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Capillary-wave effects at critical wetting in type-l superconductors
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We discuss the effect of fluctuations of the superconductor-normalNS®terface on theshort-rangg
critical wetting transition in type-l superconductors. Functional renormalization of a standard effective inter-
face Hamiltonian shows that the fluctuation regimes found for short-range critical wetting in conventional fluid
systems appear in superconductors with slight modifications. Because the fluctuation param&tet
—\/2x) depends on the Ginzburg-Landau parametestrong fluctuation effects would be expected in the
limit x—1/\2. However, the capillary-wave spectrum of the BQhterface has an unusual form due to a
relevant magnetic field contribution which suppresses long wavelength fluctuations, invalidating conclusions
drawn from the standard effective interface Hamiltonian, and validating the results of mean-field theory.

PACS numbgs): 68.35.Rh, 68.45.Gd, 74.556h, 05.70.Jk

Short-range critical wetting was an elusive goal for thesurface tensionyscy between the SC andl phases. The
wetting community until recently. Because long-rangedinterface potential/(f) accounts for the effective interaction

forces are present in most fluid systems, this wetting transibetween the S interface and the wall, and is given by
tion can only be seen under very special circumstaptes [3 4]

However, type-lI superconductors are potentially a whole

class of systems in which the thickness of a wetting layer is V(f)= — 26+ _f
controlled by exponentially decaying, short-range forces (H=aexx \/— [&)+bexp(=T/n)
[2-4]. As was shown on the basis of Ginzburg-Landau +O(exp(—2\/§f/§))_ 2)

theory[2], the interface between coexisting superconducting
(SO and normal(N) phases in type-I superconductors with For systems undergoing critical wetting;>0 anda<0 for

Eurfage erg)hancemer;]t can kIJeco(;neh delocaliiid fr<|)m @mperatured below the wetting transitiof,, , so thatv(f)
oundary between the metal and the vacu(ire wal, has a single minimum dt= f,. ApproachingT,,, the leading

forming a superconducting sheath of arbitrary thicknessCoefﬁcient vanishesax — (T,,—T), andf, diverges
w ’ .

analogous to a wetting transition in a fluid system. First- The applicability of the effective Hamiltoniatl) to criti-

gr_de[)or clr_ltlczl wetting tr?n5|tlﬁ_ni _octchur, dteper;?rl]ng on thecal wetting in fluids in three dimensions has been questioned,
Inzburg-Landau parameter wnich IS the ratio ot the mag- - gince jt is unable to reproduce the structure of certain corre-

netic penetration depth to the (bulk) superconducting co- |4tion functions in the vicinity of the wall7]. This problem

herence lengtlg. For x<0.374, wetting transitions are first seq hecause the model does not properly describe fluctua-
order; for 0.374 k<1/2, they are critical2]. In type-Il  tions which carry the interface close to the wall. As we shall
superconductorss>1/y/2, wetting by the SC phase is pre- see later, such large fluctuations do not occur for theNSC/
empted by nucleation of supgrconductlwty in the bulk of theinterface’ so that we can, at least as a start, employ a model
sample, and we do not consider these cases. - similar to that given by Eqgq1) and(2) for a discussion of
Mean-field theory for the critical wetting transition re- the critical wetting transition in superconductors.

veals a rich, nonuniversal behavior of the surface specific |f e naively apply the results of a linear functional renor-
heat[4,_5]. However, in order to be.certain of the validity of y3jization schemd8,9] to Egs. (1) and (2), we find that
mean-field theory, we must consider the effect of thermatnere are three different fluctuation regimes for critical wet-
fluctuations. In analogy with fluid systems, the Iowest—lylng»[ing in type-I superconductors. In analogy to fluid systems,

interface. These can be studied with an effective Hamiltoniafyyctyation parameterw=kgT/[27E2yscn]. One finds a

[3.6], for which the standard form is weak fluctuation regime for @ w<4«? in which the inter-
facial correlation lengtlé;~|T—T,| " diverges at the wet-
H[f]:f d2r %(Vrf)ZjLV(f) , (1)  ting transitionT=T,, with
_ _ _ -1
where f(r) is the thickness of the superconducting sheath. v=([2\2k—w][U(2K)-1]) . )

The first term in Eq(1) represents the capillary effect of the
At the upper limit, o=4«?v=(2[1/J2—«]) 2. For w
>4x2, the old results for short-range critical wetting apply
*Present address: INFM-Dipartimento di Fisica, UniverditRa-  [8], i.€., there is an intermediate and a strong fluctuation

dova, 1-35131 Padova, Italy. regime. Approaching the type-Il regime—1/y/2, the fluc-
"Present address: Fachbereich Physik, Univérsgadl Essen, tuation parameter diverges,— e, since ysen~ (11— v2k)
D-45117 Essen, Germany. —0. Strong fluctuation effects would therefore appear to
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- tuations, apart from simple translational shifts. For example,
/\/ the possible appearance of regions within the interface in
which both the magnetic flux and the superconducting order
parameter vanish3] is ignored. This approximation is per-
missible if we are only interested in the spectrum of the
1 lowest-lying capillary waves at wavelengths which are larger
than the coherence length To this purpose we have in-
0,2 cluded a high wave-vector cutoff~ ¢~ 1. Similarly, Eq.(5)
’ is applicable at long wavelengths to the cases of nonzero
FIG. 1. Fluctuationd (y,z) of the SCN interface(bold lineg ~ Which show a critical wetting transition, since for these the
away from the y¢,z) plane bend the lines of magnetic fligthin penetration depth is less tharg.
lines), giving rise to an anisotropifg| contribution to the capillary For fluctuations exactly perpendicular to the applied field
wave energyEq. (5)]. For long wavelength fluctuations, this effect H, the magnetic field lines are not distorted and the capillary
dominates the usuaf term that is generated by the surface tension.energy(5) has a Conventiondh|2 dependence on the wave
vector. This means that the interface Hamiltonianis valid
dominate the physics of critical wetting in type-l supercon-for SC/N interface configurations that vary only in the direc-
ductors with a sufficiently high value of. tion transverse to the applied field, for example, in calculat-
However, this result is based on E@), which neglects ing droplet shapes in Ref3] and also in calculating the
the influence of the magnetic field on the capillary-wavecapillary contribution to the free energy for the intermediate
spectrum of the interface, as we now demonstrate. We corstate in a thin slap10]. However, in all other directions, the
sider a free SQM interface lying in the ¥,7) plane, and a dispersion law has an unusyg| dependence at long wave-
uniform magnetic field applied in thg direction, H=H length, as a result of the magnetic field contribution.
=(0,H,0), equal in magnitude to the bulk critical fiett, to The amplitude of thermally excited fluctuations of the
ensure the coexistence of the S&<(0) and N(x>0)  SCNN interface is found by applying equipartition to the
phases. We use an overbar for a general vector, and a bokdamiltonian (5), and the height-height correlation function
typeface for vectors lying in they(z) plane. As shown sche- C(r)=/2[1(r)—1(0)]%) is
matically in Fig. 1, if the interface is distorted away from the
(y,z) plane, the lines of magnetic flux, which do not pen- C(r) f d?q [1-cogq-r)]
\

(6)

etrate the SC phase, are also distorted. T 2 2 -1 CONCE
In the limit k=0, there is no overlap of the superconduct- B a<A(2m)* (a-H)*la[" "+ ysena®+m

ing order parameter and the magnetic flux density, and the

effect of a surface fluctuatior(r) =1, cos@-r) is found by Let us first consider the free interfac@?=0. The inte-
ing the field tions in tha phaseV.B=0 andV gral in Eq. (6) is convergent at long wavelengths, and the
solving the Tield: equations phasev-bB="u a (squared interface widthW2=Iim‘,|HmC(r) is finite,

XH=0, with the boundary conditioB-n=0, wheren is

the normal to the distorted surfacee., that surface where KT A 1/2 A 1/2
the order parameter vanishesTo first order inly, the W2=_2 log 1+7’5021 ) 750/21 @
change in the flux densitB=H+ 5B is TYSCN Hg Hg

5B=(q‘H)[eqcos{q~r)—exsir(q-r)]e‘““xlq, (4) Thus, the free S interface does not make unbounded
. fluctuations and is not “rough.” Long wavelength capillary
wheree, and e, are unit vectors in thg andx directions, waves are suppressed by thé-@)2[q| ! term in the effec-
and we have assumed that the relative permeability ofthe tive Hamiltonian. This is in contrast to a fluid interface in
phase is equal to 1. The effect of a general surface distortiothree dimensions for which the widil is divergent and the
can be found by superposition. For nonzetpEq. (4) is  interface is rough, because the amplitude of long wavelength
valid for wavelengths longer than the magnetic penetratiodluctuations is determined by a less suppressi/éerm. In-
length\. deed, the SQM interface is more like a conventional fluid
The contribution to the capillary wave energy from this interface in dimensions greater than 3, which is also not
distortion follows from the change in the energy of the mag-rough.
netic field, 1/gB-Hd% . Including the usuab? from the The approach of the correlation functi@{r) for the free
capillary effect of the SQM interface, which is equivalent to interface to the limiting valuaV? for large|r| also follows
the gradient_squared term in Hq_), and a “mass”’ termnz from Eqg. (6) We find a power—IaW behavior, with an ampli—
for later discussion, we find that the effective Hamiltoniantude that depends on the anglebetweenr and H, W?

for the SCN interface to second order in the fluctuatigris ~ —C(r)~([sin 0|lf|)71/2-_ In the direction of the fieldp=0,
the power law is modified and becomies™ 1%,
d’q 1 To examine the influence of thermally excited capillary
H[']:fq<A (2m)? 5{(Q‘H)Z|Q|_1+ ysen@®+m?Ig/%.  waves on the mean-field wetting behavior, we expand the

®) interface potentiaV/(f=fq+1) about its minimunf, to sec-

ond order inl. This gives a mass term in the effective Hamil-
In writing down this expression, we neglect variations of thetonian(), m?= (d2V/df2)f:f0, which vanishes approaching
structure of the SO interface caused by the surface fluc- the critical wetting transitionm?~ (T,,— T)Y(1~2%),
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For nonzeram, the integral in Eq(6) is still convergent at interface unbinds, but it does not simultaneously roughen.
long wavelengths, and the interface widt#f is finite, but ~ Despite the emergence of diverging lengthscales for(ithe
slightly smaller than for the free interface, as fluctuations areplang correlation function, the interface width saturates as it
suppressed by the additionaf term. Approaching wetting, becomes free. These finite fluctuations do not alter the nature
m?—0, andW? increases smoothly to the finite val(i®. At of the singularities at the critical wetting transition or alter

in an damped-oscillatory fashion for fluid interfaces in dimensions greater than thfg8g We

conclude that the mean-field results for the divergence of the
2_ _ _ Ti . wgtting layer thickness and the singularity in the surfgipe spe-
W= C(r)~Re expp—|r|(Léa /&) ] ® cific heat for the short-range critical wetting transition in

Both the decay lengtlgy and the oscillatory lengtlg, di- superconductorp4,5 are valid.

verge  approaching the  wetting transition, &4 We would like to thank D. Bonn, F. Clarysse, and J.O.

~|escd|(m? ysen) ~ Y2 and &~ [sinflse@d(m?/H2) . In Indekeu for useful discussions. This work was funded by

the direction of the fieldd=0, both lengths have the same TMR Network No. FMRX-CT98-0171, the VIS/97/01

divergence at wetting- (ysen/He) ™ YAm? ysen) ~ 34 project of the Flemish government, and the Deutsche Fors-
Thus, approaching a critical wetting transition, the BC/ chungsgemeinschafbFG).

[1] D. Ross, D. Bonn, and J. Meunier, Natuteondon 400, 737 775(1983.

(1999. [7] A.O. Parry and P.S. Swain, Physica250, 167 (1998 and
[2] J.0. Indekeu and J.M.J. van Leeuwen, Phys. Rev. L7&t. references therein.

1618(1999; Physica C251, 290 (1995. [8] D.S. Fisher and D.A. Huse, Phys. Rev3B, 247 (1985.
[3] R. Blossey and J.O. Indekeu, Phys. Revo® 8599 (1996. [9] E. Brezin, B.l. Halperin, and S. Leibler, Phys. Rev. Legb,
[4] 3.M.J. van Leeuwen and E.H. Hauge, J. Stat. PBYs1335 1387(1983.

(1997. [10] M. Tinkham, Introduction to Superconductivity2nd ed.
[5] F. Clarysse and J.O. Indekeu, Physic2%{, 70 (1998. (McGraw-Hill, New York, 1996.

[6] E. Brezin, B.l. Halperin, and S. Leibler, J. Phy&rance 44,



