate and method of deposition of the film

4. Effects of the substrate and buffer layers

5. Influence of deposition temperature
of YBCO film

6. Effect of a change in thickness of the
YBCO film

7. Effect of a change in the growth mode of the
YBCO film

Relative height grows with
increasingT for 40—80 K, then the peak is
suppressed fof — T, (H).

Practically vanishes in fields above
2-3T.

Low-rate off-axis magnetron
sputtering tends to enhance
the peak(e.g., for
sapphire/Ce@YYBCO films).

The greater the misfit of the crystal
lattices between the materials
of the substrate, buffer laydss,
and YBCO film, the stronger the peak.

Height increases with increasing
T (up to 745-750 °Cfor
sapphire/Ce@/YBCO films.

The thicker the YBCO film(at least
on a LaAlG; substratg the higher the peak.

2D growth mode suppresses the peak and 3D
mode enhances it.

Relative height decreases with
increasingT, but for T—T;,(H) the
peak becomes dominant.

The higher the field, the sharper the peak.
For T—T;,(H) only this peak remains.

High-rate pulsed laser deposition
substantially enhances this peak.

This peak is sharper and more significant
if the misfit is small,

as, e.g., for substrates of

SrTiO; or LaAlO;.

Substantially suppressed with increasing
T (up to 745-750 °Cin the case of
sapphire/Ce@BCO films.

Practically independent of the thickness of
the YBCO film.

3D growth mode leads to substantial
suppression of the peak.




Low Temp. Phys. 27 (99-10), September—October 2001 V. M. Pan and A. V. Pan 741

erties, characteristics, and behavior of the two peaks are de- a
scribed below and listed in Table I.

It can be seen from Table | that the relative height of
these peaks depends on the conditions of measurement of the
current—voltage characteristics and determination of the
value of the critical current, specifically, on the temperature
of the measurements, the applied magnetic field, and the
value of the electric fielce.. Indeed, thel.(H) peak for
Hllc initially grows with increasing temperature approxi-
mately from 40 to 80 K and then, when the temperature
approaches the line of irreversibility, tidg peak is substan-
tially suppressed and can even vanish in the case of YBCO
films deposited by pulsed laser sputtering on LafAKDb-
strates. On the contrary, tlig(H) peak forHllab survives at
all temperatures, magnetic fields, and velocities of the vortex
lattice under the influence of the Lorentz force.

As is now known from the high-resolution electron mi-
croscopy data, there are several types of dislocation en-
sembles that can form in YBCO films during their growth:

1. Misfit edge dislocations at the boundary due to the
usual mismatch of the interatomic spacings in the crystaFIG. 10. Schematic illustrations of ensembles of edge dislocations, which
lattices of the substrate and growing film. are formed in YBCO films during growth in different modes: a—ensembles

. . . . of “threading” dislocations perpendicular to the cuprate planes and lying in
2. Dislocation |00pS due to the existence of StaCkmgIow-angle tilt domain boundariesubstrate with large misfitMgO, YSZ,

faults (i.e., the local appearance of “extra” or “missing” sapphire-CeQy); b—ensembles of dislocations parallel to the cuprate
segments of Cu©planes, usually up to 10 nm in size, during planes and consisting of misfit dislocations at the boundaries and dislocation

growth); these are edge dislocations, the dislocation |ineéoops induced by local stacking faultsubstrate with small misfi{SrTiOs,
being parallel to thab plane®® LaAlOy).
3. “Threading” edge dislocations, whose dislocation

lines, being parallel to the axis and perpendicular to the |ying in the ab plane. It is important to note that these latter
surface of the film, as a result of the polygonization processjisigcations and loops also contribute to the maximum
partially or completely form low-angle tilt boundaries of do- j (Hic), since, as was first shown in Ref. 73 and then con-
mains of azimuthal mosaicity in the film. The average den<jmed by the present authors in Refs. 12—14, 74, and 75,
sity of such dislocation lines can reach*iines/cnf and  \hen the vortices are parallel to toeaxis they can interact
even highef1#1823-2531These dislocations are formed yith transverse dislocation lines as with pointlike defects.
mainly as a result of the realization of a two-dimensionalThen the functionJ(H, 6) has a domelike character of the
heteroepitaxial growth mode in which a so-called “rota- type J (6)(cos6)*2 It can also be assumed that some con-
tional” relaxation of the misfit at the bOUndary occurs. In tribution to the volume pinning force is made by point de-
particular, this mechanism can be enhanced further on aGects such as oxygen vacancies. At the p@@(k{”c) the two
count of specific growth conditions, e.g., as a consequence @ontributions from point and quasi-point pinning centers cre-
their rotational misfit on theR plane of sapphire and the ate the pedestal that vanishes as the line of irreversibility is
(001 plane of Ce@ (for details see, e.g., Refs. 70 and).71 approached, i.e., fof—T;,(H), as the magnetic field is

4. Screw dislocations at the boundary in low-angle twistincreased, and as the velocity of the vorti¢es., the dimen-
boundaries, which are a source of screw dislocations in thgionless numberE,) increases?**® As to the peak
low-angle domain walls, making them increasingly moreJ (Hllab), since it survives at all temperatures, fields, and
complex tilt—rotational boundaries the higher the degree ofelocities of the vortex lattice, we may assume that it is due
mismatch of the crystal lattices at the boundary. Screw disto dislocation pinning on dislocations and loops lying in the
location sources emerging on the surface of the film at highe#b plane and also to anisotropy i, (T). As was discussed
deposition temperaturggbove 740 °C for YBC@can ini-  above, anisotropy dfi;,(T) leads to anisotropy of the resis-
tiate a three-dimensional growth mechanism with the formativity due to the motion of the vortex lattice under the influ-
tion of polygonal spiralg®2>3%72 ence of the Lorentz force. This means that at a given value of

Analysis of the data obtained as a result of measurek, the value of], determined from the current—voltage char-
ments of the angle dependencelgH) for a large number acteristics forHllab andHllc will be substantially different.
of perfect biaxially textured YBCO films with high.(H) Thus, in considering the behavior of YBCO films one
shows convincingly that the maxima of the critical currentshould keep in mind that there are two ensembles of edge
and hence the orientation of the dislocation ensemble corradislocations: 1 with dislocation lines along the axis, and 2
spond to two directions: parallel to tleeaxis, and parallel to  in theab plane. This was confirmed in our recent pap&r§’
theab plane. This conclusion is equivalent to the assumptiorby means of transmission and high-resolution electron mi-
that the effective pinning of vortices in YBCO films is due to croscopy and also by electronic transport measurements of
extended linear defects oriented along the given directionghe angle dependence of the critical current density in a mag-
I.e., dislocation ensembied 100] and disiocations and loops netic field. Such measurements have also been made by other

- a an
a» Dislocation loops

Misfitdistocations
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Te an isotropically, hydrostatically compressed crystal is very
weak. However, in regions of the crystal with a local aniso-
tropic deformation the changes ®f, can be significant. In

the linear approximation this dependence can be written as

N Te()=Teo— Cieein(r). (4
Here T, is the critical temperature of the undeformed crys-
I tal, &, is the strain tensor, and the coefficients

Cix=—9T./de;, are related to the derivativegT./dP,
(Fig. 17). According to Refs. 79 and 81, the diagonal coeffi-
cients C; in the ab basal plane of the crystal are
Co=—0T./deap~—220K, Cp=0T./dep,~320K, and
dTldec~0.
S Based on the experimental ddfa®'a theoretical calcu-
lation by Gurevich and Pashitsiishowed that the elastic
deformations created by a single edge dislocation or a dislo-
0 € e cation ensembl¢e.g., a “wall” of dislocationg in an aniso-
tropic crystal can cause a local elevation or depression. of
FIG. 11. Schematic phase diagram of an anisotropic metal-oxide cuprate gind can even suppress the superconducting state completely
the Y_BCOztype with a higfT'; . This diagram was obtained by Qurevich and gt g given temperaturée.g., at 77 K. Consequently, the
::ng\t,ﬂfv\;rtﬁnsh?isvfg}kgzﬁ)@(X) phase diagram, wheseis the dop- region of the normainonsuperconductinghase should ex-
ist around a dislocation core, which, as described above in
accordance with the data of Refs. 28 and 29,(fx a
groups®®"8For a clearer and more convincing demonstration‘threading” edge dislocatiora [100]) a cylindrical channel
of the real nonuniform distribution of dislocation ensemblesof highly plastically deformed medium with a diameter of
in YBCO films prepared under different conditions of nucle-around 2 nm. The normal regions surrounding the core
ation and growth and by different growth mechanisms, inshould also play an important role in the formation of the
Fig. 10 we show schematic illustrations of the fine structurgPinning potential of the superconductor. Therefore it is nec-
of the films: with a set of mosaic domains differing from one essary to examine in more detail the deformation mechanism
another by low-angle tilt dislocation boundariés typical ~ Of suppression of superconductivity in the neighborhood of a
misorientation angle of around 1—2°, typical domain size ofdislocation core, i.e., of the effect of an elastic strain field in
20-50 nm, average distance between dislocations in th#e anisotropic crystal YB&uUO; ;.
boundary 10—-20 nm, and average dislocation density around An edge dislocation perpendicular to the plane gives
10 lines/cnt (Fig. 103; with misfit dislocations at the Trise to elastic strains in thab plane and to corresponding
boundary and dislocation loops due to stacking faults, i.e.local changes iff.. Under certain conditions, if the Burgers
with extra or missing segments of the copper—oxygen layergectorB is directed at an anglé to either thea or b axis,
of the CuQ type®® with the dislocation lines lying in thab ~ the change off; is given by the expression
plgne and an extremely high average dislocation qlensity STo=—Cle+ Bley—£,,)C08 20+ 2Bey, sin 20], (5)
(Fig. 10D. It is surprising that in YBCO films such a dislo-
cation structure with a high density can coexist with a verywhere
high degree of perfection of the crystal structure, as charac- C.+C C.—C
. . . . a b a b
terized by transmission and high-resolution electron e=g,+e,,;C= > P=Cic
microscopy>~2>2"-2and x-ray diffractometry* However, a’ b
the most reliable tool for experimental observation of theseUsing the well-knowf* components of the strain tensey,
two different dislocation ensembles is measurement of thender the conditioBlla, Pashitskil* obtained an expression
angle dependence af(H,6) at a constant value of the for the variation of the critical temperature in cylindrical co-

(6)

Lorentz forcé*~"" (see Fig. 9. ordinates:

CB sing
7. ELASTIC STRAIN FIELDS IN THE NEIGHBORHOOD STo(r,p)=— T2 1=o) —[(1-20)+2p co¥ ¢].
OF LINEAR DEFECTS AND THE FEATURES OF THE PINNING 7T g (7)
POTENTIAL IN YBCO FILMS

Here ¢ is the azimuthal angle in thab plane, measured
from thea or b axis, o~0.28 is Poisson’s ratit andB is

Y¥he modulus of the Burgers vector, which is approximately
equal to the lattice constaat=0.4 nm in theab plane. Thus
Pashitskif* determined the boundary of the region of the
normal phase around a dislocation core, i.e., the region in
which the local value off . is lower than the characteristic
average level:

It has been shown experimentdfly®! that layered an-
isotropic HTSC metal-oxide cuprates have an anomalousl|
strong anisotropic dependence of the critical temperalyre
on the pressure in the case of uniaxial compression. F
example®® for the optimally doped YB#u0,_ s single
crystal the derivativesT./dP; measured along the principal
crystallographic axes aredT./dP ~—(1.9-2) K/IGPa,
dT./9Pp~(1.9-2.2) KIGPa, and dT./dP.~—(0-0.3)
K/GPa. This means that the pressure depend&pge) for rau(@, T)=Ry(T)sing[1+ By cos ¢]=0, 8
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Region of suppressed 2.2+
\ order parameter H |iab
2]
- = - ~ .E
. . =1
< EM=35mm . g 18r
p ()= 2.5‘r\1m 2
<
2§(M)=7.0nm T 1.4}
Norma Core of é
. !
\state dislocation ) 2 Hllc
Ay R ,/ 1 O [ \ I i i
\ e - 50 60 70 80 0
T,K
L=12nm FIG. 13. Temperature dependence of the height ofJifel, 8) peaks for

orientations of the magnetic fieldlic andHllab, shown in relative units in
FIG. 12. Shape and size of the region of the normal state at 77 K, and alsgelation to the position of the pedestar “background”).

the region partially suppressed superconducting order parameter in the
neighborhood of a dislocation core for a “threading” dislocation whose

dislocation line is perpendicular to tleb plane of the YBCO crystal; cal- . .
culated by PashitsKit with the use of Eqs(d), (7), and(8). allel to theab plane, unlike the perpendicular ones, have

insignificant strain fields in the neighborhood of the core.
This means that the corresponding pinning potential wells
are much narrower and steeper. The elementary pinning

where force for these dislocations is larger. In addition, their shape
N CB(1-20) 4 T 2B is appar_ently Wea_kly_ dependent on temperature, ano_l hence
o(T)= 277(1——<W’ r=1- T_co' ﬁo—m- the pinning force is independent of temperature, as is con-

(9) firmed in experimeni{Fig. 13. The opposite forms of the
temperature dependence of the relative height ofthmeaks

for Hllab andHlc is evidently due in large measure to the
fact that the pinning potential wells have a different shape
and different temperature behavior: steeper slopes and weak
temperature dependence fditab, and more gradual slopes
and strong temperature dependenceHdc.

For T,,=90K and for the values of the coefficier@s
mentioned above, the parametes(T)~0.042/(nm), and
Bo~—24. At T=77K we haveRy~0.3nm and the maxi-
mum of ry occurs in the directionp= — /4 and has the
valuery max=2.5 nm(Fig. 12.

If now we take into account the proximity effect, then it
becomes clear that the region with a suppressed supercon-

ducting order parameter extends in all directions to a disS: MAGNETIC FIELD DEPENDENCE OF Jc(H) AND THE

tance of the order of the coherence lendiT) = &,/ 72 GKIEAZHQEEE%@SF;Q\S ';(ﬁf AN ANISOTROPIC HTSC WITH
(whereéy,~1.3nm is the coherence lengthB0).

At 77 K we have £(T)~3.5nm, and the maximum The typical J;(H) curves of YBCO films forHlic, as
width of the normal region iSL(T)=2[ry maxt&T)] was shown in Refs. 74-77, 85, and 86 have three different
=12 nm. The area of the region of suppressed order paransegments(Fig. 14. The low-field part is a plateau or a
eter per dislocation parallel to tlweaxis can be estimated as weakly field-dependent part up to the pokt=H,, which
Su(T)=2&T)L(T)~8x 10 ¥cn? at 77 K. This means corresponds toag=(Po/Ha)"?~\. (~0.1T at 77 K,
that at a concentration of edge dislocations of aroundvhere the position of the pointd, must be determined as
10" lines/cnt the fraction of the normal phase is approxi- the intersection of the horizontal part of the curdgH)
mately equal to 10%. Each component of the functigif) ~ ~const with the extrapolated pad<H %2 but on our
increases at a different rate @s-T.y: ry(T)x7 1, and  curves(Fig. 14 this cannot always be done because of the
£&(T)oc 7~ Y2, Consequently, the width and shape of the pin-lack of measurements in sufficiently low fields. Undoubtedly
ning potential well change with increasing temperature faster
thanr 1, the dependence approaching®? asT— Tgo. Al-

though a detailed analysis of the consequences of this situa- 107 <o ~p-0:56

tion goes beyond the scope of this paper, there are sufficient o [ 0\0 \-\_‘\ Hg=0.52T N

grounds for assuming that the pinning force arising in the g | X o\l‘ c

interaction of vortices with dislocations of this ensemble <Q e ~H“°‘47\\’\§“ <Q

should decrease appreciably with increasing temperature, as o i ~—\—°\S % <

is observed in the measurement of the temperature depen- — e — -

dence ofJ,(Hlic) (Fig. 13. o | ©94K.LaAlOg S T PR
We conclude this Section by noting that the anisotropy [ < 81K.Ce0a* Alx04 f)\ozo\ 17

parameterB, in Eq. (8) for dislocation lines parallel to the Hg=0.7T \oo‘\\ ]

ab plane is smaller by many times than that for perpendicu- — '(')_'1 B

1
lar “threading” dislocations, because of the neglibibly small H, T

value ofC.. In this CaSQBZZ/(l_ZfT)“‘LS- Thus one can g 14. Magnetic-field dependence for biaxially oriented epitaxial YRCO
assume that the dislocations and dislocation loops lying paifims for Hilc.
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here we are dealing with a regime of individual or single-

particle pinning, in which the vortices are far apart and non- 10.0[ 3D disordered ' Hip(M
interacting, and a vortex lattice is not formed. This effect was state \
also mentioned in Refs. 85 and 86, but the authors explained ‘\
it as a transition through a so-called “matching” field 10k | l\i/c‘]’lﬁgx
H=Hg, at which the density of vortices becomes equal to = \
the density of linear pinning defects parallel to them. This is T \

. . 2D correlated N \
clearly incorrect for two reasons: first the authors of Refs. 85 state AT
and 86 incorrectly determined the density of defects from the 0.1 AN
etch pits, obtaining a value too low by one or two orders of \\ ‘\‘.
magnitude (10°-1C lines/cnf instead of the actual Single-particle Saow
10'°- 10" lines/cnt, as is shown in Refs. 23—25econd, as pinning of vortices 4
the “matching” field is approached in YBCO, it is knofh | , | , ‘& .
thatJ.(Hllc) increases rather than remaining constant. 50 60 70 80 90 100

The intermediate part of the field dependence of T.K

Jc(H”C) turns out to be praCtica."y linear on a Iog—log scale: FIG. 15. Proposedi—T phase diagram of the vortex matter in a YBCO
J.xH ™9 where the exponerd is close to 0.5. Such a de- epitaxial film for Hlic.

pendence can be the result of the presence of a two-

dimensional correlated “quenched” disorder in the vortex

lattice, apparently of the Bose glass type, in this interval of_, . . .
fields (Hx<H<Hg). At higher fields {>Hg) the J(H) tI'h|s crossover in the behavior of the vortex system can be

ve bedins to decr taster. viz. HSY with classified as a manifestation of a change in dimensionality in
c_ulg 129 s [0 decrease faster, o 8BS 9 the nonuniform ensemble. We denote the nonuniform state of

A . | ion for this is that th latti the vortex ensemble, interacting with the 2D pinning poten-
tentative explanation for this is that the vortex lattice ;,, parallel to equidistant linear centers forming a polygonal

begins to interact with random pointlike defects as well. In-, lattice (if the field is applied parallel to the axig),’*~"’
deed, at the crossover fieldg the intervortex distance, as a correlated inhomogeneous Bose gl@$BG). This state

~ 1/2 h
~(%o/Hp) ™" becomes comparable to the transverse ize igors substantially from the usual state of a triangular vor-
of the domains of mosaicity, which are slightly misoriented.o |attice and a random Bose glass, in which the linear pin-

with respect to one another and are separated by low-anglg.y centers are distributed chaotically. The CIBG state
dislocation boundaries. This is the most important point iNwhich is realized forH,<H<Hg) also differs from the
this treatment, since at low field$if<H<Hpg) the vortex  onuniform state of the vortex lattice formed for>Hyg,
lattice “perceives” the network of threading dislocations as aynere the vortices interact with both linear and planar de-

random, chaotic system which induces a quasi-Wofects. The latter can be called a Fermi glass, since the rela-
dimensional correlated state of the vortex lattice of the Bosgjgn petween the number of vortices resident on dislocations
glass type with a high value of the bending modulli.  and the number of vortices inside the domains can be found
When the field increases tdg, some of the vortices no py introducing a distribution of the Fermi type, much as was
longer have a chance to become pinned on the dislocatiofgne by Gurevich>*® Figure 15 shows the proposét-T

lines in the low-angle boundaries, since the benefit in termgpase diagram of the states of the vortex lattice in a YBCO
of the pinning energy would be much smaller than the energyjim for a magnetic field directiot|ic.

cost due to the 2D deformation of the vortex lattice. As a
result, a significant number of vortices are inside the do-
mains, being only weakly pinned by pointlike defects. Since

e : 4 . ) . NCLUSION
the magnetic field in this case is already quite high, oneCO CLUSIONS

expects that a substantial change in behavior will occur, _Several type of dislocations and dislocation ensembles
much as in the case of single crystals. Thus one expects afte formed in YBCO films during their growth) &dge dis-
intradomain crossover from 2D to 3D behavior of the vortexiocations of nonregistry at the boundary;dslocation loops
lattice due to wave-vector dispersion of the bending modulusglue to stacking fault§.e., with extra or missing segments of
Ca4(k) of the vortex lattice, which is interacting with a ran- the CuQ planes, the lines of which are parallel to theb
dom pointlike pinning potential. However, because of thisplane; 3 edge dislocations in low-angle boundaries of mo-
the phenomena that occur are radically different from thakaic domains with a density of up to %@ines/cn? and
which occurs in a single crystal. In a single crystal the vor-higher.

tices, by “softening,” more easily adjust to the chaotically —The efficient pinning of vortices and high critical cur-
distributed point centers, and the resulting bulk pinning forcerent densitiegJ,=3x 10° A/m? at 77 K) in epitaxial YBCO
increases, andJ.(H) also increases from #0to 5 films are due to the high density of linear defects formed in
X 10° A/m? (Refs. 12—18 In this case the vortices are the process of nucleation and growth of the film.

pinned (while H=<Hg) on linear defects, and.(H)=5 —The “motional narrowing” of the damping peak is

X 10°— 10 A/m?. Therefore, when some vortices are foundindicative ofordering of the vortex lattice upon the passage
inside the domains and become unstable to lateral deformaf current. The remarkable agreement between the measured
tions owing to the sharp decrease of their effective lineadamping peak and the theoretical curve obtained in the
tension,J;(H) does not increase but instead begins to faii.framework of the diffusion model attests to preservation of a
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