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Strong Pinning and Plastic Deformations of the Vortex Lattice
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We investigate numerically the dynamically generated plastic deformations of a 3D vortex lattice
driven through a disorder potential with isolated, strong pinning centers (pointlike or extended along
the field direction). We find that the vortex lattice exhibits a very peculiar dynamical behavior in the
plastic flow regime, in particular, topological excitations consisting of three or four entangled vortices
are formed. We determine the critical current dengitynd the activation energy for depinniig in
the presence of a finite density of strong pinning centers. [S0031-9007(96)01760-7]

PACS numbers: 74.60.Ge

Recently the dynamical behavior of a vortex lattice (VL) If the density ofdefectsis low, the VL deformations
in a disordered type-1l superconductor has attracted mucproduced by individual pinning centers can be studied
interest [1—4]. The intriguing dynamics of the VL origi- without accounting for collective effects. The pinning
nates from the competition between the vortex-defect andenters considered here are assumed to have a rodlike
the vortex-vortex interaction, leading to a threshold behavshape with a small lateral (coherence lengtl§) but a
ior: If the pinning potential dominates then the vorticesvariable longitudinal (from¢ to a few lattice constantg,
are essentially stationary with a slow residual motion dualong the field direction) extension. This kind of defect
to tunneling or thermal activation. In the opposite limit, corresponds, for instance, to the discontinuous columns
when the pinning forces are weak compared with the drivef damaged material, e.g., YBaw;O; irradiated with
ing force, the VL is only elastically deformed and flows 0.58 GeV Sn ions [11], to carbon nanotubes embedded
coherently. In the important intermediate regime, whenn BSCCO [12] or to MgO nanorods grown in BSCCO
the pinning and driving force are comparable, the VL de-superconductors [13]. The pinning force with a range of
forms plastically and an incoherent motion results [5,6]the order of¢ is taken to be infinitely large—a trapped
The breakdown of the weak collective pinning scenariovortex segment cannot escape from the pinning center—
[7] with increasing strength of the pinning potential hasand, therefore, only the interaction between the vortices is
been observed in numerical simulations [8]. Furthermorerelevant. This assumption is physically reasonable since
it has numerically been shown [8] that the plastic flow of athe maximal force the vortices exert on the pinned vor-
2D VL driven through a random pinning potential consiststex segment is much smaller than the maximal possible
of channels of flowing vortices, i.efivers, and regions of force resulting from the depairing current. The driving
pinned vortex lines, i.eislands This so-called channel force acting on the vortices is in the plane perpendicu-
flow behavior has been observed experimentally by mearar to the VL and the magnetic field is restricted to
of Lorentz microscopy [9]. The various anomalies [3,10]B < 0.2H, (i.e., the London approximation is valid) and
(e.g., thermal instability at large currents, nonmonotonicto A > ay = \/®¢/B (A = penetration depih These re-
ity of the 7-V curves, peak effect) occurring in the plastic strictions on the magnetic field are not severe, as most of
flow regime suggest that the nature of the dynamics is funthe experimentally accessible regime is covered. Within
damentally dissimilar from the one in the elastic regimethis regime, the scaling rules [14] are applicable allowing
In particular, the dynamically generated disorder is of genene to generalize the results obtained for isotropic super-
eral importance as it seems to be a basic constituent of theonductors considered in the following. For convenience
dynamics in disordered systems. and technical reasons the moving VL is chosen as the

In this paper we present for the first time a studyframe of reference and hence the pinning center appears to
on the dynamically produced defects in a 3D VL. Wemove through the VL. In order to describe the lattice de-
concentrate on a VL driven through a material withformation produced by a defect we allow a finite number
isolated strong pins. It turns out that such strong pinningf soft vortices in the neighborhood of the pinned vortex
centers can entail the generation of localized topologicaine to accommodate according to their interaction. All
excitations involving three or four entangled vortices.other vortices are held fixed and consequently denoted as
Moreover, the presence of strong pins leads to a preferreard vortices. Accordingly, we split the (isotropic) Lon-
orientation of motion of the VL and affects the critical don energy functional for the soft vortices
current density as well as the barrier for depinning. In the €0 oI/
following we first introduce our model and then consider F=— Z [ dr; - drj—F/—, Q)
pointlike as well as extended pinning centers. 2% Iri —
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into three different parts: the self interaction accounting 0.25 , . - .

for the line energy of the soft vortices, the mutual 02k (a) )
interaction of the soft vortices, and the coupling of the soft ' @ ,®
vortices to the surrounding hard vortices. The instability B-g 0157 (®) :,\—l }_4 1
to fluctuations of the energy functional (1) is cured by fd% gt g ]
taking a core term into account and by using a cutoff

~¢. The algorithm to relax the vortices is based on a 0.05¢ |
conjugate gradient method; for details on the numerics, 0 - = . !

0 0.1 0.2

) 0.3 0.4 0.5
d / agp

see Ref. [15]. We do not investigate the mechanism

of vortex trapping, and therefore the pinning center _ _ _

considered is initially positioned at a lattice site, fixing FIG.- 1. The deformation energy as a function of the displace-

the vortex along its lengtth,. Subsequently the defect MM of the pinned vortex segment is independent of the angle
. : . . (the curvesd = 0°, 15°, and30° coincide). The magnetic

together with the attached vortex segment is adiabaticallyfg|q is fixed atB ~ 0.0025H., (i.e., ap/¢é = 50) and the pin-

dragged through the VL while the deformation energy ofning length is3¢. The depinning occurs at;, = 0.224, and

the VL is monitored. The parameters in this procedure ar¢ghe maximal pinning force amounts g, = 1.58s,.

the dragging anglé with respect to a basis lattice vector,

the distanced from the equilibrium lattice site, and the

length!, of the pinning center. The energy per length ofthe whole dragging process is essentially circular symmet-
the lattice deforzmatlons is measured in unitsspfwhere  ric rendering the energy of the lattice deformation as well
g9 = (Po/47A)%, and the lattice spacing is used as the a5 the depinning mechanism independent of the angle. As

length unit. _ a result, the presence of pointlike pinning centers does not
The pointlike pinning centershave an extension of |ead to a preferred orientation for a moving VL and, in
3¢ along the field direction and the magnetic fidld~=  zqdition, no vortex entanglement is introduced.

0.0025H,, is fixed by settingao/§ = 50. Note that the  The critical current density, derives from the critical

pinning length/, = 3£ is larger than the cutoff of the  state and, therefore, is related to the maximal pinning
energy functional but still small enough to correspond toorce per defecF i, by [16]

pointlike pins. Quantitatively similar results are obtained

when [, is doubled. Estimates on elastic deformations je = (2)
of the VL suggest that the set of soft vortices should in- B

clude the pinned vortex as well as the nearest neighboringere » is the volume concentration of effective pinning
vortices. Small displacements of the pinned vortex segeenters which depends on the total defect concentration
ment entail pronounced deformations only close to the pim, and the effective trapping are® according ton =
where sharp kinks occur. With increasing displacement,,S /Sy, whereS, = (v/3/2)ad is the area of the unit cell.

d the parts of the pinned vortex above and below the pirOn the basis of the depinning distanég, an upper limit
tend to align antiparallel and, therefore, attract each othefpr S is obtained by

see Fig. 1. At the critical distancéd,, = 0.22a¢ (note

thatd,, = 0.22a, applies to all fields within the London S {
regime and therefore is a universal relation), this attrac-

tion dominates and makes the configuration collapse, i.elnserting the numerical values,;, = 1.58g¢ andd,, =
the two antiparallel vortex segments annihilate, leavind).22ay we find S = 0.175; < Sy for point pins and the
behind a free unpinned vortex and a vortex loop attachedpper limit for the critical current density becomes

to the pin. Subsequently the free vortex line relaxes to i~ 0dnga2é) )
its equilibrium lattice position and the vortex loop shrinks fc “Hodos Jo
and disappears. With thime-loop depinningrocess the where j, = (4/3v/3)ceo/é®Dy is the depairing current
pin is freed and hence the VL becomes unpinned. Notelensity. Note thaj,. is inversely proportional t&. For
that the change in topology is mediated by vortex cuttinghe creep activation enerdy( j), we obtain

and recombination. The deformation energy versus the je = j\@

displacement is shown in Fig. 1. The sharp edge of the U(j) = UC<C.—> , ©)
deformation energy at the recombination of the vortices Je

(see Fig. 1) strongly influences the exponent in the scalingiith U, = (0.18 * 0.02)egap and @ = 1.97. The ex-
law of the depinning barrier and, in particular, seems to bgonenta = 2 can be derived from the following argu-
the signature of depinning from strong pins. As the de-ment: Minimizing the expressiol;(d) = E(d) — F;d,
pinning distancel;, = 0.22qy is rather small, the pinned F; = j®,/c we obtain the displacememt; of the vor-
vortex line does neither noticeably affect the other vortex atj < j.. The activation barrier is given by ( j) =
tices during the dragging process nor experience the nor&;(dq,) — E;(d;). ExpandingE(d) aroundd,,, E(d) =
circularity of the hexagonal VL potential. Consequently,E;, + F;.(d — day) + E"(day) (d — dap)?/2, provides

cnFpin

mdy,, if wdj, < So. 3)
So, otherwise
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an expression for the displacemefjt and furnishes the rings on top of each other with the same radRiswe
resultU(j) = (F;, — Fj)*/2E"(d4,) and hencex = 2,  obtainE;, = —272ey(R*/L%) + £y0(R%/L%). Using the
provided the curvature of the pinning energy does not vanaumerically obtained values = 6.4ay andR = agy, we
ish at criticality. Note that the corresponding exponent forfind E; (TQ) =~ —2m2epag/L? = —0.0859a9. When the
a string in a washboard pinning potential§i$14], pinned vortex segment is at its closest distance from its
Elastic considerations suggest thattended pinning nearest neighboring vortex, the configuration is similar
centersdeform not only the nearest neighboring vorticesto the initial state since the TQs “carry away” the dis-
but also some of the next nearest neighbors and, thereforglacement of one lattice constant. Therefore it looks as
all these vortices must be soft. In order to study thdf the nearest neighbor rather than the original vortex was
effect of extended pins, the magnetic field is fixed3at=  pinned.
0.06H,., corresponding taazg/¢ = 10, and the pinning If the pinned vortex segment is dragged beyond the
centers are restricted to lengtlis < 7ao. Firstly, we  nearest neighboring vortex towards the next nearest neigh-
analyze the topological aspects of the lattice deformationbor the distance between the TQs is increased. Despite
and, secondly, we determine the critical current densityhe larger separation of the TQs, there is not enough space
and the activation energy for depinning. for the creation of a second pair of TQs (this behavior has
For extended pinning centers the situation is more combeen obtained fof, = 7a¢). Instead the pinned vortex
plicated than for point pins and the lattice deformationsand the next nearest neighboring vortex form a configu-
produced depend crucially on the angle the pinning ration of two twisted vortices. Since configurations of
length /,, and the distance. In order to illustrate the two twisted vortices are unstable in the VL [15], the two
effects of extended pins we consider a pin with a lengthvortices collapse and pair annihilation stateis formed,
I, = 3ao dragged along an angi#® = 5°. At a distance leading to an exchange of the pinned vortex segment; see
d = 0.98a, configurations of four twisted vortices, so- Fig. 2. After depinning, the two oppositely oriented TQs
called twisted quadruplet§TQs), are formed above and move together and annihilate, leaving behind a “healed”
below the pinning center, i.e., a loop and antiloop excitategular VL. The depinning terminates the generation of
tion of four vortices; see Fig. 2. At the transition from the vortex entanglement associated with the formerly pinned
disentangled to the entangled state the deformation energgprtex. However, configurations of entangled vortices can
drops considerably-(0.5 — 1)gpa, (see Fig. 3) and be- be stabilized by other defects, in particular, weak point
comes slightly larger than the energy of two TQs becausdisorder.
the pin is not at a lattice site. The high energy of these The formation of two TQs is a generic case for
loop excitationsErq — Eog = 2.41gpa (Eo is the ground ~ extended pinning centers. With increasing angle, the
state energy of the regular VL), is due to the hexagoforce the pinned vortex exerts onto its closest neighboring
nal VL which confines the TQ to a lengthq = 2.94a,.  Vvortex is reduced and, therefore, only configurations of
The TQs above and below the pinning center have opthree twisted vortices, so-calleéaisted triplets(TTs), are
posite orientation and, therefore, attract each other. Thegenerated. The TTs behave similarly to the TQs and
interaction energy of the TQs can be estimated by condisappear in the same way. For angles closerf® a
sidering two oppositely oriented vortex rings in paral-
lel planes separated by a distante Choosing vortex
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FIG. 3. The deformation energy exhibits a palpable drop

when the topology changes at a displacemént a,. For
¥ = 0° a one-loop depinning occurs whereas for small angles,
e.g., ¥ = 5°, TQs are generated. Intermediate angles, e.g.,
(a) (b) (c) J =8° and 9 = 15°, lead to the creation of TTs. For
larger anglesy = 18° and ¢ = 28° a pair annihilation state
FIG. 2. An extended pinning center witty = 3q, together is formed. Note that the largest slope of the energy curve,
with the pinned vortex segment is dragged through the VL abbtained ford = 0°, determines the maximal pinning force as
an angled = 5°. Two TQ'’s appear at 0.98ay and disappear well as the orientation of motion. The configuratidas, (),
again after the vortex has depinned via pair annihilation. and(c) are displayed in Fig. 2.
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points Fyin ( j), We obtain the following scaling behavior:

. Blp Y 2.
Je = 6-1<?> no&l,jos (1)
with y = 0.7 = 0.1, where B = ®/aj is normalized
with respect toB;, = (I)o/lf,. The activation energy to
change the topology, however, exhibits the same scaling
behavior as for point-pins

U(j) - Uc<zp)(jfj_ ). (®)

c

Pin Length []

with a =2, U.l,) = Beoao(l,/ap)?, B = 1.63 =
0.05, andsé = 0.78 = 0.05.

In conclusion, we have studied the plastic deformations
of the vortex lines due to strong pinning. We have
identified the relevant depinning processes involving either

Angle [DEG] loop creation or pair-annihilation, depending on the pin
FIG. 4. Extended pinning centers can trigger the formation>'2€: We have found that large pins do generate entangled

of configurations with three or four twisted vortices. Below configurations (TTs and TQs) which will be stabilized
the solid line depinning is mediated by a vortex loop creationby a finite density of pins. Finally, we have determined
at the pin, whereas above this line depinning always involveshe critical current density. as well as the activation
pair annihilation either with the nearest or the next neareshg rier U(j) for creep, the latter showing a universal
neighboring vortex. exponenta = 2 originating from the change in topology
at depinning.
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