
VOLUME 75, NUMBER 8 PH YS ICAL REVIEW LETTERS 21 AUGUsT 1995

Interface Delocalization Transition in Type-I Superconductors
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Within the Ginzburg-Landau theory, which is known to be quantitatively correct for classical
superconductors, it is shown that a type-I superconductor with enhanced order parameter

~ P ~2 at
the surface displays an interface delocalization or "wetting" transition. Surprisingly, the order of the
transition is controlled by a bulk material constant, the Ginzburg-Landau parameter sc. First-order
wetting is predicted for 0 ~ ~ & 0.374 and critical wetting for 0.374 ( ~ ( 1/~2. Superconductors
are likely to be an ideal test case for experimental observation of critical wetting.
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An important advance in the research on superconduc-
tivity was the discovery in 1963, by Saint-James and
de Gennes, of the nucleation of a thin superconducting
sheath at the surface of a superconductor (SC), at a crit-
ical field H, (sT) higher than the bulk coexistence field
H, (T) in type-I or bulk critical field H, z(T) in type-II
materials [1,2]. The thickness l of this sheath is of the or-
der of the coherence length $, and an interesting question
is what happens to I when the field is lowered towards
the bulk coexistence field. The connection between this
question and wetting phenomena was recognized by Speth
[3,4]. He concluded that, for type-I SC's with a surface
against vacuum or an insulator, l tends to a finite value
l, in the limit that bulk two-phase coexistence between
normal and superconducting phases is approached. How-
ever, l, diverges when the borderline between type-I and
type-II behavior is reached, that is, when the (temperature-
independent) Ginzburg-Landau parameter K approaches

the multicritical value sc, = I/~2. (~ = A/s, with A the
magnetic penetration depth. ) This is a noteworthy result,
but for any type-I SC (i.e., ~ ( I/~2), vacuum/SC or
insulator/SC surfaces do not enhance superconductivity
sufficiently to induce an interface delocalization transition
in which l, diverges. In this Letter we show that delocal-
ization does occur for other types of surfaces.

The essential parameter in wetting phenomena is the
surface quantity that is responsible for the preferential
adsorption of one of the coexisting bulk phases at the
surface. For fIuids adsorbed at surfaces or interfaces, it is
a chemical potential increment Ap, ~. For magnets (e.g. ,
Ising models) it is a surface magnetic field H~. For SC's
it is a surface extrapolation length b, which embodies
the surface enhancement (for b ~ 0) or suppression
(for b ) 0) of the superconducting order parameter [2].
The Ginzburg-Landau surface free energy functional,
including the surface contribution [5], reads

dx u/aP/z + [t/t/ + . V' —qA P
p
2 2m (i )

iV X A —poHi
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Here x is the coordinate perpendicular to the surface,
which is at x = 0. A is the vector potential and the
applied field H = He, is parallel to the surface. Fur-
therrnore, a ~ T —T„where T, is the bulk critical tem-
perature. We choose the gauge so that A = (O, A(x), 0).
Because of the translational invariance along y and z, and
by redefining A(x), it is possible to work with real func-
tions t/t(x). A and P are determined by the Ginzburg-
Landau equations.

The role of b becomes clear when the free energy is
minimized with respect to t/t(0). This leads to the familiar
boundary condition [2]

P(0) = b-'y(0), (2)
where the overdot means d/dx. For metal/SC surfaces,
b ) 0, with b ~ 0 for ferromagnet/SC surfaces [2,5].

! For vacuum/SC or insulator/SC surfaces, b ~ ~. The
case b ( 0 corresponds to surface enhancement of su-
perconductivity, resulting, for example, when a thin su-
perconducting layer with a higher T, is present at the
surface [6]. It also occurs near twinning planes inside
the bulk SC's Sn, In, Nb, Re, and Tl, and at surfaces
where grinding-induced twinning planes accumulate [7].
Our study of interface delocalization is restricted to type-I
SC s. For type II, different unbinding transitions occur,
involving vortex lines [8].

Our main results are concerned with hulk two-phase
coexistence between normal (N) and superconducting
(SC) states at H, (T). It is well known that the interfacial
tension psc N of the SC/N interface is positive for K

In the presence of a surface (W) we distinguish
two surface free energies, yw N and yw sc, depending on
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whether the bulk boundary condition at x ~ oo is the N or
the SC phase. The premise of the interface delocalization
study is that one of the two bulk phases, N or SC, is
preferred by the surface. Our calculations show that the
SC phase is preferred for all ~ when b ~ 0 and for
sufficiently large ~ when b ~ 0. Therefore, we consider

If we now impose the disfavored phase
N in the bulk, the question arises whether the material
will remain mainly in the N state, with possibly a thin SC
sheath at the surface (as anticipated in [1]), or whether a
macroscopic layer of SC phase will intrude between the
surface and the N phase. The thermodynamic equilibrium
condition

yw, N
~ yw, sc + ysc, N (3)

y(y(0)) = ll 0 + (P(0)) . (4)

By varying o. with P(0) we obtain der(P)/dP =
—2'(P), where Po —= P(0). Combined with (4) this
leads to

is realized as a strict inequality in the former case, and
as an equality in the latter. The temperature TD, if it
exists, at which (3) first becomes an equality, marks
the transition between an SC/N interface localized (or
bound) to the surface, and a delocalized (unbound) SC/N
interface. We find that, for b ~ 0, all type-I SC's
undergo this interfacial phase transition at some TD ~ T,
and a macroscopic SC layer intrudes for TD ~ T ( T, .
This is, in fact, another realization of Cahn s general
concept of critical-point wetting [9].

The determination of the delocalization transition is
greatly facilitated by constructing a "phase portrait" in

which P(0) is plotted vs P(0), for arbitrary b Figure 1.
illustrates this for two representative cases, ~ = 0.3 and
K = 0.5, for bulk two-phase coexistence (H = H, ). The
bulk phase is fixed to N. For Ic = 0.3 (solid lines) the
concave branch, from 0 to Y, corresponds to profiles with
a superconducting surface sheath. As Y is approached,
the sheath thickness l diverges. The convex branch
corresponds to W/SC/N profiles, which start from the
surface and approach the SC phase for x ~ ~. An SC/N
interface is added (at x = ~), such that finally the N
phase is reached across an infinite SC layer. The straight
line represents the boundary condition (2). Intersections
of this line with the branches correspond to extrema of
the free energy. There is a local minimum at the origin
(absence of superconductivity), a local minimum at D
(macroscopic SC layer and delocalized SC/N interface),
and a maximum at U (thin SC sheath and localized SC/N
interface). In order to locate the phase transition, where
the two minima exchange stability, we substitute into (1)
the A and P that satisfy the Ginzburg-Landau equations
and the boundary condition A(0) = p, oH, but with P(0)
fixed. This leads to the surface free energy function y,
given by

Q i

FIG. 1. Phase portraits —j(0) vs p(0) for Ic = 0.3 (solid
lines) and Ic = 0.5 (dashed lines). Here, p =—Pg/Ic and the
dot means gd/dx. For Ic = 0.3 an equal-areas construction
determines the location of the first-order interface delocalization
transition. For s& = 0.5 the meeting point Y determines the
location of the critical delocalization.

)(P(0)) = y(0) +— 0(o)
+ 0o(f) ~ (5)

from which one easily derives an equal-areas rule. Thus,
a first order pha-se transition between a state with P =
0 and a macroscopic SC layer takes place when b is
adjusted so that the hatched areas are equal.

For Ic = 0.5 (dashed lines in Fig. 1) the phase portrait
is qualitatively different. Both branches are convex and,
depending on b, we have either a stable finite sheath
or an infinite sheath. The sheath thickness l diverges
continuously approaching Y. A critical delocalization
transition occurs when the straight line passes through
Y = D. The precise location of D is obtained by
studying the asymptotic behavior of A and P, for x ~ ~,
for W/SC profiles.

Figure 2 presents the global wetting phase diagram in
the (Ic, g/b) plane at bulk two-phase coexistence. For a
given bulk material, changing T and H, such that H =
H, (T), corresponds to moving horizontally. Increasing T
towards T, means increasing g/~b~ towards ~, since s ~
~T —T, ~

' . For 0 ~ Ic ~ 0.374 the delocalization
transition (line FD) is of first order. In the limit Ic ~ 0
we have calculated analytically that it occurs at g/b =
—0.603. For ~ & 0.374, the delocalization transition
(line CD) is critical. The sheath thickness diverges as l ~
log[1/(TcD —T)]. The nucleation of the sheath takes
place on the critical line CN. The continuation of this
line, which is the metastability limit of the normal surface
state, is indicated by ML (dashed line).

The lines CD and FD meet in a critical end point CEP at
lc = 0.374 [10]. On the other hand, the nucleation transi-
tion changes from second to first order at a tricritical point
TCP at Ic = 0.388. There, the line CN changes (with com-
mon tangents) into the first-order nucleation line FN. On
the line, between TCP and CEP, nucleation proceeds with
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FIG. 2. Global phase diagram of interface delocalization
transitions for type-I SC's. The phases are labeled by the
thickness l of the superconducting surface sheath: l = 0 (no
superconductivity), 0 ( i ( ~ (SC/N interface localized at the
surface), i = ~ (delocalized SC/N interface). The transitions
are explained in the text.

FIG. 3. (H, T) surface phase diagram for rc = 0.2 and b (
0. The line CX denotes bulk two-phase coexistence. The
surface superconductivity transitions can be interpreted as
first-order (line FN), tricritical (point TCP), and critical (line
CN) prewetting transitions, associated with the first-order
delocalization transition at D.

a thickness jump, from I = 0 to I = lFN, and lFN diverges
when CEP is approached. Note that for b ( 0 all type-I
SC's are bound to undergo an interface delocalization tran-
sition at some TD ( T, [11]. For completeness, we draw
attention to the line RA, on which ywN —ywsc passes
through zero, corresponding to reversal of preferential ad-
sorption. To the left of this line the SC phase is preferred
by the surface.

From the point of view of wetting phenomena as well
as that of superconductivity it is important to study what
happens as a function of the magnetic field, especially for
H ) H, (T). First order wetting -transitions have exten-
sions into the bulk one-phase region, called presetting
lines [4,9]. In superconductivity, critical nucleation of a
SC surface sheath occurs at a field H, 3 [1], which is a
strongly increasing function of g/~b ~

for b ( 0 [6].
The connection between prewetting and critical nucle-

ation is demonstrated in Fig. 3 for K = 0.2 and b ( 0.
In principle, this phase diagram should be directly ver-
ifiable experimentally. The temperature variable is t =—

(T —T,)/(T, —Tri), such that the first-order delocaliza-
tion transition occurs at tD = —1. Similarly, the mag-
netic field is expressed in units of H~. The connection
with measurable quantities is most easily made by locat-
ing the critical point of surface superconductivity in zero
field at T„. Indeed, for b ( 0, T„)T, and one easily
shows analytically that $(T„)/b = —1. Since the func-
tion $(T) is known from the microscopic theory, mea-
suring T„allows us to estimate b. This in turn allows
us to locate TD, because t„= $(TD) /b depends only
on ~ and is obtained directly from our calculations. For
~ = 0.2, g(T~)/b = —0.308.

The first-order delocalization transition, at D, has an
extension along the first-order nucleation or "prewetting"
line FN. This line, which is tangential to the bulk coexis-
tence line CX at D, changes into a critical nucleation line

CN at a tricritical point TCP. Note that this is different
from prewetting in fluids or magnets, where the prewet-
ting line stops at a simple critical point. At TCP, FN and
CN meet with common tangents, and, to the left of TCP,
CN continues as the metastability limit ML (dashed line)
of the normal surface phase. To the right of TCP, the line
CN terminates at the surface critical temperature T„. An
analytic calculation shows that H, s ~ (T„—T)'/ near
T„. For the thickness l of the surface sheath when bulk
two-phase coexistence is approached at fixed T, we find
a divergence l ~ log[1/(H —H, )] for To ( T ( T, .
This is the approach to "complete wetting. " In contrast,
forT(TD, I,, =0.

The (H, T) surface phase diagram for a type-I SC with
~ ) 0.374 and b ( 0, which displays critical delocal-
ization, is qualitatively different. The line FN is absent,
and the line CN continues down to temperatures T ( T~.
The transition point D, at bulk coexistence, is then iso-
lated. Experimentally D could be detected by monitor-
ing I, vs T. Also, T~ can be estimated indirectly, as ex-
plained above, by measuring the zero-field surface transi-
tion temperature T„.

Our main conclusions and final remarks are the
following.

(a) For all type-I SC's with enhanced surface order pa-
rameter (b ( 0), there exists a genuine wetting temper-
ature TD, which marks an interface delocalization phase
transition (Fig. 2). This transition occurs at bulk two-
phase coexistence, so that Hri = H, (TD). The existence
of these transitions demonstrates that, contrary to what is
commonly believed, the thickness l of the superconduct-
ing surface sheath can be much larger than the bulk co-
herence length s.

(b) The complete phenomenology of wetting is realized
in type-I SC s. Surprisingly, unlike in all other wetting
systems that we know of, the order of the wetting transition

1620



VOLUME 75, NUMBER 8 PHYS ICAL REVIEW LETTERS 21 AUoUsT 1995

is controlled by a bulk material constant, the GL parameter
K. First-order wetting takes place for 0 ~ ~ ~ 0.374 and
critical wetting for 0.374 ~ ~ ~ I/~2. Consequently,
e.g. , Al (~ = 0.01) and Sn (~ = 0.1) are predicted to
display first-order wetting, whereas Pb (~ = 0.6) is a
candidate for critical wetting. Thus there is new physics
associated with wetting in SC's because in other systems
the order of the transition depends on,surface parameters
which are difficult to determine or control.

(c) The prediction of critical wetting is especially im-
portant from an experimental viewpoint. Up to now,
detailed experiments on wetting in Auids have provided
unambiguous evidence for first-order wetting and prewet-
ting [12]. However, there is to our knowledge no clear
experimental verification yet of critical wetting in any sys-
tem. Thus, type-I SC's with ~ ) 0.374 may be the ideal
testing ground for observing this phenomenon.

(d) Wetting in SC's is also new in that it provides a
realization of systems with exponentially decaying wall-
interface interactions (with characteristic length scales A

or s ), usually referred to as short-range forces. This leads
to a logarithmic divergence of the sheath thickness when
approaching complete wetting (T ) T~) and critical wet-
ting. In contrast, in other systems power-law interactions
(van der Waals or other) prevail, which are referred to as
long-range forces. Especially for critical wetting, theory
has long since predicted interesting anomalies in the case
of exponentially decaying interactions [13].

(e) We give a new interpretation and make further
predictions for twinning-plane superconductivity (TPS).
The (H, T) surface phase diagram (Fig. 3) is similar to that
of TPS at the same ~ [7]. But first-order TPS transitions
are now interpreted as prewetting, and we thus predict a
first-order wetting transition in which the SCjN interface
delocalizes from the twinning plane at the point D at bulk
coexistence. Neither this nor the possibility of critical
wetting has to our knowledge been predicted yet for TPS.

(f) The case of a (classical) SC is known to be
a fairly unique example of a system for which the
Ginzburg-Landau theory is quantitatively correct. The
experiments on TPS confirm this once more. For other
systems (Iluids, magnets, etc.) the corresponding mean-
field theory is at best qualitative and often a poor
approximation. Therefore, the mean-field wetting phase
diagram of type-I SC's (Fig. 2) is exceptional in that is
provides a quantitative guide for the experimentaliS.
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