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Abstract

Dynamical phases and phase transitions of moving vortices in clean films driven by an uniform force and interacting
with periodic pinning are investigated at low temperatures by numerical simulations of a London model. Three
dynamical phases are identified: moving commensurate and incommensurate lattices and moving liquid. Two
dynamical transitions are reported: dynamical melting of a moving incommensurate lattice into a moving liquid
and from a moving liquid into a commensurate lattice, where tranverse pinning occurs. The transition lines are
obtained as a function of the driving force magnitude and direction for a typical vortex density.
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A problem of current interest is the study of mov-
ing vortices interacting with periodic arrays of pinning
centers. One reason is that they provide examples of
dynamical phases and phase transitions where theoret-
ical predictions can be tested in superconducting films
with artificial defect lattices[1], and in Josephson junc-
tion arrays (JJA)[2]. Previous theoretical works on the
subject investigate square pinning lattices with driv-
ing forces along the [1,0] (or [0,1]) directions, in which
case the directions of drive and motion coincide[4-6,3].
In these cases dynamical melting of the moving vor-
tex lattice(VL) into a moving vortex liquid is reported.
Transverse pinning is also investigated in some of these
works[4-6] by studying the response of the VL to a
small force transverse to the direction of drive. In this
paper dynamical melting and tranverse pinning are in-
vestigated at low temperatures as functions of the driv-
ing force magnitude and direction for a typical vortex
density: two vortices per pin (B = 2By).

The dynamics of vortices interacting with periodic
pinning simplifies in the limit of large driving forces.
The moving vortices average the pinning potential in
the direction of motion and the dynamical phases re-
duce to the equilibrium ones for vortices interacting
with the averaged pinning potential[3]. In cases of ex-
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Fig. 1. a) Periodic pinning potential. b) and c¢) Average of a)
along [0,1] and [-1,1]. ¢) and d) Infinite-drive phases at low-T
for motion along [0,1](incommensurate VL) and [-1,1](com-
mensurate VL).

perimental interest, the averaged pinning potential is
essentially constant, except for high-symmetry direc-
tions of the pinning lattice, where it is a washboard pe-
riodic in the direction perpendicular to that of motion.
In these particular directions the low temperature dy-
namical phases are moving VL, commensurate or in-
commensurate with the washboard potential. In other
directions it is a triangular lattice.
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The model used in this paper is discussed in detail in
Ref.[3]. It consists of a lattice London model in which
the vortices are placed on a square mesh with lattice
parameter d containing 256 x 256 sites. The vortex core
is a 4 x 4 square. Vortex-vortex interactions are essen-
tially logarithmic, and the periodic pinning potential,
shown in Fig. 1 a), is that of a square lattice of iden-
tical defects. Each defect creates a potential well with
square equipotentials that gives rise to a force of con-
stant magnitude, Fj, if the vortex is within a square
of side R.q = 12d centered in the defect. The periodic
pinning potential averaged in the [1,0] and [-1,1] direc-
tions are the washboards shown in Fig. 1 b) and c). The
model has the square lattice symmetry, so that aver-
ages in the [1,0] and [1,1] also give washboards, related
to the ones shown in Fig. 1 b) and ¢) by symmetry. Av-
erages in other directions give essentially constant pin-
ning potentials. The corresponding dynamical phases
at high drives, hereafter called infinite-drive phases,
are moving VL at low temperatures. For B = 2By the
moving VL is incommensurate ( essentially triangular)
for motion along [0,1] and [1,0] and commensurate for
motion along [-1,1] and [1,1]. For other direction the
moving vortex-lattice is essentially triangular. The VL
for motion along [0,1] and [-1,1] are shown in Fig. 1 d)
and e).

Numerical simulations of the Langevin equations of
motion for the model are carried out at a tempera-
ture T' = 0.837},, where T}, is the equilibrium melting
temperature of the incommensurate VL for B = 2B;.
First the vortices are initialized in the incommensurate
VL shown in Fig. 1 d) and a run with a driving force
magnitude Fy large compared with F}, and direction «
relative to [0,1] in the range 0° < « < 45° is carried
out. In subsequent runs « is kept constant and Fy is
progressively lowered.

The results are depicted in the dynamical phase di-
gram shown in Fig. 2. Melting of the moving incom-
mensurate VL into a moving vortex liquid is found to
take place along the dynamical melting line shown in
Fig. 2. For drive directions close to [-1,1]( « ~ 45°) the
moving liquid reorders into a moving commensurate
VL with the spatial order shown in Fig. 1 e). Within
the whole commensurate VL region in Fig. 2 vortex
motion remains pinned in the [-1,1] direction and tran-
verse pinning occurs. The magnitude of the critical
tranverse force to depin vortex motion from [-1,1] is
given by the value of Fysin(45° —a) along the line sep-
arating the liquid and commensurate VL in Fig. 2. The
present simulations find that the moving incommen-
surate and commensurate VL are always separated by
vortex-liquid, suggesting that a dynamical transition
between the commensurate and incommensurate VL
does not take place. The direction of vortex motion, 6,
does not coincide with that of drive («) in general. The
0 vs. Fy curves for various « is shown in Fig. 2. Within
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Fig. 2. Dynamical phase diagram for B = 2Bg and
T = 0.83T),. Commensurate and incommensurate VL have the
spatial order shown in Fig.1 d) and e).Inset: direction of mo-
tion 6 vs. driving force magnitude Fy for some drive directions
e’

the incommensurate VL 6 ~ a. Within the vortex lig-
uid 0 changes rapidly with Fy, starting at the dynam-
ical melting line, and the vortex direction of motion
approaches [-1,1] for all . Simulations at other tem-
peratures and vortex densities find for T < T;, results
similar to the ones reported above. These are reported
in detail elsewhere [7].

In conclusion then, numerical simulations of a Lon-
don model for vortices interacting with periodic pin-
ning identify three dynamical phases at low tempera-
tures, moving incommensurate and commensurate VL
and moving liquid, and two dynamical phase transi-
tions between them: dynamical melting of an moving
incommensurate VL into a moving vortex liquid and
tranverse pinning of vortices accompanied by a transi-
tion between a moving commensurate VL and a vortex
liquid.
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