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It is widely accepted that the first-order vortex liquid-solid phase transition
is associated with a crystalline solid phase and the second order transition
with an amorphous one. The combination of a technique that determines
the order of the transition with the visualization of the vortex structure has
allowed the detection, for the first time, of a first-order liquid-solid transition
without structural symmetry change. The results show that the quasi-long
range order of the solid phase is not a necessary condition for the first-
order phase transition to occur. This opens an important question on the
microscopic origin of the liquid-solid phase transition in vortexr matter.

PACS numbers: 74.25 Qt, 74.25 Bt, 74.25 Op, 74.72 Hs

Usually first-order liquid-solid transitions (FOT) are associated with a
topological transformation from a disordered state to a crystalline structure.
It is well accepted that the vortex liquid in the presence of atomic quenched
disorder solidifies through a FOT ! into a phase of hexagonal symmetry with
quasi-long range order and local elastic deformations, the Bragg Glass 2.

High energy heavy ion irradiation generates columnar defects (CDs)
that have a drastic influence 3 on the thermodynamics of vortex matter. The
density of CDs, ng,y, is associated with a matching field Bg = n.n®g, where
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Fig. 1. Fourier Transform (upper panel) and Delaunay Triangulation (lower
panel) of the vortex structure for (a) 30 G in the B = 5 G and (b) 30 G
in the Bg = 50 G sample. The black dots in the triangulations depict the
topological defects of the vortex structure.

Pg is the flux quantum. It has been widely accepted that the presence of
CDs transforms the FOT into a second order one (SOT), where the solid has
no topological long range order, the Bose Glass 3. However, recent studies
45 of the phase diagram in BiySroCaCupOg (BSCCO-2212) show that the
FOT is robust in the presence of a low density of CDs. The aim of this work
is to study the vortex topology in the presence of CDs and its relationship
with the thermodynamic order of the liquid-solid phase transition.

Field cooling (FC) magnetic decorations show that the vortex structure
of irradiated samples is topologically disordered, see Fig. 1 (a) and (b) upper
panel. The analysis of the vortex structure in real space indicates that the
vortices form a polycrystal in the regime B > Bg , as clearly observed in the
Delaunay triangulation (Fig. 1(a) lower panel). A detailed analysis of the
polycrystalline structure shows that there is a homogeneous distribution of
grain size with minimum and maximum values for each B. The main result
of this analysis is that the number of vortices within the smallest and the
largest grains is proportional to B . This implies that the grains size and its
statistical distribution are B independent. The invariance of the grain size
in the irradiated samples as a function of B is in contrast with the observed
7 enlargement of crystalline domains with B associated with nucleation and
growth processes. This strongly supports that the grain size as well as the
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Fig. 2. Fraction of defects, pgef, as a function of (Bs/B)"/2. The solid line
corresponds to pges (B<1>/B)1/2 and the dotted line to pger = 0.5.

space distribution of the grains are determined by the CDs landscape.

The inhomogeneous distribution of CDs on the scale of average vortex
distance, ag, is compatible with the presence of vortex contours induced by
CDs resembling the grain boundaries of the polycrystalline vortex structure
where most of the topological defects (non-sixfold coordinated vortices) are
located 8. This allows us to propose a model to describe the behavior of the
fraction of topological defects of the vortex structure, pg.y, as a function of B
and Bg. We assume Nger X Neont, where Nye; is the number of topological
defects and N,,,: is the number of vortices on the contours in a given area
A. Since the total length of the contours can be written as L = Nggpag
and since the area of the grains is independent of B, L becomes a function
only of By. Then, Ngey &< Neons L(B@)BI/Q. Since the area of the grains
scales as 1/Bg, L(Bg) o< By* and pdef = Naef/Ny < (Bo/B)Y2. 6 The
experimental values of pge; in samples with By = 5,10,50 and 100 G are
depicted in Fig. 2. The agreement with the model based on the existence of
contours in the regime B > Bg is evident. In the limit B < Bg most of
the contours induced by CDs enclose areas that are too small to be filled by
enough vortices to form crystallites. This explains the detected deviation
of the experimental results from the square root behavior predicted by the
model, as shown in Fig.2. This is consistent with the amorphous vortex
structure obtained by FC decorations for B < Bg, see Fig. 1 (b). Moreover,
we found that a random distribution of vortices with the constraint that the
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distance between two of them is greater than 0.5a¢ has approximately the
same fraction of topological defects as the structure observed in this regime,
Pdef = 0.5.

The amorphous vortex structure obtained in the regime B < Bg in the
sample with By = 50 G reveals an uncommon result in nature: A melting
of an amorphous solid through a first-order phase transition. This result
indicates that, even though no crystallites are formed within the contours,
the solidification of the vortex liquid is characterized by a finite step in the
magnetization.

In conclusion, the analysis of the vortex structure as a function of CDs
density shows that the structure of the solid phase is determined by CDs ran-
dom distribution that induces contours of pinned vortices. These contours
confine regions where the rest of the vortices have to be fitted, giving sup-
port to the recently suggested porous vortex matter. Based on the existence
of these contours, we have shown that the fraction of topological defects of
the vortex structure can be well described by a simple model. Moreover,
the results show that the first-order liquid-solid transition in vortex matter
does not require the widely accepted long range topological order of the solid
state 68
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