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Dimensional phase transition in superconductors with short coherence length
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We found a novel dimensional transition in the vortex lattice of a finite-sized superconductor.
The low-field dependence (with field applied parallel to the film plane) of the magnetization exhibits

two maxima, which signal the transition from one to two dimensions. In one dimension the vortices
line up along the film, and with increasing field their arrangement changes into a two-dimensional

array due to the competition between vortex-surface and vortex-vortex repulsion. Agreement is

found with no adjustable parameter calculations using a priori known surface-barrier and vortex-

repulsion effects.

The properties of anisotropic superconductors are par-
ticularly important in light of the recent discovery of
high-T, superconductivity in anisotropic metallic oxides.
In order to pinpoint the properties which distinguish the
newly discovered oxides from ordinary anisotropic super-
conductors it is of importance to understand in detail the
properties of the latter. Artificially engineered materials
provide a convenient test ground for ideas related to an-
isotropic superconductors, especially since the physical
parameters (resistivity, coherence length, penetration
depth, etc.) can be varied at will. In particular, layered
superconductors that have a very short coherence length
(g) compared to the penetration depth (A, ) are similar to
the oxide superconductors where also (&&A, (London
limit). We present here a novel dimensional transition
which occurs in superconductors with long-ranged vortex
interactions in the London limit. The low-field depen-
dence of the magnetization in Nb/Cu superlattices shows
a transition from a one- (1D) to a two-dimensional (2D)
array of vortices for a wide range of temperatures and
sample properties. The results are in good agreement
with a no adjustable parameter model in which only sur-
face barrier and vortex repulsion effects have been includ-
ed.

Nb/Cu superlattices have been prepared and charac-
terized as described earlier. Briefly, the samples were
prepared using a multisource sputtering system by alter-
natively exposing the single-crystal sapphire substrate to
the sputtering beams. The thicknesses were independent-
ly determined by the preparation condition and by x-ray
diffraction measurements. The magnetic flux expulsion,
AP, was measured as a function of temperature, T, by
cooling the sample through its transition temperature,
T„at a constant applied magnetic field, 0, following the
method described in Ref. 4. For ease of presentation it is
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FIG. l. Flux expulsion 64 as a function of magnetic field, H,
at T= 1.7 K. Upper: Nb (16.5 A)ICu (16.5 A) multilayer of to-
tal thickness d =0.825 pm, T, =2.61 K, A,(0)=0.5 pm (Ref. 4).
Lower: Nb (54 A)ICu(54 A), d = 1.08 pm, T, =3.71 K,
A,(0)=0.33 pm (Ref. 4). Squares: experimental data; solid tri-
angles: calculated thermodynamic equilibrium expulsion; solid
line: Meissner effect; dashed line: 1D-2D phase boundaries.
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convenient to plot the flux expulsion as a function of H
rather than T. The curves hP(H) are constructed from
the measured b, (t ( T). The resulting curves are equivalent
to those that would have been obtained by decreasing H
at constant T, because in these samples the bulk pinning
can be considered to be zero.

Figure 1 shows the flux expulsion as a function of field
for two different samples. Results for other samples with
periods ranging from 10 to 200 A are similar to those
shown in Fig. 1. Two distinct features are present in
these results; At low magnetic fields a Meissner effect, in-
dicated by a constant b,g/H is evident. At higher fields
the flux explusion is not complete and the magnetization
as a function of field shows two well-defined maxima. In
contradistinction, the second maximum is absent in ordi-
nary superconductors where b,g(H) decreases monotoni-
cally above the lower critical field H„. Since the penetra-
tion depth, typically 0.5 IMm, is comparable to sample
thicknesses (d =1 pm) the vortices will interact strongly
with the Meissner currents. This repulsive interaction
tends to align the vortices along the center of the sample
until the vortex-vortex repulsion induces a lateral dis-
placement into a two-dimensional array. The experimen-
tal field dependence of the magnetization (Fig. 1) is
indeed reminiscent of such a structural phase transition
in the vortex lattice from one dimensions to two dimen-
sions. '

The sample construction procedure suggests that these
samples should behave as anisotropic superconductors.
Nevertheless, upper critical-field measurements indicate
that for multilayer periods smaller than 150 A the system
behaves as a homogeneous and isotropic superconductor
The main reason for the isotropic behavior being the fact
that the coupling is due to the proximity effect across a
normal metal. Based on these results we use Tinkham's
formalism to calculate the Gibbs free energy of a regular
array of N vortices in a slab with 0 parallel to the sam-
ple surface

FIG. 2. 1D and 2D vortex array.
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where L is the sample length along H, $0 is the fiux quan-
tum, r,. is the position of the ith vortex, h (r; ) is the local
field, and tI)„(r; ) is given by'

cosh(x; IA )

cosh(d /2k )
„(r;)= 0 1— (2)

with x; being the distance from the vortex core to the
film center.

For the N vortices distributed along a regular 1D or
2D array (see Fig. 2) Eq. (1) takes the form
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with H„=(Q /4oAi, r)inc, ri the vortex density per unit sainple width W, ~=A, /g, and Ko being a modified Bessel func-
tion of zeroth order. "

The equilibrium thermodynamic hP calculated by minimizing the Gibbs free energy [Eq. (3)] with respect to g and x
is shown as the dotted line in Fig. 1. The field region between the two maxima corresponds to the 1D equilibrium solu-
tion (x =0) whereas at higher fields a 2D solution (x&0) is encountered. It is quite satisfying to note that such a sim-
ple idea reproduces beautifully the general features of the experimental data.

The minimization of AG with respect to q implies that the number of vortices is determined by the thermodynamics.
However, when cooling in a field, defects and surface barriers tend to lock the vortices in the sample so as to give a
higher density than expected thermodynamically. To allow for a higher density of vortices the 1D—2D phase bound-
ary, H, 2( T, ri) is evaluated for an arbitrary g as the field at which the 1D vortex array becomes unstable
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H, 2(T, r))=8 cosh [A (T, ri) B—(T, ri)]
H, i d
ln~ 2A.

with
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with K, the modified Bessel function of the first order. "
The temperature dependence arises from H„(T) and
A, (T).

In accordance with expectations, the solid line in Fig. 1

intersects the second maximum in the b,P versus H curve,
which signals the 1D to 2D transition. The facts that the
1D to 2D phase boundary is obtained only by adjusting
the number of vortices and that agreement is obtained for
the full hP versus H curve without adjustable parame-
ters, are proof that the general ideas presented here are
the essential ingredients governing the physics. '

In summary, we have observed for the first time a di-
mensional transition in the vortex lattice of a finite-size
sample. The phase boundaries and detailed field depen-
dence are in agreement with theoretical calculations

based only on surface barriers and long-ranged vortex-
vortex interactions.
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'2The quantitative disagreement between experiment and calcu-
lation is not systematic from sample to sample and we believe
it to be due to experimental errors in the determination of the
absolute value of the penetration depth and sample thickness.
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