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Disorder and thermally driven melting of the flux-line lattice in anisotropic layered
superconductors
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We develop a three-dimensional flux line lattice model in the layered superconductors, taking into account
both long-range magnetic interactions between pancake vortices located in different layers for a single flux line
and those between vortices located in the same layer for different flux lines. Using Langevin dynamic simu-
lations, we study the disorder and thermally driven melting transitions from a disentangled BragB@ass
with quasi-long-range order to an entangled amorphous vortex @W&3$ or a vortex liquid (VL) in the
disorder strength-temperature phase diagram. Owing to nhonmonotonous temperature dependence of the inter-
actions between vortices, the BG-VG melting line exhibit unusual temperature behavior, reproducing the
inverse melting phenomenon observed recently on BSCCO crystals.
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I. INTRODUCTION experimental. It then follows that the BG-VL melting line
and BG-VG transition line are two manifestations of the
In highly anisotropic superconductors, the flux-line lattice same FOT. The disorder-driven transition should be a univer-
(FLL) can be built up by superposing the contributions ofsal phenomenon and is apparently at the heart of the ubiqui-
stacks of two-dimensiongD) pancake vortices® It has  tous peak effect in lowiF, superconductor$Another result is
been widely accepted that at low temperatures and low maghat the phase boundary between BG and VG phases is up-
netic fields, these vortices, which interact both magneticallfturned at intermediate temperature region. Similar tempera-
and through Josephson coupling, align into a 3D lineliketure dependence of the BG-VG transition line was also re-
elastic lattice without dislocations, which is called the quasiported in other layered superconducttfs’ It was argued|
long-range ordered Bragg glagBG) phase. However, un- that the disorder-driven transition arises from the competi-
dergoing a thermally driven or a disorder driven condition,tion between the elastic energy of lattice and the vortex pin-
the FLL may melt into an entangled vortex liquidL) or an  ning energy. At the intermediate temperature regime, thermal
entangled vortex solidVG) phase. The differece between fluctuations reduce the pining energy, resulting in an upturn
VG and VL phases is that the zero resistivity is kept for theof the BG-VG transition line.
former and not for the latter. In recent theoretical and numerical studies on the phase
Recently, Avraharret al* reported an unusual first-order diagram of vortex states101213the obtained phase bound-
“inverse melting” behavior of the lattice formed by magnetic aries between BG and VG phases are almost independent of
flux lines, using local magnetization measurements comtemperature, and the inverse melting behavior has not been
bined with a vortex “shaking” technique on the understood. It is highly desirable to find out a reasonable
Bi,Sr,CaCy0s (BSCCQO crystals. They found that, in the explanation for this disagreement in melting behavior be-
field-temperature phase diagram, the first-order transitiofween existing experiments and theories. In this paper, we do
(FOT) line does not terminate dt,, but continues down to  not want to study the FOT nature in high-superconductors,
a lower temperature. The slope of the FOT line changes sighut instead focus on the temperature dependence of the
at T, While the melting line abov&., has a negative slope, BG-VG phase border in the vortex phase diagram. Taking
characterizing the thermal driven first-order phase transitioninto account long-range magnetic interactions between pan-
the melting line belowf,, exhibits a positive slope and has a cake vortices located in different layers for a single flux line
different underlying nature, which is a disorder-drivenand those between vortices located in the same layer for
BG-VG transition. In such a BG-VG transition, the vortex different flux lines, we develop a 3D rigid flux line lattice
lattice from an ordered phase transforms into an disordereghodel to simulate the disorder strength-temperature phase
amorphous phase upon cooling. This finding leads to severgliagram. It is found that the temperature dependence of the
important results. One is that the disorder-driven transition ain-plane penetration depth makes the magnetic interactions
the second magnetization peak is of first order. This result ipetween vortices exhibit nonmonotonic temperature behav-
consistent with recent results based on Josephson plasmg. The present simulation can provide a qualitative expla-
resonance studiésransport measuremerftsieutron scatter- nation for the inverse melting behavior observed experimen-
ing experiments on Nb,as well as several numerical tally.
simulation§~' and theoretical studié€:'®> Recently, the

presence of metastable states and superheating/supercooling Il. MODEL
effects strongly suggested that the BG-VG transitions in dif- '
ferent materials are first order in natdteand this transition We study a 3D flux line lattice system considering the

is associate with the peak effect in the critical current inrandom pinning, thermal fluctuations, and long-range mag-
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r_letic in'Feractions betW(_aen _aII pancake vortices._ In this line- . o) = F,oofo |Pi,j| rij i
like lattice, each flux line is composed &f, vortices and wl(pi;0) = Z 1L . (1)
T ]

each layer containil, vortices distributed in a square lattice
and N, pinning centers distributed randomly. The pancakewhereF,,ofo stands for the intensity of the interaction be-
vortices in a layer are modeled as repulsive point particlestween vortices. The interacting force depends on temperature
With no driving, the overdamped equation of motion for thevia the _temperature-dependent penetration depth

ith vortex is given bynv;=F,+Fy+F,, 18 Fy is the pinning  =Ao/ V1-t?, where ), is the in-plane penetration depth at
force. The point pinning potential is modeled by a Gaussiarf€r0_temperature and taken as the unit of length, &nd
potential well with decay length aR,, and the pinning =1/Te. Owing to a compefition between the decreased
strength is described Hyyofo with fo as the unit of force. As prefactor and sharply 'mcreased Bessel function with tem-
pointed out in Refs. 8, 9, and 18, the effective randomnesB€ratureF,,(p,0) exhibits unusual temperature dependence,

strength may be assumed to increase with increasing mag@s Sown in Fig. (). We can see that for the spacing be-
netic field, so that am-T diagram may be replaced with an WWEEN vorticesp<4h,, the interacting force decreases mo-
Foofo-T diagram. The thermal noise forég;, is assumed to noton(_)tufglytv_vnh mcreasn_r;g ;temperatture. "_F‘frf)‘ov hg‘_""d
be a Gaussian white noisEy,(T)f, stands for the intensity €Ve" It firstincreases with temperature and has a big drop

of the thermal fluctuation force, which is proportional to the nearTe. L . .
square root of temperature. The attractive interactions between out-of-plane vortices

In highly anisotropic superconductors, both the in-plan are very important for the 3D vortices system forming a rigid

and out-of-plane pancake interactions are long range, and t Le lattice in a disordered superconduptor. Accordinlgg 28 the
Josephson coupling may be neglected as a reasona odel proposed by Clefrand an effective approach;®

approximationt According to the magnetic interaction the s.traight vortex line can be built up by _superposing the
model. the vortex-vortex interactior. . includes two contributions of stacks of 2D pancake vortices through the
1 vv

parts-211.192%he repulsive interaction between two pancakeIong-range magnetic interactions along the line direction.

vortices located in the same plane, and the attractive intera(-:[he attr(ajlctlve |.nterac.t|or|1 bf(latwelz'en tg/vct) dp'?fncaktelvortme's at
tion between two vortices located in different layers but'i*% 6;)” 1,2';12;53” a singie Tix fine but difierent fayers 1s
along the same line. We first consider the in-plane repulsivé’“’en Y

interaction due to the overlap of magnetic vortex fietdin dA, 12,

the present model each vortex in the plane represents a seg- Foopijzi) =— Sﬂ—"o p(— i)

ment of rigid flux line with finite length. As a result, the 2\1pi | At

in-plane pancake vortex system under consideration are not a \;"p-Z-TZZ r

simple 2D model, but contains important 3D effects. From —-exp - —'J)\—'k r—'l (2
T i

the London theory, the in-plane repulsive potential between
two vortices located atri,z and rj,z is given by HereS, is the interlayer coupling parameter addis the
Euo(pij,0)=(Log/ AmuohdKo(pi j/\1). Here Kqo(2) is the thickness of superconducting layers. In this magnetic inter-
modified Bessel function of the third kind angd is the in-  action model, we do not consider the interlayer Josephson
plane superconducting penetration depiin.:lri—rjl is the  coupling with a short force range of the coherence length
distances between the two pancakes in cylindrical coordiscale, and herg, ,=|2,-2,| is treated to be of long range. In
nates. The intervortex repulsive force on vortés equal to  Ref. 1, the above equation was deduced on the assumption
the derivative of the interacting potential, that the spatial variation af is on the scale ok, and larger,
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FIG. 2. Correlation function
C, as functions ofa) temperature
t for different pinning strength
Foo: (b) disorder strengthFofo
for differentt.

it is in a reasonable range, will not change the qualitative

For stronger pinning strength and at lower temperatures,
the criterion of BG-VG transition is somewhat different from
creasing linearly untilp=X\A, and then decrease slowly, that of the BG-VL one. In this case, the disorder-driven force
exhibiting an elastic attractive force which is favorable to theis the random pinning interaction rather than the thermal
coaxial alignment of vortices. In this work we consider thefluctuations. In such a disordered VG phase, the decoupled
in-plane penetration depth divergence with increasing tempancakes in neighboring planes still remain in a short-range
perature neaf, F,,(p,Z) also exhibits an unusual tempera- order, and the “flux lines” remain but are entangled, so that
ture dependence, as shown in Figb)l We can see that the FLL system may be regarded as a entangled solid with

F..(p,2) first increases with increasirtgand then decreases zero resistivity keptshown in the upper left inset of Fig).3
at higher temperature nedg. The unusual temperature be- As a result, for the BG-VG transitiorG, is chosen to be a
havior of in-plane and out-of-plane magnetic interactions idower value such as in a range of 6:&,> 0.5.

found to be the key factor, causing an upturn of the BG-VG

phase border.

IIl. RESULTS AND DISCUSSIONS

Since the transition from alignment to entanglement of

rigid flux lines and the decoupling between the pancake vor-

Using numerical simulations, we investigate the melting

tices in different layers occur almost simultaneously, we uséransition of an ordered FLL by changing temperatueand
the loss of coherence or the decoupling between the layers @se randomness strengk,f,. We normalize length scales

the criterion of melting transition of the FLL systef!®2%n
which the rigid flux lines are entangld€dr decoupledlinto

by the in-plane penetration length at zero temperatgrand
take ag=4\o, R,=0.5\y, and d=0.01\,. For the nearest-

disordered 2D vortex pancakes in the absence of cohereneeighbor layers, the interlayer coupling parameé3gr0.18.

between the layers. The correlation function in thdirec-
tion is defined byC,=1—(O(ag=|ri =T +1))[ri =i +1/2/a0)

For the second nearest-neighbor lay&s; 13.33. Other pa-
rameters used aile,(=20), N,(=81), Ny(=162), Fofy=0.36,

where a; is the in-plane vortex lattice constant. We will F,,ofy=0.05, anddA,,,=10. The periodic boundary condi-
choose a constant value of the correlation functioys Cy,

as the transition poiniC,> C,, indicating an ordered phase
andC,<C, a disordered phase. The choice@f is mainly
determined by two factors. Firs€, should have a visible

drop atC, and then decrease to zero, as shown in Fig). 2

Next, on the both sides @, there are qualitatively different

ordered and disordered characteristics, as shown in the insets o
of Fig. 3. For weak pinning strength, e.g,,=2.0 in Fig. b
2(a), it is found that for 1.6=C,>0.5, the pancakes are

aligned into rigid lines and the FLL system is regarded as a
coupled BG phase with quasi-long-range or@drown in the

lower left inset of Fig. 3. For C,<0.5, corresponding to the

higher temperature case, the FLL system may be regarded as

a decoupled disordered liquid pha&hown in the lower

right inset of Fig. 3. Evidently, C,=0.5 is not the only

choice, the other choice deviated fr@Pp=0.5, provided that
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tions both in the plane and along thalirection are applied. second magnetization peak with pronounced features such as
We also simulate vortex systems of different sizes, by keepenset, kink, or peak. In addition, the present calculated re-
ing both densities of vortices and pinning centers unchangedults are found to have significant history and memory ef-
The simulated results are found insensitive to the choice ofects near the transition |iriég”, indicating that this BG-VG
the sample size, indicating that the present calculations afgansition is close related to the nature of a first-order phase
reliable. transition.

We first. study .the temperature-driven melting transitiqn From all the calculated results @ by scanning pinning
by slowly increasing temperature of the vortex system withstrength and temperature, we construct a steady-state phase
the pinning strength fixed. In the present simulations, thejjagram on theF ofo—t plane, as shown in Fig. 3. Here the
initial configuration of the FLL system is set to be a set ofggjig line with solid circles and negative slope indicates the
rigid lines distributed uniformly in a square lattice, and 2 gg-vL phase border which is an assemblytgfvs F, ob-
X 10° Monte Carlo steps are used to let the vortices approactyined above. The solid line with open circles and positive
their equilibrium distribution. The Calculated resu|tS @’as S|Ope indicates the BG-VG phase border Wh|Ch iS an assem-
functions oft for different Fiofp=2.0,4.5,5.2,6.5 are plotted ply of t4 vs F . The dashed line with solid circles and bars
in Fig. 2(@). It is found that, _for small pinning _strengtl(e.g., represents the BG-VG phase border which Consisggpf,s
Fpofo=2.0, the FLL remains BG phase wit,>0.5 at  t The upper dashed line is drawn by vs Fy, and repre-
lower temperatures; as the temperature rises to a critic&ants the transition between VG and VL phases. Both solid
valuety,(=0.6), C, has an abrupt drop towards zero, indicat- a3ng dashed lines in Fig. 3 construct a complete phase dia-
ing a transition from the BG phase to VL phase. This meltinggram that consists of three sectors. The right boundary be-
transition att,, is mainly thermal driven, because the pinning tween BG and VL phases is a result of competition mainly
strength remains unchanged. For a larger pinning strengthetween the intervortex interactions and thermal fluctuations.
(e.9.,Fpofp=4.9), the situation is quite different. In addition At the same time, random pinning provides a little of disor-
to the VL phase at higher temperaturest,(=0.6), there  ger factor, making this sector of boundary exhibit a negative
exists another disordered VG phase at low temperaturessiope. The low-temperature sector is the boundary between
<14(=0.33 due to disorder-induced fluctuations. At the in- BG and VG phases, which is a result of competition mainly
termediate temperatures betwegrandt,, the value of the between the intervortex interactions and random pinning. For
correlation function has an unusual hu@p> 0.6, indicating  weak pinning strength the vortex lattice remains its ordered
the appearance of a new BG state. It follows that in thisBG structure, as the pinning strength is increased strong
temperature regime the ordering effect due to vortex-vortexnough, disorder caused by random pinning drives a transi-
interactions prevails over disorder effects due to pinning andion of vortex lattice from the BG to VG phase, and results in
thermal fluctuations, resulting in a reentrant phenomenon & highly pinned phase of entangled vortices. At low tempera-
tq. For strong pinning strengtte.g.,Ff;=5.2 and 6.5 the  tures, thermal fluctuations have little effect on the phase tran-
melting temperature is reducedtip=0.55 and 0.1. From the sition, and this sector of phase boundary is almost parallel to
two curves we can see that at low temperatured,, the  the temperature axis.

FLL system is in the VG phase Wit_h the valugscozf<0.6 At intermediate temperatures, the solid line is still the
and keeps them between 0.5-0.6; with increasing temperatutsoundary between BG and VG, but it has a positive slope.
(t>t,), the FLL system melts into the VL phase. There is a hump of the transition line near the crossed tem-

We also calculat€, as functions of,,f, at low tempera-  perature betweet, andty, indicating an appearance of re-
turest=0.1,0.2,0.3, the calculated results plotted in Figp)2 entering the BG state and the inverse melting behavior. This
It is found that whenF, increases to certain critical value unusual behavior stems from a competition between ordering
(FQO), C, decreases below 0.6; and after then it remains unand disorder. As shown in Fig. 1, both in-plane and out-of-
changed or decreases slowly. It follows that the BG-VG tranplane interacting forces between the vortices may be en-
sition of the FLL system is of disorder-driven origin. In Fig. hanced by increasing the temperature in the intermediate
2(b), Fg‘ofo~4.435,4,435,4.439 fot=0.1,0.2,0.3, respec- temperature regime. If the the temperature-enhanced inter-
tively. The correlation functiol€, in Fig. 2(b) seems to have acting force may prevail over the disordered pinning effect
no visible singularity at the BG-VG transition poiff. In  and thermal fluctuations, the reentering BG state will appear.
the present BG-VG transition the disorder phase is not thdhe reentering BG state obtained in the present simulation
thermally driven liquid, but the disorder-driven amorphousprovides a qualitative explanation for the inverse melting
phase due to the pinning centers distributed randomly. Whildehavior observed experimentally. In the present calcula-
in the thermal-driven transition, the correlation function de-tions, however, if the intervortex interactions are assumed to
creases rapidly with increasing temperature, exhibiting a sinbe independent of temperature, there will be neither hump of
gularity; in the disorder-driven BG-VG transition, its de- disorder-driven transition line nor inverse melting behavior.
crease with the pinning strength is relatively small and itlt appears that the inverse melting behavior arises from the
tends constant when the pancakes are completely pinned lbmperature-enhanced interactions between vortices rather
the quenched disorder. This result is related to the experthan the reduction of pinning effects by thermal fluctuatibns.
mental fact4-16that while the melting transition into a lig- From the present model, it follows that the inverse melting
uid vortex state is manifested by a discontinuous jump in thgophenomenon does exist in the vortex lattice of the High-
reversible magnetization, the solid-solid transition into ansuperconductors, even though it is not very easy to be ob-
entangled vortex state is manifested by the appearance ofsgrved.
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