PHYSICAL REVIEW B 70, 134516(2004)

First-order phase transition in a three-dimensional vortex system:
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The nature of the vortex matter and its phase transitions in high-temperature superconducting oxides still
present open issues, although results from a number of experiments and theoretical studies do support first-
order transitions both at low and high applied magnetic fields. We report on first-order melting transitions
obtained via Monte Carlo simulations using the Lawrence-Don{aEn model for vortices in strongly aniso-
tropic layered superconductors, focusing on a clean three-dimensional samplgSeCBCyOg, with dc
magnetic field perpendicular to the Cu8uperconducting planes. In particular, our investigations indicate that
in the high-field regime the CuOplanes decouple at the melting transition, in agreement with very recent
experimental observations. Moreover, contrary to some theoretical suggestions, we confirm Nelson’s predic-
tions for the random-walk-like diffusion of the melted lines along the direction of the applied field. Our results
extend and clarify previous studies using the LD model and suggest the reliability of this framework in
describing strongly anisotropic layered superconductors.
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[. INTRODUCTION tion associated with the unbinding of vortex-loop thermal
excitations at temperatures above the melting line. In this
Despite the great progress achieved along the years, thggime the lines-only approximation does not provide a suit-
(H,T) phase diagram of high-temperatufieigh-T.) super- able description of the system. Previous theoretical studies
conductors is still not completely established. In fact, re-on the vortex phase diagram afean anisotropic highf,
cently there has been a revival concerning the true nature afuperconductors also include simulations using the lattice
the vortex matter and its transitions in anisotropic materials|.ondon?3 lowest-Landau levet*2528  2D-boson
such as BiSLCaCyOg (BSCCO (Refs. 1-4 and path-integraf® and the Lawrence-Doniaé?®3°models. In
YBaCwO; (YBCO) (Ref. 5 compounds. Particularly in closing this discussion, we should remark that, in spite of
BSCCO, the nature of the transition lines in intermediate andnore than a decade of theoretical, numerical, and experimen-
high fields,B>B.~0.1 T (see discussion belowsuch as tal studies, the question of whether vortices can form an
the depinning, melting, and decoupling lines, is still a matterentangled state has not yet been convincingly answered.
of controversy-346.7 Furthermore, even with conventional ~ Our main concern in this work is to investigate the suit-
superconductors, like pure niobium, the vortex matter transiability of the Lawrence-Doniach-Ginzburg-Landau motlel,
tion is still matter of discussidnon whether an experimen- or simply the Lawrence-Doniadti.D) model, of stacked su-
tally observed transition is associated to the meftiogto  perconducting planes in describing vortex matter in highly
the disordering of the flux lines due to the enhancement oénisotropic layered superconductors, such as BSCCO com-
the flux line pinning in the peak effect regidh! pounds. We report on first-order melting transitions in inter-
On the theoretical side, Nelson and Selfngave pre- mediate and high magnetic fields obtained by detailed nu-
sented the well-known mapping of the three-dimensionamerical MC simulations using the LD model, focusing on a
(3D) vortex system onto the 2D nonrelativistic interacting clean 3D sample of BSCCO with applied dc magnetic field
boson system and, using Lindemann-like critéfi&: pre- H along thez axis perpendicular to the CyGuperconduct-
dicted the behavior of several lines in tfi¢,T) phase dia- ing ab planes. Despite the importance of disorder in the vor-
gram. Some of Nelsornt3 results concerning line entangle- tex phase diagram, as can be appreciated in a recent obser-
ment have been questior@dwith the suggestion that, at vation of a Bragg glass phase in BSCCO and other high-
least in the low-density limit of the flux-line liquid, the vor- materials’® these effects are not included in our results,
tex system might be in a “weakly” entangled state, where theince, as emphasized by Nel$bnand Nelson and Le
average width of the flux lines can be much larger than thédoussaf® weak point disorder affects thg1, T) phase dia-
average intervortex distance, but does not diverge witlgram only for quite low magnetic fieldsee, e.g., Fig. 2 in
sample thickness, in contradiction to Nelson's “fully” en- Ref. 30.
tangled liquid phase. Moreover, Nguyen and Sufbmve Our investigations on the melting transition extend previ-
imposed some restrictions to the regime of validity of Nel-ous results on the same modé®-3%:34and further character-
son’s scenario, which in fact has already been extended tze the role of line entanglement and decoupling in the phase
include nonlocal elastic effecté'® Through a Monte Carlo diagram of the 3D vortex system. The occurrence of the
(MC) simulation of the uniformly frustrated 3DXY first-order melting transition is determined by the presence of
modell®?2 these authotf§ have identified a second transi- discontinuity in the amplitude of the first Bragg peak of the
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planar density-density correlation function, in the rms deviaspacing between collisions in a vortex liquid with areal den-
tion of the mean planar position of the vortices, in thesity n=B/¢q:3’

hexatic order parameter, and in the mean planar distance be- -

tween vortices. No evidence of an hexatic phase between the .= 1 __€ 2)
solid and liquid ones has been found, despite early % 8nD 8kgTn’

expectation® and LD simulation result§’ Our results on
the end-to-end displacement of the flux lines have confirme
Nelson and Seung’s predictiodsfor the random-walk-like
diffusion along the applied field direction of melted lines, in
agreement withXY MC results!®?° as well as with the
“cage” confinement of the flux lines in the solid pha3én

H1 which B is the magnetic induction ané=kgT/D. The
collisions and entanglement of the flux lines then determine
the characteristics of the vortex system whenevgr &, .,
wherel, is the sample thickness.

The phase diagram of the 2D-interacting boson system
addition, our numerical data on thedependent density- 23; trxﬁﬁ: k?':ct)'rr:gts pgr?j?ﬁ'tﬁéy;tsgnngg?/%lrtlgqxu;d’ ?nr?] fu?her—
density correlation function indicate that in the high-field N respe S ystem fo the

Abrikosov lattice, disentangled liquid, and entangled liquid

regime the flux lattice melts into a decoupled liquid of pan-"__". : . .
: . . . of lines, respectively® As L, increases in the superconduct-
cake vortices, in agreement with recent experimental obser-

) . L : . Ing sample(or, equivalently, asT decreases in the boson
Zﬁﬂﬁ&snéz ?(ESS(;I%? but in disagreement with previous LD system, the disentangled liquid phageormal liquid of 2D

This paper is organized as follows: in Sec. Il we reViewboson$ becomes not accessible. Indeed, for sufficiently thick

the line modeling of vortex matter in BSCCO, focusing on samples the average radial distance between the ends of the

the analogy of 2D-interacting bosons and 3D interacting Vor_vortex Iine,Ar,_Z, is larger than the average distance between

tex lines and on the LD line model to describe vortex lines intWO neighbor I'”esaOE(\’_Z/\B)\@O/B’ therefore implying
layered superconductors; Sec. Ill is devoted to the presentdbat, once the vortex lattice of such thick samples melts, it
tion and discussion of our simulation results on the light offorms a liquid of entangled lines with continuous transla-
previous model predictions, simulations, and recent experiional symmetry in the planes. Thus the criterion

mental results; finally, in Sec. IV we present our concluding Ar, = ay2, 3)
remarks. z

assigned for the entangled liquid phase, assumes that its on-
set occurs when the projection of each line ontoghglane
touches the projection of its neighbors. In such a case, the
A. Boson mapping, entanglement, and decoupling vortex lines lose their individuality. On the other hand, for

The study of the vortex properties in high-temperaturethinner samples, a phase of disentangled line liquid might

superconductors has become a topical subject in statistickM€"9€: N which
mechanics and condensed-matter phy5iés3¢ This is Ar, < ay/2 (4)

. . L .
mainly due to the strong effects of thermal fluctuations and z
anisotropy in the vortex lattice of such materials, giving rise In a layered anisotropic superconductor, by a similar cri-
to a large region of vortex liquid phase in thid,T) phase terion, adjacent layers may decouple and the vortex system
diagram, contrasting with conventional type-Il superconductwould become a pile of weakly coupled 2D “pancake” vor-
ors in which the flux lines form a lattice up to the uppertices in theab planes, with the average distance between

II. LINE MODELING OF VORTEX MATTER IN BSCCO

critical field H,_.%° pancakes of the same flux line in adjacent planes,
Nelsort? has observed the analogy between the Gibbs free o 5
energy of 3D interacting vortex lines in a highly anisotropic Ary = \([riz+1) -ri(21), (5)

superconductor withd parallel to the symmetry axis and  satisfying

the imaginary time action of 2D interacting bosons world

“lines” at finite T. In this mapping, the imaginary time ruled Ary = ag/2. (6)

by T in the 2D boson system is equivalent to the third di-|n this case, although the line model is no longer strictly

mensionz in the 3D vortex system. Under this analogy, a yqequate to describe the vortices, it seems that the random-

random-walk picture of the transverse motion of a flux line,yq . picture may still provide a suitable description of the
as it meanders along theaxis leads to the conclusion that liquid phase, at least close to the melting transition.

the vortex linediffusesas a function of the timelike variable
z

Ar, = \/m: \r’TDZ, B | B. Lawrence-Doniach line model - -
Besides the two length scales usually associated with su-
wherer;(2) is the position of the line in the planez, (--©)  perconducting properties, namely the planar correlation
represents thermal average, dbd(M/m)[4mksT/(doHc )] lengthé&,, and the planar penetration deptly, while dealing
is the diffusion constari with M/m denoting the uniaxial with vortex matter it is convenient to introduce a
anisotropy,kg the Boltzmann constan, the quantum of B-dependent scaleay(<B1/2), the mean distance between
magnetic flux, ancH., the lower critical field. Further, an nearest-neighboring vortices. Moreover, in anisotropic super-
entanglement correlation length is defined as the averageonductors one also considers an additional anisotropy-
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related length scaled, wherey=\,/\,, measures the ratio cent layers, and the magnetic repulsion energy dersity
between axial and planar penetration depths, drid the  which stands for the repulsion between segments of distinct
distance between adjacealb planes. Such scale marks the flux lines in the same plane. These two densities are con-
onset above which the Josephson interaction between panected with the anisotropy and material parameters by the
cake vortices in adjacent layers can no longer be considere@lations

approximately quadratifsee Eq(14) below]. dE, 1HZ0)
J c

Whenever the scales involved in vortex matter are such G=—S=--—S— (8)
that &, <ag<< A4, and\,,> yd, the magnetic inductioB in dav. 2 8w
the superconducting sample is essentially constant. This sce-
nario favors descriptions througtlY models, which consider dEm H2(0) §ab(0) 1 ¢(2)
only phase variations in the superconducting order €m = dv 8 |2b(B) |2b(B) 64773)\;3(0) (9)

parametet®2021 and are expected to hold for YBCO and
anisotropically similar compoundsy=20). In contrast, in  wherel,,(B) defines a length scale in ttab plane, such that
much stronger anisotropic compoundy=50), such as

2
BSCCO, the scales are such #ak,,~ yd. Under these E—’":Z%"—b(o)_ (10)
conditions, nonuniformities of the magnetic induction be- € 9l5(B)

come relevant, making 3D frustrateXtY models less ad-

Whenever the two energy scales become comparable, one
equate, while the LD model may appear as a more reahstnf"ln

description.

The starting point of our simulations is the Lawrence- \2§ab(0)
Doniach-Ginzburg-Landau model of stacked superconduct- laber = Yo (11)
ing planes’28 The LD free energy is given by

which defines the critical field
1 2
FLD:—fd3r Bz(r)+ ( )2 fdz (1——)|¢Z|2 ¢o _ P9
8 Ber = 7 (12
Iabcr 2§ab(o)
+l ,3| ol * + | £ (T)(V = 1 26A g1) 2 above which the system behaves as a vortex lattice with
weakly interacting adjacent planes. Since=|gpc/d
2 —\2§ab(0)/(\gd) then, using BSCCO parameteys= 100,
exp<2|ef dz Azlﬁm—lﬁz) , (7)  &,0)=21A, andd=15 A, one finds 1{g=50 and B,
i1 =900 G.

Our simulations are thus performed 8 B, within the
framework introduced by Ryu and co-workéfsbased on
the LD model, in which the repulsion magnetic energy be-
tween pancake vortices in the same plane is given by

where ¢, denotes the superconducting order parametes,
the interlayer Josephson coupling strendth(T) the ther-
modynamic critical fielde the charge of the electrom the
Landau coefficient of the quartic term {,|, V,, the in-
plane gradientA,;, the vector potential in thab plane, and ¢(2)s |r”(z)|
T, the zero-field critical temperature. The above Helmholtz 8712)\ 0

free energy is considered instead of the Gibbs daef
-(1/4m7) [d% B-H, since in our simulations we consider wherer;(2)=r;(2)-ri(2), K, represents the modified Bessel
fixed B (constant number of vorticgslong thez axis of the  function of order zero, andl,,(T)=\o(1-T/T,)~*? denotes
sample. Moreover, for a single flux line crossing two adja-the planar penetration length at a temperatlirewith Aq
cent CuQ planes, the Josephson coupling among line seg=\,,(T=0). In addition, the Josephson coupling between
ments at the two planes can be shown to be larger than theancake vortices belonging to the same flux line in adjacent
magnetic interaction between them by a factorlayers read®

(13
ab

~0(\ap/ Eap)?(d/S)?2~10 for BSCCOY"3° where s is the 42
layer thickness. Indeed, the electromagnetic interaction be- Loz[l | ()\ab>:|( rd ; 1)’ for r,<d,
tween layers has been shown to be relevant only in the low-  87°\%, (vd)

field part of the phase diagranB<0.1 T for BSCCO

parameterd? and therefore it is not considered here. Also, dep?

the interaction of a flux line with the external magnetic field 272 1+In )\ 1), for ri>nd, (14

can be shown to be negligibfé At last, B-independent pin- ab

ning disorder is also not included since in the high-field re-in which ry=|r;(z+1)~-r;(2)|. Although for very high

gime it is overwhelmed by the in-plane magnetic interactionfields?%4! B> B, the Josephson coupling needs a nonpair-

between vortices. wise and nonlocal treatment, we take the pairwise interac-
From the above considerations, we asst/tfeat the LD  tion, as in Eq.(14), particularly to allow the computation

free energy is dominated by two energy scales, namely thteasibility of this 3D model system in the range of param-

Josephson energy density, which accounts for the interac- eters used to study th@,T) phase diagram. In this sense,

tion between pancake vortices of a single flux line in adja-since the potential energy between pancakes in neighbor lay-
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ers is still attractive for larg8(ay= yd), Eq.(14) essentially

introduces an effective spring constant associated to small

displacements from equilibriuff. On the other hand, for

larger displacements we assume that an interplanar core will

start to form with energy proportional to the distance be-
tween the pancakes.

Ill. SIMULATION RESULTS

In our MC simulations we have considered a system of 64

flux lines confined to a grid of 256222XL,, with L,=64
layers and periodic boundary conditions in all directions.
Each flux line may be viewed as a collection of begun-
cake vorticesconnected by a flexible string along thaxis,
with each bead restricted to move in ah plane. The grid
lattice in the planes is triangular in order to be commensu
rable with the Abrikosov lattice. In a single MC stédCS)

every bead makes a trial movement by a unit grid througq
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FIG. 1. T dependence of the planar structure factor at the first
Bragg peak(left axis) and line-average in-plane rms displacement

of pancake vorticegin units of ag) (right axig at fixed B. Vertical
arrows locate the discontinuity in both observables, associated with
he first-order melting lineT,(B). Data using 19 MCS and AT

the Metropolis algorithm. We start with the triangular Abri- _q 5

kosov lattice aff=1 K and then slowly increasg by small
stepsAT, discarding the firshy MCS for equilibration in the
averaging process. We perform simulations usiiy:10°
MCS, np=2x 10* MCS, andAT=0.2 K; and(ii) 1¢° MCS,
ny=2x10° MCS, andAT=1 K (AT=0.2 K near the melting
transitior). These choices for the MC running times, and
AT, were made in order to assure convergence of the M
results with regard to the system size and region of the pha

diagram. Indeed, some of our preliminary test studies using,

for instance, only X10* MCS led to strongly time-
dependent results, mainly inthe vicinity of the melting tran-
sition, including some spurious numerical effects in the low-
field regime. Furthermore, we have chosen the followin
parameters suitable to describe a BSCCO sadiplé:
=15 A, s=1.66 A, \;=1414.2 A, T.=87 K, and the ones
listed below Eq(12) of the previous section.

The two symmetries present in the vortex line model,
namely the in-plane symmetry and the one alongzhseis,

pose the question of whether they can be broken separate®

or simultaneousl¥? In the former case, the possibility of a
supersolid(broken translational symmetry onlpr a disen-
tangled liquid(broken z-axis symmetry only phase arises.

Otherwise, the simultaneous symmetry breaking leads to an
entangled or even decoupled liquid state. In our simulations
in the high-field regime, we have observed discontinuity at

the melting temperatur&,(B), in several quantities related

Arin-planeE \<[I‘,(Z) - <ri(z)>]2>,

also suffers a discontinuity &i,(B) in the same field range,
as shown in Fig. 1. At the onset of this discontinuity we
otice thatArj,_pjand 3 =0.2—0.3, which corresponds to a
jndemann-like criterion. As a consequence, although this
ange of values olr;, ,and @ at the melting line coincides
ith that reported in the literaturé;?” a precise value of

(16)

T(B) should not be strictly determined from the Lindemann

criterion, the most adequate one being that associated with a
irect measure of the discontinuity in these observables at

the melting transitiort®20-3

We should add that there exists a third symmetry associ-
ated with the in-plane orientational order. This may give rise
to the possibility of an hexatic phageith broken orienta-
tional symmetry only between the liquid(with complete
mmetry and solid phaseéwith broken translational and
orientational symmetrigsin this context, we have measured
the local orientational order paraméefefor hexatic order
parameter’39, defined as

N 1 6
Vo= =2 8%, (17)
i=1 ]:1

to both planar and longitudinal symmetries, thus revealingvherez; is the coordination number for the vorteand6; is

the first-order character of this transition. For instancel as
increases, Fig. 1 displays, f8=1 T, the sudden disappear-
ance aff =T, of the first Bragg peak of the structure factor in
the momentumk=(k,,ky) space, S(Kgragg), With Sk)
=9k,z=0), and

1 _
S(k,2) = == (n(0,0)n(r,2))e*", (15
QN7
where(n(0,0)n(r,2)) is the density-density correlation func-

tion in planez, N is the number of lines, anf is the nor-
malization factor[S(kgagg=1 at T=1 K]. In addition, the

the bond angle between neighbaorand .

Our results displayed in Fig.(8&) show that the hexatic
order parameter vanishesT(B), along with the first Bragg
peak of the structure factor, in agreement with previous nu-
merical studies?-22*Indeed, even in a detailed simulation
close to the melting transitiofinset of Fig. 2a)] we find no
measurable hexatic phase, contrary to early results byeRyu
al.?” using BSCCO parameters in a LD framework, but in
agreement with more recent simulations by Ryu and Sébud
using YBCO parameters and the same model. Here it is
worth mentioning that Nelson’s description has predicted the
existence of an hexatic phd3en high-T. superconductors

line-average in-plane rms displacement of a pancake vortexfor the melting of flux lines, see, e.g., Fig. 8lin Ref. 33.
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FIG. 2. T dependence of the planar structure factor at the first
Bragg peakiopen symbols; left axjsand the planar hexatic order
paramete(filled symbols; right axisat fixedB: (a) 3D LD model, FIG. 3. From top to bottom: snapshots of part of the 3D vortex
with inset displaying a close view of the transitionB 10 T; (b) configuration from a top view, Delaunay triangulation of the 64
2D (one layey pancake vortex system. In both 2D and 3D casespancake vortices and its associated planar structure factor at fixed
observables vanish at the melting transitigq(B), thus showing no B=10 T.(a) At T=1 K vortices form an almost defect-free crystal-
evidence of a hexatic phase. Data using MCS andAT=1 K line lattice with well defined first Bragg peakgb) at T
[AT=0.2 K in the inset ofa)]. =50 K>T,,(B) the Bragg peaks have vanished in the fully symmet-
ric liquid phase. Scales are the same for both temperatures. Data
taken after 18 MC, usingAT=1 K.

Despite this fact, a number of simulation restftt-3have
agreed that the hexatic phase does not occur in Tjgbu-
perconductors. of the Delaunay triangulation of the vortex configurations in
In addition, by closely observing Figs. 1 anthwe no-  an ab plane and the magnitude of their associakespace
tice that the discontinuity aF,,(B) curve obtained using £0  planar structure factdg(k). Figures 3 and 4 display the dis-
MCS andAT=1 K decreases by1 K atB=10 T, as com- tinct patterns of the solid and liquid vortex phasesBat
pared with the one using 1MCS andAT=0.2 K, although =10 T. ForT<T(B) the pancake vortices present very low
the data fluctuation in Fig. 1 is larger due to the smallermobility and a pattern of regular peaks is clearly observed in
number of MC steps. In contrast, no significant differencethe planar structure factor. A approached (B), the low-
was found in theT(B) values at lower fields. We thus be- T crystalline Abrikosov lattice becomes more and more dis-
lieve that in our simulation the vortex configurations havetorted by the presence of thermally induced defects, although
attained a regime of quasiequilibrium and that the observethe first Bragg peaks can still be distinguished. In such a
first-order melting transition is a true thermodynamical onecase, though defects dominate the lattice, as shown by trian-
Moreover, by performing a MC simulation of interacting gulation, the vortex configuration is still almost static, not
pancakes in one single plane using MCS andAT=1 K, freely switching to energetically similar ones. In contrast,
we obtain a field-independertvithin numerical accuragy slightly aboveT.(B), although the defect landscape looks
temperature of dislocation-mediated 2D melti‘ﬁg,'l'fnD similar to the one slightly below,,, (see Fig. 4, the mobility
=9 K, see Fig. ); as in the 3D vortex system, no evidence of the vortices increases considerably, thus allowing ener-
of an hexatic phase was found. getically similar configurations to be accessed. As a result,
The above results, both in the configurational and mothe first Bragg peaks collapse into an almost circular pattern,
mentum spaces, can be viewed through the evolution With as typical of a fully symmetric liquid phase.
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&U’N 3 [ ] -
In Fig. 5 we present data for the correlation length Y LT =[4]§;Ié:£4-OK] ]
along the applied field and close to the melting temperature, £ " |
obtained by fitting thez-dependent decay of the structure s §z=2 P * o
factor, averaged over 14 configurations, with the | ST s s e
expressiof? ok i
Sk,2) = Sk,z= 0)el4, (18) RENT 4 PIRABEDE 4 T2 BIHE I 95
For high fields(B=10 and 5 T in Fig. b &, changes abruptly T (K)

at T,,(B) from values larger than the half width of the sample
m(B) 9 P FIG. 5. T dependence of the correlation length units of d)

(due to the periodic boundary condition ) to values o ) - .
smaller or, at most, comparable to the distance between twalong the applied fieldz axis) at (@) B=10 T, (b) B=5 T, and(©)

. ; S . . B=17 presenting discontinuity at the same temperaturg, B)
adjacent layers, i.eg;=d. This indicates that in the high- (see Figs. 1 and)2above indicated by an interval. The upper and

field regime the flux lf"mice melts into .a decoupled liquid of lower dashed lines correspond, respectively, to the half width
pancake vortices. This result contradicts those presented ti_)g/z(:gzd) of the sampledue to the periodic boundary condition

Hellergvist et al,?® in which measurements of theaxis 2) and to 2l Data taken after FOMCS, usingAT=0.2 K, and
transport in a single BSCCO crystal for fields up to 9 T averaged over 14 samples.

suggested that the decoupling of the superconducting,CuO

layers occurs via a continuous crossover in this material, as

also supplemented by MC simulations using the LD ma8el. simulations(e.g., these lines differ over 30 K fdd=2 T).
Indeed, as shown in Fig. 4 of Ref. 27, the meltiilgevers-  The discrepancies regarding our results may be attributed to
ibility) and decoupling processes are clearly associated titne longer run times and larger samples used in our proce-
distinct lines, as determined from experiments and MC LDdures.
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o B=10T
o B=5T
101 A B=1T
= 8-
° 2 ' 00,0
2 le 1272 °
c Y
R ]
E 405" B =107
& Erciec ot
j~2_ 170 180 190 207
5 TR
“ 10 15 25 30 35 40 45 50
T (K)
21 0 T=17.0K (b) 1 FIG. 7. T dependence of the average winding number of neigh-
2 1T_j lggﬁ B bor lines, usually associated with line entanglement. The disconti-
> v T-188K 5 > a nuity occurs aff,(B). Data using 1®MCS andAT=0.2 K.
o 4 T=190K 5 <
- > T=198K . , .
f,’, b g { Notice that the cage confinement, |.Ar,zyzo< ay/ 2, actually
’§1 1 R v ] occurs in the solid phase &K T,(B). In addition, contrarily
£ > 3 v 7 to some recent theoretical suggestidnthe positionr(z) of
o S T 5V B=10T the decoupled pancake vortices, which once constituted a
s L g Y flux line in the solid phase, is such thAtZ,ZOu(zﬂl’z, thus
0- g e & o & & 8 & § 1 confirming Nelson’s prediction$ for the random-walk-like
¢ T T T T . diffusion of melted lines, Eq1), and also in agreement with
]

previous MC resultd?2° However, in very low fields pre-
liminary results do not exclude the occurrence of a disen-

FIG. 6. (8 T dependence of the line-average end-to-end rmsf@ngled or weakly entangled vortex liquid phase. It is also
displacement of vortex lines. F&= 1 T the discontinuity occurs at WOrth mentioning that the end-to-end rms displacement
Trm(B). Solid lines indicate best fittings torf | ,=T. The horizon- Ar_ 1 2 is usually associated with line entanglement. In this
talline marks the onset of the regime in which finite size effects aresense, foB=1 T the entanglement criterion based on Eq.
expected to occur due to the periodic boundary conditions imlhe (3) is fulfilled at the melting temperature, as indicated by the
planes. Data using 20MCS andAT=0.2 K. Inset: Details of the arrow in the inset of Fig. & atB=10 T: ArZ‘ZO:aO/Z.
transition at B=10 T; the horizontal line indicates the value  Another measure of the line entanglement is commonly
Arp | 2=a9/2 usually associated to an entanglement criterion. Insegjiven by the winding numbé?,
data using 19MCS andAT=0.2 K. (b) The average displacements
of the vortex lines in the direction, atB=10 T, and for tempera- 12

>

z (in units of d)

tures below and above melting;,(B) € (18.6 K, 18.8 K. Horizon- w=
tal line, Ar, g=ay/2, marks the saturation value of the average radial
projection of a flux line in the vortex solid state. In the liquid phase,
Ariooc z, for larger values of, saturation effects occur due to peri-
odic boundary conditions. Data using®IICS andAT=0.2 K.

S 0(r(2.1,(2) > 20)

z

averaged over all nearest neighbor lines, which is plotted in
Fig. 7. Here @ is the angle between;(z) andr;;(z—-1). We
notice that the discontinuity im is also present af,(B) for

For lower fields(B=1 T in Fig. 5, £ aboveT,(B) is B>1 T, signaling that lines effectively begin to “entangle

hat | thadh thus indicati ibl at the melting transition.
somewnat farger , INUS Indicating a possIie Crossover, Figure 8 displays the mean distance between two pancake
as B decreases, to a liquid phase of entangled lines with

; . . ; vortices in the sameab plane which are neighbors in the
weak axial correlation or the breaking of the system into anqig phase:

almost 2D pancake vortex liquid, i.el=¢,<L.,.
Figure 6 presents the rms displacement of the vortex lines

in the z direction, Arij=\ri@ - r@T). (21)

e Below the melting temperaturedr;; hardly changes, al-
Arg . = \([ri(2) —ri(20)19. (19 though thermal defects start to proliferate in the vortex solid
lattice. Even close to the melting transition, with the vortex
As shown in Fig. €a), Ar,, (T) also displays discontinuity at |attice heavily distorted by these defe¢ts seen in Fig. ¥
Tm(B), wherez=L, andz,=L,/2 were taken due to the peri- the mean distance between neighbor lines still remains little
odic boundary condition iz. Figure §b) shows the depen- modified. In contrast, such a scenario changes dramatically
dence ore of Ar,4 below and above the melting transition. aboveT,,(B), where the large fluctuations ifr; ; indicate a
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FIG. 8. T dependence at fixeB of the mean distance between 20 30 40 S50 60 70 80 90
two pancake vortices in the sarab plane which are neighbors in TK
the solid phase, showing the considerable enhancement of their mo- . . L . .
bility in the liquid phase forT>T,(B). Data using 10 MCS and F!G. 10. Meltlng transition temperatures |n_h|gh and intermedi-
AT=1 K. ate fields using TOMCS andAT=1 K (T, full circles), and phase

diagram of BSCCO obtained by two independent experimental

considerable enhancement of the vortex mobility in the lig-Vorks. as in Ref. 3: SanleSA and B measured by Shibaaicait
uid phase. sample C by Fuchst al”* Tro7 is the low-field first-order transition
We have also measured the average number of coIIisior{ﬁmperatureHSp marks the second peak in the magnetization curve;
between pancakesy. A collision between vortices occurs is associated to the melting of a supersolid phase or to a surface-
. ) . barrier related transition.
each time a beagancake vortexmakes a trial movement to

a grid unit already occupied by another bé&dhe results  ;cterized by the enhancement of the surface barrier. These
shqwn in Fig. 9 indicate that effects of cut and reconnection, ,thors also pointed out that the line along which the Bragg
of lines become relevant only ih>T,(B) and are progres- neaks disappear follow&-or at high temperatures and con-
sively incremented as the mobility of the pancake vorticesjes to follow theT, line in higher field$* In addition,

enhances in the liquid phase, in agreement with results foungased on a previous study using very low doses of columnar
using both the LOXRef. 27 and the uniformly frustrated 3D gefects!S they mentioned that the vortex matter loses its
XY (Ref. 19 models. shear modulus along thE-o7 line, rather than along the,

_ Finally, Figs. 10 and 11 displagH, T) diagrams of tran-  jine. From these considerations, the authors concluded that
sition lines obtained with BSCCO samples in three distinctr s the melting line of a supersolid phase, although it re-

experimental work$:>“ The nature of the transitions above mained to be determined which of the lines reflect thermo-
the low-field first-order transition[Tror(H) in Fig. 10 gynamic phase transitions. On the other hand, Shibagtchi
Hrow(T) in Fig. 11 is still controversial. Indeed, by measur- 3|3 extended these studies by using a sample-moving mag-
ing the flux penetration through a sample surface, F@ths netization technique, from which they detected an anomaly
al.* first associated, in Fig. 10 with a phase boundary char- in the magnetization curve, which was associated toBy
using Josephson plasma resonance to investigate the inter-

10'

0.6

SN
i /ey HT,)
0.5 H(T) \ .\
I 10°F CROSSOVER REGION ™) e
04 \ @ e
%o I / A\\\ \7\7
0.3

510" ] W) \‘\ \‘\T‘\
\X\x\x a \ Y i
Paa

107°F

0.2

§I

3
3
L3

™~

0.1

FIG. 9. T dependence of the average number of collisions be- FIG. 11. Phase diagram of BSCCO as in RefH}o(T) is the
tween pancake vortices per line, associated with the emergence tfw-field first-order transitionH(T;,) is a melting transition line;

cut and reconnection line processes. The onset above whiob- H(T,) is a decoupling lineH(Ty,y is the line whereH(T,,) and
comes finite coincides witi(B). Data using 1® MCS andAT H(T,1) merge in high fieldsTp;(H) <T<Ty(H) is the interval
=0.2 K. where the “peak effect” is expected to occur.
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layer phase coherence, these authors observed that, for fielsisongly anisotropic compounds the nonuniformities of the
above theTq7 line, their measurements were consistent withmagnetic induction become relevant, which makes the de-
the theoretical calculatiof assuming the decoupled pan- scription through the 3D frustratedY model less adequate.
cake liquid state. Further, at th& line they found no We have found first-order melting transitions in the interme-
anomaly in the interlayer phase coherence. Therefore thegiate and high-field regimg®.1<B=<10 T), as indicated by
concluded that the vortex decoupling does not occuf,at the presence of discontinuity in the amplitude of the first
but, instead,T, could be associated to the melting of a su-Bragg peak of the planar density-density correlation func-
persolid phase or to a surface-barrier related transition, akion, the rms deviation of a pancake vortice, the rms devia-
though no clear-cut thermodynamic phase transition has bedion of the in-plane distance between pancake vortices, and
found. Finally, very recently, Torrest al! measured the non- in the hexatic order parameter. Contrary to early investiga-
local in-plane resistance originated from transverse vortextions by Ryuet al?? using the LD model, with smaller size
vortex correlations and associatéliT,,, to a theoretical systems and shorter MC running times, no clear indication of
3D melting liné*4"*8and H(T,,) to the thermally induced an hexatic phase was found, even in the single-layer limit.
3D-2D vortex liquid decoupling transition in the vicinity of Discontinuities at the same melting temperature and field
T, (Ref. 49 (see Fig. 11 They also argue that the vortex range have also been found in the winding number and the
pinning efficiency is enhanced in the interval rms end-to-end line displacement, observables typically as-
Tp(H)<T<T,, and that, forH>0.5T, the linesH(T,;)  sociated with line entanglement. In particular, in intermediate
and H(T,,) start to merge, whereas f¢1>2 T, a single and high fields, our results on the end-to-end displacement
transition in the vortex matter takes place-i,,), as seen have confirmed Nelson’s predictididor the random-walk-
in Fig. 11. From these studies, the authors concluded that 4 diffusion of melted lines, as well as the cage confine-
rigid vortex lattice exists for fields above tigor line, over ~ Ment in the solid phase. In high fields, although previous
a wide region in théH , T) phase diagram. In addition, in the results by Hellergviset al*® using the LD model suggest
intermediate field regimé.05<=H=<0.5 T) they found evi- that decogplmg of the supe.rcon_ductmg Qul@yers occurs
dence for the vortex lattice melting and vortex liquid decou-Vi& & continuous crossover in this material, our results indi-
pling phase transitions, whereas in high fielts=2 T) a cate a vortex lattice first-order meltlng—decouplmg transition
vortex lattice melting-decoupling transition is supported by[gZSOI gboveTm(B)], corrobqratm_g early resylts on plane
their measurements. These reskits corroborate early d'ecoup'llngoil(lsong the melting line foung XY model
studie$® on the vortex lattice melting line in BSCCO. simulation$®#® and elastic vortex theofy;*® and also in
Figure 10 also includes our MC data dh(B), which agreem?nt with recent experimental observatlor_ls in
suggests that the high-field line aboVeyt (Refs. 3 and % BSCCQ' Thergforelz\/ve have found no entangled liquid
may indeed be associated with a strong meIting-decoupIinBhase n h'gh fields:
transition[£,=< d aboveT,(B), for B>1 T, as seen in Fig.J5 In conclusion, our results thus suggest that the LD model,

For intermediate field€0.1<B<1 T), the vortex system ex- as im_ple_:mented in this W.Ork’ may provide a quite re_IiabIe
hibits a weaker first-order melting transition. These consid—oIescrlptlon of strongly anisotropic highs superconducting

erationgsee also discussion related to results of Fqadree matgrials. In fac’g, thgre are some simila_rities for the scenario
with the argument by Torrest al,® which associated the n h|g|h ?&%net'g If:gllqs usmdg Itwg. dlffe;]ent appt))roacges,
high-field transition line to the merging of the 3D melting gf”‘mey td ran '?\e models. h Ince t.eyl are based on
line and the 3D-2D vortex liquid decoupling transition. A Istinct dominant mechanisms, these similarities require

better agreement between our MC results and the experimeﬂl-eeper physical interpretation. These results have stimulated

tal ones is expected by using a suitable choice of parametergS to pursue new applications of the method, under current

although the low-field regimén particular theTgq7 line) is !m/t?\fatlg?élsogr;clg g?gﬁuﬁ:‘;ﬁe dg%?g\é”ror of the vortex matter
outside the scope of our reported numerical simulations of L P u : '
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