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Strong pinning transition with arbitrary defect potentials
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Dissipation-free current transport in type II superconductors requires vortices, the topological defects of the
superfluid, to be pinned by defects in the underlying material. The pinning capacity of a defect is quantified
by the Labusch parameter « ~ f,/£C, measuring the pinning force f,, relative to the elasticity C of the vortex
lattice, with £ denoting the coherence length (or vortex core size) of the superconductor. The critical value k = 1
separates weak from strong pinning, with a strong defect at ¥ > 1 able to pin a vortex on its own. So far, this
weak-to-strong pinning transition has been studied for isotropic defect potentials, resulting in a critical exponent
w = 2 for the onset of the strong pinning force density Fyin ~ 1, f,(€ /ao)*(k — 1)*, with n, denoting the density
of defects and ay the intervortex distance. This result is owed to the special rotational symmetry of the defect
producing a finite two-dimensional trapping area Sy, ~ &2 at the strong pinning onset. The behavior changes
dramatically when studying anisotropic defects with no special symmetries: the strong pinning then originates
out of isolated points with length scales growing as & (k — 1)!/2, resulting in a different force exponent . = 5/2.
The strong pinning onset is characterized by the appearance of unstable areas Uy of elliptical shape whose
boundaries mark the locations where vortices jump. The associated locations of asymptotic vortex positions
define areas By of bistable vortex states and assume the shape of a crescent. The geometries of unstable and
bistable regions are associated with the local differential properties of the Hessian determinant D(R) of the
pinning potential e,(R), specifically, its minima, maxima, and saddle points. Extending our analysis to the case
of a random two-dimensional pinning landscape, a situation describing strong pinning in a thin superconducting
film, we discuss the topological properties of unstable and bistable regions as expressed through the Euler

characteristic, with the latter related to the local differential properties of D(R) through Morse theory.

DOLI: 10.1103/PhysRevResearch.5.033098

I. INTRODUCTION

Vortex pinning by material defects [1] determines the phe-
nomenological properties of all technically relevant (type II)
superconducting materials, e.g., their dissipation-free trans-
port or magnetic response. Similar applies to the pinning of
dislocations in metals [2] or domain walls in magnets [3],
with the commonalities found in the topological defects of the
ordered phase being pinned by defects in the host material:
these topological defects are the vortices [4], dislocations [5],
or domain walls [6,7] appearing within the respective ordered
phases—superconducting, crystalline, or magnetic. The the-
ory describing the pinning of topological defects has been
furthest developed in superconductors, with the strong pinning
paradigm [8,9] having been strongly pushed during the past
decade [10-13]. In its simplest form, it boils down to the
setup involving a single vortex subject to one defect and the
cage potential [14,15] of other vortices. While still exhibit-
ing a remarkable complexity, it produces quantitative results
which benefit the comparison between theoretical predictions
and experimental findings [16]. So far, strong pinning has
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focused on isotropic defects, with the implicit expectation that
more general potential shapes would produce small changes.
This is not the case, as first demonstrated by Buchacek et al.
[17] in their study of correlation effects between defects that
can be mapped to the problem of an elastic string pinned
by an anisotropic pinning potential. In the present work,
we generalize strong pinning theory to defect potentials of
anisotropic shape. We find that this simple generalization has
pronounced (geometric) effects near the onset of strong pin-
ning that even change the growth of the pinning force density
Fyin ¢ (k — 1)* with increasing pinning strength ¥ > 1 in a
qualitative manner, changing the exponent  from u = 2 for
isotropic defects [8,10] to u = 5/2 for general anisotropic
pinning potentials.

The pinning of topological defects poses a complex
problem that has been attacked within two paradigms, weak-
collective and strong pinning. These have been developed in
several stages: originating in the sixties of the last century,
weak (collective) pinning and creep [9] has been further devel-
oped with the discovery of high temperature superconductors
as a subfield of vortex matter physics [18]. Strong pinning of
single defects was originally introduced by Labusch [8] and
by Larkin and Ovchinnikov [9] and has been further devel-
oped recently with several works studying critical currents
[10], current—voltage characteristics [11,19], magnetic field
penetration [12,20,21], and creep [13,21,22]; results on nu-
merical simulations involving strong pins have been reported
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FIG. 1. Sketch of a vortex interacting with a defect located at the
origin of our coordinate system r = (R, z) and producing a pinning
potential e, (R) in the z = 0 plane. The magnetic field B | e, is cho-
sen parallel to the z axis. The pinned vortex is deformed away from
a straight line, approaching the asymptotic position R at z — 00
and exhibiting a cusp at z = 0 with the vortex tip located at R. The
strong pinning problem is then reduced to two dimensions.

in Refs. [23-25]. The two theories come together at the onset
of strong pinning: an individual defect is qualified as weak
if it is unable to pin a vortex, i.e., a vortex traverses the pin
smoothly. Crossing a strong pin, however, the vortex under-
goes jumps that mathematically originate in bistable distinct
vortex configurations, “free” and “pinned.” Quantitatively, the
onset of strong pinning is given by the Labusch criterion x =
1, with the Labusch parameter x = max[—e}]/C ~ f,/&C,
the dimensionless ratio of the negative curvature ¢, of the
isotropic pinning potential and the effective elasticity C of the
vortex lattice. Strong pinning appears for « > 1, i.e., when
the lattice is soft compared to the curvatures in the pinning
landscape.

A first attempt to account for correlations between defects
has been done in Ref. [17], see also Ref. [24]. The analysis
in Ref. [17] takes into account the enhanced pinning force
exerted by pairs of isotropic defects that can be cast in the
form of anisotropic effective pinning centers. Besides shifting
the onset of strong pinning to x = 1/2 (with « defined for one
individual defect), the analysis unravelled quite astonishing
(geometric) features that appeared as a consequence of the
symmetry reduction in the pinning potential. In the present
paper, we take a step back and study the transition to strong
pinning for arbitrary anisotropic defect potentials e,(R), with
R a planar coordinate; see Fig. 1. Note that collective effects
of many weak defects can add up to effectively strong pins that
smoothen the transition at k = 1, thereby turning the strong
pinning transition into a weak-to-strong pinning crossover.

The strong pinning setup studied in this paper is illustrated
in Fig. 1 and naturally reduces to a planar problem where

the defect is described by a two-dimensional potential e,(R)
and the vortex is characterized by its asymptotic and tip posi-
tions R and R; the presence of other vortices constituting the
lattice renormalizes the vortex elasticity C. The same setup
naturally describes the case of a superconducting thin film,
with R representing the real vortex position when the vortex
subject to the pinning force of the defect, while R plays the
role of the would-be vortex position in the absence of the
defect. In a film, both positions are accessible to experimental
observation, e.g., using the SQUID-on-tip methodology [26]
or Lorentz microscopy [27], R by direct observation, while
R has to be determined indirectly through the position of
neighboring vortices. Note that the effective elasticities C are
different in bulk- and thin-film superconductors, see below in
Sec. ITA.

We find that the onset of strong pinning proceeds quite
differently when going from the isotropic defect to the
anisotropic potential of a generic defect without special sym-
metries and further on to a general random pinning landscape.
In the case of an isotropic pin, e.g., produced by a pointlike
defect [11], strong pinning first appears on a circle of finite
radius R,, ~ £ in tip space (or a circle of radius R ~ & in
asymptotic space), with £ the size of the vortex core, see the
left panel of Fig. 2(a). This is owed to the radial symmetry
of the pinning potential, implying that the Labusch crite-
rion Kk = maxR[—e;(R)]C_‘ = 1 is satisfied on a circle R = R,,
where the (negative) curvature —e” > 0 is maximal. Increas-
ing the Labusch parameter beyond « = 1, the circle of radius
R,, transforms into a ring R_ < R < R, of finite width with
bistable vortex states, pinned and free.

The onset of strong pinning for an anisotropic defect is
more complex; we consider an illustrative example with a
uniaxial anisotropy aligned with the axes and a steeper po-
tential along x. In this situation, strong pinning as defined
by the criterion k,, = 1, with a properly generalized Labusch
parameter k,,, appears out of two points (£X,,, 0) where the
Labusch criterion «,, = 1 is met first; see Fig. 2(b), left. In-
creasing k, > 1 beyond unity, two bistable domains spread
around these points and develop two crescent-shaped areas
(with their large extent along 7) in asymptotic R space; see
Fig. 2(b), right. Vortices with asymptotic positions within
these crescent-shaped regions experience bistability, while
outside these regions the vortex state is unique. Classifying
the bistable solutions as “free” and “pinned” is not possible,
however, with the situation resembling the one around the
gas-liquid critical point with a smooth crossover (from blue
to white to red) between phases. With «,, increasing further,
the cusps of the crescents approach one another. As the arms
of the two crescents touch and merge at a sufficiently large
value of «,,, the topology of the bistable area changes: the two
merged crescents now define a ringlike geometry and separate
R space into an inside region where vortices are pinned, an
outside region where vortices are free and the bistable region
with pinned and free states inside the ringlike region. As a re-
sult, the pinning geometry of the isotropic defect is recovered,
though with the perfect ring replaced by a deformed ring with
varying width.

The bistable area is defining the trapping area where vor-
tices get pinned to the defect; this trapping area is one of the
relevant quantities determining the pinning force density Fpin,
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FIG. 2. Illustration of bistable regions in asymptotic R space for
a vortex pinned by a defect located at the origin. (a) For an isotropic
defect (Lorentzian shape with « = 1, 1.5), pinning appears at k = 1
along a ring with radius R,, with the red area corresponding to
pinned states and free states colored in blue. With increasing pinning
strength «, see right panel at « = 1.5, a bistable region (in magenta)
appears in a ring geometry, with vortices residing inside, R < R_,
being pinned and vortices outside, R > R, remaining free. Vortices
with asymptotic positions inside the ring (R_ < R < R.) exhibit
bistable states, pinned and free. The dashed circle R, marks the
crossing of pinned and free branches, see Fig. 4. (b) For a uniaxially
anisotropic defect, see Eq. (92) with € = 0.3 and largest (negative)
curvature along x, pinning appears in two points (£X%,,, 0) along the x
axis. As the pinning strength increases beyond unity, see right panel,
bistable regions (magenta) develop in a crescent-shape geometry.
Pinned- and freelike states are smoothly connected as indicated by
the crossover of colors (see Sec. III C for the precise description of
coloring in terms of an “order parameter”). As «,, further increases,
the cusps of the two crescents merge on the y axis, changing the
topology of the R plane through separation into inner and outer re-
gions (not shown). A ringlike bistable region appears as in panel (a),
with the inner (outer) region corresponding to unique vortex states
that are pinned (free), while vortices residing inside the ring-shaped
domain exhibit bistable states, pinned and free.

the other being the jumps in energy associated with the differ-
ence between the bistable states [8,10], see the discussion in
Secs. IIC, ITE, and II1 G below. It is the change in the bistable-
and hence trapping geometry that modifies the exponent w in
Fyin o (k — 1)#, replacing the exponent u = 2 for isotropic
defects by the new exponent u = 5/2 for general anisotropic
pinning potentials.

While the existence of bistable regions Bg in the space
of asymptotic vortex positions R is an established element
of strong pinning theory by now, in the present paper, we

introduce the new concept of unstable domains Uy in tip
space, with the two coordinates R and R representing dual
variables. In tip space R, the onset of pinning appears at
isolated points R,, that grow into ellipses as « is increased
beyond unity. These ellipses describe unstable areas Uy in the
R plane across which vortex tips jump when flipping between
bistable states; they relate to the bistable crescent-shaped
areas By in asymptotic space through the force balance equa-
tion; the latter determines the vortex shape with elastic and
pinning forces compensating one another. The unstable re-
gions Uy in tip space are actually more directly accessible
than the bistable regions By in asymptotic space and play
an equally central role in the discussion of the strong pinning
landscape.

The simplification introduced by the concept of unstable
domains Uy in tip space R is particularly useful when go-
ing from individual defects as described above to a generic
pinning landscape. Here, we focus on a pinning potential
landscape (or short pinscape) confined to the two-dimensional
(2D) R plane at z =0 as relevant in a superconducting
film. We discuss the evolution of the pinscape with increas-
ing Labusch parameter «,,, the emergence and merging of
unstable components in Ui as well as its connectedness,
and describe the concomitant topological transitions of Uy
through the changes in its Euler characteristic.

The discussion below is dominated by three mathematical
tools: for one, it is the Hessian matrix H(R) of the pinning
potential [17,28] e,(R), its eigenvalues A+ (R) and eigenvec-
tors v (R), its determinant det[H](R) and trace tr[H](R). The
Hessian matrix involves the curvatures H;; = 9;d;e,(R), i, j €
{x, y}, of the pinning potential, that in turn are the quantities
determining strong pinning, as can be easily conjectured from
the form of the Labusch parameter « —eg for the isotropic
defect. The second tool is a Landau-type expansion of the
total pinning energy near the strong pinning onset around
R, at «(R,,) = k,, = | as well as near merging around R,
at k(Ry) = k, = 1. This Landau-type expansion relates our
strong pinning theory to the theory of thermodynamic first-
order phase transitions. Third, the topological structure of the
unstable domain Ui associated with a generic 2D pinning
landscape, i.e., its components and connectedness, is conve-
niently described through its Euler characteristic y with the
help of Morse theory.

The structure of the paper is as follows: In Sec. II, we
briefly introduce the concepts of strong pinning theory with a
focus on the isotropic defect. The onset of strong pinning by a
defect of planar anisotropic shape is presented in Sec. III. The
discussion of a weakly uniaxial defect in Sec. IV pursues two
goals, (i) the introduction of merger points where individual
unstable or bistable regions merge and change topology, and
(ii) the demonstration how the new results for the anisotropic
defect transform to the old results for the isotropic defect
when the anisotropy vanishes. Section V A is devoted to the
merger points and prepares the ground for the discussion
of the topology of unstable and bistable domains; the latter
is expanded in Sec. VI, where we discuss strong pinning
in a two-dimensional pinning potential of arbitrary shape
as relevant in a superconducting film. Several calculational
details are deferred to Appendices. Furthermore, in Ap-
pendix C, we map the two-dimensional Landau-type theories
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(involving two order parameters) of Secs. IIIA and VA,
describing onset- and merger points, to effective one-
dimensional Landau theories and rederive previous results
following standard statistical mechanics calculations as they
are performed in the analysis of the critical point in the van
der Waals gas.

II. STRONG PINNING THEORY

We start with a brief introduction to strong pinning theory,
keeping a focus on the transition region at moderate values
of ¥k > 1. We consider an isotropic defect (Sec. I A) and
determine the unstable and bistable ring domains for this
situation in Sec. I B. We derive the general expression for the
pinning force density Fy;, in Sec. I C, determine the relevant
scales of the strong pinning characteristic near the crossover
in Sec. I D, and apply the results to derive the scaling Fpin o
(k — 1)? for the isotropic defect (Sec. IIE). In Sec. IIF, we
relate the strong pinning theory for the isotropic defect to
the Landau mean-field description for the Ising model in a
magnetic field.

A. Isotropic defect

The standard strong-pinning setup is described in Fig. 1
and involves vortices interacting with a dilute[19] set of ran-
domly arranged defects of density n,, npapk€&* < 1. This
many-body problem can be reduced [10,13,20] to a much
simpler effective problem involving an elastic string with ef-
fective elasticity C that is pinned by a defect potential e,(R)
acting in the origin, as described by the energy function

L cC . _ ~
epin(R;R) = S (R — R)* +¢,(R), (1)

depending on the tip and asymptotic coordinates R and R of
the vortex, see Fig. 1. The energy (or Hamiltonian) ey, (R;R)
of this setup involves an elastic term and the pinning energy
e,(R) evaluated at the location R of the vortex tip. We denote
the depth of the pinning potential by e,. A specific example
is the pointlike defect that produces an isotropic pinning po-
tential which is determined by the form of the vortex [11] and
assumes a Lorentzian shape

ep
@B = TR @
with R = |R|; in Sec. III below, we will consider pinning
potentials of arbitrary shape e,(R) but assume a small (com-
pared to the coherence length &) extension along z.

The effective elasticity C depends on the dimensionality
of the vortex lattice. “Integrating out” the 3D vortex lattice,
the remaining string or vortex is described by the effective
elasticity

2
_ £a EE
C ~v=C/cescaa(0) ~ =, 3)
)\.L ao

Here, g9 = (¢ /471)%)2 is the vortex line energy, A, denotes
the London penetration depth, ¢ < 1 is the anisotropy pa-
rameter for a uniaxial material [18], and v is a numerical,
see Refs. [23,25]. For a 2D thin film of thickness d, the
effective elastic constant is C ~ (god /a%)/ In(l/ag), with the
vortex lattice constant ag and the effective distance between
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FIG. 3. Graphical illustration [13] of the self-consistent solution
of the microscopic force-balance equation Eq. (5) for a Lorentzian
potential with x = 2.5. The vortex coordinates ¥ and ¥ are expressed
in units of £. When moving the asymptotic vortex position X across
the bistable interval [X_, ¥,], we obtain three solutions describing
pinned %, < &, free %, close to X, and unstable %, states; they define
the corresponding pinned (red), free (blue), and unstable (black dot-
ted) branches. The tip-positions at the edges of the bistable interval
denoted by X, and X;_ denote jump points where the vortex tip turns
unstable, see Eq. (6); they are defined by the condition f(%,+) =
f’j()?f_) = C (black solid dots). The associated positions X, and
X,— denote the tip landing points after the jump (open circles); they
are given by the second solution of Eq. (5) at the same asymptotic
position X. The open red/blue circles and the cross mark the positions
of metastable minima and the unstable maximum in Fig. 4. The
lower right inset shows the weak-pinning situation at k¥ < 1, here
implemented with a larger C, where the tip solution % is unique for
all x.

active defects [ = ag/\/npx&2d playing the role of short- and
long-distance cutoffs; see Ref. [29] (in this reference, the
short-scale cutoff a in the logarithm was erroneously chosen
as &), hence

80d 1

€& Wik

“

with 72> = n,d the 2D defect density and n2k§> < 1 the
condition for a dilute defect density in a thin film.

The most simple pinning geometry is for a vortex that
traverses the defect through its center. Given the rotational
symmetry of the isotropic defect, we choose a vortex that
impacts the defect in a head-on collision from the left with
asymptotic coordinate R = (¥, 0) and increase X along the x
axis; finite impact parameters ¥ = 0 will be discussed later.
The geometry then simplifies considerably and involves the
asymptotic vortex position X and the tip position ¥ of the vor-
tex, reducing the problem to a one-dimensional one; the full
geometry of the deformed string can be determined straight-
forwardly [20] once the tip position ¥ has been found. The
latter follows from minimizing Eq. (1) with respect to X at
fixed asymptotic position X and leads to the nonlinear equation

C‘()ﬁé —-X) = _8x€p|x:)“c = fp(fé) )
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This can be solved graphically, see Fig. 3, and produces either
a single solution or multiple solutions—the appearance of
multiple tip solutions is the signature of strong pinning. The
relevant parameter that distinguishes the two cases is found by
taking the derivative of Eq. (5) with respect to X that leads to

1
1= f®/C

where prime denotes the derivative, f];(x) = 0, fp(x) =
—Bfep(x). Strong pinning involves vortex instabilities, i.e.,
jumps in the tip coordinate ¥, that appear when the denomi-
nator in Eq. (6) vanishes; this leads us to the strong pinning
parameter « first introduced by Labusch [8],
! (~ /(%
= max 22 _ foln) ™
x C C
with %,, defined as the position of maximal force deriva-
tive f/, i.e., f,/,’(fcm) = 0, or maximal negative curvature —e;
of the defect potential. Defining the force scale f, =e,/&

and estimating the force derivative or curvature f, = —e) ~

f»/& produces a Labusch parameter « ~ ep/C_’éz; for the
Lorentzian potential, we find that f[;()”cm) =e,/4& Zat %, =

V2 & and hence «k = e,/4CE?. We see that strong pinning is
realized for either large pinning energy e, or small effective
elasticity C.

As follows from Fig. 3 (inset), for ¥ < 1 (large C) the
solution to Eq. (5) is unique for all values of X and pinning
is weak, while for k > 1 (small C), multiple solutions appear
in the vicinity of X, and pinning is strong. These multiple
solutions appear in a finite interval X € [x_, X; ] and we denote
them by X = %y, X, Xus, see Fig. 3; they are associated with
free (weakly deformed vortex with X; close to X), pinned
(strongly deformed vortex with ¥, < &), and unstable vortex
states.

Inserting the solutions X(X) = %7(X), X,(X), Xys(X) of
Eq. (5) at a given vortex position X back into the pinning
energy epin(X;Xx), we find the energies of the corresponding
branches,

(6)

7 X

i=f,p,us. (®)

The pair e,(X) and ef,in(y'c) of energies in tip and asymptotic
spaces then has its correspondence in the force: associated
with f,(%) in tip space are the force branches £, (¥) in asymp-
totic X space defined as

I;in()_c) = fplXi(®)], i=f, p,us. 9)

Using Eq. (5), it turns out that the force fi, can be written as
the total derivative of epip,

ef)in (%) = epinlXi(X); X1,

depin[i()_c);)-c]
dx '

The multiple branches egin and f;in associated with a strong

pinning situation at ¥ > 1 are shown in Figs. 4 and 5(b).

fpin()_c) = - (10)

B. Unstable and bistable domains U and By

Next, we identify the unstable (in %) and bistable (in X)
domains of the pinning landscape that appear as signatures
of strong pinning when « increases beyond unity. Figure 5(a)

€pin

FIG. 4. Multivalued pinning energy landscape e;in (x) for a defect
producing a Lorentzian-shaped potential with k = 2.5; the branches
i = p, f, us correspond to the pinned (red), free (blue), and unstable
(black dotted) vortex states. The bistability extends over the intervals
|%¥| € [¥_, X;] where the different branches coexist; pinned and free
vortex branches cut at the branch crossing point ¥ = Xo. A vortex
traversing the defect from left to right assumes the free and pinned
states marked with thick colored lines and undergoes jumps Aegﬁ
and Ael’;f; in energy (vertical black solid lines) at the boundaries
—X_ and X, . The asymmetric occupation of states produces a finite
pinning force density Fy;,. Inset: Total energy ey, (¥; X) versus vortex
tip position ¥ for a fixed vortex position X (vertical dashed line in the
main figure). The points X, %,, and %,; mark the free, pinned, and
unstable solutions of the force-balance equation (5); they correspond
to local minima and the maximum in ey, (%; X) and are marked with
corresponding symbols in Fig. 3.

shows the force profile f,(%) as experienced by the tip coor-
dinate ¥. A vortex passing the defect on a head-on trajectory
from left to right undergoes a forward jump in the tip from
—Xy_ to —X,_; subsequently, the tip follows the pinned branch
until %, and then returns back to the free state with a forward
jump from %, to ¥7,. The jump positions (later indexed by
a subscript “jp”) are determined by the two solutions of the
equation

=5, 5, =C an

that involves the curvature of the pinning potential e, (x); the
landing positions —%,_ and %y, (later indexed by a subscript
“Ip”), however, are given by the second solution of the force-
balance equation (5) that involves the driving term C(¥ — X)
and hence depends on the asymptotic position ¥. Finally, the
positions in asymptotic space X where the vortex tip jumps are
obtained again from the force-balance equation (5),

=% — f@)/C,
Xy =Xpy — fp(ier)/C_‘- (12)

Note that the two pairs of tip jump and landing positions,
Xp+, Xry and Xp_, X,_ are associated with only two asymp-
totic positions X and X_.

Let us generalize the geometry and consider a vortex mov-
ing parallel to X, impacting the defect at a finite distance .
We then have to extend the above discussion to the entire
z = 0 plane; see Fig. 5. For an isotropic defect, the jump and
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(a)

FIG. 5. [(a),(b)] Force profiles f,(X) and fp,(X) in tip and asymp-
totic coordinates for a Lorentzian-shaped potential with x = 2.5. The
tip of a vortex moving from left to right along the x axis approaches
the defect on the free branch (thick blue line) undergoes a jump
(arrow) from —%;_ to —X,_, follows the pinned branch (red) until %,
and then jumps back (arrow) to the free (blue) state at %, . Extending
these jump positions to the (%, ¥) plane, see panel (c), defines jump
(solid) and landing (dashed) circles, with the jump circles enclosing
an unstable domain Uy characteristic of strong pinning. The force
profile fin(X) in panel (b) includes free (blue), pinned (red), and
unstable branches (black dotted). (d) Extending the bistable intervals
[—x,., —x_]and [x_, X, ] to the [X, y] plane defines a bistable ring By
(magenta), again a strong pinning characteristic. The dashed circle
of radius Ry in (d) marks the branch crossing point. Vortices passing
the defect with a finite impact parameter j # 0 move on a straight
line in asymptotic space, see panel (d); the associated trajectory in
tip space is nontrivial, see panel (c) and undergoes jumps at pinning
(circle R r—) and depinning (circle Rp+)~

landing points now define jump circles with radii R;, given
by Ry~ =% and R, = = Xp+ [solid circles in Fig. 5(c)] and
landing circles with radii R]p given by R = Xry, Rp_ =X,
[dashed circles in Fig. 5(c)]. Their combination defines an un-
stable ring R,+ < R < R;_ in tip space, the unstable domain
Uy, where tips cannot reside—its existence is a signature of
strong pinning.

Figures 5(b) and 5(d) show the corresponding results in
asymptotic coordinates ¥ and R, respectively. The pinning
force fpin(X) = f,[¥(X)] shown in (b) is simply an “outward
tilted” version of f,(X), with S-shaped overhangs that generate
bistable intervals [—X,, —x_] and [X_, X, ]. Extendlng them to
the asymptotic R plane with radii R_ = ¥_ and R, = X, see
Fig. 5(d), we obtain a ring R_ < R < R, that we denote by
Br—again, its appearance in asymptotic space is a signature
of strong pinning.

Both, the size of the unstable- and bistable rings depend on
the Labusch parameter «; they appear out of circles with radii
R=2%, and R =%, = %, — f,(%,)/C at k = 1 and grow in

radius and width when « increases. The unstable and bistable
domains Uy and By (see Ref. [30]) will exhibit interesting
nontrivial behavior as a function of x when generalizing the
analysis to defect potentials of arbitrary shape.

1. Alternative strong pinning formulation

An alternative formulation of strong pinning physics is
centered on the local differential properties of the pinning
energy epin(¥;X), i.e., its extremal points in % at different
values of the asymptotic coordinate ¥. We start from Eq. (1)
restricted to one dimension and rearrange terms to arrive at
the expression

epin (%3 X) = eefe (%) — Cx & + Cx%/2, (13)

with the effective pinning energy
eeft (¥) = e, (%) + C32/2 (14)

involving both pinning and elastic terms. Equation (13) de-
scribes a particle at position ¥ subject to the potential e.f(¥)
and the force term f % = —CX ¥; see also Ref. [28]. The
potential e (¥) can trap two particle states if there is a pro-
tecting maximum with negative curvature d2ec = dZepin <
0, preventing its escape from the metastable state at forces
f = +Cx with ¥ € [%, X_]; the maximum in epin at Xy then
separates two minima in e, defining distinct branches with
different tip coordinates %, and %;; see the inset of Fig. 4.

As the asymptotic position X approaches the boundaries X,
one of the minima joins up with the maximum to define an
inflection point with

[02een];, = [3Fepn];, =0, (15)

that corresponds to the instability condition (11) where the
vortex tip jumps; the persistent second minimum in ep;, (X; X)
defines the landing position %, and the condition for a flat in-
flection point [0zepin] i, =0 defines the associated asymptotic
coordinate X .

Finally, strong pinning vanishes at the Labusch point
k = 1, with the inflection point in e.f(X) coalescing with the
second minimum at X,,, hence

[ageeff]xm =0 and

[8leerr], = [0e,], =0. (16)

X

Note the subtle use of ey, versus e versus e, in the above
discussion; as we go to higher derivatives, first the asymptotic
coordinate X turns irrelevant in the second derivative 8§epin =
8§eeff and then all of the elastic response, i.e., C, drops out in
the third derivative [Bgepm] = [3,:;’61,].

The above alternative formulation of strong pinning turns
out helpful in several discussions below, e.g., the derivation of
strong pinning characteristics near the transition in Secs. II D
and IIT A and in the generalization of the instability condition
to an anisotropic defect in Sec. IIl. Furthermore, it provides
an inspiring link to the Landau theory of phase transitions
discussed below in Sec. ITF.

C. Pinning force density Fy;,

Next, we determine the pinning force density F, at strong
pinning, assuming a random homogeneous distribution of
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pins with a small density n,, n,,ao.§2 < 1; see Refs. [13,20].
The derivation of F, is conveniently done in asymptotic R
coordinates where vortex trajectories follow simple straight
lines. Vortices approach the pin by following the free branch
until its termination, jump to the pinned branch to again
follow this to its termination, and finally jump back to the
free branch. This produces an asymmetric pinned-branch oc-
cupation p.(R) that leads to the pinning force density (we
assume vortices approaching the defect along x from the left;
following convention, we include a minus sign)

F.=—n, / - (PR R) 1 = peROI, (R))

AR
= _np/ ?pc(R)[aergﬁ(R)] ez, a7

with the energy difference Aef P (R) = e (R) — e (R) and
ez the unit vector along X; the y component of the pinning
force density vanishes due to the antisymmetry in fp 5. For
the isotropic defect, the jumps Aeg’l(l_{) in energy appearing
upon changing branches are independent of angle and the
average in Eq. (17) separates in X and y coordinates; note that
the energy jumps are no longer constant for an anisotropic de-
fect and hence such a separation does not occur. Furthermore,
(i) all vortices approaching the defect within the transverse
length || < R_ get pinned, see Fig. 5(d), while those passing
further away follow a smooth (weak pinning) trajectory that
does not undergo jumps and hence do not contribute to the
pinning force, and (ii) all vortices that get pinned contribute
the same mean force (fyin) that is most easily evaluated for
a head-on vortex—defect collision on the ¥ axis with p.(X) =
OF+x)— 00X —Xx;),

w2 dx

(fon) = = f = [Pe@®)fu (@) + (1= peD)f, ()]

—a0/2 aO
Al (=%-) + Ael (%))

= , (18)
ao

where we have replaced —Aef P(x1) by Ae
Hence, the average pinning force (fpin)
jumps in the pinning energy e
branches i = p, f, see Fig. 4.

Finally, accounting for trajectories with finite impact pa-
rameter |j| < R_, we arrive at the result for the pinning force
density Fp, acting on the vortex system,

pm(er) > 0.
is given by the

pln(x) associated with different

ZR_ 2R Aefl’ + Ae pf
Fyin = 1y == foin) = 1y~ % (19)
where the factor 2R _ /ag accounts for the averaging of the pin-
ning force along the y axis. As strong pins act independently, a
consequence of the small defect density 7, the pinning force
density is linear in the defect density, Fpiy, o n,. If pinning
is weak, i.e., ¥ < 1, then we have no jumps, (fyin) = 0, and
Fyinlstong = 0. A finite pinning force then only arises from
correlations between pinning defects and scales in density as
[9,10] Fpinlweak nf,. This contribution to the pinning force
density Fyi, continues beyond « = 1; hence, while the strong
pinning onset at k = 1 can be formulated in terms of a

transition, weak pinning goes to strong pinning in a smooth
Crossover.

Knowing the pinning force density Fy;n, the motion of the
vortex lattice follows from the bulk dynamical equation

nv = FLG) - Fpin- (20)

Here, n = BH,/p,c” is the Bardeen-Stephen viscosity [31]
(per unit volume; p, is the normal state resistivity) and F, =
Jj x B/c is the Lorentz force density driving the vortex system.
The pinning force density F, is directed along v, in our case
along x.

Next, we determine the strong pinning characteristics ¥_,
X, Xpt, Xpus Aepm, and Aegf; as a function of the Labusch
parameter k close to the strong pinning transition, i.e., x = 1.

D. Strong pinning characteristics near the transition

Near the strong pinning transition at x = 1, we can derive
quantitative results for the strong pinning characteristics by
expanding the pinning energy ey, (¥; X) in X at fixed x.

We expand e, (X; X) in X around the point of first instability
X, by introducing the relative tip and asymptotic positions
it =X—X, and it = X — X,, and make use of our alternative
strong pinning formulation summarized in Sec. IIB 1. At

X, and close to k = 1, we have [3;%6;)1“]}”, [828,,] +C=
C(1 — k) and [ epin 5, = 0; hence,
c _
en(®: )~ 5 1—K)a2+2y—4a4—cua, Q1)

where we have introduced the shape parameter y = [8;‘ eplz,
describing the quartic term in the expansion and we have
made use of the force balance equation (5) to rewrite f,(%,) =
C (&, — X»); furthermore, we have dropped all irrelevant terms
that do not depend on ii.

We find the jump and landing positions ¥, and %, ex-
ploiting the differential properties of ey, (X) at a fixed x: As
discussed above, the vortex tip jumps at the boundaries ¥
of the bistable regime, where ey, develops a flat inflection
point at ¥, with one minimum joining up with the unstable
maximum and the second minimum at the landing position X,
staying isolated. Within our fourth-order expansion the jump
positions at (de)pinning are placed symmetrically with respect
to the onset at X,,,,

Rpp = K+ lljp, Ko = Ko — lip, (22)

and imposing the condition [agepm]%p = 0 [that is equivalent
to the jump condition f)[%/_] = f)[%)+] = C of Eq. (11), see
also Fig. 3], we find that

e
fip N = | (k= D2, (23)

To find the (symmetric) landing positions, it is convenient
to shift the origin of the expansion to the jump position,
i — il — fp = il’, and define the jump distance A,

Rpy =Koy + Al ¥, =X — All (24)
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At the jump position, the linear and quadratic terms in i
vanish, resulting in the expansion (up to an irrelevant constant)

lﬁ/4
24

and similar at ¥,_ and X_ for a left moving vortex. This
expression is minimal at the landing position X7, i.e., at
it = All, [0wepin]aa = 0, and we find the jump distance

Afi = —3ii. (26)

L
epin(Xpr + 03 %4) ~ & Tnfl P4 (25)

Inserting this result back into Eq. (25), we obtain the jump in
energy Ae,ﬁ’fn = epin(Xprs X1) — epin(Fpi3X1),

Ae (7)) ~ —<A )~

C’*Z
A 1% @)
2y

and similar at X_. Note that all these results have been
obtained without explicit knowledge of the asymptotic coordi-
nates X+ where these tip jumps are triggered. The latter follow
from the force equation (5) that corresponds to the condition
[0zepinlz;, = O for a flat inflection point. Using the expansion
(21) of the pinning energy, we find that

2 2 [2C
Be =T = Friple —1) =+, [— @k = D72 (28)
3P 3\ y

The pair X, and %,, of asymptotic and tip positions depends
on the details of the potential; while %,, derives solely from
the shape e,(%), %, as given by Eq. (5) involves C and shifts
o (k — 1). For a Lorentzian potential, we find that

=26, X, =2V26+V26(k—1).  (29)

The shape coefficient is y = 3e,,/4$4 and the Labusch pa-
rameter is given by k = e,/4C&* (hence C?/y = e,/12«?),
providing us with the results

fiyp ~ —& [2(c — 1)/3]'% and Ael] ~ Ze,(x — 1%, (30)

E. Pinning force density for the isotropic defect

Using the results of Sec. II D in the expression (19) for the
pinning force density, we find, to leading order in k¥ — 1,
% C? )
Fyin = 9n,— ——(k — 1)*. 3D
ao yap
The scaling Fyin ~ 1n,(§ /ag)* f,(k — 1)* (with C&? /e, ~ 1/k,
up to a numerical) uniquely derives from the scaling o (x —
1)? of the energy jumps in Eq. (27), as the asymptotic trapping
length Xx_ ~ & remains finite as k — 1 for the isotropic defect;
this will change for the anisotropic defect.

F. Relation to Landau’s theory of phase transitions
The expansion (21) of the pinning energy epi, (¥; X) around
the inflection point %,, of the force takes the same form as the
Landau free energy of a phase transition [10],

f(g;h) = %(T/Tc — 1)¢? + up* — ho, (32)

with the straightforward transcription i < ¢, _C’(l —K) <
ro(T /T, — 1), v /24 <> u and the conjugate field Cii <> h. The
functional (32) describes a one-component order parameter

¢ driven by (the dual variable) A, e.g., an Ising model with
magnetization density ¢ in an external magnetic field 4. This
model develops a mean-field transition with a first-order line
in the AT phase diagram that terminates in a critical point
at T =T, and h = 0. The translation to strong pinning de-
scribes a strong pinning region at ¥ > 1 that terminates (upon
decreasing «) at ¥k = 1. The ferromagnetic phases with ¢ =

+/ro(1 — T/T,)/4u correspond to pinned and free states sep-
arated by tip jumps Aii ~ 3,/2C(k — 1)/y, the paramagnetic
phase at T > T, with ¢ = 0 translates to the unpinned domain
at k < 1. The (relative) asymptotic and tip positions i and i
appear as dual variables. The spinodals associated with the
hysteresis in the first-order magnetic transition describe the
disappearance of metastable magnetic phases in Eq. (32) when
s f (s h) = 835 f(¢;h) = 0; they correspond to the termina-
tion of the free and pinned branches at X, the inflection points
appearing in ep;, (¥; X) at the boundaries of the bistable region
By as discussed in Sec. IIB. When including correlations
between defects, the unpinned phase at k < 1 transforms into
a weakly pinned phase that continues beyond « = 1 into the
strongly pinned phase. Including such correlations, the strong-
pinning transition at the onset of strong pinning at k = 1
transforms into a weak-to-strong pinning crossover.

III. ANISOTROPIC DEFECTS

Let us generalize the above analysis to make it fit for the
ensuing discussion of an arbitrary pinning landscape. Central
to the discussion are the unstable and bistable domains Uk and
By in tip- and asymptotic space. The boundary of the unstable
domain Uy in tip space is determined by the jump positions of
the vortex tip. The latter follows from the local differential
properties of eyin(R;R) at fixed asymptotic coordinate R,
for the isotropic defect, the appearance of an inflection point
[8)%epin (%, x)] = 0; see Eq. (15). In generalizing this condition
to the anisotropic situation, we have to study the Hessian
matrix of ey, (R; R) defined in Eq. (1),

[Hess[epin(R; R)|g11;j = C8;; + Hi; (R), (33)
with
H;;(R) = 95,05, ¢,(R) (34

the Hessian matrix associated with the defect potential e p(R).
The vortex tip jumps when the pinning landscape epin(f(; R)
at fixed R opens up in an unstable direction, i.e., develops
an inflection point; this happens when the lower eigenvalue
A_(R) < 0 of the Hessian matrix H;;(R) matches up with C,

AR +C=0, (35)

and strong pinning appears in the location where this happens
first, say in the point R,,, implying that the eigenvalue A_ (R)
has a minimum at R,,. Furthermore, the eigenvector v_(R,,)
associated with the eigenvalue A_(R,,) provides the unstable
direction in the pinscape epi, (R; R) along which the vortex tip
escapes.
Defining the reduced curvature function
—2_(R)

k(R) = - (36)
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we find the generalized Labusch parameter
km = k(R,), 37)
and the Labusch criterion takes the form
Km = 1. (38)

The latter has to be read as a double condition: (i) find the
location R,, where the smaller eigenvalue A_(R) is negative
and largest, from which (ii), one obtains the critical elasticity
C where strong pinning sets in.

A useful variant of the strong pinning condition (35) is pro-
vided by the representation of the determinant of the Hessian
matrix,

D(R) = det{Hess[epin(R; R)[1}, (39)

in terms of its eigenvalues A+ (R), D(R) = [C + A_(R)][C +
A+ (R)]; near onset, the second factor C + A, (R) stays pos-
itive and the strong pinning onset appears in the point R,
where D(R) has a minimum which touches zero for the first
time, i.e., the two conditions VD(I~{)|Rm =0and DR,,) =0
are satisfied simultaneously. The latter conditions make sure
that the minima of A_(R) and D(R) line up at R,,. Note
that the Hessian determinant D(R) does not depend on the
asymptotic coordinate R as it involves only second derivatives
of epin (R;R).

The Labusch criterion defines the situation where jumps of
vortex tips appear for the first time in the isolated point R,,.
Increasing the pinning strength, e.g., by decreasing the elas-
ticity C for a fixed pinning potential e,(R) (alternatively, the
pinning scale e, could be increased at fixed C) the condition
(35) is satisfied on the boundary of a finite domain and we can
define the unstable domain Uy through (see also Ref. [30])

Ug =R | A_(R)+C <0} (40)

Once the latter has been determined, the bistable domain By
follows straightforwardly from the force balance equation

CR-R)=1,R) =1 (R), (41)
ie., [30]
Bg ={R=R—-f,(R)/C | Rely). (42)

In a last step, one then evaluates the energy jumps appearing
at the boundary of Bi and proper averaging produces the
pinning force density Fp;y.

Let us apply the above generalized formulation to the
isotropic situation. Choosing cylindrical coordinates (r, ¢),
the Hessian matrix H;; is already diagonal; close to the in-
flection point R,,, where e;’(Rm) =0, the eigenvalues are
A_(R) = e;(ﬁ) <Oand A (R) = e},(l?)/l? > 0, producing re-
sults in line with our discussion above.

A. Expansion near strong pinning onset

With our focus on the strong pinning transition near
«(R,,) = 1, we can obtain quantitative results using the ex-
pansion of the pinning energy epin (R; R), Eq. (1), close to R,,
cf. Sec. IID. Hence, we construct the Landau-type pinning
energy corresponding to Eq. (32) for the case of an anisotropic
pinning potential, i.e., we generalize Eq. (21) to the two-
dimensional situation.

When generalizing the strong pinning problem to the
anisotropic situation, we are free to define local coordinate
systems (i, ¥) and (i, v) in tip- and asymptotic space centered
at R,, and R,,, where the latter is associated with R,, through
the force balance equation (41) in the original laboratory
system. Furthermore, we fix our axes such that the unsta-
ble direction coincides with the u axis, i.e., the eigenvector
v_(R,,) associated with A_(R,,) points along u; as a result,
the mixed term o D is absent from the expansion. Keeping
all potentially relevant terms up to fourth order in it and ¥ in
the expansion, we then have to deal with an expression of the
form

L C+xr_ C+x _ _
epin(R;R) = +2 i + +2 * 92— Can— Cod
/ b/ b//
+§ﬁﬁz+§ﬁ2f)+gﬁ3+gﬁ*+%ﬁ2f;2
4 "
+§ﬁ3ﬁ+%m3+2"—4ﬁ4+’2’—54, 43)
with Ay = )»i(ﬁm),
R=R, +8R, R =(i,0), )
R=R, +5R, R =(@,0),

and coefficients given by the corresponding derivatives of
ep(R), e.8.,a=0,02¢,(R)Ig . .... V" = 0je,(R)|g, . As we
are going to see, the primed terms in this expansion vanish
due to the condition of a minimal Hessian determinant at the
onset of strong pinning, while double-primed terms will turn
out irrelevant to leading order in the small distortions i and .

The first term in Eq. (43) drives the strong pinning tran-
sition as it changes sign when A_ = —C. Making use of the
Labusch parameter «,, defined in Eq. (37), we can replace [see
also Eq. (21)]

C+r— C —kp). (45)

In our further considerations below, the quantity «,, — 1 < 1
acts as the small parameter; it assumes the role of the distance
T =1 — T/T. to the critical point in the Landau expansion of
a thermodynamic phase transition.

The second term in Eq. (43) stabilizes the theory along the
v direction as C + A4 > 0 close to the Labusch point, while
the sign of the cubic term a it /2 determines the direction of
the instability along x, i.e., to the right (@ > 0) or left (@ < 0).
The quartic terms o «, ¥ > 0 bound the pinning energy at
large distances, while the term o< 8 determines the skew angle
in the shape of the unstable domain U/ ; see below. Finally, we
have used the force balance equation (41) in the derivation of
the driving terms C @i and C 9.

The parameters in Eq. (43) are constrained by the require-
ment of a minimal determinant D(R) at the strong pinning
onset R = R,, and «,, = 1, i.e., its gradient has to vanish,

Vi DR)[g, =0, (46)
and its Hessian Hess[D(R)] has to satisfy the relations

det[Hess[D(R)]]|g, > O, 47)

tr[Hess[D(R)11|g, > 0. (48)
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Making use of the expansion (43), the determinant D(R) reads
D(R) = {[82epin] [02epin] — [Bndrepin] }g  (49)
with
d2epin = C(1—kp) +d'D + Vit + ad?/2 + B + yii’/2,
32epin = C + Ay +ait + b0 + ait? /2 + p'iuv + y'9%/2,
dadpepin = ab + d'ii + aiiv + Bi* /2 + B9 /2,
and produces the gradient
Ve DR)lg, = (€ + i)W d), (50)

hence the primed parameters indeed vanish, @' = 0 and b’ =
0. The Hessian then takes the form

B

at the Labusch point «,, = 1, where we have introduced the
parameter

Hess[D(R)lg, = (C + A+>[V P ] 1)

24? 1
C 1+xr./C

The stability conditions (47) and (48) translate, respectively,
to

S=a-— (52)

y8—B>>0 (53)
(implying § > 0) and
y+68§>0. (54)

The Landau-type theory (43) involves the two “order pa-
rameters” i and D and is driven by the dual coordinates i
and v. This n = 2 theory involves a soft order parameter i
and the stiff 9, allowing us to integrate out ¥ and reformulate
the problem as an effective one-dimensional Landau theory
(C6) of the van der Waals kind—the way of solving the strong
pinning problem near onset in this 1D formulation is presented
in Appendix C 1.

B. Unstable domain L4z

Next, we determine the unstable domain U/ in tip space as
defined in Eq. (40). We will find that, up to quadratic order, the
boundary of Uy has the shape of an ellipse with the semiaxes
lengths scaling as +/k,, — 1.

1. Jump line Jy
We find the unstable domain U/ by determining its bound-

ary dUg with the help of the condition C +A_ =0 or,
equivalently, the vanishing of the determinant

DR;,) =0, (55)

where we denote the jump positions by ij and the set of
points ij makes up for the jump line J. The condition
Eq. (55) guarantees the existence of an unstable direction par-
allel to the eigenvector v_ (ﬁjp) associated with the eigenvalue
A,(ij) where the energy (43) turns flat, cf. our discussion
in Sec. II B. The edges of the unstable domain Uy therefore
correspond to a line of inflection points in epin(fl; R) along
which one of the bistable tip configurations of the force

balance equation (41) coalesces with the unstable solution.
Near the onset of strong pinning, the unstable domain Uy is
closely confined around the point R,, where v_(R,,) || @. The
unstable direction v,(f{jp) is therefore approximately homo-
geneous within the unstable domain (/g and is parallel to the u
axis. This fact will be of importance later, when determining
the topological properties of the unstable domain Ufy.

Inspection of the condition (55) with D(R) given by
Eq. (49) shows that the components of §R;, = R, — R,, scale
as +/k,, — 1: in the product [0Zeyin][0Zepin], the first factor
involves the small constant C(1 — k,,) plus quadratic terms
(as @ =0 and b = 0), while the second factor comes with
the large constant C + A, plus corrections. The leading term
in [9z05epin] 1s linear in ¥ with the remaining terms provid-
ing corrections. To leading order, the condition of vanishing
determinant then produces the quadratic form

[y @ + 2B a0 + 8 0°lg, = 2C(kcn — 1). (56)
With y and § positive, this form is associated with an elliptic

geometry of extent o +/«;,, — 1. For later convenience, we
rewrite Eq. (56) in matrix form

SR M, 6Rjp = Clicw — 1), (57)
with
_[r/2 B2
P [ﬁ/z 8/2} %)

and det Mj, = (yé — B%)/4 > 0; see Eq. (53). The jump line
Jg can be expressed in the parametric form

a]p(lﬂ < D()

1 Z
= B2 Clo 1) = (8 = B (59)

with

B = /27 Clkn — /(5 — B, (60)

and is shown in Fig. 6 for the example of an anisotropic
potential inspired by the uniaxial defect in Sec. IV with 10%
anisotropy. The associated unstable domain Ui assumes a
compact elliptic shape, with the parameter 8 describing the
ellipse’s skew.

An additional result of the above discussion concerns the
terms that we need to keep in the expansion of the pinning en-
ergy (43): Indeed, dropping corrections amounts to dropping
terms with double-primed coefficients, and we find that the
simplified expansion

.. C c
epin(R;R) = = (1 — K ) I+ ———

+ ﬁ2ﬁ2+§ﬁ3ﬁ+24

produces all of our desired results to leading order.

2. Landing line Ly

We find the landing positions Rlp by extending the discus-
sion of the isotropic situation in Sec. II D to two dimensions:
we shift the origin of the expansion (61) to the jump point
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Km — 1

v/¢

T
’Zl/f\/ Km — 1

FIG. 6. Jump line J [solid red/blue, see Eq. (57)] and land-
ing line [dashed red/blue, see Eq. (66)] Ly in tip space R (in
units of &), with the ellipse Ji representing the edge dlUi of
the unstable domain Ugz. We choose parameters ,, — 1 = 1072,
with A_ = —0.25¢,/£%, A4 = 0.05¢,/&%, and a = 0.07 ¢,/&°, o =
0.le,/&*, B =0,y =0.75¢,/&* inspired by the choice of the uni-
axial defect with 10% anisotropy in Sec. I'V; the dotted ellipse shows
the effect of a finite skew parameter 8 = 0.05¢,/&* on the jump
ellipse Jx. Along the edges of Uy, one of the stable tip configurations
coalesces with the unstable solution of (41) and the total pinning
energy ey, (R;R) develops an inflection line in the tip coordinate
R. Crosses correspond to the contact points (70) between the two
ellipses Ji and Li. Blue and red colors identify different types
of vortex deformations upon jump and landing. Pairs of solid and
open circles connected via long arrows are, respectively, examples of
pairs of jumping- and landing tip positions for vortices approaching
the defect from the left (top) and right (bottom), see Fig. 5(c) for
the isotropic problem’s counterpart. The unstable direction v_ (ij),
shown as short black arrows for different points on the ellipse, always
points in the u direction and are parallel to the tangent vector of the
unstable ellipse at the contact points (70).

ij and find the landing point Rlp = ij + AR by minimizing
the total energy epin(AR) at the landing position. Below, we
use AR both as a variable and as the jump distance to avoid
introducing more coordinates.

We exploit the differential properties of ep;, at the jump and
landing positions. At landing, ey, (f{jp + AR) has a minimum,
hence, the configuration is force free, in particular along v,

_ L . ) o
81")epin(1{jp + AR) ~ [aﬁaﬁepin]RjPAu + [85 epin]ijAv =0,
from which we find that A# and Av are related via

AD N —————L Al (62)

Here, we have dropped higher-order terms in the expansion,
assuming that the jump is mainly directed along the unstable
u direction—indeed, using the expansion (61), we find that

AD ~ == Aj o i — 1 A, (63)
Ctar,

Note that we cannot interchange the roles of & and ¥ in this
force analysis, as higher-order terms in the expression for the
force along # cannot be dropped.

At the jump position ﬁjp, the state is force-free, i.e.,
the derivatives [8,;epin]ij and [af,epin]ﬁip vanish, and the
Hessian determin~ant vani~shes as well. Therefore, the ex-
pansion of eyin(Rj, + AR) has no linear terms and the
second order terms [Bgepin]ﬁijﬁz /2 + [0 8i€pin]ﬁijﬁAf) +
[agepin]f{ijf)z /2 combined with Eq. (62) can be ex-
pressed through the Hessian determinant, {[Bgepin][f)gepm] —
[8,;8,;epin]2}ﬁij122/2 = 0, that vanishes as well. Therefore,
the expansion of e, around ij starts at third order in AR ~
(Ati, 0) and takes the form (we make use of Eq. (63), dropping
terms o¢ A¥ and a constant)

_ _ | N N Y o .
epin(Rjp + AR) ~ = (y iy, + Biip) Air® + ﬂAu“. (64)
Minimizing this expression with respect to Aii (as epi, is
minimal at Rlp), we obtain the result

Al ~ =3(yitp + BUjp)/y. (65)

Making use of the quadratic form (57), we can show that
the equation for the landing position Ry, = Rj, + AR can be
cast into a similar quadratic form (with 5R1p measured relative
toR,,)

SRy My Ryp = Clic — 1), (66)
but with the landing matrix now given by
M1p=l jp+|:o 350,32 :| (67)
4 0 :5-%)

In the following, we will refer to the solutions of Eq. (66)
as the “landing” or “stable” ellipse ﬁlp and write the jump
distance in a parametric form involving the shape &, (?) in
Eq. (59) of the jumping ellipse,

Au(v) = =3[y ijp(v) + p01/v, (68)

AD(D) = —[a/(C + A )] D AuD). (69)

The landing line derived from Eq. (66) is displayed as a
dashed line in Fig. 6. The different topologies associated with
jumps and landing showing up for the isotropic defect in
Fig. 5(c) (two concentric circles) and for the generic onset
in Fig. 6 (two touching ellipses) will be discussed below in
Sec. III E.

Inspecting the matrix equation (66), we can gain several
insights on the landing ellipse Lg: (i) the matrix Mj,/4 on
the right-hand side of Eq. (67) corresponds to an ellipse with
the same geometry as for Ji but double in size, (ii) the re-
maining matrix with vanishing entries in the off-diagonal and
the M, elements leaves the size doubling of the stable ellipse
Ly at ¥ = 0 unchanged, and (iii) the finite M,, component
exactly counterbalances the doubling along the v direction
encountered in (i), cf. the definition (58) of M;p, up to a term
proportional to the skew parameter § accounting for devia-
tions of the semiaxis from the v axis. Altogether, the stable
ellipse Ly extends with a double width along the u axis and
smoothly overlaps with the unstable ellipse at the two contact
points . 1. The latter are found by imposing the condition
Aii = A =0 in Egs. (68) and (69); we find them located

033098-11



FILIPPO GAGGIOLI et al.

PHYSICAL REVIEW RESEARCH §, 033098 (2023)

(relative to R,,) at
SRC,:E = :l:(_,g/yv l)f)cs (70)

with the endpoint coordinate ¥, given in Eq. (60), and mark
them with crosses in Fig. 6. As anticipated, the contact points
are off-set with respect to the v axis for a finite skew pa-
rameter 8. At these points, the unstable and the stable tip
configurations coincide and the vortex tip undergoes no jump.
Furthermore, the vector tangent to the jump (or landing) el-
lipse is parallel to the u direction at the contact points. To see
that, we consider Eq. (59) and find that

—1

2 C m_l
~+ \/ag—% - 400, (T1)

aii

av

==

hence, the corresponding tangents d; U vanish.

The asymptotic positions R where the vortex tips jump and
land belong to the boundary of the bistable region By; for the
isotropic case in Fig. 5(d) these correspond to the circles with
radii R_ (pinning) and R (depinning) with jump and landing
radii R;_(R_) and R,_(R_) and R, (R;) and R/ (R,), re-
spectively, see Fig. 5(c). For the anisotropic defect, we have
only a single jump/landing event at one asymptotic position R
that we are going to determine in the next section.

C. Bistable domain By

The set of asymptotic positions R corresponding to the
tip positions ﬁjp along the edges of Uy forms the boundary
0Bk of the bistable domain By; they are related through
the force-balance equation (41), with every vortex tip po-
sition f{jp € dUg defining an associated asymptotic position
R(ij) € aBR.

At the onset of strong pinning, the bistable domain cor-
responds to the isolated point R,,, related to R,, through
Eq. (41). Beyond the Labusch point, Bz expands out of
R, and its geometry is found by evaluating the force
balance equation (41) at a given tip position ij € WUg,
R(R;,) = R;, — £,(R;,)/C € dBg. Using the expansion (61)
for epin(R;R), this force equation can be expressed as
Vrepin(R; R)|z = 0, or explicitly (we remind that we mea-
sure R = R,, + (i1, D) relative to R,,),

Cii = C(1 — Ky )il + gfﬂ + %If + gﬁzf) + %ﬁf)z,
Ao A ~ o~ B 3, O o
Cv—(C+A+)v+auv+gu +§u D. (72)

Inserting the results for the jump ellipse Jg, Eq. (59), into
Egs. (72), we find the crescent-shape bistable domain By
shown in Fig. 7; let us briefly derive the origin of this shape.
Solving Eq. (72) to leading order, Cii® ~ (a/2)v* and
Cv® ~ (C + Ay)D, we find the parabolic approximation

a 1
2C (14 Ay /C)?

7O A

,D(O) 2’ (73)

telling that the extent of By scales as (k,, — 1) along & and
o (ku — 1)'/? along ©, i.e., we find a flat parabola opening
toward positive i for a > 0; see Fig. 7.

I
_
o

|
ot
(el
ot

W/ Em — 1
| ) r
3
v w/2-6" | 60
>
0 -
—2 4

T T T T T T
0 0.5 a/&(km —1) —2 0 @/éVEm —1
FIG. 7. (a) Bistable domain Bg in asymptotic R space measured
in units of &; the same parameters as in Fig. 6 have been used.
Note the different scaling of the axes in «, — 1; the right panel
(b) shows By, in isotropic scales. The bistable domain By is elongated
along the transverse direction v and narrow/bent along the unstable
direction #, giving By its peculiar crescentlike shape. The branch
crossing line Ry, see Eq. (80), is shown as a dashed black line.
Black crosses mark the cusps of Bg and are associated with the
contact points of Uz through the force balance equation (41); they
correspond to critical end-points in the thermodynamic Ising analog,
while the boundaries 333 map to spinodals. Blue and red colors
identify different characters of vortex tip configurations as quantified
through the “order parameter” i of the Landau expansion (at 8 = 0),
see text, while magenta is associated to the bistable area By; the blue
and red branches extend to the far side of the crescent and terminate
in the blue and red colored boundaries 83}31 and 0B, respectively.
Thin horizontal lines show vortex trajectories that proceed smoothly
in asymptotic space; see also Fig. 5(d). Blue and red dots mark the
asymptotic positions associated with vortex tip jumps that happen
at the exit of Bg; they correspond to the pairs of tip positions in
Fig. 6. (b) Bistable domain By in isotropic scaled coordinates & and
v showing the ‘true’ shape of Bg. Vortices impacting on the bistable
domain with an angle || < 6* undergo a single jump on the far side
of By, with the pinning force density directed along u and scaling
as Fp‘i‘11 o (k — 1)>/2. Vortices crossing Bg at large angles close to
7 /2 jump either never, once, or twice; at @ = 7 /2 the pinning force
density is small, Fpﬁ] o (k — 1)?, and directed along v.

To find the width of By, we have to solve Eq. (72) to
the next higher order, it = u® + a"; for 8 = 0, we find the
correction

- - Y 3 X
® = 1— m - —_— 74
7] ( K )il + 6Cu + ZCuU (74)

that produces a ¥ <> —v symmetric crescent. Inserting the two
branches (59) of the jump ellipse, we arrive at the width of
the crescent that scales as (k,, — 1)*/2. The correction to ¥ is
 (k, — 1) and we find the closed form

v~ [l + Ay +ail)/C] D, (75)
with a small antisymmetric (in &) correction. For a finite 8 #
0, the correction @ picks up an additional term (8/2C) i#*v

that breaks the v <> —v symmetry and the crescent is dis-
torted.
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Viewing the boundary 0By as a parametric curve in the
variable ¥ with @ = fi;,(¥) given by Eq. (59), we obtain
the boundary 9By in the form of two separate arcs that define
the crescent-shaped domain By in Fig. 7(a). The two arcs
merge in two cusps at R, . that are associated to the touching
points (70) in dual space and derive from Eqs. (72); measured
with respect to R,,, these cusps are located at

(SRc,i = (’/_lCa :l:l_}c)
~ [(@/2C) 82, £(1 4+ 1. /C)o.]. (76)

The coloring in Fig. 7 indicates the characters “red” and
“blue” of the vortex states; these are defined in terms of the
“order parameter” i — ii,,(v) of the Landau functional (61)
that changes sign at the branch crossing line Eq. (80), with the
shift

ﬁm(l_)) = _gf)(l_)) ~ _é——’ (77)

it,,(v) = 0 for our symmetric case with 8 = 0 in Fig. 7. Going
beyond the cusps (or critical points) at R, 1, the two states
smoothly crossover between “red” and “blue” (indicated by
the smooth blue—white-red transition), as known for the van
der Waals gas (or Ising magnet) above the critical point.
Within the bistable region By, both “red” and “blue” states
coexist and we color this region in magenta.

The crescent geometry of the bistable domain By is very
different from the ring geometry in the isotropic problem; see
Fig. 5(d). Comparing the dimensions of the crescent with the
ring in Fig. 5(d), we find the following scaling behavior in
Kk — 1: While the crescent Bg grows along v as (k,, — 1)"/2,
the isotropic ring involves the characteristic size & of the
defect, R_ ~ & and hence its extension along v is a constant.
However, the scaling of the crescent’s and the ring’s width is
the same, o («,, — 1)*. The different scaling of the trans-
verse width then will be responsible for the new scaling of the
pinning force density, Fyin o (ki — 1)%/2.

D. Comparison to isotropic situation

Let us compare the unstable domains Uy for the isotropic
and anisotropic defects in Figs. 5(c) and 6, respectively. In the
isotropic example of Sec. IT A, the jump and landing circles
Rip(R) and Ry,(R) are connected to different phases, e.g., free
(colored in blue at Rj, = Ry_) and pinned (colored in red at
Ry, = R,_) associated with R_. Furthermore, the topology is
different, with the unstable ring domain separating the two
distinct phases, free and pinned ones. As a result, a second pair
of jump and landing positions associated with the asymptotic
circle R, appears along the vortex trajectory of Fig. 5(c);
these are located at the radii Rj, = R,+ and R, = Ry and
describe the depinning process from the pinned branch back
to the free branch (while the previous pair at radii R r— and
R, describes the pinning process from the free to the pinned
branch). The pinning (at R_) and depinning (at R, ) processes
in the asymptotic coordinates are shown in Fig. 5(d). The
bistable area By with coexisting free and pinned states has
a ring-shape as well (colored in magenta, the superposition of
blue and red); the two pairs of jump and landing points in tip
space have collapsed to two pinning and depinning points in
asymptotic space.

In the present situation describing the strong pinning onset
for a generic anisotropic potential, the unstable domain Uz
grows out of an isolated point (in fact, R,,) and assumes the
shape of an ellipse that is simply connected; as a result, a
vortex incident on the defect undergoes only a single jump;
see Fig. 6. The bistable domain By is simply connected as
well, but now features two cusps at the end-points of the
crescent, see Fig. 7. The bistability again involves two states,
but we cannot associate them with separated pinned and free
phases—we thus denote them by “blue”-type and “red”-type.
The two states approach one another further away from the
defect and are distinguishable only in the region close to
bistability; in Fig. 7, this is indicated with appropriate color
coding. Note that the Landau-type expansion underlying the
coloring in Fig. 7 fails at large distances; going beyond a local
expansion near R,,, the distortion of the vortex vanishes at
large distances and red/blue colors faint away to approach
“white.”

E. Topology

Let us discuss the origin of the different topologies that
we encountered for the isotropic and anisotropic defects in
the discussion above. Specifically, the precise number and
position of the contact points have an elegant topological
explanation. When a vortex tip touches the edges ij of the
unstable domain there are two characteristic directions: One
is given by the unstable eigenvector v_(ij) discussed in
Sec. III B along which the tip will jump initially; the second
is the tangent vector to the boundary ol of the unstable
domain, i.e., to the unstable ellipse. While the former is ap-
proximately constant and parallel to the unstable u direction
along ﬁjp, the latter winds around the ellipse exactly once after
a full turn around Ug. The contact points lic,i of the unstable
and stable ellipses then coincide with those points on the
ellipse where the tangent vector are parallel and antiparallel
to v_; at these points, the tip touches the unstable ellipse
but does not undergo a jump any more. Given the different
winding numbers of v_ and of the tangent vector, there are
exactly two points along the circumference of /z where the
tangent vector is parallel/antiparallel to the u direction; these
are the points found in Eq. (70). This argument remains valid
as long as the contour dlfy is not deformed to cross/encircle
the singular point of the v_(Rj,) field residing at the defect
center.

The same arguments allow us to understand the absence
of contact points in the isotropic scenario: For an isotropic
potential, the winding number n,, of the tangent vector around
Ui remains unchanged, i.e., n, = £1, while the unstable
direction v_ is pointing along the radius and thus acquires
a unit winding number as well. Indeed, the two directions,
tangent and jump, then rotate simultaneously and do not wind
around each other after a full rotation, explaining the absence
of contact points in the isotropic situation.

F. Energy jumps

Within strong pinning theory, the energy jump Aep;, as-
sociated with the vortex tip jump between bistable vortex
configurations at the boundaries of B determines the pinning
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FIG. 8. Energy jump Ae,, along the edges of the bistable do-
main By as a function of the transverse coordinate ; we have used
the same parameters as in Fig. 6. The energy jump vanishes at the
cusps £1,., as the bistable tip configurations become identical and
their energies turn equal.

force density F;, and the critical current j.; see Egs. (19) and
(20). Formally, the energy jump Aep;, is defined as the differ-
ence in energy epin (R; R) between vortex configurations with
tips in the jump [R;,(R)] and landing [Rj,(R) = R;,(R) +
AR] positions at fixed asymptotic position R € 3Bz,

Aepin(l_{ € aBR) = epin[ij(R);R] - epin[Rlp(R); R] (78)

In Sec. IIIB2 above, we have found that the jump AR is
mainly forward directed along u. Making use of the expansion
(64) of ey at ﬁjp and the result (65) for the jump distance Aii,
we find the energy jumps Aepi, in tip- and asymptotic space
in the form [cf. with the isotropic result Eq. (27)],

_ 9
Aepn(R) ~ 25 Al ~ (W)W iy (0) + B 31"

9
~ (5 )l - a2 —57)F

IN[ G6—8) ., T
~ (873)[(1 oy _”2)} -

Here, we have used the parametric shape i, (V) in Eq. (59)
for the jumping ellipse as well as Eq. (72) to lowest order,
v~ 9/(1 + A, /C), to relate the tip and asymptotic positions
in the last equation. The energy jump (79) scales as (k,, —
1)> and is shown in Fig. 8. It depends on the v coordinate
of the asymptotic (or tip) position only and vanishes at the
cusps Rc,i, see Eq. (76) [or at the touching points Rc,i, see
Eq. (70)]. To order (k,, — 1)?, the energy jumps are identical
at the left and right edges of the bistable domain B.
Following the two bistable branches and the associated
energy jumps between them to the inside of By, the latter van-
ish along the branch crossing line Ry. In the thermodynamic
analog, this line corresponds to the first-order equilibrium
transition line that is framed by the spinodal lines; for the
isotropic defect, this is the circle with radius Ry = xo framed
by the spinodal circles with radii R ; see Figs. 4 and 5(d). For
the anisotropic defect with 8 = 0, the branch crossing line

R, = (ity, o) is given by the centered parabola (i, v®) in
Eq. (73) [the latter describes the shape of By to lowest order,
while result (80) for the branch crossing line is exact within
our Landau-type expansion]; hence,

a 1 5
% __—_UO.
2C (1424 /C)?

The result for a finite skew parameter 8 # 0 is given by
Eq. (C27) in Appendix C 1.

G. Pinning force density

The pinning force density Fpi, is defined as the average
force density exerted on a vortex line as it moves across the
superconducting sample. For the isotropic case described in
Sec. IIE, the individual pinning force fyin (R) = —Vgepin(R),
see Eq. (10), is directed radially and the force density F, is
given by the (constant) energy jump Aeyin o (k — 1)* on the
edge 9By of the bistable domain and the transverse length
t1 ~ &, hence, Fpin o 11 Aeyiy scales as (k — 1)2.

For an anisotropic defect, the pinning force depends on the
vortex direction of motion Vv = (cos 8, sinf) relative to the
axis of the bistable region By; the latter is of a flat parabolic
shape that is open towards the unstable direction i, see Fig. 7,
much different from the circle characteristic of the isotropic
defect. We choose angles —m /2 < 8 < 7/2 measured from
the unstable direction i, i.e., vortices incident from the left;
the case of larger impact angles |#| > 7 /2 corresponds to vor-
tices incident from the right and can be reduced to the previous
case by inverting the sign of the parameter a in the expansion
(61), i.e., the curvature of the parabola (73); to our leading
order analysis, the results remain the same. Furthermore, we
have to account for nonuniformity of the energy jump (79)
along the boundary of Bj.

Given the flat shape of B, we can separate two regimes
of impact angles 6 onto By: the frontal impact angles with
|6] < 6* include those asymptotic vortex trajectories that un-
dergo exactly one jump on the far edge of By, see the blue
dot and blue boundary BB% in Fig. 7. Second, we define the
transverse regime with angles 6* < |6| < /2, where vor-
tices crossing the bistable domain undergo either no jump, one
or two. The angle 6* then is given by the (outer) tangent of the
bistable domain at the cusps R, + and we find the result

C+2rp) Y8 — B2
a 2yC(ky — 1)

implying that w /2 — 6* o /k,, — 1 is small,

i} a 2yC(ky — l). 82)
(C+2rp) y8 — p?

Let us assume a uniform distribution of identical
anisotropic defects, all with their unstable direction pointing
along x. While the jumps in energy still scale as Aepi,
(km — 1)?, vortices with a frontal impact angle 0| < 6* ex-
perience a trapping distance that is no longer finite but grows
from zero as v, « +/k;,;, — 1 along y, cf. Eq. (76). Hence, we
expect that in this angular regime, the pinning force density
scales as Fp‘i‘n o (ku — 1)%/2. Indeed, the precise calculation in

tan(6™) =

, 81)

0* ~ /2 —
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Appendix A shows that for a frontal impact, the pinning force
density F3, is (i) pointing along the unstable direction & and

(i) turns out independent on the angle 6, ¥ = [F; I 0] with

pin’

Fp\l\n _ pzvc (Aepin) ’ (83)
ap Ao
where (Aepi,) denotes the average energy jump evaluated
along the v direction.

However, vortices with a transverse impact on By are
trapped within the narrow extension #. o (k, — 1) of By
along x, see again Eq. (76), and we expect a different scaling

pm o (kym — 1)°. The detailed derivation in Appendix A is
carried out for an impact angle & = 7 /2 and provides us with

. /2 __
the precise result Fpirl = [0, Fpll-n] with
20, (Aepindgit
Fp#] =n, m (84)
ao ao

and the average (Aepi,dyit) again evaluated along the v direc-
tion.

Making use of the result (79) for Aepiy(v) in Egs. (83)
and (84), we find explicit expressions for the pinning force
densities for impacts parallel and perpendicular to the unstable
direction u,

H N24 V2C/y C* y(1+24/0)
pin 5 g, yao /ys— B2

(km — 1Y% (85)

~2
Fpﬁq ~ 3C_ Va/aOz(
yaoys — B
that confirm the above scaling estimates. Here, we have made
use of the definition (76) of v, and have brought the final
result into a form similar to the isotropic result (31) (with
the length /C/y and the force C2/yay, equal to & //3x and
e,/ 12«2 for a Lorentzian potential). Note that the result (85)
depends on the curvature a of the crescent via §, Eq. (52), that
involves a® only, but higher-order corrections will introduce
an asymmetry between left- and right moving vortices.
Within the interval 0* < 6 < 7 /2, the longitudinal force
Fyin,u along u decays to zero and the transverse force Fyipn
along v becomes finite, assuming the value (86) at 6 = /2.
The two force components have been evaluated numerically
over the entire angular regime and the results are shown in
Fig. 9.

- 1), (86)

1. Anisotropic critical force density F,

When the vortex system is subjected to a current density j,
the associated Lorentz force F, (¢) = j A B/c directed along
¢ pushes the vortices across the defects. When F, is directed
along u, we have Fpi, = [F, Im, 0] and the vortex system gets

immobilized at force densities F, < F, = Fp!n (or associated
current densities j.). When F, is directed away from u, the
driving component along v has to be compensated by a finite
pinning force Fyin, that appears only for angles 6* < 6 <
/2. Hence, the angles of force and motion, ¢ associated
with the Lorentz force F,(¢) and 0 providing the direction
of the pinning force F;,(0), are different. We find them, along

1.5

Fpin,u/[np(ep/ao)(€/ao)(km — 1)°/2]

0 /8 9 /2

FC/F}‘)‘in
1

o

0 7r|/4 o w2

FIG. 9. Top: scaled pinning force densities Fy, , and Fy;, , versus
impact angle 6; we have used the same parameters as in Fig. 6.
The longitudinal (along u) force F,, remains constant and equal
to Fp!n for all angles |6| < 6*, while the transverse (along v) com-
ponent Fy, , vanishes in this regime. The longitudinal force drops
and vanishes over the narrow interval 0* < |0| < /2, while the
transverse force F,, increases up to F pm Bottom: critical force
density F, (directed along the Lorentz force F;, = j A B/c) versus
angle ¢ of the Lorentz force; the dashed line shows the upper bound

F. < Fpm/ sin(g).

with the critical force density F.(¢), by solving the dynamical
force equation (20) at vanishing velocity v = 0,
F.(¢) = Fyin(0), 87)

resulting in a critical force density

Fo(@) = \[F3 ,(0) + F2, ,(0), (88)
with angles ¢ and 6 related via
Foin (0
tanp = P—() (89)
Fpin,u(e)

Since Fyin,» (0 < 0%) =0, the entire interval 6 < 0* is com-
pressed to ¢ = 0 and it is the narrow regime 6* < 6 < 7 /2
that determines the angular characteristic of the critical force
density F.(¢). The critical force density F.(¢) is peaked at
¢ = 0 as shown in Fig. 9 (with a correspondingly sharp peak
in j. at right angles). Combing Eqgs. (88) and (89), we can
derive a simple expression bounding the function F,(¢),

Fyin v (0)y/1 + cot?(p) < P‘“ (90)

that traces F.(¢) over a wide angular region; see the dashed
line in Fig. 9. At small values of ¢, we cannot ignore the
angular dependence in Fy, ,(6) any more that finally cuts off

the divergence o 1/sin(gp) at the value F.(p — 0) — F_ I

pin*

Fo(p) =

2. Isotropized pinning force density Fy;,

In a last step, we assume an ensemble of equal anisotropic
defects that are uniformly distributed in space and randomly
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oriented. In this situation, we have to perform an additional
average over the instability directions @; associated with the
different defects i = 1, ... N. Neglecting the modification of
Fyin(6) away from [F;J!n’ 0] in the small angular regions 6* <
16| < /2, we find that the force along any direction R has
the magnitude

N

1 oA

Foin ~ = ) 1(Fy) - R|
i=1

/2 de 2
~ F'!n/ — cosf = —F‘ln. 1)
P -2 T TP

As a result of the averaging over the angular directions, the
pinning force density is now effectively isotropic and directed
against the velocity v of the vortex motion.

IV. UNIAXIAL DEFECT

Above, we have found unstable and bistable domains
Ui and Bg for the uniaxially anisotropic defect that are
vastly different in shape when compared with those for the
isotropic defect. In the present section, we consider a weakly
anisotropic defect with a small uniaxial deformation quanti-
fied by the small parameter € to understand how these results
relate to one another as the anisotropy parameter € vanishes.
Furthermore, the unstable and bistable domains Uy and By for
the isotropic and anisotropic defect differ in their topology.
The second goal of this section then is to introduce the so-
called merger points R, and R, that define a second class of
important points, besides the onset points R,, and R,,, in the
buildup of the strong pinning landscape. Indeed, the separate
pieces making up the domains Ui and By for the anisotropic
defect, see Fig. 2(a), merge to define the nonsimply connected
ring shapes typical for the isotropic defect; see Fig. 2(b).
Technically, while the onset points R,, are defined as minima
of the Hessian determinant D(R), the merger points R, turn
out to be associated with saddle points of D(R).

Given the specific goals of this section, we choose the
simplest anisotropic extension of the potential (2) in the form
of a uniaxially anisotropic defect with a stretched (along the
y axis) Lorentzian

)'22 yZ -1
e,(® V) =—ep|l 1l + 5+ ————=) , 92
p& ) ”< 282 252<1+e)2> o

with equipotential lines described by ellipses

.%2 y2

2t o0

£ &0+e
and the small parameter 0 < € < 1 quantifying the degree of
anisotropy. The same analysis as below, though slightly more
involved, could be done for a similar potential that is phys-
ically realizable with two neighboring pointlike defects [17]
with the distance parameter d < & determining the amount of
anisotropy (see also Ref. [24] where a pair of defects has been
studied away from the strong pinning onset). At fixed radius
R? = ¥* 4+ 72, the potential (92) assumes maxima in energy
and in negative curvature on the x axis, and corresponding
minima on the y axis. Along both axes, the pinning force is
directed radially towards the origin and the Labusch criterion

= const. 93)

(37) for strong pinning is determined solely by the curvature
along the radial direction. At the onset of strong pinning, the
unstable and bistable domains then first emerge along the x
axis at the points R,, = (:i:«/zf, 0) and R,, = (:|:2\/§§, 0)
when
kw = k(Ryy) = 2 =1 (94)
" " 4cEr
Upon increasing the pinning strength «,,, e.g., via softening
of the vortex lattice as described by a decrease in C, the
unstable and bistable domains Ui and By expand away from
these points, and eventually merge along the y axis at Ry =
(0, £+/26(1 + €)), R, = (0, £2+/26(1 + €)) when
Ky = k(R,) = ——2 =y (95
* VUACE (1 + e (1+e?
i.e., for k,, = (1 + €)>. The evolution of the strong pinning
landscape from onset to merging takes place in the interval
km € [1, (1 +€)%]; pushing «,, beyond this interval, we will
analyze the change in topology and appearance of nonsimply
connected unstable and bistable domains after the merging.
The quantity determining the shape of the unstable domain
Ug is the Hessian determinant D(R) of the total vortex energy
epin(R;R), see Egs. (39) and (1), respectively. At onset, the
minimum of D(R) touches zero for the first time; with in-
creasing k,,, this minimum drops below zero and the condition
D(R) = 0 determines the unstable ellipse that expands in R
space. Viewing the function D(R) as a height function of
a landscape in the R plane, this corresponds to filling this
landscape, e.g., with water, up to the height level D = 0 with
the resulting lake representing the unstable domain. In the
present uniaxially symmetric case, a pair of unstable ellipses
grow simultaneously, bend around the equipotential line near
the radius ~~/2&, and finally touch upon merging on the y
axis. In our geometric interpretation, this corresponds to the
merging of the two (water-filled) valleys that happens in a
saddle-point of the function D(R) at the height D = 0. Hence,
the merger point R, correspond to saddles in D(R) with

DR,)=0, Vg D(R)|K_ =0, (96)

and
det[Hess[D(R)]] Iz, <O, o7

cf. Eq. (47).

In our calculation of D(R), we exploit that the Hessian in
Eq. (39) does not depend on the asymptotic position R and we
can set it to zero,

D(R) = det{Hess[CR?/2 + )/(R) + 6e,(R)]},  (98)

where we have split off the anisotropic correction 8ep(ﬁ) =
ep(R) — el?(R) away from the isotropic potential ¢'(R) with
€ = 0. In the following, we perform a perturbative analysis
in € < 1 around the isotropic limit; this motivates our use of
polar (tip) coordinates R and ¢.

The isotropic contribution H” to the Hessian matrix H is
diagonal with components

HY (R) = 03[CRY/2 + ¢ (R)]
= C+02¢0(R) (99)
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and
HY-(R) = (R7202; + R~ 0g) [CR?/2 + €)(R)]

=C - [P ®R)/R. (100)

The radial component H;%’ﬁ o« (k,, — 1) vanishes at onset,
while HY. remains finite, positive, and approximately
constant.

The anisotropic component Bep(f() introduces corrections
 €; these significantly modify the radial entry of the full
Hessian while leaving its azimutal component Hg; approxi-
mately unchanged; the off-diagonal entries of the full Hessian
scale as € and hence contribute in second order of € to D(R).
As a result, the sign change in the determinant

D(R) ~ Hzz(R)Hg5(R) + O(?) (101)
is determined by
Hpz(R) = HY:(R) + 938¢,(R) (102)

for radii close to R,, with SR =R — R,, ® O(/Kkm — 1). We
expand the potential (92) around the isotropic part e})(R),

Se,(R) ~ —e [dzel) (R)]R sin” @, (103)

and additionally expand both e;;>(1?) and SeP(R) around
R,,, keeping terms o< € \/(k,, — 1). The radial entry of the

anisotropic Hessian matrix then assumes the form
Hzz(R) ~ C[1 — kn(@)] + v [8R?/2 — € sin® § R,i5R],
(104)

with y = 336‘(,;)(R)| %, and the angle-dependent Labusch pa-
rameter

maxg [—0%e,(R, $)l;]
C

The edges of the unstable region U/ then can be obtained by
imposing the condition Hzz(R) = 0 and the solutions to the
corresponding quadratic equation define the jump positions
Rip(#) (or boundaries aUg)

Rip(®) ~ Ru(d) £ SR(P).

These are centered around the (‘large’) ellipse defined by

= ky — 2esin’ ¢, (105)

Kkm(P) =

(106)

Rou($) = Ry(1 + € sin’ §) (107)
and separated by [cf. Eq. (23)]
- /8C ~
28R(¢) = 7[Km(¢) —1] (108)

along the radius. Making use of the form (105) of k()
and assuming a small value of «,, > 1 near onset, we obtain
the jump line in the form of a (“small”) ellipse centered at
[£R,, 0],

y SR +4eC ¢* = 2C(kp — 1). (109)

Hence, we find that the anisotropic results are obtained
from the isotropic ones by replacing the circle R, by the
ellipse R,,,(¢) and substituting k — «,,(¢p) in the width (23),

/¢

o
T
L J
0
T

—1F
® xF
1 1 1 & 1 1 1
-1 0 &/ 1.2 1.4 R/t
0 2 R/ — Rm(d)/€
3 (DS

/¢

o

——
0
T

3

-2 0 3/

FIG. 10. Unstable and bistable domains close to the onset of
strong pinning for a uniaxial defect (92) centered at the origin,
with € = 0.1 and «,, — 1 = 0.01. The pinning potential is steepest at
angles ¢ = 0, 7 and least steep at ¢ = /2, hence strong pinning
is realized first in a small interval around ¢ = 0, = (solid black
dots) where «,,(¢) > 1. (a) The unstable domain Uy in tip space
is bounded by red/blue solid lines [jump lines Jg, see Eq. (106)];
dashed lines mark the associated landing lines Ly, see Eq. (112).
(b) Focus on the unstable domain near ¢ = 0 in polar coordinates
R and ¢. The jumping (solid) and landing (dashed) lines have the
approximate shape of ellipses, see Eq. (109), in agreement with our
analysis of Sec. IIIB. (c) The bistable domain By in asymptotic
space involves symmetric crescents centered at ¢ = 0, 7 and a nar-
row width o [k,,(¢) — 1132, see Eq. (110), in agreement with the
analysis of Sec. III C. (d) Focus on the bistable domain at ¢ = 0 in
polar coordinates R and ¢. Red/blue colors indicate different vortex
configurations as quantified through the order parameter R — R, ().

o0
~
]

2.75 2.85 R/¢

see Figs. 10(a) and 10(b) evaluated for small values «,, — 1 =
0.0l and e =0.1.

Analogously, the boundaries of the bistable domain By can
be found by applying the same substitutions to the result (28),
see Figs. 10(c) and 10(d),

R($) ~ R,(¢) £ 5R($), (110)
with R, (¢) = R,,(1 + € sin” ) and the width
28R(}) = %J%C(xm(é) — 12 (111)

The landing line Ly is given by [see Eq. (26) and note that
the jump point is shifted by &, away from %,,, see Eq. (22)]

Rip(®) ~ Rou() F 28R(P). (112)
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An additional complication is the finite angular extension
of the unstable and bistable domains U and By; these are
limited by the condition «;,(¢max) = 1, providing us with the
constraint

¢max - ¢max ==

26 (113)

near the strong pinning onset with (x,, — 1) < €. The re-
sulting domains Uy have characteristic extensions of scale
& Kk — 1; see Fig. 10.

Close to merging (marked by crosses in the figure) at ¢ =
4 /2, we define the deviation §¢p = 7 /2 — ¢ with §¢p K 1,
and imposing the condition «,,(Pmax) = 1, we find

- - Km — 1 1 —k;
3Pmax = SPmax = /1 — e ~ e

The corresponding geometries of Ui and Bi are shown in
Fig. 11 for 1 — x; = 0.01 and € = 0.1. Finally, (Sfﬁmax vanishes
at merging for k; = 1 (or ,, — 1 & 2¢), in agreement, to order
€, with the exact result (95).

Pushing the Labusch parameter beyond the merger with
ks > 1 or k,, > (1 +€)?> =~ 1 + 2¢, the unstable and bistable
regimes Uy and Bg change their topology: they develop a
(nonsimply connected) ringlike geometry with separated inner
and outer edges that are a finite distance apart in the radial
direction at all angles ¢ and ¢. The situation after the merger
is shown in Fig. 12 for «k; — 1 =~ 0.01 and € = 0.1, with the
merging points R, and R, marked by crosses.

(114)

V. MERGER POINTS

The merging of unstable and bistable domains is a general
feature of irregular pinning potentials that is relevant beyond
the simple example of a weakly anisotropic uniaxial defect
discussed above. While the exact geometries of Uy and By
depend on the precise shape of the pinning potential, their
shape close to merging is universal. Below, we summarize the
results obtained from generalizing the expansion in Sec. III A
to saddle points R, of the determinant D(R); the detailed
analysis is deferred to the Appendix B. As with the onset of
strong pinning, the merger of two domains induces a change in
topology in the unstable and bistable domains; we will discuss
these topological aspects of onsets and mergers in Secs. VD
and VI below.

A. Expansion near merger

Following the strategy of Sec. III A, we expand the energy
functional around a saddle point Ry of the determinant D(R)
to obtain closed expressions for the unstable and bistable
domains at merging. In doing so, we again define local co-
ordinate systems (i, ¥) and (&, ) in tip and asymptotic space
centered at the saddle point R, and its dual coordinate R, in
asymptotic space, respectively. The expansion corresponding
to Eq. (61) takes the form

. C C+ Ay
%ﬂmm=5a—m#+—%f;#+%m2
+%ﬂ2172+'36u +;~4 Ciiii — Cov
(115)
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FIG. 11. Unstable and bistable domains before merging for a
uniaxial defect (92) centered at the origin, withe = 0.1 and 1 — «, &
0.01. Strong pinning is realized everywhere but in a small interval
around ¢ = /2 where «,,(¢) < 1. (a) The unstable domain Ug
in the tip plane is bounded by the solid red/blue jump lines Jg, see
Eq. (106) and involves two strongly bent ellipses originating from
angles ¢ = 0, 7 (black dots) and approaching one another close to
¢ = %7 /2 (black crosses); red/blue dashed lines are landing points
as given by Egs. (112). (b) Focus (in polar coordinates R, $) on the
tips of the unstable domain near ¢ = /2. (c) The bistable domain
By in the asymptotic space consists of thin symmetric crescents
(colored in magenta) originating from ¢ = 0, 7, with the delimiting
black solid lines given by Eq. (110). (d) Focus on the cusps of
the bistable domain close to ¢ = 7 /2 in polar coordinates R, ¢.
Red/blue colors indicate different vortex configurations as quantified
through the order parameter R — R,,(¢).

with k, = —A_(R,)/C, Ai.s = Ar(Ry) and the remaining co-
efficients defined in analogy to Eq. (61). The saddle-point
condition (97) implies that [cf. (51) and (53)]

8 — B <0, (116)
with
2 2
=y — o (117)
C + )"+,x

(for the saddle point there is no condition on the trace of the
Hessian). The coefficient (1 — ;) changes sign at some value
of the pinning strength and serves as the small parameter. The
mapping of the two-dimensional pinning energy (115) to an
effective one-dimensional Landau theory of the van der Waals
kind is discussed in Appendix C 2; see Eq. (C30).
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FIG. 12. Unstable and bistable domains for a uniaxial defect (92)
after merging, with € = 0.1 and x;, — 1 ~ 0.01. (a) The unstable
domain Uy in tip plane is enclosed between the jump lines Jy [solid
red/blue, see Eq. (106)] and takes the shape of a deformed ring with
a wider (narrower) width at strongest (weakest) pinning near the
solid dots (crosses). Red/blue dashed lines mark the landing positions
Ly of the vortex tips and are given by Eq. (112). (b) Focus on the
narrowing in the unstable domain close to the merger points (crosses)
at ¢ = /2 in the polar coordinates R, ¢. (c) The bistable domain
By in asymptotic space is a narrow ring (colored in magenta) thicker
(thinner) at points of strongest (weakest) pinning near ¢ =0, 7
(¢ = £ /2); black lines correspond to Eq. (110). (d) Focus on the
constriction in the bistable domain close to ¢ = 7 /2 in polar coordi-
nates R, ¢. Red/blue colors indicate different vortex configurations
as quantified through the order parameter R — R,,,(¢).

/2—05 w/ o

B. Unstable domain L
1. Jump line Jy

The boundary of the unstable domain Uy is determined by
the jump condition D(R;j,) = 0 that leads us to the quadratic
form [cf. (56)]

[y, ii® + 2B, itd + 8, 7*1g . = 2C(ky — 1).

S.Jp

(118)

Equation (118) describes a hyperbola (centered at R;) as its
associated determinant is negative, see Eq. (116).

As shown in Fig. 13, the geometry of the unstable domain
Uy changes drastically when 1 —«; changes sign. Before
merging, i.e., for 1 — k; > 0, the unstable domain [top and
bottom regions in Fig. 13(a)] is disconnected along the stable
v direction and the two red/blue branches of the hyperbola
(118) describe the tips of Ui. When k; goes to unity, the tips
of the unstable domain merge at the saddle point Ry. After
merging, the unstable domain extends continuously from the

& U
|
N
>
0 -
= SN “27
N B
4 =N
{ 7 — T T
-3 0 a/évI—ks -3 0 4/&vkrs —1

FIG. 13. Jump lines Jy (solid red/blue) and landing lines Lz
(dashed red/blue) in tip space R (in units of £), with the hyper-
bola Ji defining the edge ol of the unstable domain Uy, before
(a) and after (b) merging, for 1 — x;, = £0.01. Parameters are A_ ; =
—0.25¢,/8%, 145 =0, and a, ~ 0.035¢,/&%, a; = —0.025¢,/&%,
Bs =0, ¥, ~ 0.68¢,/&*. A finite skew parameter B, = 0.025¢,/&*
tilts the hyperbola away from the axes (dotted curves). Crosses corre-
spond to the vertices (B5) and (B9) of the hyperbola before and after
merging. Pairs of solid and open circles connected via long arrows
are examples of pairs of jumping and landing tip positions. After
merging, see panel (b), the unstable domain Uy is connected along
the ¥ axis, dividing the tip coordinate plane into two separate regions.
The jumping and landing hyperbolas coincide at their vertices before
merging, see panel (a), but not thereafter, see panel (b), where the
jumping and landing hyperbolas are separated (vertices on Ly are
marked with open red/blue stars) and no contact point is present.
Note the rotation by 90 degrees of the unstable direction with respect
to Figs. 11(b) and 12(b).

top to the bottom in Fig. 13(b) with a finite width along the
unstable u direction, similar to the isotropic case shown in
Fig. 5(c). Correspondingly, the two (red and blue) branches of
the hyperbola (118) now describe the edges of Ug. Hence, the
merging at k;, = 1 produces a change in the (local) topology of
Uy, with the gap along v at k, — 1 < 0 closing and reopening
along the unstable u direction at x; — 1 > 0.

2. Landing line Ly

To find the second bistable vortex tip configuration Rs,lp
associated to the edges of By before and after merging, we
repeat the steps of Sec. IIIB 2. For the jump vector AR, =

Ry, — Ry jp, we find the result

Aits (V) = =3(¥s i, jp (D) + Bs V)/ Vs, (119)

AT(0) = —[a;/(C + Ay, )]V Alg(D), (120)
cf. Egs. (68) and (69) above. Before merging, we make use
of the parametrization for the jump coordinate i, j,(7) in
Eq. (B3), while the parametrization ¥ j,(#) in Eq. (B7) has
to be used after merging.

Before merging, when 1 —«; > 0, the vertices of the
landing and jumping hyperbolas coincide and the jump (119)—
(120) vanishes at these points. Moreover, as for the contact
points (70) close to onset of strong pinning, the tangent to the
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jumping and landing hyperbolas at the vertices is parallel to
the u direction, as is visible in Fig. 13(a).

For «; = 1, the tips of Ui merge and both the jumping
and landing hyperbolas coincide at R. After merging, i.e., for
ks — 1 > 0, the condition Aii; = Av; = 0 cannot be realized
along the hyperbola (118) and the jumping and landing lines
separate completely; as a result, both the jumping distance
AR; as well as the jump in energy Aepiy are always finite (see
also Appendix C 2).

C. Bistable domain Bj

The set of asymptotic positions corresponding to Uy before
and after merging, i.e., the bistable domain By, can be found
by systematically repeating the steps in Sec. III C. Applying

the force balance equation Vgepin(R; I_{)|R = 0 to the energy
expansion (115), we find the counterpart of Egs. (72),

Cii = C(1 — k)i + %52 + %If + %ﬁzf) + %m)z,
A— A ~ o~ .Bs~3 As 5.
Cv—(C—i—)»S,Jr)v—l—asuv—l—gu +?u v, (121)

relating tip and asymptotic positions close to merging. As
for the unstable domain, the topology of By depends on the
sign of 1 — k,. The bistable domain By before merging is
shown in Fig. 14(a) for 1 — k; = 0.01. It consists of two parts,
corresponding to the two pieces of Uy for 1 — k; > 0, that
terminate at the cusps R:C’ 1; see Eq. (B15). After merging,
when k; — 1 > 0, the cusps have vanished and the edges
have rearranged to define a connected bistable region; see
Fig. 14(b).

D. Topological aspect of mergers

To discuss the topological aspect of mergers, it is con-
venient to consider some examples of defects with specific
anisotropies. In Sec. IV, we have analyzed the case of a uniax-
ial defect with a quadrupolar anisotropy de,, o € sin? ¢ in the
pinning potential, see Eq. (103), that produced a degenerate
onset at symmetric points [£%,,, 0]. Below, we consider again
a weakly anisotropic defect centered in the origin but with
a dipolar deformation e, o € cos $ that results in an angle-
dependent Labusch parameter

K (P) = Ky — €COS P, (122)

cf. Eq. (105). Second, we discuss a defect with a warped well
shape.

Such nontrivial defect potentials could result from a local
accumulation of several isotropic defects as is the case in the
rare events described in Ref. [17]. Here, our examples serve as
a preparation for the discussion of strong pinning in a random
two-dimensional pinning potential, see Sec. VI below. Such
two-dimensional pinning landscapes have been mapped out
in a thin superconducting film [26] using the SQUID-on-tip
imaging technique [26]. In bulk superconductors, defects are
distributed in all three dimensions that considerable compli-
cates the analysis; see Ref. [17].

The strong pinning onset of a defect with a dipolar distor-
tion appears in an isolated point on the negative x axis, with
the unstable ellipse /i deforming with increasing «,, into a

T
5 4/éVEkm — 1

| (@)
3 -
b
1>
75 - -
T T 1 -
0 2 a/&(km —1) 0 4 u/§(km — 1)

FIG. 14. Bistable domain Bg in asymptotic space R before
(a) and after (b) merging, for 1 — «;, = £0.01 and parameters as in
Fig. 13. (a) Before merging, the bistable domain Bz consists of two
parts, corresponding to the two unstable regions Uy in Fig. 13(a).
These terminate in the cusps at Rj.c, . that approach one another
along the dashed parabola (B16) to merge at x; = 1. Red/blue colors
indicate different vortex configurations as quantified through the or-
der parameter i — i, (v), while magenta is associated to the bistable
region Bg. Colored dots mark the asymptotic positions associated
to the pairs of jump positions in Fig. 13(a). (b) After merging, the
bistable domain is continuously connected; the cusps/critical points
have vanished and the dashed parabola turns into the branch cutting
line. The black crosses now mark the positions of strongest pinching
of Bg, the colored dots mark the asymptotic positions associated to
the pairs of tip positions in Fig. 13(b).

horseshoe that is open on the positive x axis—the closing of
the horseshoe to produce a ring, see Fig. 15, then corresponds
to the local merger shown in Fig. 13. With this example in
mind, we can repeat the discussion in Sec. III E: The unstable
eigenvector v_(R;,) points radially outwards from the origin
over the entire horseshoe, including the merging region at
positive x. However, the tangent to the boundary dlfz rotates
forward and back along the horseshoe as shown in Fig. 15 (we
attribute a direction to dl{g with the convention of following
the boundary with the unstable region on the left); in fact, over
most of the boundary, the tangent is simply orthogonal to v_,
with both vectors rotating together when going along dlfz. At
the ends of the horseshoe, however, the tangent locally aligns
parallel (antiparallel) to v_ and the two vectors rotate (anti-
clockwise) with respect to one another, with the total winding
equal to 2. After the merger, this winding has disappeared,
with the resulting ring exhibiting no winding in the tangent
fields on the inner/outer boundary; as a result, the contact
points between the jump and landing lines have disappeared.
Furthermore, the merger changes the topology of Uy from
the simply connected horseshoe to the nonsimply connected
ring, while the number of components in Iz has not changed.
Note that the change in the relative winding is not due to
crossing the singularity of the vector field v_ as alluded to
in Sec. Il E—rather, it is the merger of the horseshoe tips that
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FIG. 15. Left: Unstable region Uy for a defect with dipolar asym-
metry. Upon the onset of strong pinning, an unstable ellipse appears
to the left of the defect center (black solid dot). With increasing
pinning strength (decreasing C) the ellipse grows and deforms into a
horseshoe geometry. The unstable eigenvector field v_ (red arrows)
points radially outward away from the defect center. The tangent field
to the boundary ol (black arrows) follows the unstable direction at
an angle of 7 /2 over most of dl{g, with the exception of the two
turning points where the tangent rotates by w with respect to v_,
producing a relative winding of 2. Right: After the merger of the
turning points the unstable region Uz changes topology and assumes
the shape of a ring. The windings of the tangent field with respect to
the eigenvector-field v_ vanish separately for both boundaries of Ug.
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rearranges the boundaries of {/z and make them encircle the
singularity.

In the above example, we have discussed a merger that
changes the connectedness of /3. However, a merger might
leave the connectedness of Ui unchanged, while modifying
the number of components, i.e., the number of disconnected
parts, in Ug. Let us again consider a specific example in the
form of an anisotropic defect with a warped well shape, pro-
ducing several (in general, subsequent) onsets and mergers;
in Fig. 16, we consider a situation with three onset points
and subsequent individual mergers. After the onset, the three
ellipses define an unstable region Uz with three disconnected
parts that are simply connected each. This configuration is
characterized by its number of components measuring C = 3.
As two of the three ellipses merge, the number of components
of Uy reduces to C = 2, the next merger generates a horseshoe
that is still simply connected with C = 1. The final merger
produces a ring; while the number of components remains
unchanged, C = 1, the unstable area assumes a nonsimply
connected shape with a “hole”; we associate the index H = 1
with the appearance of this hole within Ug. In physics terms,
the last merger producing a hole in Uy is associated with the
appearance of a pinned state; the unstable ring separates stable
tip positions that are associated with pinned and free vortex
configurations residing at small and large radii, respectively.

Defining the (topological) characteristic x = C — H, we
see that x changes by unity at every onset and merger, either
through an increase (for an onset) or decrease (for a merger)
in the number of components C — C £ 1, or through the
appearance of a hole (in a merger) H — H + 1. Indeed, the
quantity x is known as the Euler characteristic of a manifold
and describes its global topological properties; it generalizes
the well-known Euler characteristic of a polyhedron to sur-
faces and manifolds [32]. Finally, Morse theory [33] connects
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FIG. 16. The unstable domain Uy starting out with C = 3 com-
ponents in panel (a) changes topology in three steps: after the first
(b) and second (c) mergers the number of components C has changed
from three in panel (a) to two in panel (b) to one in panel (c),
leading to a horseshoe shape of . The third merger closes the
horseshoe to produce the ring geometry in panel (d) characterized by
the coefficients C = 1 and H = 1 (H denotes the number of “holes”
in Uy ); the Euler characteristic x = C — H changes by unity in every
merger.

the Euler characteristic with the local differential properties
(minima, maxima, saddles) of that manifold, hence establish-
ing a connection between local onsets and mergers [at minima
and saddles of D(R)] and the global properties of Uy such
as the appearance of new pinned states. In Sec. VI below,
we consider the general case of a random pinning landscape
in two dimensions and discuss the connection between local
differential and global topological properties of Uy in the light
of Morse theory—the topology of bistable domains By then
follows trivially.

VI. Uiz OF A TWO-DIMENSIONAL PINSCAPE

We consider a two-dimensional pinning landscape e,(R)
as relevant in a thin superconducting film; our analysis shall
serve as a first step towards an understanding of a random
strong-pinning landscape. Physically, such a strong pinscape
may result from a denser set of weak defects that combine to
irregularly shaped strong effective pins. These strong centers
should appear with a dilute density to validate our strong pin-
ning ansatz requiring a low density of strong pins. In Fig. 17,
we analyze an illustrative situation with n = 3 (anisotropic
Lorentzian) defects as given in Eq. (92) with e = 0.1 and posi-
tions listed in Table I; these produce an unstable landscape Uy
of considerable complexity already; see Fig. 17. Our defects
are compact with e¢,,(R) — 0 vanishing at R — 00; as aresult,
epin becomes flat at infinity. Note that a dense assembly of
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FIG. 17. (a) Grayscale image of the pinning potential landscape
ep(ﬁ), with the three diamonds marking the positions of the defects,
see Table I. (b)—(f) Shifted curvature function Ax(R) versus tip posi-
tion R for increasing values of k,, (decreasing C) as we proceed from
panel (b) to panel (f). We make use of the topographic interpretation
with positive values of As marked as landmass (greenish colors,
with low/high elevation in dark/light green) and negative values of
A¢ constituting Uy in flat light blue (height levels are shown by
thin black lines). The pinscape in panel (a) produces a curvature
landscape with 7 minima (solid dots), 4 maxima (open dots), and 10
saddles (crosses). Several unstable regions Uy appear (solid dots turn
blue) and merge (crosses turn red) to change the topology of Ug. The
Euler characteristic xy(Ug) =m —s+M =1—-040 =1 in panel
(b) changes to x (Uy) = 4 in panels (c) and (d), drops to x (Uz) =0
in panel (e), and x(Ug) = —1 in panel (f); indeed, Uy in panel
(f) has one component C = 1 and two holes H = 2, reproducing
xUg)=C—H = —-1.

TABLE 1. Positions and relative weights of three uniaxially
anisotropic Lorentzian defects in Fig. 17 as given by Eq. (92).

x/& V€ Weight
Defect #1 1.14 1.07 0.65
Defect #2 —0.98 —0.19 1
Defect #3 0.20 —0.67 1

uniformly distributed individual defects produces a random
Gaussian pinning landscape, as has been shown in Ref. [28].

In the following, we focus on the unstable domain U/, with
the properties of the bistable domain B following straight-
forwardly from the solution of the force balance equation (5).
Unlike the analysis above that is centered on special points
of Uy, ellipses near onset and hyperbolas near mergers, here,
we are interested in the global properties of the unstable
region produced by a generic (though still two-dimensional)
pinscape.

As discussed in Sec. III above, the unstable region Uy
associated with strong pinning is determined by the condition
D(R) = 0 of vanishing Hessian determinant, more precisely,
by the competition between the lowest eigenvalue A_(R) of
the Hessian matrix H;; of the pinning potential e,(R) and the
effective elasticity C; see Eq. (40). To avoid the interference
with the second eigenvalue A+(R) of the Hessian matrix, we
consider the shifted (by C) curvature function

Ae(R) =C + A_(R), (123)

ie., ~the 1relevant~ factor of the determinant D(R) = [C +
A_(R)][C + A_(R)]. The condition

Ac(R)=0 (124)

then determines the boundaries of Uy.

The above problem can be mapped to the problem of cut-
ting a surface, where A (R) is interpreted as a height-function
over R? that is cut at zero level; the elasticity C then plays
the role of a shift parameter that moves the function A_(R)
downwards in height with decreasing C (that corresponds to
increasing the relative pinning strength of the pinscape in
physical terms). As C is decreased to compensate the absolute
minimum of ._(R) < 0,C 4+ A_(R) =0, strong pinning sets
in locally at R,, for the first time in the form of an unstable
ellipse Uy; see Fig. 17(b) for our specific example with three
defects; the Labusch parameter «(R) evaluated at the point R,
defines k,,, the parameter tuned in Fig. 17. Decreasing C fur-
ther, this ellipse grows and deforms, while other local minima
of A_(R) produce new disconnected parts of Uy, a situation
illustrated in Fig. 17(c) where four “ellipses” have appeared
around (local) minima (blue filled dots). A further increase in
pinning strength (decrease in C) continuous to deform these
“ellipses” and adds three new ones. As the first saddle drops
below the zero level (red cross), two components merge and
the number of components decreases; in Fig. 17(d), we have
three below-zero saddles and only four components remain,
C = 4. In Fig. 17(e) four further mergers have reduced C to 1
as the corresponding saddles drop below zero level. This pro-
duces a single nonsimply connected component, i.e., C = 1
and a hole, increasing the number of holes H from zero to
one. The last merger leading to Fig. 17(f) finally leaves C = 1
but cuts the stable region inside the ring into two, increasing
the number of holes to H = 2.

This sequence of onsets and mergers is conveniently de-
scribed in the topographic language introduced in Sec. I'V that
interprets stable tip regions as land mass (green with bright
regions indicating higher mountains in Fig. 17) and unstable
regions as lakes (flat blue with (below-water) height levels
indicated by thin black lines), with the height A = 0 defining
the water level. The sequence of Figs. 17(b) to 17(f) then
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shows the flooding of the landscape as pinning increases (C
decreasing), with white dot minima turning blue at strong pin-
ning onsets and white cross saddles turning red at mergings;
maxima in the landscape are shown as black open circles.
Note that we distinguish critical points (minima, saddles)
residing below (blue and red) and above (white) water level.
Similarly, a (local) maximum above sea level (black open dot)
turns into a blue open dot as it drops below sea level; such an
event is missing in Fig. 17 but can be easily produced with
other defect configurations.

The above discussion relates the local differential proper-
ties of the function A@(R) < 0, minima and saddles, to the
global topological properties of Uy, its number of compo-
nents C(Uy ) and holes H (Ug ). This connection between local
and global properties is conveniently discussed within Morse
theory [33]. Before presenting a general mathematical formu-
lation, let us discuss a simple heuristic argument producing
the result relevant in the present context; in doing so, we make
use of the above topographic language.

Starting with the minima of the function As(R), a new
disconnected component appears in {/z whenever the mini-
mum drops below sea level as C is decreased, that produces
an increase C — C + 1. With the further decrease of C, these
disconnected regions expand and merge pairwise whenever a
saddle point of Az(R) goes below sea level, thereby inducing
a change in the topology of Uy by either reducing the number
of components C — C — 1 (keeping H constant) or leaving
it unchanged (changing H — H + 1), see, e.g., the example
with the horseshoe closing up on itself in Sec. VD. The
below sea-level minima and saddles of Ax(R) can naturally
be identified with the vertices and edges of a graph; the edges
in the graph then define the boundaries of the graph’s faces
(the same way as the vertices are the boundaries of the edges).
For a connected graph, Euler’s formula then tells us that
the number V of vertices, E of edges, and F of faces are
constrained via V — E 4+ F = 1 (not counting the outer face
extending to infinity) and a graph with C components satisfies
the relation C =V — E + F as follows from simple addition.

We have already identified minima and saddles of
Ac(R) < 0 with vertices and edges of a graph; denoting the
number of below sea-level minima and saddles by m and s, we
have V = m and E = s. It remains to express the number F of
faces in terms of critical points of the surface Az(R) < 0. In-
deed, the faces of our graph are associated with maxima of the
function AC(R): Following the boundaries of a face, we cross
the corresponding saddles with the function Az(R) curving
upwards away from the edges, implying that the faces of our
graph include maxima of AC(R). These maxima manifest in
two possible ways: either the face contains a single below
sea-level maximum or a single above sea-level landscape. The
above sea-level landscape comprises at least one maximum
but possibly also includes other extremal points that we cannot
analyze with our knowledge of the below sea-level function
Ac(fl) < 0 only; we therefore call the above sea-level land-
scape a (single) hole. The appearance of a single maximum
or hole is owed to the fact that faces are not split by a below
sea-level saddle as these have already been accounted for in
setting up the graph.

Let us denote the number of (below sea-level) maxima by
M and the number of holes by H, then F'=H+M. Combining

this last expression with Euler’s formula and regrouping
topological coefficients C(Ug) and H(Uz) on one side and
extremal points m[Ax(R)], s[A¢(R)], and M[Ax(R)] on the
other, we arrive at the Euler characteristic x = C — H and its
representation through local differential properties,

xUg) =[C — H]MR =[m—s +M]A5(f{)<0'

The result (125) follows rigorously from the Euler-Poincaré
theorem [32,33] in combination with Morse’s theorem [33].

Summarizing, knowing the number of critical points m, M,
and s of the seascape, i.e., its local differential properties, we
can determine the global topological aspects of the pinning
landscape via the evaluation of the Euler characteristic x (Uy)
with the help of Eq. (125). The latter then informs us about
the number C of unstable domains in {/z where locally pinned
states appear and the number of holes H in Ui where glob-
ally distinct pinned states show up. Furthermore, the outer
boundaries of the lakes, of which we have C components,
are to be associated with instabilities of the free vortex state,
while inner boundaries (or boundaries of holes, which count
H elements) tell about instabilities of pinned states, hence
the Betti numbers C and H count different types of instabil-
ities. It would then have been nice to determine the separate
topological coefficients C and H individually—unfortunately,
x (Ug ) as derived from local differential properties provides us
only with the difference C — H between locally and globally
pinned areas and not their individual values. Nevertheless,
using Morse theory, we could connect our discussion of local
differential properties of the pinning landscape in Secs. III A
and V A with the global pinning properties of the pinning
energy landscape as expressed through the topology of the
unstable domain Ufg.

Regarding our previous examples, the isotropic and uniax-
ial defects, we remark that for the latter the two simultaneous
mergers on the y axis produce a reduction in C =2 — 1 and
an increase of H = 0 — 1 and hence a jump from y =2 to
x = 01in one step, as expected for two simultaneous mergers.
The symmetry of the isotropic defect produces a (degener-
ate) critical line at R,, rather than a critical point; adding a
small perturbation oc x* breaks this symmetry and produces
the horseshoe geometry discussed in Sec. VD above that is
amenable to the standard analysis.

A last remark is in place about the topological proper-
ties in dual space, i.e., of bistable regions Bg. Here, the
mergers produce another interesting phenomenon as viewed
from the perspective of its thermodynamic analogue. Indeed,
the merger of deformed ellipses in tip space corresponds to
the merger of cusps in asymptotic space, which translates to
the vanishing of critical points and a smooth continuation of
the first-order critical and spinodal lines in the thermodynamic
analog; see also Sec. VC. We are not aware of a physical
example in thermodynamics that produces such a merger and
disappearance of critical points.

(125)

VII. SUMMARY AND OUTLOOK

Strong pinning theory is a quantitative theory describing
vortex pinning in the dilute defect limit where this complex
many-body system can be reduced to an effective single-pin—
single-vortex problem. The accuracy offered by this theory
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then allows for a realistic description of the shape of the
pinning potential ¢,(R) associated with the defects. While
previous work focused on the simplest case of isotropic de-
fects, here, we have generalized the strong pinning theory
to the description of arbitrary anisotropic pinning potentials.
Surprisingly, going from an isotropic to an anisotropic defect
has quite astonishing consequences for the physics of strong
pinning—this reminds about other physical examples where
the removal of symmetries or degeneracies produces new
effects.

While the strong pinning problem is quite a complex one
requiring the use of numerical tools, in general, we have
identified several generic features that provide the essential
physics of the problem and that are amenable to an analytic
treatment. Specifically, these are the points of strong pinning
onset and the merger points, around which the local expan-
sions of the pinning potential ey, (R;R) in the tip coordinate
R allow us to find all the characteristics of strong pinning. In
particular, we identify the instability region Uy in the vortex
tip space (with coordinates R) and the bistable region By
in the space of asymptotic vortex positions R as the main
geometric objects that determine the critical pinning force
density Ky, from which the critical current density j., the
technologically most relevant quantity of the superconductor,
follows straightforwardly. While the relevance of the bistable
region By was recognized in the past [8—10], the important
role played by the unstable region {/z went unnoticed so far.

When going from an isotropic defect to an anisotropic
one, the strong pinning onset changes dramatically: While
the unstable region Ui grows out of a circle and assumes
the shape of a ring at ¥ > 1 for the isotropic situation, for
an anisotropic defect the onset appears in a point R,, and
grows in the shape of an ellipse with increasing «,, > 1; the
location where this onset appears is given by the Hessian of
epin, specifically, the point R,, where its determinant touches
zero first, det{Hess[epm(f{;RNR]}Rm = 0. The boundary of
this ellipse defines the jump positions Jy associated with the
strong pinning instabilities; when combined with the landing
ellipse Ly, these two ellipses determine the jump distance i
of the vortex tip, from which follows the jump in the pinning
energy Aepin X 8ii*, which in turn determines Fyin and je.

The bistable region By in asymptotic vortex space comes
into play when calculating the average critical force density
F,in opposing the vortex motion: While the vortex tip under-
goes a complex trajectory including jumps, the vortex motion
in asymptotic space R is described by a straight line. As this
trivial trajectory in R space traverses the bistable region By,
the vortex tip jumps upon exiting By, that produces the jump
Aepin and hence Fpi,. Again, the shape of Bg changes when
going from the isotropic to the anisotropic defect, assuming
a ring of finite width around a circle in the former case,
while growing in the form of a crescent out of a point for the
anisotropic defect.

The new geometries associated with Uz and By then
produce a qualitative change in the scaling behavior of the
pinning force density Fyin o (k,, — 1)* near onset, with the
exponent p changing from pu =2 to u =5/2 when going
from the isotropic to the anisotropic defect. This change is
due to the change in the scaling of the geometric size of By,

with the replacement of the finite ring radius o (k — 1)° by
the growing size of the crescent o (k,, — 1)/ 2 [the exponent
w assumes a value p = 3 for trajectories cutting the crescent
along its short dimension of size « (k,, — 1)]. Furthermore,
for directed defects, the pinning force density Fpi, (0) depends
on the impact angle 6 relative to the unstable direction # and is
aligned with u, except for a small angular regime close to 8 =
/2. This results in a pronounced anisotropy in the critical
current density j. in the vicinity of the strong pinning onset.

A fundamental difference between the strong pinning on-
sets in the isotropic and in the anisotropic case are the
geometries of the unstable /z and bistable By regions: These
are nonsimply connected for the isotropic case (rings) but sim-
ply connected for the anisotropic defect (ellipse and crescent).
The resolution of this fundamental difference is provided by
the second type of special points, the mergers. Indeed, for a
general anisotropic defect, the strong pinning onset appears
in a multitude of points, with unstable and bistable regions
growing with «,, > 1 and finally merging into larger areas.
Two examples illustrate this behavior particularly well, the
uniaxial defects with a quadrupolar and a dipolar deforma-
tion, see Secs. IV and V D. In the first case, symmetric onset
points on the x axis produce two ellipses/crescents that grow,
approach one another, and finally merge in a ring-shaped
geometry that is nonsimply connected. In the case of a dipolar
deformation, we have seen Uy grow out of a single point with
its ellipse expanding and deforming around a circle, assuming
a horseshoe geometry, that finally undergoes a merging of
the two tips to produce again a ring; similar happens when
multiple Uy domains grow and merge as in Fig. 16 showing
the result for a defect with a warped potential well.

These merger points are once more amenable to an
analytic study using a proper expansion of epi, (R;R) in
R around the merger point Ry, with the latter again de-
fined by the local differential properties of the determinant
det{Hess[epin(R; R)|R]}, this time not a minimum but a sad-
dle. Rather than elliptic as at onset, at merger points the
geometry is hyperbolic, with the sign change associated with
increasing k, = « (Ry) across unity producing a reconnection
of the jump- and landing lines Ji and Lg.

While the expansions of epi, (R;R) are describing the local
pinning landscape near onset and merging (and thus pro-
duce generic results), the study of the combined set of onset-
and merger-points describes the global topological properties
of Uy as discussed in Sec. VI: Every new (nondegenerate)
onset increases the number of components C in Uy, while
every merger either decreases C or increases H, the number
of “holes” or “islands” (or nontrivial loops in a nonsimply
connected region) in the pinning landscape. It is the “last”
merging producing a nonsimply connected domain that prop-
erly defines a new pinned state; in our examples these are the
closings of the two deformed ellipses in the uniaxial defect
with quadrupolar deformation and the closing of the horse-
shoe in the defect with a dipolar deformation. Formally, the
relation between the local differential properties of the cur-
vature function Az(R) = C 4+ A_(R) [with A_(R) the lower
eigenvalue of the Hessian of ¢, (R)], its minima, saddles, and
maxima, are related to the global topological properties of Uy
as described by its Euler characteristic x = C — H through
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Morse theory; see Eq. (125). Such topological structures have
recently attracted quite some interest, e.g., in the context of
Fermi surface topologies and topological Lifshitz transitions
[34,35].

The physics around the onset points as expressed through
an expansion of ey, (R; R) resembles a Lan_dau theory with R
playing the role of an order parameter and R the dual variable
corresponding to a driving field—here, R drives the vortex
lattice across the defect and R describes the deformation of the
pinned vortex. The endpoints of the crescent By correspond
to critical end points as they appear in the Landau theory of a
first-order transition line, e.g., the Ising model in an external
field or the van der Waals gas. The boundary lines of By
correspond to spinodal lines where phases become unstable,
e.g., the termination of overheated/undercooled phases in the
van der Waals gas. The existence of critical end points tells
that “phases,” here in the form of different pinning branches,
are smoothly connected when going around the critical point,
similar as in the gas—liquid transition of the van der Waals gas.
As the “last” critical point vanishes in a merger, a well-defined
new phase, here a new pinned branch, appears.

Perspectives for future theoretical work include the study
of correlations between anisotropic defects (see Ref. [17,24]
addressing isotropic defects) or the inclusion of thermal
fluctuations, i.e., creep (see Refs. [13,21]). Furthermore, di-
mensionality is a relevant issue: for one, our discussion of
the extended pinscape in Sec. VI has been limited to a two-
dimensional pinning potential and thus realistically applies to
thin superconducting films. In a bulk superconductor, defects
are distributed in all three dimensions that considerable com-
plicates the corresponding analysis of a full three-dimensional
disordered pinning potential, with the prospect of interest-
ing new results. Second, a single pointlike defect will never
produce an (effectively) anisotropic pinning potential: even
though an apparently anisotropic potential can be installed
with a point defect in an in-plane anisotropic superconductor,
the potential ¢,(R) can be isotropized by proper anisotropic
rescaling as described in Ref. [36], reducing the setup to an
isotropized one. As mentioned in Sec. IV, a pair of point
defects results in an anisotropic effective pin. This situation
is relevant when pins are weak and the strong pinning onset is
due to the clustering of defects. Note that such ‘rare’ events
require the pair density 7 pai; to be small, np,pairaoéz <1
with 7, pair ~ ngé 3 while n, itself might be larger. Such a
weak-pinning setup becomes critical with anisotropic effec-
tive defects of different strengths and shapes, i.e., we will
not have a uniform distribution of equal defects. An obvious
way to produce anisotropic defects then is via an extended
defect of complex shape (or an extended isotropic defect in
an anisotropic superconductor in a field tilted away from its
axis). This can be straightforwardly done in a thin film or a
layered superconductor (with the defect within one plane). In
a bulk superconductor, though, this problem is truly three-
dimensional, with a finite vortex segment along z subject to
the potential; see Ref. [25] for a numerical study. The re-
duction of this 3D problem to a 2D setup with a defined tip
coordinate R remains to be done.

On the experimental side, there are several possible ap-
plications for our study of anisotropic defects. For a generic

anisotropic defect, the inversion symmetry may be broken.
In this case, the pinning force along opposite directions is
different in magnitude, as different jumps are associated to
the boundaries of the bistable region Bz away from onset,
i.e., at sufficiently large values of k,,. Reversing the current,
the different critical forces then result in a ratchet effect
[37-39]. This leads to a rectification of an ac current and
hence a superconducting diode effect. While for randomly
oriented defects the pinning force is averaged and the sym-
metry is statistically restored, for specially oriented defects,
the diode effect will survive. Indeed, introducing nanoholes
into the material, vortex pinning was enhanced [23,40] and
a diode effect has been observed recently [41]. Generalizing
strong pinning theory to this type of defects then may help in
the design of superconducting metamaterials with interesting
functionalities. Furthermore, vortex imaging has always pro-
vided fascinating insights into vortex physics. Recently, the
SQUID-on-tip technique has been successful in mapping out a
2D pinning landscape in a film [26] (including the observation
of vortex jumps) that has inspired a new characterization of
the pinscape through its Hessian analysis [28]; the adaptation
of this current-driven 2D setup to the 3D situation is an inter-
esting challenge.

Finally, we recap the main benefits of this work in a nut-
shell: For one, we have established a detailed connection of
the strong pinning transition with the concept of first-order
phase transitions in thermodynamics, with the main practical
result that the scaling of the pinning force density Fpip
(km — 1)* comes with an exponent u = 5/2 when working
with generic defects of arbitrary shapes. Second, we have
found a mechanism, the breaking of a defect’s inversion
symmetry, that produces rachets and a diode effect in su-
perconducting material, a topic of much recent interest [42].
Third, we have uncovered the geometric structure and its
topological features that is underlying strong pinning theory,
including a proper understanding of the appearance of distinct
pinned states. While understanding these geometric structures
seems to be of rather fundamental/scholarly interest at present,
future work may establish further practical consequences that
can be used in the development of superconducting materials
with specific functional properties.
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APPENDIX A: PINNING FORCE DENSITY

We determine the magnitude and orientation of the pinning
force density Fpin(6) as a function of the vortex impact angle
6 for randomly positioned but uniformly oriented (along x)
defects of density n,. The pinning force density is given
by the average over relative positions between vortices and
defects (with a minus sign following convention; Vg denotes
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the vortex lattice unit cell),
d’R _
Fpin(g) =Ny 5 fpin(R)
Ve\Bg %0

d*R .
— "pf [Po(R;6) pm(R) + pr(R; Q)fpm(R)]
By ag
(A1)

Outside of the bistable domain, i.e., in Vg \Bg, a single stable
vortex tip configuration exists and the pinning force fyi,(R) is
uniquely defined. Inside Bg, the branch occupation functions
Po.r(R; 0) are associated with the tip positions appertaining to
the “blue” and the “red” vortex configurations with different
tip positions R>(R), cf. Figs. 6 and 7. The pinning forces
f;’i’; (R) are evaluated for the corresponding vortex tip posi-
tions and are defined as

b,r
fpm (R) -

~Vrepn[R™ (R); R]. (A2)

Let us now study how vortex lines populate the bistable
domain as a function of the impact angle 6. Examining Fig. 7,
we can distinguish between two different angular regimes:
a frontal-impact regime at angles away from 7 /2, |6] < 6%,
where all the vortices that cross the bistable domain undergo
exactly one jump on the far edge of B, see the blue dot and
blue boundary BB% in Fig. 7; and a transverse regime for
angles 6* < |6| < /2, where vortices crossing the bistable
domain undergo either no jump, one or two. The angle 6* is
given by the (outer) tangent of the bistable domain at the cusps
R, .+; making use of the lowest-order approximation (73) of
the crescent’s geometry, we find that

v _ (C+Ary)
3 |, -

ys —B?
a 2yClkpy — 1)

tan(0*) = (A3)

1. Impact angles |0]| < 6*

For a frontal impact with |#] < 6%, vortices occupy the
“blue” branch and remain there throughout the bistable do-
main By until its termination on the far edge 382, see Fig. 7,
implying that py(R € Bg) = 1 and p;(R € Bg) = 0, indepen-
dent of 6. As a consequence, the pinning force Fy;, does not
depend on the impact angle and is given by the expression

d2R
' (R).
/Bnao P

Next, Gauss’ formula tells us that for a function e(x), we can
transform

- d’R
Fpln = _HPAR\ Ra_ pm(R)

/ d"xVe(x) = / d" 'S, e(x), (A4)
% vV

with the surface element d"~'S, oriented perpendicular to
the surface and pointing outside of the domain V. In apply-
ing Eq. (A4) to the first integral of F , we can drop the
contribution from the outer boundary 9V since we assume
a compact defect potential. The remaining contribution from
the crescent’s boundary 9By joins up with the second integral
but with an opposite sign, as the two terms involve the same
surface but with opposite orientations. Altogether, we then

arrive at the expression

dSi,
F; = R
pin .'7/8lljl a% [ pln( )

dSi
+n in(R) —
/ S

where we have separated the left and right borders E)B;—ib of the
bistable domain. Due to continuity, the stable vortex energy
epm(R) will be equal to e (R) on the left border 3Br and

equal to epin(R) on the rlght border Z)Bb The expression (AS)

€pin (R)]

€pin (R)] s (AS)

for F;m then reduces to
dS,
Fs = — R R
pin nPABa a() [pm( ) pm( )]

e dv A in v

- n,,/ 4o Bepn@®) 1y oz o3
-5, 4o ap
2_c A in

:np[g on) O] (FL0L (A6
ao ao

with (Aep;,) the average energy jump evaluated along the v
direction. The force F 3 is aligned with the unstable directed
along u, with the v component vanishing due to the antisym-
metry in ¥ <> —v of the derivative 9ii/9dv, and is independent
on 6 for |6] < 6*.

2. Impact angle |0| = /2

Second, let us find the pinning force density F”f for vor-
tices moving along the (positive) v direction, 6 = /2. As
follows from Fig. 7, vortices occupy the blue branch and jump
to the red one upon hitting the lower half of the boundary
88 ; vortices that enter By but do not cross 88% undergo

no jump and hence do not contribute to F;{lz. As vortices in
the red branch proceed upwards, they jump back to the blue
branch upon crossing the red boundary dBj. While jumps

appear on all of the lower half of 88%, a piece of the upper
boundary 9B} that contributes with a second jump is cut
away (as vortices to the left of #® + # do not change branch
from blue to red). The length Av of this interval scales as
AD/V, o (k,, — 1)'/%; ignoring this small jump-free region,
we determine F m2 assuming that vortices contributing to F”/ 2
undergo a sequence of two jumps, from blue to red on the
lower half SBP{ and back from red to blue on the upper half
dBg of the boundary dBg. Repeating the above analysis, we

find that the # components in F"iflz arising from the blue and
red boundaries now cancel, while the v components add up,

dsS;

F7/? = / b (R R
pin np 38:25 Cl(z) [pm( ) pm( )]
dSy .,

R R
+n,,/w;{ LR~ G (R)]
Y dp A in (D
=2n,,f 40 Ben®) 14 o791
0o do ao

2_0 A inaf)_
o, 2 (et
ap ap

} [0.FL]. (A7)
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In the numerical evaluation of the two force components, see
Fig. 9, we have to account for the upward motion of the tran-
sition from the blue to the red boundary when moving away
from from the angle 6 = 7 /2, with the relevant boundary
turning fully blue at & = 6*. This way, the expression (84)
smoothly transforms to the result (A6). In our calculation, we
have adopted the approximation of dropping the jump-free
interval A that moves up and becomes smaller as 6 decreases
from 7 /2 to 6*.

APPENDIX B: HYPERBOLIC MERGER POINTS

We define local coordinate systems (i, ) and (&, v) in tip
and asymptotic space centered at R, and R, and fix our axes
such that D(R,) is a local maximum along the (unstable) u
direction and a local minimum along the (stable) v direction
of the saddle; the mixed term o iiv is absent from the ex-
pansion (as the Hessian matrix is symmetric). Furthermore,
the vanishing slopes at the saddle point, see Eq. (96), imply
the absence of terms oc i* and o< ##*D in the expansion and
dropping higher-order terms [corresponding to double-primed
terms in Eq. (43)], we arrive to the expression (115). The most
important term in the expansion (115) is the curvature term
C(1 — k) i1* /2 along the unstable direction u, with the coef-
ficient (1 — k) changing sign at some value of the pinning
strength.

The jump condition D(Rsﬁjp) = 0 leads us to the quadratic
form (118) that defines the jump line Jg; this can again be
cast in the form of a matrix equation

SR, M jpdR,jp = Clics — 1), (B1)

with M, j, given by

¥s/2 ﬁs/2i| (B2)

Bs/2  8/2]
with det M, = (y,8, — B2)/4 < 0.
Solving the quadratic equation (118) before merging, i.e.,

1 — k5 > 0, we find solutions i j, (V) away from a gap along
the stable v direction,

usjp(|v| =7 )

1
= B0 2180~ D= (1~ )], B3)

M; o = [

ie., Eq. (B3) has real solutions in the (unbounded) interval
9] > Dy, with

Boe =y 20C(L = 1)/ Inds — B21. (B4)

For the uniaxial defect (92) before merging, this gap corre-
sponds to a splitting of U along the stable angular direction,
producing two separated domains as shown in Fig. 11(a). The
coordinates (f jp (s, ), +=05,) give the positions of the ver-
tices (SR:c, . (relative to Ry) of the hyperbola before merging,

SRS, 4 = £(—By/vs Dy (B5)

These are marked as black crosses in Fig. 13(a) [note the
rotation in the geometry as compared with Fig. 11(a)]. We
denote the distance between these vertices by §v=, defining a

gap of width o /1 — «; given by

_ 2\ C(1 —
5v= = 2|SR=, ,| =2 (yﬁﬁ—s)(—'(;. (B6)
o Vs ’Vsas _,35’

After merging, i.e., for x; — 1 > 0, the (local) topology of
Ug has changed as the gap along v closes and reopens along
the unstable u direction; as a result, the two separated domains
of Ui have merged. The two branches of the hyperbola de-
rived from Eq. (118) are now parametrized as

T)s,jp(|ﬁ| 2 ﬁs,e)

_ _51[/355, /25,80 — 1) — (s — B2)i2].  (BT)

with

e = /28,006 — 1)/ |78 — £2). (BS)

The corresponding unstable domain is shown in Fig. 13(b).
For the uniaxial defect (92) after merging, this gap now corre-
sponds to the finite width of Uy along the radial direction, as
shown in Fig. 12(a). The coordinates [Ziis ¢, Uy jp(Eils,c )] for
the vertices R;e’ 4 read

SRy, . = j:(l, _fsi> fls.e (B9)
and correspond to the points of closest approach in the
branches of the hyperbola (118); these are again marked as
black crosses in Fig. 13(b) but are no longer associated with
critical points (we index these extremal points by “e””). Their
distance du” is given by

_ 2\ Clkg
Su” =2l5R>, | =2 <8 +/3 )M
|8, — B2

i.e., the smallest width in Uy grows as o< +/k; — 1.

As discussed above and shown in Fig. 13, the solutions
of the quadratic form (118) before and after merging are
unbounded for every value of x; — 1. As a consequence,
neglecting the higher-order terms in the determinant D(R)
is valid only in a narrow neighborhood of the saddle R;,
where the boundaries of Uy have the shape of a hyperbola.
Away from the saddle, these higher-order terms are relevant
in determining the specific shape of the unstable and bistable
domain, e.g., the ringlike structures of U and By in Figs. 11
and 12.

We find the landing line L by determining the second
bistable vortex tip configuration ﬁs,lp associated to the edges
of By before and after merging and find the results (119) and
(120) that are valid before and after merging using appropriate
parametrizations of 7 j, and ¥y jp.

The landing positions Ry Ip = R, ip Tt AR, arrange along
the branches Ly of a hyperbola in R space that are described
by the matrix equation

(B10)

SR} Ip My 15 R, 1, = Clicy — 1), (B11)
with the landing matrix now given by
1 0 0
Ms,lp = ZMS’jp + |:O %(% _ %)i|, (B12)
with det M 1, = (y,8, — B2)/16 < 0.
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Before merging, at x; < 1, the vertices of the landing and
jumping hyperbolas coincide. For «; = 1, the tips of Ui merge
and both the jumping and landing hyperbolas coincide at
R,. After merging, i.e., for k, — 1 > 0, the landing hyperbola
(B11) has vertices at

U _ Ysbs _
SR+ = :I:(l, —(4%8S — 3/3_3)) il y, (B13)
with
— 2
_ \/200« 1)(4y,8; — 382) B14
Vs()/s s ,32)

different from the jumping hyperbola in Eq. (B9). At these
points, the stable and unstable hyperbolas are tangent to the v
direction, as is visible in Fig. 13(b).

We find the shape of the bistable domain By by repeating
the steps in Sec. IIIC that leads us to the equations (121)
relating tip and asymptotic positions close to merging. Before
merging, By consists of two parts that correspond to the two
pieces of Uy for 1 — k; > 0 terminating at the cusps Ry, .
The latter are related to the vertices ﬁ;ci of the jumping
hyperbola through the force balance equation (121), with

SRy, 1 ~ [(a/2C) by, (1 + A5 1 /O ). (B15)

For finite values of (1 — k;), the cusps are separated by a
distance 2|8RY el =21+ ds. 1 /C)0s.c ¢ /T — k5. They ap-
proach one another along the parabola

a 1 Dy
— ==V
2C (142, /C)? =0
see the black dashed line in Fig. 14, with higher-order cor-
rections appearing at finite skew S # 0. After merging, this
line lies within By and defines the branch crossing line, cf.
Eq. (80).

After merging, when x; — 1 > 0, the cusps have vanished
and the edges have rearranged to define a connected bistable
region; see Fig. 14(b). The extremal points of the two edges
are found by evaluating the force balance equation (121) at
the vertices Rie 1, Eq. (B9), to lowest order,

ﬂa ds ,Bs .,2
SR> , e B17
se:t 2C(S se + C 7] ( )

For finite values of (k; — 1), these points are separated by
a distance 2|8R§Ci| ~ 2(1 + g4 /C)(Bs/85)its.e o kg — 1.
When the skew parameter vanishes as in Fig. 14, 8, =0,
higher-order terms in (k; — 1) in the force-balance equation
(121) become relevant in determining the positions R;e’ 4
separating them along the unstable u direction. In this case,
we obtain a different scaling for their distance, i.e., |8R§e,i| x
(1 =)/,

g0 ~ (B16)

APPENDIX C: EFFECTIVE 1D LANDAU THEORY

The Landau-type pinning energies (21) and (115) for the
vector order parameter (i, U) involves a soft variable & with a
vanishing quadratic term o (1 — «,,) ii2, as well as a stiff one,
D, characterized by a finite elasticity. By eliminating the stiff
direction ¥, we can arrive at a 1D Landau expansion for the

order parameter # that provides us with the desired results for
the unstable and bistable domains U/ and Bg near onset and
merging in a very efficient manner.

1. Close to onset

We start with the two-dimensional Landau-type energy
functional (61)

. C -k, CH+x
epin(R;R) = Sl z T2y gﬂﬁz
+%ﬁ252+§1}36+;—4ﬁ4—5ﬁﬁ—666

(ChH

written in terms of the tip coordinates ii, ¥ measured rela-
tive to R,,, the position of the minimal determinant D(R)
at strong pinning onset, and with # and ¥ aligned with the
stable and unstable directions, respectively. The expansion
(C1) is anisotropic: the quadratic (elastic) coefficient along the
unstable # direction vanishes at the onset of strong pinning,
while the one along the stable ¥ direction stays positive and
large, allowing us to “integrate out” the latter. The asymptotic
coordinates i, v assume the role of the driving (conjugate)
fields for the tip positions (or order parameters) &, D; the latter
then are determined by the force equations aﬁepin(ﬁ; R)=0

Cii = C(1 —K)ﬁ+;bz+%ﬁ3+§ﬁzf)+%ﬁf)2, (€2)
A = 5 . By oo,
Cv—(C+A+)v+auv+gu —i—zu D, (C3)

see Eq. (72), with R = (i1, v) measured relative to R,,. In-
spection of Egs. (C2) and (C3) shows that near the strong
pinning onset, the Ansatz if, ¥, ? & «/k,, — | and &t « (x,,, —
1) produces a consistent solution. Solving the second equa-
tion (C3) for the stiff degree of freedom ¥, we then find that

]

] Cv A v _(1_ a/C_f{)’ ()
CH+xrp+an  14ry/C 1+x1:/C

which is precise to order (k,, — 1). Inserting 9 back into the
force-balance equation (C2) for the unstable component i, we
find a cubic equation for i [precise to order (k,, — 1)*/?] that
is driven by a combination of # and 72,

@R . G/ 1
= e [0 e
P2V 24 Vs (cs)

(1+x1./0) 6

Upon integration, we finally arrive at the effective one-
dimensional Landau expansion for the 1D order parameter
ii that is precise to order (k,, — 1)?> (up to an irrelevant shift

%),

r(”) 7> @..3 V

i+ —ii — h(u, )i, (C6)

eff
¢pin (131 V) = s 24
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with the coefficients r, w, and % defined as

o) = et -+ v ]
r() = [C( Km)‘f‘zm,

o v
w(v) = ﬂ—(l e
o __a 7?2

h(in, v) = Cii — (C7)

2141 /C)
The Landau-type energy function (C6) belongs to the van der
Waals (gas-liquid) universality class; its first-order transition
line maps to the branch crossing line in the strong pinning
problem, its spinodals correspond to the arcs of the crescent
defining the bistable region B, and its critical points map to
the two cusps of By, i.e., in the strong pinning problem, the
spinodals end in two critical points. The cubic term wii® /6 is
determined by the skew parameter §; in the absence of such
a skew, i.e., for a £9-symmetric unstable ellipse Uz, we have
B = 0 and our problem assumes an Ising-type Z, symmetry.
Let us begin with the determination of the critical coef-
ficients r., w,, and h.. These are found by setting the first
three derivatives of e;flfl(ﬁ) to zero [two spinodals (imply-

ing dzesii = 0 and 97 sl = 0) coalescing into a single point

(— 83 e;gl = 0)]. Setting the cubic derivative to zero, we find
the order parameter

e = _wc/y ~ _(ﬂ/y)i'}c7 (CS)

where we have used Eq. (C7) and the transformation v <
in Eq. (C4) to leading order.

The vanishing of the second derivative relates the critical
coefficients r. and w,,

re=w;/2y (C9)

(where we have made use of #i.). Inserting the dependencies
r(v) and w(v), see Eq. (C7), we find that

72 Cliy — 1
e _vY (K ), (C10)
(14 r./C)? 2 det Mj,

with det M;, = (y8 — B?)/4. Using again Eq. (C4) to leading
order, we find that

- 2yCkm — 1)
vC % —?
Y8 — B?

cf. Eq. (60). The critical endpoints of the 1D Landau theory
then correspond to the touching points (70) of the unstable
domain Uy,

(C11)

SRC,i = Z‘:(—,B/V, 1) :DCa

found before, see Eq. (70) with Eq. (60).
Finally, the vanishing of the first derivative defines the
critical drive

(C12)

3

he = [rit + wi2)2 + yi /6], = ——<_.

6y2

Making use of the coefficients (C7), this translates to the
critical drive i,

(C13)

— w3
_c — 20 ~2 _c
= @200~ £

(C14)

and its combination with the result for v, tells us that the
critical drives match up, to leading order, with the cusps (76)
of the bistable domain at R, .,

SRc,i = (’/_lw :l:l_)c)
~ [(a/2C) 07, £(1 + 1y /C)c].

Next, we find the entire boundary of the unstable region Uy
that is defined as the points where local minima and maxima

eff : 2 eff __
of €pin coalesce, i.e., where 9 €pin = 0,

(C15)

r 4+ wiki, + %ﬁfp =0.

(C16)

Making use of the Landau coefficients (C7) as well as the rela-
tion between ¥ and v in Eq. (C4), we recover the equation (56)

for the ellipse [we drop corrections & (k,, — 1)*/?],
Vit + 2B Tip + 805, ~ 2C (k6 — 1). (C17)

To find the shape of the bistable region By, we exploit the
fact that for fixed drives & and v, the bistable and the unstable

vortex tip configurations are local extrema of e;ff], implying
that 8,;65{{1 = 0 and hence
rL”H—%ﬁz—}-%lf —h, (C18)

what corresponds to the force-balance equation (C5) ex-
pressed in terms of the coefficients (C7). The cubic equa-
tion (C18) with its left side o (k,, — 1)*/? depends on @
through the drive A. According to Eq. (C7), the two terms in
the drive are of order (k,, — 1) and hence have to cancel one
another to lowest order. As a result, we find that the bistable
domain is centered around the parabola

a 72

2C (1 + Ay /C)

that matches up with Eq. (73) found in Sec. III. Finding the
precise form of the bistable region Bg, we have to solve
Eq. (C18) to cubic order in +/k,, — 1 with the help of an
expansion around the center parabola (C19), which amounts
to repeating the analysis leading to the results (74) and (75) in
Sec. III C.

Finally, we find the landing line L defined as the second
bistable tip position at fixed & and v. We make use of the cubic
equation (C18) and represent it in the factorized form (with
the inflection point at i, having multiplicity two)

i =

(C19)

(it — fijp) (i — fiyp) = 0, (C20)

and iy, the landing position of the tip introduced in
Sec. IIIB 2. A somewhat tedious but straightforward calcu-
lation shows that the stable solution i, satisfies the quadratic
equation

3w?  w._ V.
r—§7+zu1p+§ufp=0 (C21)
and thus arranges along the ellipse
Y., B . § 3B\., -
Lt + Dy + (5 -3o )b =cw -1 @)

when expressed in the original two-dimensional tip space; this
coincides with the original result (66).

033098-29



FILIPPO GAGGIOLI et al.

PHYSICAL REVIEW RESEARCH §, 033098 (2023)

In a last step, we may go over to an Ising-type Landau
expansion by measuring the order parameter # with reference
to the skewed line

s (_BY__ v
“’”(”)_( y><1+x+/é>’ (€23
ie.,

W =i — iy, ().

(C24)

The 1D effective Landau expansion now reads, with precision
to order (k,, — 1)?,

/
r_n

@) = Sa%+ Dt —nw,(C25)
with the new coefficients
2 3
P=r— 2 =2+ ™ (26
2y 3y vy

The condition /' = 0 now defines the equilibrium state of
the thermodynamic problem that translates into the branch
crossing line where the bistable vortex tip positions have equal
energy. Using the definitions (C7) and (C26) for & and #/,
we find that the branch crossing line iig(7g) in the original
two-dimensional asymptotic space reads
52
o= W Pl
2C(14+A4/C?  y
N § B\ 1 o
2 3y JCA+r /0P )
extending the result (80) from Sec. III to finite values of 8
with an additional term o< (k,, — 1)3/2.

Vo
1+xry/C

(c27)

2. Close to merging

Let us study the strong pinning problem close to merg-
ing, as described by the two-dimensional Landau-type energy
functional (115),

C(l — Ky) 2 n C+ Ats -2 . Us

epin(R;R) = 3 50 + > i
By By o
4 6 24
— Cuii — Cov. (C28)

As found before for strong pinning close to onset, the
energy functional (C28) is anisotropic with respect to vortex
displacements in the stable and unstable direction. Following
the strategy of Appendix C 1, we can use the force-balance
equation (121) to relate the tip position along the v axis to v

and i1,

v c
pa O (o _alC ) (C29)
TH 300/ TH5,/C

Inserting Eq. (C29) into the force-balance equation for the un-
stable component i and integrating, we find that the resulting
effective 1D Landau theory is identical in form to the one
close to onset,

rS ~ wS ~ S ~ ~
e;iffl(ﬁ;ﬁ, ?) = Euz + €u3 + ;/—4u4 — hyit,

with a proper replacement of all coefficients involving the
parameters appropriate at merging,

(C30)

- |35 v’
ro=|Cl—k)— V|
2 (1 F Ay /0P
v
Py S R—
(T+Aay,/0)
=2
hy = Cii — 2= v (C31)

2 (14 g, /OR

The difference to Eq. (C7) is the sign change in the term
o |8,|0%. This implies a modification of the main equation
determining the shape of U [from which By follows via the
force balance equation (41)], with the elliptic equation (C17)
transforming to the hyperbolic expression

Vsl + 2Bsilipbip — |8]5, ~ 2C (1 — 1). (C32)
The results for the jumping and landing hyperbolas in R space
and for the edges of the bistable domain in R space before
and after merging can be derived by following the strategy of
Appendix C 1 above and agree with the corresponding results
from Sec. V A.

We close with a final remark on the disappearance of
critical points after merging. The critical points are found in
the standard manner by setting the first three derivatives of
egﬁ(ﬂ;ﬁ, V) to zero. This works fine before merging when
1 — k; > 0 and we find that criticality is realized for tip and
asymptotic positions as given by Egs. (B5) and (B15) in
Sec. V A. However, after merging, the cubic derivative 93 e[l
never vanishes, signaling the absence of a critical point, in
agreement with the discussion in Secs. VC and VB 2. The
merger thus leads to the disappearance of the two critical (end-
)points in asymptotic space, with the attached first-order lines
(the branch crossing line) joining up into a single line that is
framed by two separated spinodals. We are not aware of such
a disappearance of critical points in a merging process within
the standard discussion of thermodynamic phase transitions.
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