Phase transition in vortex matter driven by bias current

Boris Ya. Shapiro !, Moshe Gitterman, Irena Shapiro

Department of Physics, Bar-Ilan University, 52100 Ramat Gan, Israel

Abstract

The phase transition in vortex matter subjected to external magnetic field and bias current are described by
the generalized Ginzburg-Landau equations with additional convective and effective field terms. Analytical and
numerical solutions of this equation provide the interface between ordered and disordered vortex phases. The
location of this interface boundary depends nonmonotonically on the strength of a bias current. We predict a sudden
extention of the disordered vortex state across the entire sample at some critical value of the bias current.
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1. Introduction

Although the phase transitions in systems at equi-
librium are presently well understood, there are still
some open questions in this field such as the phase
transitions in moving systems. The latter appear in dif-
ferent systems, such as liquids in the presence of flow,
crystal growth [1], chemical reactions with diffusion
[2], some optical systems [3], and even population biol-
ogy [4]. A similar situation exists in superconductors.
While the phase transitions in type-1I superconductors
(Abrikosov vortex lattice and connected phenomena)
are being studied intensively, a new phenomenon, the
formation of an ordered vortex phase in superconduct-
ing films subjected to the simultaneous effect of exter-
nal magnetic fields and bias current, has only recently
become a subject for study [5]. This process has been
observed in the vortex system in high-temperature su-
perconducting crystals. The vortex phase diagram in
these crystals includes two distinct vortex solid phases
which are identified as ordered (B < B*) , where B*
is some critical field, and disordered (B > B*) vortex
phases, while the latter is caused by strong vortex in-
teraction with spatial defects (pinning centers).
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The vortices passing through the surface barrier into
a superconductor subjected to a magnetic field B <
B*, are initially present in the disordered vortex state
(transient vortex state). Transformation of this disor-
dered vortex phase into an ordered one in the presence
of a bias current is observed by magneto-optical mea-
surements of high temporal resolution, where a sharp
interface between ordered and disordered vortex phases
has been detected [5]. It turns out that the position of
the interface depends non-monotonically on the bias
current. While the problem of the phase separation in
a varying magnetic field has been intensively studied
both theoretically and experimentally, the problem of
the phase separation governed by the bias current has
not been considered theoretically.

The purpose of this paper is to analyze theoretically
the location of the disordered vortex phase domain as
a function of the bias current.

2. Model and basic equation.

Let us consider the process of ordering of disordered
vortices penetrating a sample which carries the bias
current. The sample is subjected to a magnetic field
B < B* at which, in the absence of a bias current,
the ordered vortex phase is preferable. In the presence

13 June 2002



of the bias current j, the vortices move as an entire
coherent vortex state with a constant velocity v o< j .
In the disordered state a vortex coherency is conserved,
due to the small mobility of the vortices overcoming
the large potential barriers which diminish the non-
coherent inter-vortex mobility. On the other hand, the
bias current tends to destroy the disordered state by
assisting the vortices to climb the pinning barriers.

In our phenomenological approach we consider the
vortex matter as a whole rather than the motion of indi-
vidual vortices. The scalar real order parameter W(r,t)
distinguishes the two thermodynamic solid phases of
the vortex matter: ¥ = 0 for the disordered state and
¥ = Uy # 0 for the ordered state.

In the Ginzburg-Landau formalism, the phase tran-
sition between the ordered and disordered phases may
be described by a W-dependent part of the free energy
density functional F,
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where «, v, D depend on the vortex-vortex and vortex-
pinning interactions, and their evaluation requires a
microscopic theory that has yet to be developed.

The order-disorder vortex phase transition is driven
by the bias current as well as by an external magnetic
field B. Therefore, we express the parameter « in as

a = ao(l— B/B"),

where B* is a characteristic critical field for a order-
disorder vortex phase transition.For spatially homoge-
neous systems the vortex matter would be in the or-
dered phase at this magnetic field. However, the new
vortices penetrating a superconductor through the po-
tential barrier at the sample surface turned out to be
disordered. Only after passing some interface domain
of size L did they become ordered. In the absence of a
bias current, one can also induce the phase separation
also by changing the magnetic field, passing from B <
B* to B > B*. Here we study the influence of a bias
current while keeping a constant value of the magnetic
field, B < B*.

Vortex phase dynamic evolution in the vortex mat-
ter can be studied in the framework of the Landau-
Khalatnikov (LK) time - dependent equation :
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where © and I' are the Ginzburg-Landau (GL) free
energy, and the damping coefficient, respectively.
There are three terms in equations (1) that are re-
sponsible for vortex phase evolution: the first, time-
dependent term describes the phase dynamics in the
non-flowing vortex matter; the second, convective term
corresponds to the motion of the vortex substance, and

the third term which describes the disentanglement of
vortices by the Lorentz dissipative force f. The latter
arises when the flow velocity exceeds some character-
istic value v, , v > v}, where v, is defined by the criti-
cal current j, which disentangles the vortices, thereby
establishing the ordered phase.

The magnitude of the dissipative force can be repre-
sented in its mostly general form as: f = 0 for v < v,
and f = n(v—wvp), for v > vp. Here vy, is the velocity of
the vortex substance needed to destroy the disordered
vortex phase and transform it into the ordered one.

The boundary conditions for Eq. (1) are

U=0 at =0
U =const at *— R

The new features of our analysis is the importance
of the convective term in (1) which contains the bias
current, and the threshold effect of the release of pinned
vortices by the bias current as described by the last
term in (1).

3. Results

The vortices, which penetrate a superconducting
sample in a disordered phase, are transferred, under
the influence of a bias current and magnetic field, into
an ordered vortex phase starting from some distance
L from the sample boundary which, in turn, depends
on the current strength proportional to p. In this
manner there arises a problem of phase transitions in
the vortex matter which, unlike the equilibrium phase
transitions, occurs in a moving system. There are three
different regions, depending on the value u of the ve-
locity, where the characteristic size of the disordered
vortex domain (DV D) L is essential different:

1. A monotonic increase of the DV D at small vortex
velocities p < pe = 2v/2

2. Sudden extension of the DV D across the entire
sample as p exceeds fic.

3. The DV D shrinks when the dimensionless velocity
w reaches its depinning value p,, with p > pp,assisting
the ordering.
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