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Correlation lengths for vortex-liquid freezing in a model of layered
high-temperature superconductors
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We present results from extensive numerical simulations on the Lawrence-Doniach model within the lowest
Landau-level approximation in the unconventional spherical geometry. We study the in-layer pancake vortex
density-density correlation functiofintralayer structure factprand the layer-to-layer order-parameter corre-
lation function along the direction perpendicular to the layers. Our results show strong evidence for the
existence of a single first-order phase transition at which both interlayer coupling and appearance of crystalline
order in the in-layer vortex correlations take place as temperature is lowered.
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The study of the phase diagram of layered superconductric spherical layers of thicknesf<R, whereR is the av-

ors in the presence of a magnetic field has attracted mUC@rage radius of the sample, and interlayer spasiad,. The
attention since the discovery of the high-temperature supefaason for the choice of this geometry, instead of the usual
conducting cupr_atejs.ln partlcular, the most interesting ef- array of plane layers, is that this geometry guarantees full
fects are found in the mixed phdsehere the external mag- rotational and translational invariance of the vortex system
netic field penetrates the sample in the form of quantized ﬂu’(which quasiperiodic boundary conditions in the planar ge-
lines (or vorticeg. Within the mixed phase, originally de- ometry do not This allows for the in-layer free movement
scribed by A_br_ikoso?(a_s a vortex lattice, a high-temperature of yortices without any boundary constraint, which is ex-
phase with finite resistivity has been found and called a vornpected to better describe a real superconducting sample. This
tex liquid. While the vortex-liquid phase is quite narrow in has peen previously discussed in detail for the single-layer
conventional type-Il superconductors, its width 5 known t0ca¢e by Dodgson and Moot®An external magnetic field
) Mo oo bt o M)~ (M) (i Hy a contat fe nhagona t
dezfeczts the I%w—tem erature phase is expected to be taII layers in every point, is generated by an infinitely long

S P P P .ha%d thin solenoid ending at the center of the concentric
Abrikosov vortex lattice, and the phase boundary separatin pheres. We neglect the fluctuations in the magnetic induc-
the vortex liquid and vortex lattice appears to be a line o y

. o . 5. —tion inside the sample so that it has the mean veaiue
first-order phase transitions usually called the melting”line _ H(R) across all superconducting layers. Flux quantiza-
(which essentially coincides with the magnetic irreversibilit Ko P g layers. q

line%). Results from experiments, analytic calculations anoﬂon requires that the magnetic induction penetrating the
- . . ' ' sample be such that?R?B=N®,, whered,=h/2|e| is the

numerical simulations on several models of layered SUpers - quantum andN the number of flux lines or vortices. Our
conductors have shown that, in addition or simultaneous toh 4 f that tisfieSB=V X A i .A
melting, there is a transition associated with IayerC oice 02 gauge _that  salisties IS )
decoupling’~*® In another simulation, Wilkin and Jendén = (#oHoR"/r)tan(6/2)¢. We assume that the system with-
on a layered model find a first-order transition associate@Ut IMpurities accepts a (description in terms of the LD
with layer decoupling followed by melting but which shows Hamiltonian func_:UonaH which, under the previous assump-
no obvious thermodynamic signature. An alternative scenarifOns can be written as
was proposed by Kienappel and ModreFrom Langevin-
dynamics simulations on the Lawrence-Donidth) model M
within the lowest Landau-levélLLL ) approximation and in H[n(N]= 2 dof d’r
the same sphericd5) geometry that we consider hefee n=t
shall call this the S-LD-LLL modelthey find hysteretic ef- 1 52
fects on several_ guantities which dlsappear on increasing the + ﬁ'Di U2+ _2| Une1— Ual?]. (D)
interlayer coupling strength. They attribute this result to a L 2ms
line of first-order transitions ending at a critical point which
separates phases of coupled and decoupled vortex ligwid Here ,(r) is the two-dimensional Ginzburg-Landau
pected to freeze only at zero temperature. (GL) order parameter in layerandD, = —iAV | —2eA the

In this paper we present an alternative view based omgauge covariant derivative operaf@acting on the surface of
Monte Carlo (MC) simulations in the same S-LD-LLL the spherg «(T) and B are the usual parameters from the
model. From studies of in-layer vortex-density correlationsGL theory*® m; andm are the effective Cooper-pair masses
as well as layer-to-layer order-parameter correlations we finih the perpendicular and parallel directions relative to the
strong evidence for vortex-liquid freezingimultaneous to radial magnetic field. The LLL approximation consists
interlayer couplingat a finite temperature. As in Ref. 15, we in expanding the GL order parameter in each layer as a
model this layered superconductor by a systerMafoncen- linear combination of the degenerate eigenfunctions of
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szDL-DL corresponding to the lowest eigenvalue _ .
2|e|fiuoH. An orthonormal set of functions for the LLL on Z(T.H)= H' dvn qdvp,q €XH —HV)/KeT].  (7)

the surface of the sphere'is » .
Thermal averages of the quantities of intergéT,H),

@an(0,d)=Ngne'?sin(6/2)cod "% 0/12), (2

1
whereq=0,1, ... N labels the degeneracy of the LLL. The (X(T,H))= Z(T,H)J H} dvp qdvg o X(V)
normalization factor isV; ¢=[(s+1)Cy/4wR?*]*2 with C '
=sl/r!(s—r)! the binomial coefficient. We expand the su- X exd —H(v)/kgT], (8)

perconducting order parameter in layer as ,(r)
=QI_oUnqPqn(0.d) With Q=(DoksT/BdeB)* and
measure lengths in units of the magnetic lendth
_ 1/2 oy 1/

= (®o/2B) "2 In these unitR=(N/2)",. The physical quantities that we have focused on to exam-

~ Within the LLL approximation, the Hamiltonian func- jne in-Jayer vortex correlations are the structure fadiar
tional in Eq.(1) becomes a function of the complex coeffi- o5.p layer defined a&

cients{v,, o}=V given by

are calculated by means of MC simulations using the stan-
dard Metropolis algorithmi! We calculate thermal averages
by the importance sampling meth&d.

1
N 2N
1 S(k)=—<
2 2 N
aTqZO |Un,q| + 2N pzo |Un,p|

M
H(V) kg T = 21
“

N
jE:l eik'(Xin)>, (9)

where{x,} are the positions of th&l pancake vorticegon

that layej and we have chosen to parametrize the wave vec-
, 3 torin polar coordinates ds= (ky ,k,) = (k cos¢ksin¢), and

the rotationally averaged structure functidalso in each
where the effective temperature-field paramet&t is layen given by

d,Q? e|# uoH
Sy el
B

[Note thatar=0 corresponds to the mean-fiett,(T) line A Lorentzian fit to the first peak of this function is in agree-
and ;= — corresponds td=0.] The parameter that de- Ment with an exp(gnential decay of vortex density correla-
termines the coupling strength between adjacent layers {4ons in real spac€ The length scale governing that decay,
then just 7=h%(2y?s?)eBh+m, a(T)|), where y &pis proportional to the inverse width at half peak,”, of

= (m;/m,)*?is the anisotropy parameter. In the second ternfhe Lorentzian. .
of Eq. (3) we have used Numerical measurements of these quantities have been

made for runs up to 1.9210° MC step$* with systems as

N
+ 77| a,T|qu |Un+1,q_vn,q|2

1 (2w
| @ AR = 5| dgso. (10

a
T m,

N big as 18 layers containing 72 vortices per layer. We have
Un,p=(W1/2N/RNp,2N)E NanNo—gNUn.qVnp—gq stud_ied the range of effect_ive temperatureﬂ??saTsz
q=0 (while cooling for interlayer  couplings 7%

xO(p—q)O(N=p+q), (5) =0.14,0.5,1,2,10,100. One of the most notable features of a

freezing transition, which is the appearance of Bragg peaks
with ®(x) the Heaviside step function, equal to zero for in the structure factog(k), is observed at an effective tem-
<0 and one forx=0. The Hamiltonian describing our Peraturear=—4 (for »=0.14) and at higher temperatures
model of a layered superconductor within the LLL approxi-for 7=0.5. Figure 1 shows this structure factor as tempera-
mation is that in Eq(3). Note that’{ is a function of the ture is lowered'see caption Figure 1b) corresponds to the
complex variablegv, .} and depends on the temperatare ~ temperaturexs=—4 at which the vortex system is essen-

and layer-couplingy, parameters. tially crystallized. We notice that at and below=—5
The equilibrium properties of this system are determinedFigs. Xc)—1(f)] the Bragg peaks appear exactly at the same
by its partition function positions. This is consistent with a legitimate crystalline vor-

tex phase for these low temperatures. Another signature of
the vortex-liquid freezing is seen in the rapid growth of
Z(T,H)=J [T Dy Dy DAEXP —H 1y AllKgT), vortex-density correlations¢y, below ar=—3 (for the
" (6) same couplingy=0.14). This is shown in Fig. 2, where the
scaled density correlation lengéh /R is plotted. Figure &)
whose value is basically controlled by the order-parameteshows the abrupt increase of this length scale as a function of
configurations that minimize the Hamiltonian functioridl our temperature paramete#; for all system sizes studied.
In the LLL approximation, which neglects fluctuations in the Figure 2b) shows the same characteristic length scale,
magnetic induction and restricts the order param@teeach £ /R, plotted(in log-linear scalgagainst a1|%. We observe
layen to the set of functions spanning the LLL, the partition that an exponential fitstraight line thergto the data is ap-
function can be written as propriate at high temperaturése., at low values ofat|?),
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FIG. 3. Angular vortex positions in all layers of the pure layered
superconductor with interlayer couplingy=0.14 for (N,M)
. =(72,18) as the temperature is lowered;=—3,—4,—5,—6,
=(72,18) as the temperature is Iowgred'T=—3,—4,—5,— 6,_ -7,—8 [(@, (b), (0), (d), (e), (f), respectively. Equal gray-tone
—7,~8[(@, (b), (c), (d), (&), (), respectively. The central maxi-  onresents the same layer. The appearance of pancake-vortex do-
mum atk=0 has been removed for clarity. Note the appearance opnains signals the beginning of the coupled phagkich also ap-
Bragg peaks at a temperature betweg —3 and—4. pears at a temperature betweep=—3 and—4).

FIG. 1. Structure facto8(k) at layerM/2 of the clean layered
superconductor with interlayer couplingg=0.14 for (N,M)

but breaks down in the low-temperature regime where corre-
lations grow even faster than that. The exponential behavio
ép~exp(condta7|?), has been predicted by Modrén con-
nection with bulk anisotropic superconductors in the con-
tinuum limit at their lower critical dimension. In that inves-
tigation, however, this rapid growth of correlations is not
attributed to a thermodynamic phase transition but just to %endicular to the layerghe c-axis), we measure numerically
crossover. Returning to Fig.(l®, we remark that the very the two-point correlation functior'1

last points mark the onset of in-layer vortex correlations
growing even faster tharé,~exp(consies|?) [compare ) M

with Fig. 2(a) for lower temperaturds We believe this can Cp(m) = AR i 2 m (11)
occur because a thermodynamic first-order transition takes P 2 \M & nEma g

lace at the temperaturer ,, where ép departs from the
straight line in Fig. 20). This takes place atr = —3.25 for
n=0.14. In fact, comparison with the work of Hu and
MacDonald? gives excellent agreement for the melting
(freezing transition at these values.

To study pancake-vortex correlations along the axis per-

0.6 0.3 Here the overline denotes a spatial average over the surface
0.5 | 288885, M o of the sphere of radiuR and the prefactor is just a “normal-
0% ization” factor. We impose periodic boundary conditions on
&0'4 1 &0'2 the order parameteryy . ,=¢,, p=1,2,... M. Appear-
W03 n-ou | P T ance of long-range interlayer correlations can be observed
0.2 I%ﬁ;:ggﬁigiﬁ' |aT,m|2 directly from plots of the vortex positions in all layers as the
0Ll Vi -oie o 29 temperature is lowered below the effective temperatiyrg,
~— 0.1 (see Fig. 3and are confirmed by the change from exponen-
1296303 246 81012 tial to algebraic decay of the phase correlation function
(@) or (b) lo] R4 Cp(m)] in Fig. 4@). In the high-temperature regime,

where the phase correlation function decays exponentially as

layered high-temperature supercondudidSC) as the tempera- Re[Cp(m)]~exp(—_m/§p), we extract .the phe;se _Correlat|on
ture is lowered(a) Scaled vortex-density correlation lengtg /R €ngth&p and plot it(scaled byM) against a+|* [Fig. 4(b)].
for different system sizes ap=0.14. The dashed curve is just a e remark that analogously & Ref. 25 _also predlct§ the
guide to the eye(b) The same characteristic length sc&g/R, as behavior£p~exp(consfiar|?). This form gives a consistent
a function of |a7|2 in log-linear scale for the systemN(M) fit to the data just abover ., [solid line in Fig. 4b)], but for
=(72,18) with exponential fi(solid line). (The arrow marks the a1<at nthe length scal&€p grows faster than this exponen-
transition temperature fop=0.14, a1 ,=—3.25) tial. We attribute the even more-rapid increaseépffor a+

FIG. 2. In-layer density correlations at laykt/2 of the clean
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is observed. This is the fundamental difference argued in this
paper.

To summarize, we have investigated correlation functions
for in-layer structure of the pancake-vortex system and for
the coupling of the order parameter in different layers in the
S-LD-LLL model. Results from MC simulations, measuring
the structure factor in every layer, suggest that there is an

. 123456789 2 4 6 81012 effective temperaturert ,, below which the pancake-vortex
(a) m (b) or|? system freezes to a crystalline phase but above which the
system behaves as a liquid. This is signaled both by appear-

FIG. 4. Interlayer phase correlations on the pure layered highance of Bragg peaks in the vortex structure fagtk) and
temperature superconduct¢tTSC) as temperature is lowereth)  the rapid increase of the in-layer vortex-density correlation
Log-linear plot of the interlayer phase-correlation function length &y . Simultaneous to this freezing transition there ap-
Rg Cp(m)] as a function of the “distancein along thec axis.  pears a coupling of the order parameter in the different layers
Exponential decay is observed abof@pen symbols and about  which is shown directly from measurements of the vortex
(crossed symbolsthe transition temperaturer ,,, but power-law  positions in every layer and is confirmed by the existence of
decrease(filled symbolg below the transition. In each case the long-ranged correlations in the order parameter of the distant
mentioned curve is fittedb) Scaled phase-correlation length/M layers. Explicitly, the exponential decay in correlations along
vs |aq|? in log-linear scale for the system i@ and also with  the ¢ axis above the transition temperaturg ,, changes to
exponential fit.(The arrow marks the coupling transition tempera- algebraic decrease in the low-temperature regime,
ture, which to our resolution coincides with ) <atm. The transition is of first order andy ,, depends on

the interlayer coupling parameter The LD-LLL model has
showrt?1® consistency with the experimental melting curve
<arny to an interlayer coupling transition which takes placein YBCO (yttrium barium copper oxide

allso ataT'm.. This criterion gives us good agreemer)t also The author would like to thank Professor Mike Moore for
with numerical values of Ref. 15 where the estimatedgyidance during his Ph.D. and for critical reading of this
coupling-transition temperature is abowf ,=—3.5 for »  manuscript. This work was supported by CONACYT
=0.14. In that investigation, however, no freezing transition(Mexico) and partially by the University of Manchester.

(NM)=(72,18) [m]
n=0.14
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