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Superconducting Coherence in a Vortex Line Liquid: Simulations with Finite A
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We carry out simulations of a lattice London superconductor in a magnetic Bieldith a finite
magnetic penetration length We find that superconducting coherence paralleBtpersists into the
vortex line liquid. We argue that the length scale relevant to this effettds ¢3/87T,,.

PACS numbers: 74.60.Ge, 64.60.—i, 74.40.+k

In high T, superconductors, thermal fluctuations arethe size of a vortex core. Henceforth, we measure length
believed to melt the ground state vortex line lattice atin units of &, and temperature in units of. Periodic
temperatures well below the mean fielf}, line [1,2].  boundary conditions in all directions are taken.

The resulting vortex line liquid has received intense To test for superconducting coherence, we consider the
theoretical and experimental study. In particular, recenhelicity modulusY ,(¢,) (where u # v), defined as the
“flux transformer” experiments [3,4] on YBCO show linear response coefficient giving the supercurrgni-

that superconducting coherence parallel to the applieduced by a transverse perturbation in the vector potential
magnetic fieldB exists over very long length scales well of the externally applied magnetic fieldAg (g, ),

into the vortex liquid. :

To investigate the fluctuating vortex line system, nu- Ju(qr) = =Y ulgr)4.%(q0). 3
merical simulations have been carried out. These either We earlier derived [11] an expression fiT,(¢,) in a
have involved a simplified model of vortex line interac- continuum London superconductor. The generalization to
tions [5] or have used the approximation [6—8] that thethe lattice superconductor is
bare magnetic penetration length— «, so that the mag- 212 51 1o
netic field B inside the superconductor is uniform. Such Y, (q,) = [JO’\—:!ZQZ[ _ 47 JoA <n”(q”)n"2(_;h»]
A —  simulations [8] show a sharp transition within the I+ A%0 vr 1+ A%0
vortex line liquid, corresponding to the onset of coherence (4)
parallel toB. While this A — = model is suggested by \yhere 5, ando are a cyclic permutation of, y, andsz,
the Iarge values ok = A/&; in the hlg_hTC materials, it 4 0? = 2 — 2¢08, 8Sq,. g = 0.
may fail close to7., where the correlation length may ex- |\ "ihe absence of vorticesY , (¢,) = [JoA?]0%/(1 +

ceed the finite bara; thus the finitex model may display 22y gescribes the total screening of the Meissner state.
different critical behavior from tha — o limit. To in- With vortices, an expansion in powers @f

vestigate this possibility, we present here new simulations

of a system of fluctuating vortex lines, in which we in- (ne(qu)ng(g,)) = no + mQ* + mQ* + -, (5)
clude the effect of magnetic screening on the vortex inter
actions [9], due to a finita. We investigate the presence
of superconducting coherence within the vortex line lig-

[eads to an expression faf, (¢,) at smallg,, in terms of a
renormalized couplinf/ A?] .k and penetration length,z,

uid, and discuss the length scale relevant for this effect. Y. (q,) = [JA*].RQ° (6)
Our model is a discretized lattice superconductor in the widy 1+ A5z0%°
London limit [10]. For simplicity, we consider isotropic .
, . . . with
couplings. Following Carneiro, Cavalcanti, and Gartner
[7], a duality transformation maps this model onto one of _ [T Ak _q- 472 ]y A2 . )
interacting vortex lines, with Hamiltonian Yu = JoA2 \% 0
2 2 _ 2
H = 207060 Y n(e) - n(e)Gar; — 7). (1) Auk _y oy AT o m ok ®)
ij A vT 'y,u

Here n,(r;) (@ = x,y,2) is the integer vorticity through  To see the meaning of, and A, note that the
plaquettex at siter; of a cubic mesh of points, an@(r)  current;,(q,) produced bysA%(q,) induces a magnetic
is the lattice London interaction, with Fourier transform  vector potential due to Ampere’s law, which in our units
is [JoA*]Q?8AR%q,) = j.(g,). The change in the total
G, =1/ +X°Q%), @*= 3 [2-2cox,]. (2) magnetic field due to the external perturbation is therefore

M=X,Y,2 H tot — ind ext
The coupling isJo = ¢éo/167A2, with &, the flux O o by 54 (q,) = 84,%(q,) + 5? (g.), Or
o

quantum, and, the spacing of the discrete mesh, which = }SA;’“(qV). ©)
MR

tot
. o . y) = - +
we identify with the bare coherence length that determines 04, (av) [(1 )+ Ve 0? +
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Thus a fractionl — v, of §A5'(q,) penetrates into the 30 parallel toH. Each data point is typically the result of
material; the remaining fractiop, is screened out, on the 5000 sweeps to equilibrate, followed by 8—16 000 sweeps
length scaler,z. Equivalently,\,z is the length on which to compute averages, where each sweep refets’ to,
fluctuations in the magnetic field decay to equilibrium.attempts to add an elementary vortex ring.

For a perfect Meissner effect, = 1 and A,z agrees In Fig. 1 we show a sample of our data, plotting
with the usual definition of the London penetration length(n,(q.)n,(—q.)) VS g, for variousT, andL, = 30. Fitting
[12]. We therefore interpreI/AfLR ~ ps, as the density by Eq. (5) througho(Q*) yields the solid curves, and
of superconducting electron pairs in directign even in  determines the parametets andr,. Equation (7) then
the more general case of a partial Meissner effect in thgives the couplingsy,, which we plot vsT in Fig. 2.
mixed state. Althoughy ,(¢,) will have the same form We see thay, , decrease towards zero®} = 1.2, while
Eq. (6) in both the superconducting and the normal meta}, decreases &, = 2.0. We also show our results for
state (with ordinary fluctuation diamagnetism), a transitionZ, = 15.

will be signaled some singularity in, andi,z. We focus In Fig. 3 we show intensity plots of vortex correlations
now onvy,,. within the same plane perpendicularBo

Consider a uniform applied = Hz. Y.(g,) and
Y,(¢q.) then describe the response to external fields S(qL) = Ze"‘h'r%nz(n,z)nz(o,z)), (12)
8H.(¢qy) and 6H,(g;), which represent compression and s
tilt perturbations o, respectively. Correspondingly one whereq, = (¢.,¢,), for variousT, andL, = 30. Below
finds [11] T,, we see sharp Bragg peaks of a vortex line lattice.

Above T,, we see behavior characteristic of a liquid,

is thus the melting transition. Since the discrete mesh
where these susceptibilities are evaluated at the appliesf our simulation acts like a periodic pinning potential
field H. Since the highr. materials display strong fluc- for vortices, T,, also coincides with a depinning of the
tuation diamagnetism even in the normal state, it is uncleavortex lines. We believe that the drop ., at 7,
whether or noty, , will display a pronounced feature at the is more a result of this depinning, rather than a direct
superconducting transition. result of melting. We expect from Eq. (10) that, =

For behavior along, however, parallel t#, the criteria 1 — dB,/dH, is finite aboveT,, but this value is too
for a superconducting transition is more clearly definedsmall for us to determine accurately.

Y.(q,) describes the response to an external i (g, ), With respect to coherence alonH, we expect a
representing a combined shear and tilt perturbation of thediscontinuous jump i, from unity tol — dB,/dH, = 0
uniform appliedHz. In Ref. [11] we showed that for the at 7.. The finite width of the decrease observed in our
vortex line lattice one hag, = 1 and a perfect Meissner data is a finite size effect; we see that the transition
screening. For a normal vortex line liquid, however,=  sharpens a5, increases. We therefore estimdte= 2.0,

1 — dB,/dH, < 1. Thus the transition to the normal well into the vortex line liquid. This is the main result of
state is signaled by a discontinuous jump 1 from  our simulations.

unity. Expressed in terms of the expansion coefficients Recent flux transformer experiments on YBCO [3,4]
of Eq. (5), we have superconducting coherence along thehow that there is a temperaturg,” below which vortex
field providedn, = 0; for the normal state;, > 0. line correlations parallel t#&I become comparable to the

For our Monte Carlo simulation, we start with a fixed thickness of the sampleTy, is clearly above the 7"
density f = B/¢, of straight vortex lines parallel to where resistivity transverse tH vanishes. Resistivity
Z, giving the ground state configuration for an internalparallel to H, however, appears [4] to vanish .
field Bz. Following Carneiro, Cavalcanti, and Garter A similar conclusion concerning vortex line correlations
[7]1, we update the system, heating from the groundmay be inferred from the measurements of Ref. [13],
state, by adding elementary closed vortex rings (a square
ring of unit area) with random orientation and position.
These excitations are accepted or rejected according«
to the standard Metropolis algorithm. This provides
a complete sampling of phase space for the vortex
variablesn(r;), subject to the constraints that vorticity
is locally conserved, and the average internal fiBle=
(h0/V) 2 n(r;) = f¢oz is constant.

Our simulations are for the casg = 1/15, whose
ground state on a cubic mesh is a close approximation to a
perfect triangular lattice. We chooge= 5, comparable
to the vortex line spacing, = 1/\/f = 3.87. We study FiG. 1. (ny(q)ny(—g.))/L2 VS g, = 2wm/L, (m integer) for
system size4.;, = 30 in the x-y plane, andL, = 15 and  variousT andZL, = L. = 30. Solid lines are a fit by Eq. (5).

| —y, =dB./dH. and 1 — vy, =dB,/dH,, (10)

L

(n,(qn,(-q,))
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L5 T T creased. This is also consistent with our results Jfor
L,=30 T, o a0 in Fig. 2, where there is some suggestion that, in addition
1.0 SR 57y TRy oy, L=30] to a sharpening of the transition &s increases7. also
> %g T, v %% R decreases. It is therefore important to note that there is
2205 ¢ . l % ’ % Z{ L=15] another length in the problem [2]
5 Yoy
= 00 ’ %}f RO RD j i AT) = $3/8aT = Qa’Rp/T)kA. (12)
05 s ] A*o 9 i . T . For our simulation, we havé) = L. < A(T,,) = 410.

It has been argued [14] that determines the length
on which phase correlation®(r) = (¢/l/®-00)]) decay in
FIG.2. y,vsT for L, =30andL, = 15,30. Sample error the vortex line lattice; however, these same calculations
bars are shown.y., decreases af, = 1.2; y. decreases at show that in the vortex liquid the decay length®@fr) is
Te =20. comparable to the spacing between vortex lings< L..

Thus this analysis of (r) does not indicate why should
where the onset of pinning by twin grain boundaries isbe an important length abovg,, where we continue to
shown to occur distinctly above a sharp first order meltingsee superconducting coherence.

0.0 0.5 1.0 1.5 T 2.0 2.5 3.0 3.5

transition. If we identify7y, with our 7., and 7;, with Another possibility is suggested by Nelson’s analogy
our T,, our results are in complete accord with these[l] between vortex lines and the imaginary time world
experimental findings. lines of 2D bosons. Nelson argued that there should
We also tried to compute the length$,, using Eq. (8) be a Kosterlitz-Thouless (KT) superfluid transition of the
and our fittedn, and n,. However, the factor(n, — analog bosons. Fdr, sufficiently large, this KT transition

noA?)/vy, that appears in Eq. (8) is, in the region of the would occur at &, < T,,, and so would be preempted by
transition, the quotient of two small numbers each withthe formation of the vortex line lattice. But fdr, small
large relative error. We were therefore unable to obtairenough,7. > T, and one has a new state intermediate
meaningful results fon ,z. between the vortex line lattice and the normal vortex line

Although we simulated withZ, > A, one can still liquid [15]. We now restate our earlier calculation [11] of
question whether our results represent the true thermdhis 7. in order to show that the length which distinguishes
dynamic limit. In particular, in Refs. [3,4] it was found between these two possibilities AST,,).

that 7, decreased towardg,, as sample thickness., in- As shown by Pollock and Ceperley [16], the 2D boson
superfluid density can be expressed in terms of the “wind-
a) T=0.50 b) T=1.25 ing number"W which is the net spatial distance traveled by

the ensemble of bosons as they travel down the time axis
of their world lines. One hap?*°" = mTyoson{W?)/2h>.
According to the KT theory, the 2D superfluid transition
occurs at a universal value pf*°", which translates into
the condition(W?) = 4/7. In terms of vortex linesw

just measures the net vorticity transversaidl1]. We
thus have [17]

Wi = im o (on (). (9

This is precisely the same correlation as entafs
and, comparing with Eg. (7), we can writg, = 1 —
[A(T)/L.]{W}). Thusppeer « (W?) = 0impliesy, = 1;

the normal boson fluid corresponds to a vortex line liquid
with coherence alon#l. p?>°" > 0 impliesy, < 1; the
boson superfluid corresponds to the normal vortex line
liquid [18].

We have shown [11] that for a normal vortex line lig-
uid, <ny(q,r)ny(_q/\f)> = sz%_LzT/CM(CIx)’ wherecy4(0) =
(B*/4m)dH,/dB, is the tilt modulus, andf = B/d,.
Thus we conclude thatw?) = (W} + W}) = 2W;) =
FIG. 3. Intensity plot ofS(q,) for severalT and L, = (87 L.T/¢3)dB,/dH,. This yields
L. =30. (@7 =050 <7, shows a lattice of Bragg peaks; )

(b)T =125~T,;(c)T,, <T = 1.60 < T, in the vortex line _ _ %o dH: o Lo _ 4
liquid; and (d)T = 2.10 > T.. ° " 272L, dB, T, -

¢) T=1.60

A(T,,) dH,
L, dB.’

QU

(14)
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For large B> H., dH,/dB, = 1. Thus for L, <
(4/7)A(T,,), one hasT,. > T,, and hence a vortex line
liquid with superconducting coherence aloify inter-

mediate between the vortex line lattice, and the normal

vortex line liquid. Only forL, > (4/a)A(T,,) will this
intermediate state disappear [19]. For YBCO, with =
90 K, one hasA(T,,) = 1400 um, much thicker than the
sampleg~50 um) in Refs. [3,4,13].

We note that forB > H.,, A(T,,) is a factorB/H.,
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