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Dependence of the critical current on the misorientation angle in high-temperature superconductor (HTS)

[001]-tilt bicrystal is theoretically examined. It’s argued that in the case of relatively small values of the bicrystal

misorientation angle 0 (0 < 10-15°) the critical current as well as the resistive state emergence are determined

by depinning of Abrikosov vortices, which are locked by c-oriented edge dislocations which form the low-angle

[001]-tilt grain boundary and are aligned in a linear row along it. Dependence of the depinning critical current on

the misorientation angle of bicrystal is calculated for this case and it reveals a good agreement with experimental
data obtained on HTS bicrystals with low-angle [001]-tilt grain boundaries.
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1. Introduction

High-temperature superconducting (HTS) materials pro-
duced on the base of “cuprate” compounds (RE)-Ba—Cu—-O
(RE is the rare-earth element: Y, Gd, Nd) are of great prac-
tical interest for electrical engineering and electronics [1].
First of all it concerns the possibility of large-scale applica-
tions, such as: superconducting electric power cables, high-
field magnets, motors, energy storage devices, etc. This in-
terest is caused by a large current carrying ability of HTS
materials, allowing dissipation-free current flow with den-
sities more than 10° A/cm2 at liquid nitrogen temperature
(77 K) and magnetic fields up to 10 T, obtained for HTS
(RE)BayCuz07_s ((RE)BCO) films and coatings. Now sign-
ificant efforts are aimed to improve production technology
and current carrying characteristics of practically valuable
HTS conductors — preferably in form of HTS tapes, de-
posited (over the special buffer layers) on flexible metallic
substrates — so-called “second generation of HTS conduc-
tors” [2,3]. The most important task (both for physics and
applications of superconductivity), which arises in these re-
searches, is enlargement of the critical current density j.
and elimination of its dependence on magnetic field value
and orientation, as well as on the HTS tape thickness [4—14].

Numerous studies performed on different HTS films and
coatings with regard to their possible large-scale applications
have unambiguously demonstrated that one of the most im-
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portant structural features of these superconductors, which
provides limitations on their current-carrying capability, is
existence of grain boundaries (GB) within the material, play-
ing the role of barriers for supercurrent flow [1,4,15-19].
This evidence principally comes from numerous transport
studies performed on single grain boundaries in HTS bi-
crystals, usually obtained by deposition of HTS films on bi-
crystalline substrates. For HTS epitaxial thin films and highly
textured coatings, which possess the highest j. values and
are mostly interesting for applications, the main type of GB,
affecting the critical current value, are [001]-tilt grain boun-
daries, which correspond to rotation of neighboring crys-
talline grains on the both sides of GB around the ¢ axis,
which is perpendicular to the superconducting Cu—O planes
(ab planes) of anisotropic (layered) HTS material and
film/coating substrate.

This type of grain boundary in [001]-tilt bicrystal is
schematically shown in Fig. 1. Experiments performed on
[001]-tilt YBCO bicrystals [16—-21] have demonstrated that
the critical current density across the grain boundary depends
strongly on the misorientation angle 6 of grains, and drops
nearly exponentially when 0 increases: j.(0) ~ exp (-0/6,)
where 0, = 1-3°. It’s well known, that low-angle [001]-tilt
GB in YBCO bicrystals and c-oriented epitaxial films (coat-
ings) may be considered as rows parallel to the c-axis edge
dislocations [17,22-24]. The average distance between
neighboring dislocations in the row, according to Franck’s
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Fig. 1. Schematic sketch of the [001]-tilt bicrystal with a mis-
orientation angle 0.
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relation, strongly depends on the misorientation angle 6 of
neighboring grains in the ab plane: d(0) ~ 971, and by the
order of magnitude usually lies in the range 3—10 nm.

At small 0 values (0 < 10°), the dislocations which form
the [001]-tilt GB are well separated. Therefore, in this case
the current passes the GB through the nanosized channels
between dislocation cores (Fig. 2), which are nonsupercon-
ducting (dielectric or normal-metal cylindrical regions) ow-
ing to dislocation cores and strain fields around them [22].
On the other hand, at high 0 values, a transition from
strong to weak (Josephson) coupling of grains takes place.
The Josephson properties of GB junctions in bicrystals
with a high misorientation angle values have been widely
studied (both experimentally and theoretically) [17,18].

In the present work we concentrate mostly on the be-
havior of GB junctions with a small misorientation angle
values, providing the bulk current flow through the narrow
channels between dislocation cores. One of the most inter-
esting features of low-angle [001]-tilt GB in HTS films and
bicrystals is the exponential type of j.(0) dependence for
this kind of grain boundaries, as it was mentioned above.
There are several theoretical models relating this type of
Jc(0) dependence with electron transparency of GB [25-27].
The latter, accordingly to these models, can drastically de-
crease with an increase of misorientation angle 6. Never-
theless, there is a strong experimental evidence that the cri-
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Fig. 2. Current flow through the [001]-tilt grain boundary in HTS.
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tical current value through the GBs of this type, followed
by simultaneous onset of the resistive state of supercon-
ductor, is tightly related with the start of vortex motion
along the GB under the Lorentz force influence [28—34].
These vortices (Abrikosov, or mixed type — Abrikosov—
Josephson (AlJ) vortices [35]), which are locked within the
[001]-tilt GB and pinned by dislocations, forming it. These
vortices arise due to applied magnetic field, or can be self-
induced by transport current flow. As a rule, the critical
current for depinning of such kind vortices and onset of
their motion under the Lorentz force action is essentially
less than the depinning critical current for vortices, locked
within grains. Thus, the GBs can form easy vortex flow chan-
nels in HTS films and bicrystals (as well as twin bounda-
ries in HTS single crystals) [28,31-40].

In the present work the depinning critical current for pe-
riodic pinning potential created by a dislocation row along
the [001]-tilt low-angle GB (LAB) in HTS bicrystal is cal-
culated. The strong exponential j.(0) dependence for the
critical current density is obtained for 0 > 3° at low magnetic
field values (e.g., those induced by a transport current).
The calculated j(0) dependence matches quantitatively well
with the corresponding experimental data, obtained for
YBCO bicrystals [1,17,20,21], when the coherence length
and the Burgers vector values determined from experi-
ments [1,17] are used as a fitting parameters of the model.
It is argued that for the case of [001]-tilt LAB the critical
current density and, correspondingly, the onset of the resis-
tivity are determined by depinning processes of magnetic
flux quanta locked within the LAB and their subsequent
flow along it at higher transport current values under the
Lorentz force influence. In the framework of suggested mo-
del the main features of experimentally observed j.(0) de-
pendence, such as plateau at low angles and exponential de-
crease at higher angle values, follow from the specific form
of periodic vortex pinning potential, created by the equidis-
tant edge dislocations row, which forms the [001]-tilt LAB
in HTS bicrystal [1,17,22-25].

2. Model and results

In this section the depinning critical current value is
calculated for the case of periodic pinning potential Uy(s),
created by a linear row of parallel equidistant c-oriented
edge dislocations, forming the low-angle [001]-tilt grain
boundary (LAB) along the x axis in HTS film or bicrystal.
Following the works [41,42], the general expression for the
pinning potential Uy(s) in the framework of the Ginzburg—
Landau theory can be written in form

2

ve=s) | g2 (1)

o0

Up(s):—ij(r) 1-

Here y(r) is the order parameter of superconductor; V(r)
is the depairing potential for electrons, which characterizes
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the materials inhomogeneity, leading to the local suppres-
sion of superconductivity. Within the model of 57, -pinning
an expression for V,(r) can be written in form [41]:
V() =|vy P Sau(r), where o = o/(T — T,) is the parame-
ter of the Ginzburg—Landau theory. In the case of periodic
potential V,(r), produced by dislocation row along the grain
boundary, we will use an approximation

V()= Vyor—nd), V(1) =Vymrsd, (r).

For the row of c-oriented edge dislocations with a Burgers
vector b, which forms the low-angle [001]-tilt grain boun-
dary (LAB) in HTS film or bicrystal, the distance between
neighboring dislocations is determined by the Franck’s re-
lation:

d:#, d=dx, b=|b|. 2)
2sin (0/2)

Besides that, in Eq. (1) we will use a well known relation

for the local change of the order parameter y(r) in vicinity

of the Abrikosov vortex core on the scale of the coherence

length & [41]:

lw()| r
f(r)= = :
[V |~ 12 4222

Using these assumptions, for the pinning potential Up(s),
given by Eq. (1), one can obtain
(r-s)’ }_

U,(s) = -Vomr} j d*ry 8, (r —nd){l—

(r—s)® +2¢?
282
= —Vymr? , 3
0nrp§(nd+sx)2+s§+2§2 ®)
d=d©)=——20>
2sin (0/2)

Performance of summation in Eq. (3) using the well-known
expression for the sum of series:

i 1/ (k+a)=mn ctg (na)
k=—x0

gives the following result for the periodic pinning potential
Up(s) determined by (3) [42] and shown in Fig. 3:

21:?,2

—_— X
dyJs? +2¢?
sh (2711 s} +28? /dj
X .
ch (2Tc1ls}2, + 2&2 /dj —cos (2ms, /d)

From Eq. (4) it follows, that the periodic pinning potential
in the plane of grain boundary U(s,) has the form

2
u, (s)= —Vomr,

“
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Fig. 3. (Color online) Pinning potential U,(s) calculated from Eq. (4).
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The pinning potential determined by Egs. (4), (5) depends
on the misorientation angle 6 of neighboring crystalline
blocks, separated by a grain boundary. This dependence is
determined by the d(0) relation given by Eq. (2). This in
turn allows to calculate the angular dependence of the crit-
ical current density, j.(0), determined by depinning of vor-
tices, locked within the grain boundary

0
Je(0)= (I)L max ( aUP ] (6)

0 Sx

It worse to notice that in thick superconducting films or
plates with a thickness D > A (A is the London penetration
depth) Eq. (6) determines the critical current density on the
specimen surface: when the surface current density riches
the critical value, the instability of vortex pinning state em-
erges and process of vortex escape from linear defect (dis-
location) under the Lorentz force influence starts at the sur-
face and subsequently propagates inside the specimen [43,44]
(see Fig. 4). At high enough temperatures 7 < T, transfer of
elastic vortex strings along the edge dislocations row, form-
ing the low-angle [001]-tilt grain boundary can proceed due
to thermally activated vortex kinks motion which provide
transfer of vortex strings between neighboring dislocations
in the row along the grain boundary. In the TAFF regime
of vortex strings one can also expect the exponential de-
pendence of j(0) compatible with experimental data [45].
Numerical calculation of j(8) dependence from Egs. (5), (6)
leads to the result presented in Fig. 5 in a semi-log scale.
The following parameters values, corresponding to the case
of YBCO bicrystals (see, e.g., [1,17,20]): b = 0.4 nm,
& =2 nm, were used for this calculation. The obtained re-
sult for j«(0) dependence agrees well with experimental
data for YBCO bicrystals with [001]-tilt LAB as well as
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Up

Fig. 4. Periodic pinning potential of dislocation [001]-tilt LAB
in HTS bicrystal. The bended solid line with an arrow on its end
represents an elastic vortex string exerted to the Lorentz force
action inhomogeneously distributed near the specimen surface
within the layer of width A.

for similar type bicrystals produced from other kind super-
conducting materials, e.g., ferropnictides [46,47]. In ac-
cordance to experimental data obtained on YBCO [001]-tilt
bicrystals, the most specific features of this dependence
are: (a) existence of plateau at small misorientation angles
(86 < 2-4°) and (b) exponential decrease of j.(0) value with
increase of 0 at higher angles: j.(8) ~ exp (—6/6) (typically
09 = 3-5°) [1,17,19-21]. As one can see from Fig. 4, the
calculated j.(0) dependence reveals both these features, thus
it describes qualitatively well the experimental results.
Similar results (but with slightly higher values of the initial
plateau and 6 value for exponential j.(0) dependence) were
observed for ferropnictides [001]-tilt bicrystals [46,47].

3. Conclusion

In the present work it is argued that limitation of current
carrying capability in HTS epitaxial thin films and bicrys-
tals with low-angle [001]-tilt grain boundaries (LAB) at not
too large misorientation angle values (6 < 10-15°) is deter-
mined by depinning of Abrikosov (or Abrikosov—Josephson)
vortices, which are locked by linear rows of edge disloca-
tions, forming such kind of grain boundaries. In this case
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Fig. 5. Calculated dependence of the depinning critical current den-
sity j-(0) on the misorientation angle 0 for dislocation [001]-tilt
LAB in HTS bicrystal (normalized on the intragrain critical cur-
rent density value).
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the resistive state arises due to vortex transfer along the
dislocation row in the grain boundary, perpendicularly to
the transport current flow through it. We consider the prob-
lem of vortex depinning and corresponding depinning crit-
ical current in a single-vortex approximation, thus neglect-
ing the intervortex interaction. For the case of rather thick
films (D > A) this approximation corresponds to the case
of intervortex distances ay(H) > A. The latter takes place at
H < H.1. We suppose that this inequality is fulfilled. Usually
in experiments on HTS bicrystals, particularly in those, which
we refer in the present work, the j.(0) dependence is meas-
ured in the self-field of a transport current flowing through
the grain boundary, which is much smaller than H,1. In the
case of applied dc magnetic field the intervortex interac-
tion can significantly affect the critical current value flow-
ing through the grain boundary. It is known from theoretical
and experimental investigations both for low-angle boun-
daries with a bulk current flow, like that in [001]-tilt bi-
crystals [48—51], and also for Josephson junctions, where
Josephson vortices in the junction interact with Abrikosov
vortices in the banks and this significantly changes the Fraun-
hofer-type Josephson critical current dependence on applied
magnetic field J;. j(H) [52-54].

In the framework of considered model with a suitable &
and b parameters values we have demonstrated, that depend-
ence of the critical current density on the misorientation
angle j(0) in low-angle [001]-tilt HTS bicrystals is charac-
terized by existence of a plateau at small angles (6 < 2—4°)
followed by an exponential dependence of the type: j.(0) ~
~ exp (—0/0g) with characteristic values 6p = 1-3° (69 = 1.7°,
as it is demonstrated in Fig. 5 of the present paper). The only
parameters which determine this dependence in the frame-
work of considered model are the coherence length &, and
the Burgers vector modulus b. Their values for numerical
calculation accordingly to Egs. (3)—(6) we took from expe-
rimental works (see the text). In experiments performed on
HTS bicrystals with low-angle [001]-tilt grain boundaries
quite similar dependences for j(0) were obtained with a pla-
teau at small angles 6 and exponential decay at higher mis-
orientation angles. For YBCO and BiSCCO [001]-tilt bi-
crystals the 6p value which characterizes the exponential
decay law for j.(0) dependence is somewhat higher than that
we have obtained numerically: 6p = 3-5° in experiments
[1,17,20] and this value is even higher for ferropnictides
bicrystals with [001]-tilt grain boundaries. Thus, the model
for depinning critical current in the case of periodic pinning
potential supplied by a linear dislocation row allows to
achieve a qualitative agreement between the calculated j.(0)
dependence and corresponding experimental dependence,
obtained for HTS (YBayCu307_5) and ferropnictides bi-
crystals with [001]-tilt grain boundaries, while quantitative
discrepancy, as we suppose, may be related with an incor-
rect choice of parameters & and b.

The model presented here may be extended to account
for other types of periodic pinning potential in superconduc-
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tors: modulated 1D channels for vortex guiding [55,56], set
of parallel grooves for the case of vortex motion across
them [57,58], regular arrays of antidots or magnetic dots
[59—64]. For each of these cases the problem will consist in
a correct choice of the pinning potential Up(s), instead of
that given by Egs. (3)—(5) and used in the present work.

The studies were supported by the National Academy
of Sciences of Ukraine within the budget program KPKBK
6541230-1A “Support for the development of priority are-
as of scientific research”.
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3anexHicTb KpUTUYHOIo CTPYMY Bif KyTa
posopieHTauii y bikpuctanax BTHI i3 manokyToBumu
Mexamu Haxuny [001]

O.J1. KacartkiH, B.I1. LiBiTkOBCbKMIA

TeopeTHYHO TOCIIHKEHO 3aIeKHICTh KPUTHYHOTO CTPYyMY Bil
KyTa po3opieHTauii GikpUcTaay BUCOKOTEMIIEPATYPHOTO HaAIpo-
Binauka (BTHII) 3 mexero maxwmty [001]. TlokasaHo, mo B pasi
BIJIHOCHO MaJIMX 3HaueHb KyTa po3opientauii 0 (0 < 10-15°) kpu-
THYHHHA CTPYM, & TAKO)X BUHUKHEHHS PE3UCTUBHOTO CTaHy, BU3HA-
YaroThCs ACMIHIHIOM BHXOpiB AOPHKOCOBA, 3aXOIUICHUX C-Opi€H-
TOBaHUMH KPailOBUMH JIMCIIOKALIISIMH, SIKi YTBOPIOIOTh MAJIOKYTOBY
Mmexy Haxuiy [001] i BummMKyBaHi y JIHIHHUA psAg y300BXK Hel.
JU1s 1BOTO BUMAJKY PO3pax0OBaHa 3aJICKHICTh KPUTHIHOTO CTPYMY
JEMiHIHTY BiI KyTa po3opieHTauii GikpucTaiy, sika AEMOHCTPYE
J00pe Y3TrOJUKEHHS 3 eKCIICPUMEHTAIBHIMH JTAHUMH, OTPUMAaHUMU
Ha Gikpucranax BTHII i3 manokyToBumu Mexxamu Haxmty [001].

KirouoBi croBa: HaAmpOBITHUK, OIKpUCTall, MeXa 3€peH, BUXOP
AOpuKocOoBa, AUCIOKALisS, MIHIHT, KPUTUYHHN CTPYM.

3aBUCUMOCTb KPUTUYECKOrO TOKa OT yrna
pasopueHTauumn B bukpuctannax BTCI
C ManoyrrnosbIMu rpaHnuamu HakmnoHa [001]

A.J1. KacaTkuH, B.I1. LiBeTkoBCKMIA

TeopeTnyecku HccaeOBaHA 3aBUCUMOCTh KPHUTHYECKOI'O TOKa
OT yIJla pa3opHEHTAllMy OWKPHCTAJIa BBEICOKOTEMIICPATypPHOTO
ceepxnpoBognuka (BTCII) ¢ rpanuneii naxinona [001]. IToka3zano,
YTO B CIIydae OTHOCHTEIHHO MAJIBIX 3HAYEHHH yIila pa3opHeHTa-
mun 0 (0 < 10-15°) kpuTHYeCKUi TOK, a TaK)Ke BOSHUKHOBEHHE
PE3UCTUBHOTO COCTOSHHSI OIPENENSIOTCS JCIIMHHUHTOM BHXpEH
AOGpHKOCOBa, 3aXBAYCHHBIX C-OPUEHTHPOBAHHBIMU KPAEBBIMH M-
CIIOKALMSIMH, KOTOPBIE 00pa3yloT MalOyIJIOBYIO TPaHUIly HAKIIO-
Ha [001] ¥ BBICTpOEHBI B JMHEHHBIA psii BOONb Hee. s aToro
Clydasi pacCUMTaHa 3aBUCUMOCTh KPUTHYECKOTO TOKA JICTMHHUHTA
OT yrja pa3opHeHTAUuH OMKpHUCTaUla, KOTOpas AEMOHCTPHPYET
XOpoIIee COTIacue C SKCIIEPUMEHTANBHBIMU JaHHBIMH, HOJTy4YeH-
HeIMH Ha Oukpucrauiax BTCII ¢ ManoyrioBeIMH TpaHHLIAMHU
HaxJioHa [001].

KiroueBbie ci10Ba: cBEpXIIPOBOIHUK, OMKPHUCTAILI, TPAHUIIA 3€PEH,
BUXPh AOPHKOCOBA, UCIIOKAINS, THTHHUHT, KPUTHYECKUH TOK.
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