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General introduction

Multilayers are stacks of planes from different materials. Some of them can be
found in nature, e.g. transition-metal dichalcogenides and high temperature (high-Tc)
superconductors, but others are artificially prepared by deposition techniques. The
advantages of controlling the composition of multilayers are numerous and can be
exploited in several ways. Particularly convenient is that the individual layer thicknesses can be adjusted to the typical length scale of the physical process under study,
which can result in a very direct measuring probe of these length scales. An example
is the work by DuMond and Youtz [1] from as early as 1935. They made the individual layer thicknesses in Au/Cu multilayers of the same order as the wavelength for
soft-X-rays (10 nm), and in this way successfully constructed a soft-X-ray diffraction
grating. Presently one can manipulate layer thicknesses for some materials on the
atomic level. Especially in magnetic multilayers this led to many new spectacular
phenomena, such as e.g. the giant magneto resistance effect [2], for which the typical
length scales are directly related to the Fermi wavelength for the electrons.
An important length scale for superconductivity is the minimum distance over
which the density of superconducting electrons, or the superconducting order parameter, can vary. It is denoted as the Ginzburg-Landau coherence length £(T). If
the thickness of a superconducting thin film is smaller than « 2£, the order parameter is constant over the thickness of the film, and the superconductor is said to
be two-dimensional (2D). Such 2D systems can behave completely differently from
three-dimensional (3D) systems, for which all sample dimensions are much larger
than £. This can be illustrated by considering a 2D and a 3D superconductor of type
II material in a magnetic field H. If H exceeds the lower critical field Hci the field
will (partially) penetrate the 3D superconductor via flux lines [4]. These flux lines
can be viewed as circular lines with a normal core of diameter 2£, each containing a
flux quantum <j>o = k/2e, and collectively they form a hexagonal lattice. When the
field is applied perpendicular to the surface of the 2D superconductor the field will
also penetrate the sample via flux lines, and essentially the same vortex structure
will appear. However, for parallel fields vortices will not be created, since the sample
thickness is comparable to the normal vortex core size of 2£. This will e.g. effect the
upper bound for the current density at which dissipation is absent, the critical current
density Jc- In the presence of vortices Jc is practically always limited by the onset of
vortex motion (causing dissipation), and it is not surprising that Jc for parallel fields
can be very different from Jc for perpendicular fields in 2D superconductors.
Realizing that the length £ plays such an important role in superconductivity, one
can expect that multilayers are potentially useful for obtaining a better insight in
superconducting phenomena of various types. The first actions along such lines were
taken by Raffy et al. [3], who studied the pinning of vortices. In naturally appearing
materials the statistical nature and distribution of pin centres preclude a straightforward interpretation of critical current measurements in terms of the microscopic pin
mechanisms. Raffy et al. created well defined pinning planes by spatially modulating
the Bi concentration in Pb-Bi films. The periodicity of the modulation was several
times ((0), and the higher Bi concentration planes therefore acted as very effective
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pinning planes. By applying a field parallel to the equiconcentration planes, the pinning effect and the deformation of the vortex lattice could be studied in a detailed
way.
Later studies on multilayers were mainly devoted to the critical fields [5,6]. In
superconducting-normal or superconducting-insulator multilayers the parallel critical
fields {Han) can become very high. This is not only interesting from a fundamental
point of view, but also offers possibilities for technical applications. The enhancement
of Hall can have two different origins. Firstly, even if the non-superconducting layers are sufficiently thin, so that the superconducting layers in the multilayers remain
coupled, i.e. the system remains 3D, an effective anisotropy in the superconducting
parameters can be introduced. As a consequence, ( for the direction perpendicular
to the layers, &., is reduced, resulting in an enhancement of Hc2//<xl/££z. The second
possibility occurs when the insulating or normal layers in the multilayer are relatively thick, so that the superconducting layers are completely decoupled. If these
layers have an individual layer thickness smaller than 2£ they will act as 2D thin films,
which can greatly enhance He2//, since Hr2// is inversely proportional to the thickness
in 2D. Also, the critical currents carried by the superconducting material in such a.
multilayer can be much larger as compared to a single layer of an equal amount of superconducting material. Other interesting phenomena are the dimensional crossovers
observed in e.g. the temperature dependence of #C2// f° r some multilayers [5]. Because of the temperature dependence of £{T), £(r)=£(0)/(l - T/TcY'2 with TC the
critical temperature, it is possible that close to Tc, where £(T) diverges and the layers
couple, the multilayer behaves as a 3D system, whereas for lower temperatures the
layers decouple and the system behaves 2D.
The research concerning superconducting multilayers has been strongly stimulated
by the discoveries of high-Tc materials, starting in 1986 [7]. These materials all have
a layered crystal structure, and the order parameter nucleates in 2D superconducting
(CuO) planes. This results in a modulation of the superconducting order parameter,
leading to sometimes very anisotropic superconducting parameters. The vortex lattice
turns out to be crucially influenced by the anisotropy, and many new aspects of vortex
lattices have been observed in, or predicted for, high-Tc materials. Among them are
e.g. the vortex-glass state [8,9], pancake vortices [10,11], vortex lattice melting [12],
"giant" flux creep [13], intrinsic pinning [14] and kinked vortex structures [15].
In order to precisely understand the influence of the anisotropy on the vortex
lattice it would be convenient to systematically vary the anisotropy and study the
changes in the vortex lattice behaviour. Such a procedure is obviously not possible
in the high-7^ materials themselves, given their unique crystal structure, and it is in
this respect that multilayers can again be of great help. Preparing multilayers with
thin, low-Tc superconducting layers and choosing a suitable material for the other
type of layers, one can hope to control the anisotropy, and the modulation of the order parameter, by changing the thickness of these layers. In this way multilayers can
serve as model systems for the high-Tc materials, and several successful studies have
been undertaken along these lines [16,17]. One should of course realize that high-Tc
materials are rather unique, and the pronounced anisotropy is just one peculiarity.
Other characteristics, such as the very small coherence lengths and the high temper-
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atures involved in the superconducting state, cannot be realized in multilayers, even
though these characteristics can very well be just as important for the overall vortex
lattice behaviour. One must therefore accept that multilayers can only model high-Tc
materials in some aspects, and one should be careful not to take the correspondence
too literally.
In this thesis three qualitatively different type of superconducting multilayers are
studied. In tbapliT j We discuss the vortex lattice structure in Nb/NbZr multilayers,
a system where both type of constituting layers are superconducting. At certain
temperatures and for parallel fields close to Hc2//, the Nb/NbZr system has a strongly
modulated order parameter [18,19], and in this aspect resembles the high-Tc materials.
By lowering the field the modulation decreases, having important consequences for
the vortex lattice structure. By studying the transport critical currents we show that
in the case of strong modulation the vortex lattice has a kinked structure, but at
weaker modulations the vortices are straight, and the change in modulation actually
results in a vortex lattice transition. Our study confirms the picture of the existence
of kinked vortex lattices, but it is rather surprising that these kinked structures can
exist in a system which in itself is not at all that anisotropic. It indicates the relevance
of other parameters governing the vortex lattice structure.
In chapter 3 we focus on multilayers consisting of superconducting and several
types of ferromagnetic layers. Superconductivity is carried by Cooper pairs, paired
electrons with opposite spins and wave vectors. In a ferromagnet the magnetic moments prefer to be aligned in the same direction. Due to the exchange interaction it
is energetically favourable that also the spins on the electrons are aligned in parallel, and therefore superconductivity and ferromagnetism are two conflicting ordering
phenomena. The purpose of our work is to obtain a better insight in the destruction
of superconductivity by ferromagnetism, and especially in the typical length scales
involved. Because of the well defined layered structure of our multilayers, the experimental results are well suited to compare with theoretical models, which contain as
an important ingredient the interaction between superconductivity and magnetism.
By varying the thickness of the magnetic layers we can directly probe the penetration of superconductivity in ferromagnetic material, since the superconducting
properties of the multilayers drastically depend upon whether or not the superconducting layers are coupled. Our work reveals that the typical length scale over which
superconductivity penetrates ferromagnetic materials is of the order of 1 nm or even
smaller, a rather remarkable result. On the other hand, by varying the layer thickness
of the superconducting layers, we will show that the superconductivity is influenced
by the magnetism over very long length scales, even larger than £(0). The results are
well described by a theory which assumes that the destruction of superconductivity is
caused by the exchange energy between magnetic ions and the electrons carrying the
superconductivity. Another theoretical prediction we could confirm by experiment
is that the final effect of the ferromagnetic layers on the superconducting properties
of the multilayers does not only depend on the strength of the magnetism, but also
on the scattering mechanism of the electrons at the interfaces. We would already
like to mention here that the properties of the magnetism at the interfaces are very
important for the overall superconducting behaviour of the multilayers. For a well
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defined experimental situation these interfaces have to be sharp on the atomic level,
a highly non-trivial requirement. However, some multilayer systems, all prepared
at Philips Research in Eindhoven, do indeed posses very sharp interfaces, and this
enabled us to make some progress in the experimental understanding of superconducting/ferromagnetic multilayers.
In chapter 4 we will concentrate on the melting of the vortex lattice in NbGe/Ge
multilayers, a superconducting/insulator system which is a very convenient model
system for the high-Tc materials. The vortex lattice in sufficiently thin NbGe single
layers can be considered as a two-dimensional system and melts via the KosterlitzThouless mechanism [20]. Preparing multilayers consisting of five of these thin NbGe
layers separated by Ge layers of variable thickness, we were able to influence the
coupling strength between the superconducting NbGe layers, and thus the anisotropy
of the multilayers. In this way the precise influence of anisotropy on the vortex lattice
melting could be studied. For low anisotropies the melting line for the multilayers is
indistinguishable from that for a single layer with the same total sample thickness.
Because this total thickness is still relatively small, the melting is of 2D nature.
Increasing the anisotropy, a crossover is observed from 2D melting in the full sample
at low fields to 2D melting in the single NbGe layers at high fields, with melting of a
three-dimensional (30) nature in the intermediate field range. Multilayers with high
anisotropy only show the second crossover. These results are relevant with respect
to a better understanding of the vortex lattice states in high-Tc materials, for which
similar processes as observed in the NbGe/Ge system are predicted.
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2 Vortex-lattice transition in Nb/NbZr multilayers
2.1

Introduction

The high-temperature superconductors all consist of superconducting layers separated by non-superconducting material. This layered structure results in a modulation of the order parameter and causes the superconducting properties to be
anisotropic. Even though it is true that a modulated order parameter invariably
leads to anisotropy, the existence of anisotropy is possible without a modulated order
parameter [1], and both effects can influence the nature of the vortex lattice (VL)
itself and the pinning of this VL in qualitatively different ways.
The anisotropy, measured by the anisotropy parameter Y=y^=mzjm, with mz and
m the effective electron masses perpendicular and parallel to the layers, respectively,
effects the elastic moduli of the VL. For a field applied perpendicular (J.) to the layers
the tilt modulus C44 is inversely proportional to F [3], and can be greatly reduced in
the high-rc materials. E.g. for YBa2Cu3O7_« % as 5 [4] and for Bi2Sr2CaCu208+j %
is in the range of 150 [5]. This reduction of c44 has important consequences for e.g.
the VL melting [3], discussed in more detail in chapter 3. The shear modulus cee is
not influenced by the anisotropy for the perpendicular field direction. However, in a
field parallel (//) to the layers it is much easier to shear the vortices in a direction
along than across the layers [6], and for this field orientation one thus needs two shear
moduli to describe the VL. It should be noted that these effects have nothing to do
with the modulation of the order parameter, just anisotropy is sufficient to introduce
them. Since the shear modulus is one of the important quantities determining the
critical current density j e , the differences in shear behaviour for fields parallel and
perpendicular to the layers cause the critical current to be also anisotropic. Furthermore, for the parallel field direction the equilibrium lattice configuration is no longer
hexagonal, but is distorted along the axis perpendicular to the layers [7,8]
The modulation of the order parameter in the high-Tc materials can influence the
VL in a qualitatively different way. The order parameter | ^>(r) | 2 is smallest between
superconducting layers, and in a field applied parallel to the layers the vortices can
be strongly pinned in this minimum. The effect is known as intrinsic pinning [2]. It
is only effective in parallel fields, and can give rise to a tremendous anisotropy in je
[9,10]. It is even possible that | ip | 2 vanishes between the superconducting layers,
as is the case for BiaS^CaCujOs+s at relatively high fields. Such a system is best
described as a stack of two-dimensional (2D) layers, weakly coupled by Joshepson
currents [11]. In that case the dissipation is essentially only caused by the field
component perpendicular to the layers, which naturally leads to a very anisotropic
critical current [10].
One area of promising future technical applications of some h\gh-Tc materials is
electrical current transport. For this an understanding of the vortex lattice structure
and the mechanisms determining the critical currents is needed. The anisotropy and
the modulation of the order parameter are both of importance for these properties,
and a detailed knowledge of their influence is clearly desired. Much insight can of
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multilayers

course be gained by carefully studying the magnetic and transport characteristics
of the high-Tc materials themselves, as has been done by numerous people, see e.g.
Ref.[12] for a recent overview. Another convenient, and additional, way is to study
the properties of artificially prepared superconducting multilayers. Their obvious
advantage is that by choosing the right materials and layer dimensions the anisotropy
parameter (and the modulation of the order parameter) can in principle be varied at
will. This then provides a powerful tool to check the new ideas and models which are
proposed for anisotropic superconductors in general and for the high-2",; materials in
particular. An important advantage is also that a large part of the H-T phase diagram
is usually accessible, whereas for the high-T,. materials Hc2 is too high except close to
Tc. Examples of changes in the modulation of the order parameter cau be found e.g.
in Nb/Cu [13], Nb/Ge [14] and Nb/NbZr [15] multilayers. They manifest themselves
e.g. by crossovers from two-dimensional (2D) to three-dimensional (3D) behaviour
in the temperature dependence of the upper critical field HC2//. For studying the
influence of the anisotropy on the VL, superconducting/insulator (S/I) multilayers
with relatively thick insulating layers are best suited. Here the order parameter
always remains strongly modulated, and the coupling (Josephson and/or magnetic)
between the S-layers is controllable. In this way the effective dimensionality of the
vortices can be varied [16], which can have interesting consequences for both the
pinning behaviour [17,18], and the VL-melting [19] in such multilayers.
One of the major problems with the multilayers is their preparation. The structural properties should be well defined and especially troublesome in this respect is
the interface region between the different materials. In this region all kinds of undesirable mixing effects can occur, which might influence the overall properties of the
multilayer drastically. In practice therefore only a 1; raited number of combinations of
materials actually yields multilayers of high enough quality.
Among these combinations is the Nb/NbZr system, for which the superconducting
properties are in general not strongly influenced by the interfaces. Both Nb and NbZr
are superconductors, but even if the Tc of these components are equal, the diffusion
coefficient for the electrons will be different, resulting in a different zero temperature
Ginzburg-Landau (GL) coherence length £(0). It was predicted by Takahashi and
Tachiki [20] that such systems can exhibit two crossovers in the dimensionality of
Hc2//, as has been shown in both the Nb/NbZr system [15,21] and the Nb/NbTi
r
?2] system. Decreasing the temperature from Tc a crossing from averaged 3D to 2D
behaviour is observed. At still lower temperatures, a second transition from this 2D
behaviour to 3D behaviour occurs. The crossovers are well understood and signify
changes of the nucleation position of the order parameter from one layer to the other.
In both the 2D and the low temperature 3D regime the order parameter is strongly
modulated at Hc2//. What will happen when the field is reduced from HC2// in these
regime's is less clear, but since both Nb and NbZr are superconducting at H = 0, it is
expected that the modulation will decrease. This would affect both the structure and
the pinning of the vortices, which in turn influences the critical current. Especially
interesting in this respect is the effect on the intrinsic pinning. In this chapter we
study the critical currents of Nb/NbZr multilayers, and hope to clarify some of the
issues mentioned above. It should be noted that even though the modulation of | 4> P
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can drastically change in the Nb/NbZr system, the anisotropy is never very large (F
is 4 at maximum) and is clearly a less important parameter.

2.2

Experimental

2.2.1

Sample preparation and characteristics

The multilayers were prepared by multi-target magnetron sputtering in an Ar
pressure of 5xlO~ 3 mbar on sapphire substrates at room temperature in an ultra
high vacuum (UHV) system with a base pressure of 10~9 mbar. The sputtering rates
were calibrated by Rutherford backscattering and by stylus measurements on single
layers of Nb and NbZr. The composition of the NbZr layers was checked by electron
microprobe measurements and found to be 55 at. % Nb and 45 at. % Zr, in accordance
with the RBS results. For these concentrations the Tc of the Nb and NbZr material
are approximately the same (9.2 and 10.7 K, respectively). The multilayer character
of the samples was confirmed by both RBS and X-ray diffraction. A sample with
a periodicity of 8.0 nm still showed a clear multilayer structure, indicating that the
interface region where atomic interdiffusion occurs is less than 4.0 nm. One of the
advantages of the Nb/NbZr system is that the interface region will have a (local) Zr
concentration between 0 and 45 at. %. The superconducting properties will therefore
not be drastically different from that of the two constituting materials. This will
result in a small influence of the interface regions on the superconducting properties
of the multilayers. For Nb and NbZr monolayers we extrapolated the measured
Hc2±(T) (=<^/(27r£(T) 2 = [<6o/2x£(0)2](l - T/Tc)) curves linearly to Tc, obtaining
for Nb 6(0) = 12 nm and for NbZr £(0) = 5.5 nm.

A dz N Tc TC2D
[nm] [nm]
[K] [K]
12/42/7 12
42 7 10.50 10.15
24 7 10.08 9.75
24/24/7 24
42 7 10.41 9.95
24/42/7 24
sample

24/42/3
24/42/1
32/32/7
42/12/7
42/24/7
42/42/7

24
24
32
42
42
42

42
42
32
12
24
42

3 10.26 10.00
1 10.08 9.80

7
7
7
7

10.10
9.86
10.00
10.17

9.90
9.50
9.50
10.0

HP(0)/H2D(0)

[T]

[T]

1.66
1.16
1.21
1.35
1.41
0.83
0.75
0.65
0.70

4.20
3.00
2.70
3.00
2.95
2.45

0.40
0.39
0.45
0.45
0.48
0.34

-

-

1.87
1.75

0.35
0.40

Table I: Various sample parameters. The sample name denotes the thickness of the
Nb and NbZr layers (dt, and dz respectively) and the number of double layers Nb-NbZr.
Note that one extra Nb layer was added to obtain a symmetrical configuration, as well
as protective. 4-5 nm thick NbZr bottom and top layers.
Our samples are made in a symmetrical configuration of N double layers of NbNbZr and one extra Nb layer, with thicknesses of di, and dz respectively. The samples
are referred to as di,fdz/N. Special care was taken for the outer layers. If outer
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layers oxidize they become effectively thinner, which might influence the multilayer
behaviour in an uncontrolable way. We therefore added 4.5 nm thick NbZr layers
on top and bottom. These layers are thin compared to the thicknesses of the inner
layers. It was shown in Ref.[23] that they cannot carry surface superconductivity
and do not influence the measurements in any way. Given the sample geometry
with Nb as effective outer layers, surface superconductivity will then only occur very
close to Tc [23]. Various samples parameters are given in Table I. To measure the
critical currents all samples were wet etched into strips with a width of 150 /im, and
a distance between the voltage probes of 2.5 mm, unless stated otherwise.

C1

C2

C3

Figure 2.1: The three possible meassurement configurations with in the left part the
vector diagrams for current I, field H, and Lorentz force FL. The layers are parallel
to the xy-plane and the current is always supplied along the y-axis. In the right part
are indicated the Lorentz forces on a string (f,) and a disk (fd) when the vortex is
kinked, and has field components H, (parallel) and Hi (perpendicular).

2.2.2

The three measurement configurations Cl, C2 and C3

The current-voltage (IV) experiments were performed in a standard 4 He cryostat,
in which a home-built rotatable sampleholdar could be inserted. The technical construction of this sampieholdcr is outlined in more detail in Appendix A. The samples

2.3

The upper critical fields
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can be mounted in three different configurations, as shown in Fig. 2.1. The current
is always applied along the layers, and the sample holder can only be rotated over
one angle. In configuration 1 (Cl) the angle between field and sample surface 9, can
be changed over 200° while the angle between current and field 9m remains fixed at
90". This implies that the magnitude of the Lorentz torce FL (=| / i j x H|, with j / /
I the current density) on possible vortices remains unchanged, but the direction of
Fi does change with changing 0,, Fi being perpendicular to the layers for 0a=O and
along the layers for <?s=90°. In configuration 2 (C2) the field is always parallel to the
layers (0,=O) but OJH can be changed over 200". FL will always be perpendicular to
the layers and will vary as sin(0//j). In configuration 3 (C3) both angles are equal;
6,=6]H- For Fi this means that it is constantly directed along the layers but its
magnitude changes proportional to sin(03).
As the concept of kinked vortices consisting of vortex strings parallel to the layers
and vortex disks perpendicular to the layers will play an important role later on, it
is useful to remark on the components of FL on strings and disks. Since the current
is applied along the layers, the disks experience a Lorentz force fd in the x direction
for all configurations. The Lorentz force per unit length on a string, / , , points
perpendicular to the layers and is proportional to sin(0/,,<r;nj), with Birring the angle
between the current and the string. In Cl, therefore, / , is always at maximum; in C3
it will be zero, while in C2 /„ varies continuously. Note also that the angle between
fi and the direction of the strings is (90° — 0/,»tr;ns), so that fd is along the string
direction in Cl.
The angular resolution is better than 0.3° and sample alignment is better than 1°.
A critical current Ic was defined by an arbitrary 8-^V/cm criterion. The choice of
this criterion does not affect the qualitative behaviour of the data, as was concluded
from IV curves taken in the whole relevant field regime for some samples. Critical
fields were determined by sweeping the field at constant temperature, and defined as
the midpoint of the superconducting-normal transition.

2.3

The upper critical fields

In 1986 Takahashi and Tachiki [20] calculated the temperature dependences of the
upper critical fields for several different type of multilayers. When both constituting
layers are superconductors with the same Tc but different values of £(0), H,n//(T)
can show two dimensional crossovers if £*(0) is larger than 2dz and di, is at maximum
several times 6,(0), depending on dz. For the Nb/NbZr system these crossovers
are indeed observed [15,21], and three qualitatively different regimes can thus be
distinguished, as indicated for sample 24/42/3 in Fig. 2.2.
In the regime near Tc the order parameter is spread out over several layers, yielding
an averaged behaviour of the constituting layers. A linear behaviour of HC2//(T),
typical for 3D superconductors, is then observed. The slope S=—dHC2/dT in this
regime, referred to as the 3D regime, is for this particular sample a factor 1.37
larger for parallel than for perpendicular fields, indicating the presence of surface
superconductivity. Surface superconductivity is also observed in other samples, but
the ratio of 5 for perpendicular and parallel fields is sample dependent.
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Figure 2.2: Hc2// (0) and H^y (A) as function of T for sample 24/42/3.
shows the same properties over a larger scale.

The inset

In the so called 2D regime between TC2D and T2D-3D the order parameter is mainly
nucleated in the Nb layers, having the largest £(0), while it practically vanishes in
the NbZr layers. The Nb layers can therefore be considered as decoupled, and they
behave like 2D thin films, even though their effective thickness, dcfj, is slightly larger
than the nominal Nb layer thickness (<4), due to the extension of superconductivity
into the NbZr layers by the proximity effect [15]. In Ref.[15] dcfj, as determined from
HC2f/(T) measurements, was found to exceed d/, by 10 nm. For the multilayers the
temperature dependence of HC2// is given by the thin-film formula
Hc2//(T)

= H2D(0)(l

-

(2.1)

with
H2D(0) =

(2.2)

Note that the TC2D used in Eq. (2.1) is slightly lower than the Tc of the multilayer.
For temperatures below T2D-$DI superconductivity nucleates in the NbZr layers,
having the smaller f (0), which now can behave as 3D bulk NbZr. The temperature
T2D-3D at which the transition occurs is found by the criterion that £,1X^20-30) «
0.3A, where im(T) follows from the linear temperature dependence near Tc of the
perpendicular critical field Hc2L = 4>ol{^(.lv) and \=db + dz is the multilayer periodicity. It is thought that at Hc2// in this 3D regime the NbZr layers are not coupled,
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since the fields involved are higher than the critical fields for the Nb films. So in
both the 2D and the 3D regime at HC2// the layers carrying superconductivity are
decoupled to a high degree. Since in all our samples the Nb layers are the outer
layers, surface superconductivity does not occur in the 3D regime [23].
The perpendicular critical field HC2x(T) shows only one pronounced crossover
around T = T2D-3D, see Fig. 2.2. Above this temperature the behaviour is linear
with a 3Z?-like slope [24], below the crossover it is also linear, with a NbZr-like slope.
It indicates that above T2D-3Da * Hcii. the order parameter can not be confined to
NbZr layers only, whereas below the crossover this is possible, leading to the higher
slope. It should be realized that the ratio HC2///HC2± is not a good measure for
the anisotropy, since especially in the 2D regime the position of the order parameter
is different for perpendicular and parallel orientation. For the multilayers under
consideration HC2///HC2j_ is always small, f0 is 2 at maximum.
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Figure 2.3: IC(H) at fields around the 2D phase line, at T=8.8 K (in the 3D regime),
for sample 24/24/7, for6,=0, and for 0IH=9ff> (Q) orOIH=9ff> (+).
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Figure 2.4: The phase diagram for sample 24/42/3 in parallel field. Open triangles
(S7) denote HC2// o.nd open circles (Q) the 2D phase line, where an abrupt change
oflc occurs. The line is a fit of the HC2// data from the 2D regime to Eq. (2.1). The
crosses (+) denote the peak field Hp.

2.4

The phase diagram below Ha//

2.4.1

The 2D phase line

In both the 2D and the 3D regime the order parameter is strongly modulated
at HC2//, as discussed above. We will now study the phase diagram below Hci//.
As the field is reduced from HC2//t o n e should expect that the modulation of [ -0 | 2
decreases, since at H =0 both Nb and NbZr are superconducting. It turns out that
two other phase lines are present below Hc2//. They are connected to the varying
spatial distribution of | if) | 2 . One can be observed in both the 2D and the 3D regime,
and signals a transition in the voriex iattice, as will be discussed in the next section
. The other is only observable in the 3D regime [25], and is discussed in this section.
In Fig. 2.3 we show /,. versus H for parallel orientation for sample 24/24/7 at
T = 8.8K, which is in the 3D regime for this sample, for both BIH = 0° and 0IH = 90°.
Decreasing field from H&// we see that Ic first increases smoothly, but below a certain
field, HzDi t h e increase of Ic with decreasing H is much stronger. The field H2D ' s
temperature dependent, and HID(T) constitutes the so called 2D phase line. This
2D phase line is simply the continuation of Hcj// from the 2D regime according to
Eq. (2.1), as shown in Fig. 2.4. We also note that both above and below the 2D
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phase line Ic is independent from OJH [25]. This result will be explained in the next
section. Here we merely state that the kink in the /C(H) da.a and the temperature
dependence of H2D suggest that at the 2D phase line the superconductivity in the
Nb layers is switched on. As discussed in section 2.4.2, the qualitative behaviour of
IC(H) below the 2D phase line in the 3D regime and below Hc2// in the 2D regime is
very similar. This indicates that in the 3D regime above the 2D phase line superconductivity is mainly nucleated in the NbZr layers, but just below the 2D phase line
the superconductivity is mainly in the Nb layers, just as in the 2D regime just below
The question we will be concerned with in the rest of this chapter is whether
this state holds down to the Meissner state, since a transition to a more isotropic
state at lower fields would also seem possible. In that case the modulation of | ip | 2
would decrease with decreasing field, which could affect the structure of the vortices
and have consequences for the (intrinsic) pinning of these vortices, and thus for the
critical current. These possibilities are studied below.

75
50
•

_°

A

A

25
0
0.00

0.25

0.50

0.75

1.00

[T]
Figure 2.5: IC(H) for sample 24/42/7 in configuration Cl at 6,=ff> for temperatures
T=9.6 K (+), T=9.3 K (%) and. T=8.8 K (A).

2.4.2

The peak field Hp

Typical results for / c as a function of H in configuration Cl for various temperatures, all in the 2D regime, are shown in Fig. 2.5 for sample 24/42/7. Note that
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T2D-3D for this sample is slightly lower than for 24/42/3. All the measurements
shown in Fig. 2.5 are taken at 0, = 6°, since an alignment of the field exactly parallel
to the layers yields such high critical currents at lower fields and temperatures not
close to TC2D that heating through the contacts becomes important. As we will see
in section 2.5.2, the qualitative behaviour of Ic does not depend on 0, in a large
angular regime, but it strongly decreases with increasing 0,, enabling us to follow the
behaviour of Ic in a larger temperature regime by choosing 0, away from zero. Concentrating on Fig. 2.5, we observe strong nonmonotonic behaviour of Ic with a peak
and a dip. They are observed in both the 2D and 3D regime, as far as measurements
in the 3D regime were possible in view of the heating problem. For temperatures in
the 3D regime, i.e. close to Tc, a peak-dip effect was never observed at any 0,.
The field Hp at which Ic is maximum is strongly temperature dependent, and for
all samples HP(T) can be accurately described by
HP(T) = tfp(0)(l - TITM)U2.

(2.3)

The i/ p (7>line (measured for 4° < 0, < 14°) is shown in the H//-T phase diagram for
sample 24/42/3 in Fig. 2.4. We will come back to the temperature dependence of Hp
in section 2.5.1, when we discuss the dependence of Hp on the layer thicknesses.

2.4.3

The influence of the Lorentz force

An important question to be answered with respect to the peak in Ic is whether
Ic is determined by vortex motion or not. One way to test this is to see how 0m
influences / c , which can be done by measuring the sample in configuration C2, so
that 0, = 0 and 0m can be varied. It should be noted that in our experimental setup the sample holder can only be varied over one angle. This means that 9, may
slightly change (less than 1°) during the experiments, having a significant effect on
the magnitude of Ic, as will be shown in section 2.5.2. Still, much insight can be
gained. In Fig. 2.6 we show the results of Ic versus H for sample 24/42/7 for various
OJH at T = 9.8 K, which is in the 2D regime for this sample.
First we note that for fields above /i o // p «s0.18T, lc is almost independent oiOm,
showing that the component of Fi perpendicular to the layers is ineffective in this
field regime. For fields below Hp it is clearly seen that Ic does depend on Om- The
peak-dip effect is stronger for larger Ow and it disappears for 0, = Om = 0°. This
leads to the conclusion that below Hp the motion of vortices perpendicular to the
layers is of importance in determining Ic. Above Hp this motion does not occur, Ic
being independent from #///, and the peak therefore appears to signify the presence
of a strong intrinsic pinning mechanism. Above Hr, then, Ic must be determined by
another mechanism.
One of the possibilities is that above Hp the vortices have a kinked structure
consisting of strings (parallel to the layers), and disks (perpendicular to the layers).
It is the motion of the disks which should determine Ic above Hp in this picture.
In the ideal case for $, = 0 one would not expect these disks to be present, since
the perpendicular field component should be zero. However, besides the fact that
the sample can always have a slight misalignment from mounting, more important is
that our Nb/NbZr multilayers are not grown epitaxially, and that the plane of the
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Figure 2 6: IC(H) for sample 2.'/42/7 and T=9.8 K in configuration C2 at parallel
field for OlH=0> (+), 9IH=8° (O), 61H=15° fa), 0,H=3Of (0), 9iH=6(P (A) and
0IH=9(P (O). The lines are guides to the eye, and represent the data for6ln=0> and
9lH=9ff>.
layers can therefore vary, making it impossible to align the sample exactly with the
field. Another possibility is that above Hp the motion of vortices does not play a role
at all, and that Ic is the depairing current. We will come back on this possibility in
section 2.5.2, where we can rule it out from a.o. the strong dependence of Ic on 0a.
Finally, in Fig. 2.3 we compare the dependence of Ic around the 2D phase line
on the Lorentz force for sample 24/24/7. It is observed that Ic as measured with
0,H = 90° or 9,H = 0° practically coincide. It shows that for all fields above the HP(T)
line the strong intrinsic pinning as discussed above is present and that the component
of the Lorentz force perpendicular to the layers is ineffective, irrespective whether the
field is above or below ff2O. This indicates that both above and below the 2D phase
line /,. is determined by the flow of disks along the layers. We propose that the
sudden change in the field dependence of Ic occuring at H^D results from a shift of
the disks from the NbZr layers for H > HiD to the Nb layers for H < H2D- This will
be discussed in more detail below.
The conclusion that Hv separates a regime where vortices move across the layers
from a regime where they only move along the layers is an important one. Therefore
we made another direct test of the perpendicular motion by measuring the transverse
voltage over the width of a sample, in the case that *;,«„„, is nonzero. If the current
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with density j is along the y-axis, j = (0, j , 0) and B = (Bx, By, Bz), then the Lorentz
force Fj, = j x B has components j(Bz,0, —Bx). If the vortices would move along
FL with velocity v = (vx,0, vz) this would yield an electric field Y, = {vzBy,vxBz —
vzBx, —vxBy). Results described previously indicate that above Hp no vortex motion
perpendicular to the layers exist, so vz = 0 and Ex = 0. Below Hp vortex motion along
the 2-axis is expected, and a transverse voltage should be seen when Bv is nonzero.
Therefore Ex is expected to rise drastically below Hp.
To measure the transverse voltage Ex we patterned a sample with di, = dz = 24 nm
and N = 7 into the Hall pattern shown in the inset of Fig. 2.7 (a). The width of the
sample was 1.0 mm. During the measurements the component of H along the layers
always made an angle of 45° with the current direction [see inset of Fig. 2.7 (a)], so
that Ex w Ey is expected when the sample behaves isotropically and 6, is small (i.e.
the motion of the disks is only of minor importance for Ex). The angle 0. was fixed
at 10°. The sample showed usual multilayer behaviour with a TC2D=9.80 K and usual
IC(H) behaviour. This is shown in the inset of Fig. 2.7 (b) for a measurement at
T = 9.75 K and 6, — 10° where a clear peak and dip are observed.
For fields ranging from above the peak to below the local minimum in Ic the
transverse (Ex) and longitudinal (Ey) electric field were measured simultaneously as
a function of applied current. Typical results for fioH=0.09 T and ftBH=Q.22 T are
shown in Figs. 2.7 (a) and 2.7 (b), respectively. It is seen that for fiBH = 0.22 T, Ex
is much smaller than Ey in the whole current regime, whereas for fioH = 0.09 T the
difference has almost disappeared for all but the smallest currents. Interesting in this
respect is to compare the ratio R = Ex/Ey at the current where the 8/iV/cm criterion
for Ic is fulfilled. This ratio increases rapidly from less that 7 x 10~3 at fioH = 0.22
T, via 0.13 for fioH = 0.15 T to 0.75 at p o / / = 0.09 T, again illustrating that vortex
movement perpendicular to the layers is only important below Hp.
The results presented above all indicate that the peak-dip effect in Ic is caused
by a switching on of vortex motion perpendicular to the layers at Hp. An interesting
question is now whether this movement of the strings perpendicular to the layers is
the only cause for the peak-dip effect, or that perhaps other mechansims are present
as well. This can be verified by checking if the peak-dip effect in Ic is still present when
there is no Lorentz force working perpendicular to the layers. In that case motion of
the vortex strings is never expected, and the only dissipative vortex movement is from
the disks, naturally along the layers. The Lorentz force working on the strings can be
eliminated by mounting the sample so that the strings and the current are parallel to
each other, i.e. configuration C3. The force parallel to the layers is determined by 6,,
and is equal to the parallel force in configuration Cl at the same 8,. Fig. 2.8 shows
a typical comparison between IC(H) curves measured in configuration Cl and C3,
for sample 12/42/7 at T = 9.25 K and 0,= 14°. Above Hp the curves are practically
identical, as expected for disks moving along the layers only. Below Hp the results
in Cl clearly deviate from those in C3. This might be expected from the absence
of string motion in C3, but the C3 curve still shows a clear plateau starting at Hp,
indicating that the disk motion undergoes a change. We will discuss the importance
of this in section 2.4.4.
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Figure 2.8: A comparison between Ic-curves measured in configuration Cl and C3 for
sample 24/24/7 at 0,=14° and T=9.25K.

2.4.4

Vortex lattice structures and the H//-T phase diagram

In section 2.4.3 we have already drawn some conclusions concerning the position
of the order parameter and its influence on both the vortex lattice structure and the
critical currents. In this section we will give the full picture of the measurements
presented until now. Our starting point is the Takahashi-Tachiki model [20], which
explains the behaviour of the Hc2// versus T curve by shifts of the maximum in the
order parameter from one type of layer to the other. In our case this means that at
Hc2// in the 2D regime the maximum lies in the Nb layers but shifts to the NbZr
layers in the 3D regime (i.e. for T < T2D-3D). The characteristics of the peak-dip
effect in Jc is completely similar for fields below Hc2// in the 2D regime and below the
2D phase line in the 3D regime. Apart from this the field dependence of Ic changes
suddenly at the 2D phase line. We therefore conclude that the maximum in the order
parameter shifts from NbZr layers to Nb layers at the 2D phase line. Together with
the lines constituted by the fields HP(T) and the Meissner phase we then suggest five
regions in the H//-T diagram where the vortex structure may differ, as indicated in
Fig. 2.9.
For all temperatures below Tc a Meissner phase (M) exists at very low fields. In
the anisotropic Abrikosov (AA) region just above the Meissner phase for temperatures
below 7^20, we suppose that the vortices are straight, as in an ordinary anisotropic
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Figure 2.9: A sketch of the H — T phase diagram for Nb/NbZr multilayers for parallel
fields. Indicated are the different regimes of the H//-T line and the different phases
below the critical field (see the text in section 2.44 for the notation). A schematic
representation of the vortex structure in these phases is given as well.
multilayer. The modulation of the order parameter | 4> | 2 is weak in this region. The
3D coupled regime above the Meissner phase for temperatures between Tc and Tc2o
is similar to the AA region, and the distinction might be only artificial.
Above the AA region, for temperatures below T&D, a kinked vortex lattice exist in
the (K) region (see Fig. 2.9). The vortices now consist of disks with cores perpendicular to the layers and strings with cores along the layers. The line HP(T) separates the
AA and the K region, and around Hv a structural vortex-lattice transition (SVLT)
occurs, yielding a peak and dip in the h{H) curves. In the K region | i> | 2 is strongly
modulated, being maximum in the Nb layers. We therefore suggest that the strings
are in the NbZr layers to minimize the loss in condensation energy by admitting the
core. The disks must then be located in the Nb layers, which can also be viewed as a
consequer' e of the fact that the Nb layers behave as if they were decoupled. Namely,
in a single thin film with thickness d < 2f in a slightly inclined field, currents can only
flow parallel to the surface, resulting in vortices (disks) from which the core is also
perpendicular to the film surface [26].
At temperatures below T2D-3D the K region is separated from the decoupled NbZr
(DNZ) region by the 2D phase line, as shown in Fig. 2.9. At this line the maximum in
| ip | 2 shifts from the Nb to the NbZr layers in increasing field. A question is whether
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in the DNZ region | ip \2 is fully zero in the Nb layers. Around the 2D phase line this
may not be the case, but especially at low temperatures HC2// is so much higher than
HID that | ip | 2 = 0 in the Nb layers seems possible. Then strings in the Nb layers
can no longer exist, since they would require an interlayer supercurrent. However,
the NbZr layers behave bulklike, and in principle they can thus contain strings, but
the experiments also indicated the presence of disks. We therefore believe that a
vortex with a core along the layers exist, but that the core direction bends over and
becomes normal to the layers near the surface [26], Such a vortex can actually be
considered as the combination of a string and a disk in one layer. Perpendicular
motion then would involve creation and annihilation of such entities, in contrast to
parallel motion, which should (then) be much easier.
With the phase diagram sketched above the experiments on Ic are explained as
follows. The peak-dip effect is described to the SVLT setting in at HP. Above Hp
the strings are pinned by an as yet unspecified intrinsic pinning mechanism related
to the layering, and they do not move perpendicular to the layers. The pinning of
the disks, which are always moving along the layers, determines Ic. This explains the
independence of Ic on 0/# above Hv. Relevant in this respect are Ic measurements as
function of parallel field which we performed on single Nb and NbZr layers of thickness
24 nm (not shown). In these monolayers 0m does not influence Ic either. This should
be the case since the situation is analogous to the situation in the multilayer when
the layers are decoupled. For fields below Hp the (straight) vortices move both
perpendicular and parallel to the layers, and the 8 fiV/cm criterion can now be
fulfilled with smaller currents as compared to the case when vortices are moving only
along the layers.
From the measurements with (Cl) and without (C3) perpendicular Lorentz force,
as presented in Fig. 2.8, we conclude that at Hp a real structural transition in the
vortex lattice takes place. The plateau found for configuration C3 can not be caused
by perpendicular vortex motion and shows that the parallel force below Hp acts on
entities other than the bare disks. For this, a change from a kinked vortex structure
to straight vortices is the most natural explanation.

2.5

The characteristics of Hp

2.5.1

The influence of the layer thicknesses

Several important issues are left unexplained by the model sketched in section
2.4.4. Especially, the mechanism causing the intrinsic pinning of the strings above
Hp and the value of Hp have not been addressed. We have also not specified whether
above Hp the strings and disks can be described as separate entities, or if they are
part of a rigid vortex. The experiments discussed below, treating the influence of
both the layer thicknesses and the angle between field and layers on Hp, are meant
to clarify these points.
An often discussed possibility for enhanced pinning in a multilayer is the concept
of matching [27,28] of the vortex lattice periodicity to the underlying multilayer
periodicity A, which would lead to enhanced pinning by the layered structure at
a matching field. In isotropic superconductors the matching fields Hm(n,p) are given
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(2.4)

where n and p are integers. In ihe ansisotropic case the equilibrium vortex configuration is no longer the equilateral triangular configuration, but is compressed along
the axis perpendicular to the planes. The matching fields H'm for this situation are
given by

K = Hm/r

(2.5)

Since no temperature-dependent quantities are involved in Eqs. (2.4) and (2.5),
the matching fields H'm(n,p) are also temperature independent, which is not what we
find for Hp. The observed square-root dependence is not strong, however, and a more
unequivocal test lies in verifying the proportionality of Hp and A" 2 . We prepared sets
of multilayers where <4 was varied with constant dz, for different values for dz as given
in Table I. In Fig. 2.10 we compare the values for HP(T), scaled on (1-T/TC2D)1/2,
for
the different sets. The figure shows that HP(T) follows the temperature dependence
given by Eq. (2.3), but more striking is that they group according to the thickness
of the N b layers only. In Table I we list the values for Hp(0) as well as the ratio
HP(0)/H2D(0),
which lies around 0.4 for all samples. In other words, since / / 2 D ( 0 ) is
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Figure 2.11: The dependence of 1/HP(O) on the thickness of the Nb-layers rf6 for all
samples consisting of 7 building blocks. The line is meant to guide the eye.
proportional to dcj] > db, see Eq. (2.2), so is i/ p (0). This is visualized in Fig. 2.11,
where \jHp is plotted against di,. The excess thickness of the Nb layers as determined
from the Hp data, 7 nm, is in good agreement with the result of 10 nm obtained in
Ref.[15] from Hci// data. The dependence of HT on <4, and its independence from dz,
again excludes the possibility that the peak in Jc is caused by the matching effect.
The results shown in Fig. 2.10 indicate that Hp depends on db only, and not on
dz or, alternatively, on the total sample thickness. The plotted data are all taken on
samples with in total 7 building blocks, but it is also true that the number of blocks
in the sample (N) does not influence Hp. This follows from the independence of the
experimentally determined characteristic fields Hp and H^o on N, as indicated in
Table I. The position of the local minimum in Ic does however depend upon N. This
is visualized in Fig. 2.12, where we plotted Ic versus H, measured at temperatures
T so that T/TC2D ( * 0.96) is approximately constant, for samples with </j = 24 nm,
<fj=42 nm and N = l, 3 and 7. The peak field Hp is practically constant along
the series, but the position of the minimum in Ic, and the strength of the peak-dip
effect itself, clearly depends upon N. This can be understood as follows. In general
Ic increases with decreasing H, simply because the number of vortices decreases
and ) V1 I2 increases with decreasing H, making the pinning more effective. The
decrease of Ic below Hp is caused by the SVLT, setting in at Hp. The movement
of vortices perpendicular to the layers is switched on, and both correlations along
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Figure 2.12: / c data scoW a* \i0H = 0.26 Tsj/f p in configuration Cl with 9,=4" for
samples 24/42/7 (+), 24/42/3 (0) and 24/42/1 (a). The temperatures are chosen
so that T/TC2D « 0.96, i.e. T=9,5 K for samples with N=7 and N=l and T=9.6 K
for the sample with N=3. The inset shows the Hc2/j-T curves for the same samples.
the field direction in the individual vortices and vortex-vortex interactions become
important for the pinning. So below Hp the correlated volumes Vc [29] suddenly start
to grow, which in general will also reduce Ic (oc V^"1'2). The sudden decrease of
Ic will stop when both the intrinsic pinning has completely disappeared and Vc has
completely developed. Especially the latter will occur at fields further below Hp for
thicker samples. So for thicker samples, the increase of / c due to the reduction of H
will be canceled by the reduction of Ic due to the growth of Vc down to lower fields,
explaining why the minimum in Ic shifts to lower fields for thicker samples. Finally,
we would like to mention that true multilayer behaviour, both in H& and in Ic, can
already be observed in a Nb/NbZr/Nb triple layer, as shown in Fig. 2.12.
2.5.2

T h e dependence of Hr on 9,

We stated in section 2.4.2 that Ic drastically decreases with increasing $,, but
that Hp is independent of 8,. This will be shown in this section. Typical results for
/ c as a function of H in configuration Cl at various $„ are shown in Fig. 2.13 (a) for
sample 32/32/7 at T = 9.3 K, which is in the 2D regime for this sample. At 0,=3.8°,
the peak at Hp is clearly visible. Its magnitude decreases strongly with increasing 8,,
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Figure 2.13: (a) 1C(H) at T=9.3 K for sample 32/32/1 in configuration Cl and for
different values of 0.. (a) O.=S.8>, (b) 0,=lff>, (c) 6,=24°, (d) 0,=ag°, (e) 0,=4(r
(f) B.=60Pand (g) e,=90P. (b) Ic at noHp=0.22 T versus 6, for sample 32/32/7 at
T=9.S K. The line ahowa the l/sin(0,) behaviour. The inset shows all data except
0,=90f, scaled on Jc at ftoHp=0.22 T.
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but Bp does not vary with 6,. This is shown more clearly in the inset of Fig. 2.13 (b)
where IC{H) curves are scaled on IC[HP). It is remarkable that the dip in Ic exists
for angles &, far away from parallel, up to 50° for some samples. The angle 0,c for
which a dip can not be observed any more depends on temperature and decreases
with increasing T. For all samples at all temperatures investigated 0,c was smaller
than 60°, which indicates that the dip in Ic h<*s nothing to do with a dimensional
crossover in the pinning behaviour of the perpendicular field component, as is the
case for the Pb/Ge system [17,18].
The decrease of Ic at H, as a function of 9, is shown in Fig. 2.13 (b). The
data fit Ie ex. ljsin{0a) very well, as indicated in the figure. Only around 0, = 9O", or
sometimes a few degrees away from perpendicular, a small deviation with a maximum
occurs. The latter feature is also observed in the angular dependence of HC2 of most
samples and is probably due to columnar growth of our films with a preferential
direction away from perpendicular [30], Not only at Hp, but also in a broad field
regime around Hp the critical currents scale as l/sin(0j). Furthermore, Fig. 2.13 (a)
shows that for fields below the local minimum in Ic the magnitude of Ic does not
depend on 0a for 4° < 0, < 60", which shows that at these low fields the multilayer is
practically isotropic. The strongly enhanced Ic for 0, close to parallel at these small
fields may be due to surface pinning effects.
From the angular dependence of Ic and Hp we can again draw some important
conclusions on the mechanism for the peak in Ic. As mentioned before in section
2.4.3, a possibility for explaining the peaks in Ic might be that below Hp, Ic is ruled
by vortex motion, but that above Hp no vortices exist because the core diameter is
of the order of the layer thickness and the layers are decoupled. In that case Ic would
be the depairing current, which should however not show the very strong l/sin(0,)
angular dependence, observed also for fields well above Hv. Moreover, the shape of
the IV curves below and above Hp is similar, again discouraging an interpretation in
terms of depairing.
Before discussing the actual intrinsic pinning mechanism we consider whether
the observed l/s\n(9,) dependence of JC is consistent with the picture of disks and
strings sketched in section 2.4.4. This obviously depends on the pinning envisaged
for the disks, since it is their movement which determines Ic above Hp. The l/sin(0.)
behaviour can be explained as follows [31]. We assume that at a particular field only
a small, constant number of disks, being a small percentage of the total number of
disks, is pinned by point or line pins. The number of pinned disks is thus assumed
independent of $,. The pinning force per unit volume, Fpd, is then also constant, and
independent from the number of disks. However, the Lorentz force per unit volume
working on the disks, Fu, is proportional to the total number of disks n<j, Fn = nijc/>0
with rid = ftoHsin(0,)/<)>o- If we now further assume that above the critical current
density, j c , all disks move uniformly, i.e. the critical current is not limited by a
flux shearing mechansim, then j e is given by Fpi = Fu (= constant), which implies
jcoc l/sin(9,). Of course, the assumption that only a small percentage of the total
number of disks is pinned, and that the number of pinned disks is constant, does
not seem justified, especially not at small 9, where only a small number of disks is
present. However, if the disks are connected to strings in a kinked vortex, the freedom
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of the disks for finding a pinning centre may be severely limited, and the condition
might actually hold. Therefore, the l/sin(#,) scaling behaviour of Ic can be taken as
an indication that in the kinked the vortex strings and disks are closely connected.

2.5.3

The intrinsic pinning mechanism

The experiments described in section 2.4 led to a description where at Hp a
vortex-lattice transition occurs. The experiments described in sections 2.5.1 and
2.5.2 favour this interpretation. We will now turn to the question of the precise
mechanism governing the transition, i.e. why above Hp the strings are pinned in the
NbZr layers, while below Hv straight vortices exist which can move both normal to
and along the layers.
In section 2.5.1 we showed that the peak-dip effect in Ic is not due to a matching
effect. Another possibility which can be simply put aside is that Hp signifies the
transition between proximity coupled Nb layers to decoupled Nb layers. This would
involve a field dependence of the proximity length in the NbZr. Such an effect has been
predicted in [32], but has never been observed. However, Hp would then obviously
depend on dz, contrary to the experimental results.
Pinning of the strings can in principle be furnished by the Nb/NbZr interface. In
the same way as the interaction of a vortex with its image field at a superconductorvacuum interface leads to the so-called Bean-Livingston barrier [33], the interface of
two superconductors with different penetration depths A and GL-parameters /c can
pin a vortex. This was discussed by Mkrtchyan et al. [34] for the case of two half
infinite layers. For the case that one of the superconductors has both a larger A
and a larger K they showed that there exists an effective pinning barrier near the
interface which tends to prevent movement of vortices from the material with the
lowest K to the other material. This barrier would disappear when the material with
the largest « has the smallest A. Since penetration depths are field dependent, this
transition from a pinning to a non-pinning interface could in principle occur at Hp
when the penetration depth for the Nb, Af,, and the NbZr, A2, have a different field
dependence and Aj,(/fp) = XZ(HP). For explaining our results the Nb layers should then
have the smallest A above Hp. For our thin Nb layers Aj, is expected to have a 2D
field dependence, \b{H) = A6(0)[l - (H/Hc2,m)2]-^2,
but the NbZr.behave bulk like,
and Xz should show a 3D field dependence, K(H) - A*(0)(l - H/Hc2,mZT)~1/2Here,
HC2,Nt 'S the parallel upper critical field for a thin Nb film and Hc2,mzr the critical field
for bulk NbZr. Provided that A(,(0) < Aj(0), the divergence of A(,(//) would reverse
this situation at some field H" below //C2,N(.- The numbers found for A for our Nb
and NbZr layers strongly discourage such an explanation. Using values for the slope
S = —dBC2±/dT at Tc, and the residual resistivity at 7" = 0, p0> for single films of Nb
and NbZr, combined with the relation for weak-coupling amorphous superconductors
[11] K = 3.54xlQ*lp0Syi2,
we obtain Kb = i, A»(0) = 48 nm for the Nb layers and
Kt = 2 1 , \ t = 116 nm for the NbZr layers. We see that although indeed A6(0) < A,(0),
both values are larger than the individual layer thicknesses in the samples, leading to
some kind of averaging. Also, the values differ relatively little, and the variation over
the interface will therefore be small, leading to weak pinning properties. Finally, due
to the small differences involved, the crossing field H* lies near H"/Hc2iNl, = 0.9, far
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above Hp.
The considerations above show that the pinning of the strings, and the disappearance of it at Hpt cannot be explained by existing theories or a simple model. This
need not be surprising, since none of them fully takes into account the layering and
the interface conditions, which should enter a correct description. We have nevertheless discussd these simple considerations here just to indi«.te what might be of
importance for a correct description. One point, however, has not been taken onto
account, which seems to be very relevant for the correct description. Until now we
have been considering mechanisms which lead to the pinning of the string portions
of the vortex, without regarding the kinks; in other words, the kinks are not relevant
for the pinning of the strings, but they just happen to be observable after the strings
are pinned. Another point of view is that the formation of the kinked structure is
itself the pinning mechanism for the strings. The kinked vortex, once formed, cannot move perpendicular to the layers because it is particular to the NbZr/Nb/NbZr
sequence. The formation energy of a kink would then serve as an effective pinning
barrier, which disappears below a field Hp where the kinked vortex structure is no
longer favourable over straight vortices, similar to, but qualitatively different from,
the lock-in transition proposed in Ref.[35]. The line energy of the straight vortices
should be compared to the line energy of the kinked vortex lattice, which contains
contributions connected with the elastic energy of a kink. This involves averaging
over different parts in the multilayer, in which the modulation of the order parameter
plays an important role.

2.6

Conclusions

Concluding this chapter we can state that a rather surprising picture has emerged.
We have presented strong experimental evidence that in Nb/NbZr multilayers, in a
field regime above the Meissner phase and for a wide range of angles between field and
layers, a transition takes place in which straight vortices change to kinked vortices
consisting of strings in the NbZr layers and disks in the Nb layers. Below the transition
field Hp the straight vortices can freely move perpendicular to the layers, while above
Hp the strings are intrinsically pinned and the disks can move parallel to the layers.
This leads to a sometimes huge increase in Ic. The field Hp depends on the thickness
of the Nb layers and on temperature, but not on the thickness of the NbZr layers
or on the angle between field and the layers. The transition therefore appears to be
caused by a competition between the line energy of the straight vortices (favoured
at low fields when the modulation in. [ V [2 is low) and the formation energy of the
disks (involving the thickness of the Nb layers). In the 3D regime another phase line
is found at the parallel critical field of the Nb layers, where the disks shift from the
Nb layers to the NbZr layers and the strings probably disappear. This is reflected by
a sudden change of the field dependence of Ic.
We think that applicability of the description presented in this chapter is not confined to Nb/NbZr multilayers only, but is also responsible for non-monotonic Ic versus
H curves observed in both Pb/PbBi, [27], and Nb/Ta, [36], multilayers, although the
data presented in those papers are not sufficient to make a rigorous statement. More
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generally, we expect a kinked vortex lattice structure in all systems with a sufficiently
modulated order parameter for which the periodicity of the modulation is comparable to or at most several times larger than the GL coherence length. Whether or
not this kinked VL transforms into a straight VL depends on the reduction of the
modulation of | ip | 2 . In the multilayers mentioned above, the modulation decreases
with decreasing field, and the vortex-lattice transition occurs.
An interesting question h whether a similar lattice transition can be observed
in the high-71,; materials, which also have a strongly modulated order parameter for
temperatures not too close to Tc. It should be realized, however, that this modulation
is not expected to drastically change with field, making it unlikely that the transition
could be field induced. But it might be possible to observe a lattice transition as
function of temperature in a system which is 3D at high temperatures and 2D at
low temperatures, such as e.g. YBs^CusOrs- Consider a situation where a constant
(relatively low) field is inclined with respect to the layers, when the temperature is
reduced from TC(H) (which is not much below Tc for this situation). Close to TC(H)
| ip | 2 is hardly modulated and the intrinsic pinning mechanism is very weak [37].
If 6, is large enough the vortices will be straight, and vortex motion perpendicular
to the layers can easily occur. By lowering temperature the modulation of | ip \2
increases. This leads to an increase of the intrinsic pinning for situations where the
field is parallel to the layers [9]. For the situation where 0, is not small a lattice
transition to a kinked vortex lattice could occur. In practice, however, this lattice
transition might be difficult to observe. The 3D regime is necessarily close to Tc,
where the thermal fluctuations might dominate the resistive behaviour, and where
the vortex lattice might even be molten. The critical current is not well defined in such
a regime, and the lattice transition can not be probed by critical currents. If these
effects are not present, then still the change in the modulation of | i}> | 2 should lead to
a sudden change in the lattice structure to observe a feature in Ic, but a more gradual
change could happen just as well. Finally, in a regime where thermal fluctuations
are dominant, the lattice transition could be observed by resistivity measurements.
It should then of course take place before the resistivity drops to zero due to the
pinning, which becomes important at lower temperatures.
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Appendix A

The measurements described in this chapter are performed in a commercial Oxford
Instruments 4 He cryostat, for which a home built insert with a rotatable sample holder
has been constructed. The sample holder, sketched in the upper left part of Fig. 2.14,
is entirely made from oxygen free copper. It consists of one basic plate like disk, whith
another half disk attached to it under an angle of 90". A wedge shaped oxgen free
copper block is mounted on top of the basic disk, as well as a hollow beam containing
the Glass-Carbon thermometer (A). The heater (B) is situated directly underneath
the thermometer on the bottom side of the basic disk. The wedge contains a Hall
probe (D), used for determining the position of the sample holder. Samples can be
mounted in the configurations Cl and C3, discussed in section 2.2.2 and indicated
in Fig. 2.14, on all surfaces of the disks. The field H is always applied along the
z-axis, and the rotation is over the y-axis. Two of the sides of the wedge are always
parallel two the xz-plane, and one of these sides can be used to mount the samples
in configuration C2. The sample holder is connected to an axis containing a toothed
wheel (E), which can be rotated by linearly moving the gear rack (F) along the zaxis. During measurements both the sample holder and the gear system are contained
in a bus, in which a vacuum can be maintained. Movement of the gear rack (F) is
established by manually rotating a micrometer (H). The rotating-up/down movement
of the micrometer is transformed into a linear movement along the z-axis by means of
a sphere coupling (G), which is directly connected to the gear rack by a brass tube.
Both micrometer and sphere coupling are situated on top of the insert, above the He
level.
The position of the sample holder is determined by means of the voltage over the
Hall probe, V//, for a given field and current. V# is proportional to sin(0Hp), with
OHP the angle between the field and the surface of the Hall probe. The maximum
in Vf] can be used as a callibration, so that VH is a direct measure for OHP- Given
the (constant) angle between sample and Hall probe 0,n, and using the read out of
the micrometer on top of the cryostat as a rough indication, the angle beteen field
and sample can be determined. A very precise determination of 0H,(& ± 45* for
configurations Cl and C3) can be made by aligning the samples with the field, to
find a maximum value for either H& or Ic. The determination of the position of
the sample holder using the Hall probe appears to be much more accurate than by
means of a home built semi-circular radio condensor (I), which is also present near the
sample holder. In practice, this condensor is therefore never used. The resolution in
determining the angle OHP depends upon OHP itself, since dVn/dOHp oc COS(0HP)- For
| OHP IS* 90° the resolution is only 1", but for the more relevant positions | OHP | W 45°
the accuracy is at least 0.3°.
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Figure 2.14: A sketch of the insert with the rotatable sample holder. In the upper left
part of the figure the sample plateau and its front view are sketched. The lower left
part shows an exploded view of the driving mechanism. The right part of the figure
skows the principle of rotating the sample plateau by means of the micrometer on top
of the cryostat. The various symbols are explained in the text.
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The influence of ferromagnetism on superconductivity in multilayers
Introduction

The basis for the occurrence of superconductivity in BCS materials is the pairing
of electrons with opposite spins and wave vectors in Cooper pairs. This pairing
can be disturbed if the electrons also experience an interaction from a magnetic
background which tends to align the electron spins in a certain direction. To what
extent the superconductivity will be influenced by this depends upon the strength
and type of magnetic order. In the last four decades several intriguing possibilities
have been observed. Already in 1958 a significant reduction of Tc in lanthanum
was found when diluted with randomly oriented (para-) magnetic impurities of low
concentration (in the range of 1 at.%) [1]. The coexistence of long range magnetic
order and superconductivity was first observed in rare-earth rhodium-boride and
Chevrel-phase systems [2]. In these ternary systems the electrons responsible for the
magnetic order are of different type than the ones carrying the superconductivity.
The discovery of the heavy-fer.nion system URu2Si2 in 1985 revealed for the first
time that actually both antiferromagnetism and superconductivity carried by the
same type of electrons can coexist [3]. By now several of these systems are known [4],
whereas other heavy-fermion superconductors, e.g. Ui-xTh^Beia, even show more
complex magnetic behaviour in the form of spin fluctuations [5].
Some form of coexistence of superconductivity and ferromagnetism can only be
found near the ferromagnetic transition in the so-called reentrant ferromagnetic superconductors ErRh 4 B 4 and HoMo6S8, see [2]. However, as soon as the ferromagnetism
is completely ordered the superconductivity is destroyed, leaving only the possibility
that superconductivity persists in domain walls [6,7,8]. So in practice, superconductivity and ferromagnetism are two mutually excluding ordening phenomena. Even
though this is intuitively appealing, a precise microscopic description is not at ail obvious. As discussed in more detail below, there are two important effects causing the
pair breaking. One has to do with the local magnetic field caused by the magnetism,
leading to the same electromagnetic (and paramagnetic) pair breaking as an externally applied magnetic field would give [9]. The other pair breaking effect stems from
the exchange field [1,10], for which the fundamental interaction is of Coulomb type.
Because both mechanisms turn out to be very effective pair breakers, the occurrence
of both superconductivity and homogeneous ferromagnetism can be excluded.
For a better understanding of the destruction of superconductivity by ferromagnetism it would be helpful to know over which length scale coexistence is still possible,
and over which length scale the superconductivity is influenced by the magnetism.
Particularly convenient for this purpose are multilayer systems consisting of alternating superconducting (S) and ferromagnetic (F) layers. Near the interfaces superconductivity will be suppressed, but the superconductivity could survive in the centre of
the superconducting layers if they are thick enough. The influence of the magnetism
on the overall superconducting properties of the multilayer will depend on the relative
importance of the interface regions with respect to the unaffected regions. Since one
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can vary the thicknesses of the individual layers at will, this provides a powerful tool
for investigating the typical length scale over which superconductivity is destroyed
by the ferromagnetism.
On the other hand, superconducting Cooper pairs can in principle also penetrate
the ferromagnetic layers by the proximity effect. Of course one should expect that
the typical proximity length is much smaller than for a normal metal, but a priori its
typical magnitude, and its relation to the magnetic material, are not known. Again,
by varying the magnetic layer thickness, one can scan this proximity length since
the superconducting behaviour of the multilayer depends upon whether or not the
individual superconducting layers are coupled. (Coupling occurs when a non-zero
overlap of the superconducting order parameter exists in the centre of the magnetic
layer.)
As is clear from the discussion above, one can in principle probe the two typical
length scales involved in pair breaking by studying superconducting/ferromagnetic
multilayers. Historically, actions along this line were first taken by Hauser et al. [11],
who studied the critical temperature of S/F bilayers, with S=Pb and F=Fe, Ni or
Gd, as function of layer thicknesses. In each case these authors found a considerable
reduction of Tc even though d$, the thickness of the superconducting layer, could
be much larger than the zero temperature Ginzbjrg-Landau (GL) coherence length,
£(0), for Pb. It indicated that in a region near the interface with a dimension of at
least f the superconductivity is suppressed. Also, results for Tc were independent
from magnetic layer thicknesses, dp, ranging between 2.5 and 100 nm. However,
since these results were obtained on bilayers in which one can not observe couplingdecoupling of superconducting layers, reliable estimates for the magnetic proximity
lengths could not be extracted.
Later Wong et al. [12,13] studied bi- and multilayers of the V/Fe system, and
found that Tc for these systems was already reduced when the Fe layer consisted
only of a few atomic planes. They also observed a two-dimensional (2D) to threedimensional (3D) crossover in the parallel critical field as function of temperature,
indicating that the superconducting layers can indeed couple through the Fe layers
if the latter are sufficiently thin. This in turn would imply a coexistence of superconductivity and ferromagnetism. However, if magnetic layers become very thin, the
atoms might loose their moment and the layers might also not be continuous anymore. Since these possibilities could not be excluded in samples of Wong et al., one
should be careful interpreting their results. Their experiments did also not yield a
straightforward answer concerning the proximity length, since multilayers with constant d$ showed unexpected non-monotonic behaviour of Tc as function of <fc- A
model describing these Tc oscillations was proposed by Radovic et al. [14]. They argued that because the coupling of superconducting layers is through magnetic layers
the superconducting order parameter would behave similar to the order parameter
in a "jr-contact" superconducting interferometer [15]. The superconducting phase
difference between adjacent S layers would no longer be zero, but could take any
value between 0 and T and would adjust itself to yield the highest Tc. For an S/F
multilayer the consequence would be that Te oscillates as function of dp. Even though
the results of Wong et al. indeed suggest such behaviour, the data points are very
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scarce, and the existence of this exotic "jr-phase" has not been shown unambiguously.
One of the aims of our research on the S/F multilayers, and in particular the V/Fe
system, was to investigate whether this exotic phase might exist. Even though we did
not find any indication of the *V-phase", we did find that for well-ordered magnetic
layers a thickness in the order of 1 nm or less is already sufficient to decouple the
superconductivity completely, a rather remarkable result.
A second goal of our research was to understand the exact relation between the
magnetism in the F layers and the pair breaking in the S layers. For this we systematically studied the superconducting behaviour of S/F multilayers in which F layers
are sufficiently thick to decouple the S layers, in order to arjid the complication of
the possible "jr-phase". The superconducting behaviour of such S/F multilayers with
F as outer layers should be identical to an F/S/F triple layer. By taking several
different F layer materials the strength of the magnetic interactions, necessarily an
important parameter, could be varied. The S layer material was always V, and for
each multilayer type we varied the V-layer thickness to study the superconducting
properties Tc and HC2. In this way it could be shown experimentally that the pair
breaking effect is not only related to the magnetism in the F layers, but depends also
crucially on the scattering mechanism of the electrons at the interfaces. Furthermore,
it will be shown that if the magnetic interfaces are sharp enough, i.e. magnetic atoms
which are two atomic positions away from the interfaces already carry their full moment, the superconducting properties can be well described by a recently developed
model [16].
Finally, we like to remark that an understanding of pair breaking by magnetic
materials is not only of fundamental interest. Since superconductivity is strongly
suppressed in the neighbourhood of ferromagnetism, the ferromagnetic regions can
serve as effective pinning centres for vortices, and can in principle enhance the critical
currents of superconductors. Since many applications of superconductors have to deal
with current transport, the pair breaking effect of magnetic materials and possible
applications of this in superconducting wire industry are well worth investigating.

3.2 Theory
In classical theory the motion •,{ a charged particle will be influenced by a magnetic
field H due to the non conservative Lorentz force. If one nevertheless wants to obtain
the equations of motion using the Hamilton formalism an extra term qv-A, with q
and v the charge and velocity of the particle and A the vector potential, H=Vx A,
should be added to the Langrangian function. The result is that in the Hamilton
function the field can be entirely accounted for by adding an extra term —qA to the
generalized momentum. In quantum mechanics one can proceed along the same line,
and simply add an extra term — qA to the momentum operator appearing in the
Hamiltonian.
Electrons do not only carry a charge, but also posses an intrinsic spin. The interaction of the spin with H will also influence the energy of the electrons. Furthermore,
the energy will depend on the spin-orbit coupling, and for an electron in a spherically
symmetric scalar potential the Hamiltonian H reads
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(3.1)

with p the momentum operator, e=— | e | the elementary charge, gfts2 the gyromagnetic number for electrons, ps the Bohr magneton, <r; the Pauli matrices, 1 = r x p
the orbital momentum operator and AJ0(r) the spin-orbit parameter depending on
the exact form of the spherical potential [17].
In a solid the electrons are influenced by many other effects, e.g. electron-electron
interactions and crystal field effects, and the Hamiltonian Eq. (3.1) becomes more
complex. However, here we merely want to illustrate in what way an applied magnetic
field can destroy superconductivity, and for this purpose Eq. (3.1) suffices. The
applied field destroys Cooper pairs, and it thus acts as a pair breaker. The part
associated with the change in momentum is called the electromagnetic part of the
pair breaking, whereas the interaction energy of the field with the spin of the electrons
gives rise to the paramagnetic part of the pair breaking effect. The latter effect can
be clarified by realizing that a Cooper pair consist of a spin up and a spin down
electron. When it is destroyed to align both spins with the field an energy gpaH
is gained. This mechanism in principle even leads to a fundamental upper limit for
the upper critical field Hc2, the Clogston-Chandrasekhar limit [18]. In practice the
paramagnetic effect is reduced by the spin-orbit scattering mechanism [19,20], which
tends to flip the spins even in the superconducting state and causes a superconductor
to have a non-zero spin susceptibility even at T=0. The paramagnetic effect only
yields a, still relatively small, correction of HC2 even when Hci is a few Tesla, and is
therefore often neglected.
In a homogeneously magnetised ferromagnet the magnetic moments are aligned
and will result in an effective internal magnetic field. A Cooper pair in such a ferromagnet can be destroyed by this field via the electromagnetic and paramagnetic effect
discussed above. Another, usually much stronger, pair breaking effect is caused by
the so-called exchange field [1,10]. This field accounts for the effect that by changing
the spin configuration of an electron system, in general also the spatial distribution
of the charge of the electrons will be changed. This alters the Coulomb interactions,
and thus the electrostatic energy of a particular state. For a two-electron system
the effect can be conveniently described by the spin Hamiltonian [21], but in the
case of many interacting electrons such a description becomes highly complex [22].
The averaged energy difference for electrons at the Fermi level with spin parallel and
anti-parallel to the magnetisation Ae o , known as the exchange splitting, is usually
written as
Ae o = J,i'F.

(3.2)

Here fi'F denotes the magnetic moment of the host ions (= /if) in Bohr magnetons,
P'F ~ PFI^BI and J is the exchange integral (see e.g. Ref.[23] for a precise description
of J). One usually speaks about the exchange splitting as if it were caused by
an effective field, the exchange field, even though this is actually not the case. In
a ferromagnet the exchange field will in general tend to polarize the spins on the
electrons, thus discouraging pair formation. A typical value for the exchange splitting
can be as large as a few electronvolts (eV). The pair breaking effect of the exchange
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field can be accounted for in the theory of superconductivity in the same way as for
the paramagnetic effect, but one should keep in mind the different nature. Also, since
the exchange field is not an ordinary field, it does not yield an electromagnetic pair
breaking effect.
Recently, a model was introduced which describes the effects of the exchange field
of an F layer on the properties of an S layer in an S/F multilayer [14]. The full
model takes into account the possibility of the formation of a ff-state (as mentioned
in the Introduction), but a simplified version [16] can be used if the F layers are
thick enough to completely decouple the S layers. We will describe our results for Tc
and critical fields of multilayers with decoupled S layers with this simplified model.
A brief description of the basic ingredients is given below, leaving the details for
Appendix A.
Since the S layers are assumed decoupled, one only needs to consider one S layer
embedded between two F layers to find the multilayer behaviour. The model is based
on the Usadel equations [24], being the dirty-limit approximation of the Eilenberger
equations [25], which themselves can be deduced from the Gorkov equations [26]. The
phase transition at Hc2 and Tc is taken to be of second order, so that the Gorkov's
Green's function describing the condensate of pairs, F(r,u) with u; a Matsubara
frequency, is described by a linear equation. F(r,u>) is related to the pair potential
A = A(r) via a self consistency equation. Using the Ansatz that for the F(r,u)
function separation of variables can be used and that the space dependent part of
F(r,w) equals A(r), the equations listed below are derived [16]. The coordinate
system is chosen so that the interfaces are parallel to the yz-plane, and the centre
of the S layer is at o; = 0. From symmetry the Gorkov Green's function for the
superconductivity in the F layers, F$, should then be symmetric in a; = 0.
In the first stage one completely neglects possible dipolar fields or polarization
effects in the S layers due to the magnetic boundaries. For the S material one has
the usual equation describing the F function in a superconductor

n2Fs = -4FS,

(3.3)

where I I = V + 2mA[(f>0 is the gauge invariant gradient with A the vector potential
and 4>o the flux quantum. Eq. (3.3) is formally identical to the linearized GL equation.
The eigenvalue ks(r), with r = T/Tcs [27] and Tcs the bulk transition temperature
for the S material, is related to an effective pair breaking parameter p(r) by
(3-4)
Here the S material parameter is is given by
is = {hDsl2*kBTcS)xl\

(3.5)

with Ds the diffusion coefficient. The GL coherence length at T = 0, {(0), is related
to is by is = 2£(0)/ir. The pair breaking parameter p(r) is related to r by
/r»(r) = * ( l / 2 ) - R e ¥ ( l / 2 + p/r),

(3.6)
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with $ the digamma function and R e meaning that the real part should be taken.
In the F layers the predominant pair breaking mechanism is assumed to be the
strong exchange field effect which polarizes the spins in the Cooper pairs, thereby
destroying the superconductivity. Therefore the critical temperature for the F material is taken to be zero, but in a multilayer near the interface the F function in the
F material, FF, is nonzero due to proximity of the S layer. The exchange field effect
is characterised by the averaged exchange energy per electron in the Cooper pair Io,
Io = Ae o /2, see Eq. (3.2). Assuming that /„ is much larger than kaTcs, the other
characteristic energy involved, and that the pair breaking effect of any externally
applied magnetic field can always be neglected in comparison with the pair breaking
of the exchange field, one obtains an exponential decay for Fp in the F layers,
FF(X) = Ciexp(—kF \ x |),

(3.7)

with C\ an arbitrary constant. The characteristic inverse length kp is independent
of T and given by
kF - (1 + t ) — ,

(3.8)

(F

with
{F = y/4hDF/I0,

(3.9)

and Dp the diffusion coefficient in the F material. Note that £p, the decay length of
FF, depends upon Io and that kp is a complex quantity, related to the fact that the
exchange field acts only on the spin dependent part of the electrons.
The solutions of Fs and FF are subject to the generalized de Gennes-Werthamer
boundary conditions at the S/F interfaces
d
—ln(Fs)

d
= r)—ln(Fp) \x=±ds/2,

(3.10)

with ds the thickness of the S layer. The parameter r) characterizes the interfaces.
An exact expression for it can only be given in very special cases, e.g. in the dirty
limit for specular scattering r\ is the ratio of the normal state conductivities as and
The above set of equations now suffices to calculate Tc for an S/F multilayer as
function of ds. At Tc (H = 0), Eq. (3.3) can be solved exactly, Fs = C2cos(ksox),
with kSo the value of ks(r) at Tc. Inserting this solution togethe: with Eq. (3.7) in
Eq. (3.10) results in
(3.11)
with (fio = ksods/2 and e = £F/I}{S. For given e,d, and is this equation can be
solved numerically, giving ks0, and with Eq. (3.4) it yields the effective pair breaker
p at Tc (which differs from TcS if p ^0), and thus via Eq. (3.6) Tc itself. Note that
the two unknown parameters (F and r) only occur in the definition of e, so that
if one has an experimental data set of Tc vs. ds with known (5, then 1 is the only
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unknown parameter, and can be used to fit the data. One should realize that the pair
breaking effect of the magnetic boundaries is entirely accounted for by the boundary
condition Eq. (3.10), in combination with the shape of the F function in the magnetic
material. There is no extra pair breaking introduced in Eq. (3.3), which describes
the F function in the S material.
A field H, applied either parallel (//) or perpendicular (±) to the layers of an
S/F multilayer and for notational brevity assumed to be positive, introduces an extra
pair breaker, in addition to the pair breaking of the magnetic boundaries. Since the
exchange field in the F material is so large, this field will hardly influence Fp, but
it should be taken into account in calculating Fs. The precise derivation of how
the two effects add up is given in Appendix A, here we merely give the results. In
calculating HC2// it is assumed for simplicity that the S layer is thin enough to exclude
vortices and that superconductivity starts nucleating in the centre of the S film, i.e.
no surface superconductivity occurs. Under the condition that 2irHC2//d%/(i4>0) < 1
the effective pair breaking parameter p(r) in the presence of the field Hc2// is given
by [28]

^ ^ f ^ .

(3.12)

Here p(r c ) is the pair breaking parameter at Tc. The numerical factor g(<p0) is given
by

It should be noted that once e (and thus p(rc) for given ds) has been obtained from
a data set of Tc versus ds, Eq. (3.12) does not contain any free adjustable parameter
any more. For given T, there exists precisely one solution for Hc2// so that p given
by Eq. (3.12) fulfils Eq. (3.6).
For perpendicular fields the pair breaking parameter p(r) becomes [28]
(3.14)
As in the case for Ha//, for given e this expression does not contain any free parameters.
The model presented above will be used to analyse our experimental data. From
the measurements on Fe and VesFeas based samples with variable F layer thickness,
presented in section 3.4, we will try to find an experimental value for £ F and see
how it relates to material parameters of the F layers. In section 3.5 we combine
these measurements with Te measurements on samples with varying S layer thickness
ds- Also Tc versus ds data for all other F layer materials are presented. Fitting the
model to the data the parameter e for the various multilayer sets can be obtained,
which yields information on how the destruction of superconductivity in the S layers
depends upon both the magnetism of the F layers (essentially /„ in the model above)
and the scattering of electrons at the interfaces (described by tj). In section 3.6 the
data of Han and H^x are presented. Having obtained values of e for the different
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types of multilayers from the Tc data, we can compare the predictions of the model to
the critical field data without using any unknown parameter. This later comparison
can thus serve as an extra test on the validity of the model.

3.3

Sample characteristics and magnetic properties

The multilayers described in this chapter were all prepared at Philips Research
Laboratories in Eindhoven. V was taken as superconducting material and for the
magnetic materials either Fe, Ni, Co or one of the alloys V5OFe5o or V6sFe35 was chosen, all with a different bulk magnetic moment, see below. To compare the results of
the S/F multilayers with those for a superconducting/normal metal (S/N) multilayer,
where superconductivity should be much less affected, we also prepared one set of
V/Cu multilayers. Most series were grown by DC magnetron sputtering at a base
pressure 5xlO" 7 mbar, and only one V/Fe set was grown by Molecular Beam Epitaxy (MBE) under a base pressure of 5xlO~ 10 mbar. In all cases the substrates were
Si (001) with surface dimensions 4x12 mm 2 . During deposition the substrates were
kept at room temperature, while typical growth rates were 0.2 nm/s. Multilayers are
routinely prepared at Philips Research in this way, and X-ray analysis was therefore
limited to the MBE grown multilayers and one sputtered series of V/Fe multilayers. The high angle data indicate that both V and Fe have the BCC structure, but
that the texture of the films is different for the two growth methods. The MBE
grown samples predominantly have (100) texture, while sputtered samples showed
(110) texture. The atomic plane distance (AP) is therefore 0.30 nm (V) and 0.29
nm (Fe) in the MBE case, but 0.21 nm (V) and 0.20 nm (Fe) for the sputtered samples. As will be seen below, this apparently does not influence the superconducting
or magnetic properties. At low angles, clear superlattice peaks were observed from
which a period could be determined as a check on the growth rates. For Ni and Co
based samples no detailed characterisation has been performed, but bulk Ni has the
FCC structure (lattice parameter= 0.29 nm) and bulk Co the HCP structure (lattice
parameters 0.25 nm and 0.41 nm). Finally, X-ray analysis on other sputtered Co
samples, which are not discussed in this thesis, showed that sputtered Co is to a
large extent polycrystalline and non-textured, containing a minority HCP phase.
Throughout this chapter we will discuss results on many different multilayers
with different individual layer thicknesses and total number of layers. Also, for the
superconductivity it is crucial whether or not outer layers are magnetic, and therefore
the nature of the outer layers among the series are also varied. Because of this wealthy
mixture of samples it is desirable to use a precise notation when indicating a certain
multilayer. The following notation is used. If the outer layers are V, we indicate
a multilayer consisting of N magnetic layers of thickness dF and (N+l) V layers
of thickness dv by dv V/ N x [dF F/ dv V). If outer layers are magnetic, so that the
number of F layers is N+l and the number of S layers is N, the multilayer is denoted
by dp F / N x (dv V/dFin F)/ (dF - dFin) F, with dFin the thickness of the inner F layers
and dp the thickness of the outer F layers, which may differ in this situation. Unless
stated otherwise, top and bottom layers were always from the same material and
equally thick, i.e. the multilayers were completely symmetrical.
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As already mentioned in section 3.1 the goals of our research fall into two distinct
classes. First we like to understand the proximity length of superconductivity in the
magnetic material and the effect of coupling/decoupling of S layers through F layers.
For this goal we prepared multilayers with constant V thickness and variable F layer
thickness, where F was either Fe or V65Fe35. The results are discussed in section 3.4.
For the second goal, understanding the exact relation between the magnetism in the
F layers and the pair breaking in the S layers, multilayers with constant, relatively
thick ( « 3 n m ) F layers and variable V layer thickness were prepared. Here, all
different F layer materials mentioned above were used, and a V/Cu set was prepared
for comparison. The results are discussed in section 3.5 and 3.6.
Before taking a closer look at the magnetic properties of our multilayers it is useful to comment on the origin of the magnetism. For both Fe, Co and Ni atoms the
3d shell is partially filled, which results in a net magnetic moment on the atoms. The
exact mechanism for the ferromagnetic coupling of these moments in bulk material
lias been a matter of discussion, see e.g. Ref. [29]. By now it is well established that
also for this coupling a crucial role is played by the 3d electrons, since a fraction of
them (e.g 5% for Fe) has an itinerant character [30]. It turns out that these highly
polarized, itinerant 3d electrons cause the ferromagnetic coupling of the magnetic
moments (which themselves are mostly due to the localized part of the 3d electrons).
Furthermore, not only do the itinerant 3d electrons carry the indirect exchange, they
are also responsible for the electrical conduction, rather than the 4s electrons. As we
will see below, the latter effect will play an important role for the proximity of superconductivity in the ferromagnets under consideration. A second remark concerns
the magnetism in the VFe alloys. Fe can be doped with V at any given concentration
[34]. Remarkably, the magnetic moment on the Fe atom strongly depends upon the
V concentration [35], varying from 2.2 fts f° r pure Fe to 0 for 70 % V. The magnetic moments in the VFe alloys do however remain ferromagneticly coupled at all
concentrations. Using VFe alloy as magnetic material and varying V concentration
one can in principle continuously change the moment on the Fe atoms, yielding a
powerful tool for the purposes of our research. An extra advantage of this is that
V and Fe have the same BCC lattice structure, and only a 3% difference in lattice
parameter. The lattice mismatch for V and a VFe alloy will become only smaller.
Even though the pure V/Fe multilayers already showed very sharp interfaces, they
are thus expected to be even better in the alloy based samples.
Naturally, the quality of the magnetism in the F layers is of crucitl importance
for the overall superconducting behaviour of the S/F multilayers. Unfortunately,
especially at the S/F interfaces, which are the most important regions concerning the
destruction of superconductivity, the magnetism can be influenced by the boundaries
and several spurious effects can occur where one should be aware of. First of all,
even for a perfect interface without any interatomic diffusion the electronic bandstructure at the S/F interfaces will be different from that in bulk material. This can
change the effective magnetic moment on the atoms near the interface. Theoretical
studies considering this problem have especially focused on the V/Fe system, and a
considerable reduction (30 %) of the moment on Fe atoms at the V/Fe boundaries
is expected [31,32], in agreement with experimental results [33]. The same effect
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should occur for V/Co and V/Ni, but these systems have not yet been studied in
detail. A second effect which might reduce the moments at the interface is interatomic
diffusion. In principle, the physical background for the reduction is the same as for
the effect mentioned above, namely a change in the electronic band-structure. In
general the reduction of the moment on a magnetic atom should depend upon the
number of non-magnetic nearest neighbours [31]. This mechansim is responsible for
the strong dependence on V concentration of the moment on the Fe atom in V/Fe
alloys [35]. When interatomic diffusion at the interface occurs the number of nonmagnetic nearest neighbours of the magnetic atoms will increase, reducing the average
effective moment.
If the boundary region where the magnetic moments are reduced from their bulk
values is large compared to the proximity length for superconductivity, one should be
careful relating ihe pair breaking effect to the bulk value of the magnetic moments.
Also, if a considerable amount of interdiffusion exists, the thicknesses of S and F
layers are not well defined any more. Clearly, it is important to have well defined
boundaries, both from a magnetic and structural point of view. To get more insight
in the magnetic properties of our films we measured the magnetisation for specially
prepared Fe, Ni, Co and V6sFe35 based sets of multilayers. The number of layers in
the multilayers were adapted to the expected value for the magnetic moment on the
atoms, so that also the smaller magnetic moments could be determined. In each set
the F layer thickness was varied for the different samples. All of them had V outer
layers to protect the magnetic layers from possible damage and oxidation. The data
for the V/Fe based sets were taken at room temperature with a vibrating sample magnetometer, all other with a SQUID at T = 9.5 K, well above Tc in all cases. The field
was applied parallel to the layers. A lypical magnetisation loop is shown in Fig. 3.1
for (the asymmetrical sample) 40nmV/5x(2 nmCo/3nm V)/10nm V. Saturation of
the magnetisation for this particular sample sets in at the saturation Held iioH,a=Q.09
T. Similar values were obtained for all other samples, where fioH,a never exceeded
0.15 T. Some of them showed a slight decrease in signal for fields above H,a, indicating a small diamagnetic background, probably from the Si substrate. Since this
signal was practically linear in field it could be corrected for when appropriate.
The results for the saturation magnetisation per magnetic layer, Mi, as determined from the magnetisation loops are shown for all samples in Fig. 3.2. For large
enough thicknesses Mi shows a linear increase with increasing dp, as indicated by
the drawn lines in Fig. 3.2. It shows that for these thicknesses the magnetic moment
per atom does not depend on layer thicknes > any more, and thus the slope of this line
is a measure for the bulk magnetic moment per atom, pp. The extracted values for
tip are shown in Table I. For the Fe and VFe alloys based samples PF is in reasonable
agreement with the literature values, but for Co and especially Ni we found much
smaller values than expected. The reason for this is unfortunately not known at
present, but a similar reduction of ftp in thin films has been reported by others [36].
It might well have to do with lattice distortions in the Ni and Co films (with respect
to the bulk structure) because the lattice mismatch with the V layers is relatively
large. This effect should be smaller for Fe and VFe based samples.
The second important observation from Fig. 3.2 is that the drawn lines through the
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Figure 3.1: Typical magnetisation loop, taken at T=9.5 K with the field parallel to
the layers for 40nm V/5x (2nm Co/3nm V)/10nm V.
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Figure 3.2: The saturation magnetisation per magnetic layer, Mi, as function of magnetic layer thickness dF for multilayers based on Fe (a), Co (Q), Ni (A), KesFeas
(+) and the MBE grown Fe set (O). For clarity the signals for the Ni set are multiplied by a factor 2 and for the VMFe35 alloy by a factor 10. The lines are guides to
the eye.
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F

HUAUB]

Fe
Co
Ni

2.0
1.1
0.35

V 5O Fe 5O
V 6 5 Fe 3 5

0.61
0.43

2.20
1.70
0.60
0.84
0.43

dMD [nm]
0.1
0.4
0.8
0.3

e
5.1
6.5

8.0
3.6
4.5

dcr [nm]
28
23
19
34
30

Table I: The estimated magnetic moment on the magnetic atoms pp compared to
bulk literature values pin, the estimated magnetically dead layer thickness on the S/F
interfaces d^p, the fit parameter e and the extracted values for the critical thickness
of the V layers for the occurrence of superconductivity dcr.
data intercept the positive x-axis at a series dependent value 2xdMD. This indicates
that at each interface a magnetically dead layer exists of thickness dMD, as given in
Table I. As discussed above, this is caused by interatomic diffusion at the interfaces,
which make the magnetic atoms loose their moment. If we now assume that an
interdiffused magnetic atom loses its moment completely, as will be nearly the case,
we can identify d^D with the length over which interatomic diffussion occurs. A clear
trend among the series now becomes apparent. For the Fe and V6sFe3S based series
dhtD correspond.- to interatomic diffusion over approximately 1 atomic plane (AP), for
Co and Ni over approximately 2 and 3 AP, respectively. It shows that the small lattice
mismatch between V and Fe or VFe alloys indeed favours extremely sharp interfaces,
in accordance with extensive X-ray studies on V/Fe multilayers [37]. As could be
expected from the different lattice structures for Co and Ni, the interface roughness
is worse, but with a maximum of 3 AP still acceptable at first sight. It might however
be the origin of some curious effects, to be discussed in more detail below. Finally,
since we know the interfaces for the Fe and V6sFe35 based samples to be sharp, we
feel safe to assume that the same is true in the VsoFeso based set. For this series
we measured only a magnetisation curve for sample 3.0 nm F / 2x (15nm V/ 3.0 nmF),
with F=V5oFe5o, from which we exstracted the moment on the Fe atom as indicated
in Table I.
The superconducting properties Tc, HC2// and HC2± of the multilayers were measured resistively in a standard 4 terminal configuration, and defined as the midpoint
of the superconducting-normal transition. Hci was measured by sweeping the field at
constant temperature. The samples showed good superconducting properties, with
ATC as defined by the 10-90 % transition width typically less than 20 mK, and very
sharp transitions in field.

3.4

Decoupling of superconductivity by ultra-thin magnetic
layers

In this section we focus on the decoupling of superconductivity by the magnetic
layers. For the magnetic materials we used Fe (2 p.B per atom) or V65Fe35 (0.4 HB
per atom). The magnetic layer thickness was varied. For V/Fe different sets were
investigated, they had either Fe or V outer layers, while one set had a varying number
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Figure 3.3: Tc vs. dFe for different V/Fe multilayers; •
with V outer layers: 44 nm V/ 3x (dFe Fe/ 44 nm V) (U),
with dFe= 0.6, 1.0, 1.6, 2-4, and 6.1 nm,
with V outer layers: 40 nm V/ 3x(dFc Fe/ 40 nm V) (MBE-grown)
with dFc= 0.6, 1.0, 1.6, 2-4, 3.8 and 6.1 nm,
with Fe outer layers: 3 nm Fe/ 2x(40 nm V/ dFe Fe)/ (3 nm- dFe) Fe (+),
with dFe= 0.1, 0.2, 0-4, 0.6, 0.8 and 1.6 nm, supplemented with
5 nm Fe/ 2x (40 nm V/ 3.0 nm Fe)/ 2 nm Fe,
with varying number of blocks: 3 nm Fe/ Nx (40 nm V/ 1.0 nm Fe)/ 2 nm Fe
with N=2 (S7), N=3 (@), N=4 (+), N=5 (A).
Also shown are monolayers of 150 nm, sputtered (a) and MBE grown (Q) and
multilayer 5nmFe/ 2x (85nm V/3.0nmFe)/2nmFe
(O).
of blocks. One V6sFe35 based set with V6sFe35 outer layers was also investigated, and
for comparison two single V films of 150 nm thickness.
The results for Tc of the V/Fe based sets are shown in Fig. 3.3, where the caption
contains the precise sample description. It is observed that Tc is already reduced by
very thin Fe layers, in agreement with reports in literature [11,13]. For all sets Tc is
independent from dF if dF > 0.6 nm, suggesting that Fe layers with thickness of 0.6
nm already decouple the V layers.
For dFt<0A nm Tc is strongly influenced by dFe. This may be caused both by
a decrease of the moment on the Fe atoms, since the Fe layers are at most 2 atomic
planes thick, and by the fact that the V layers are not completely decoupled any more.
Note that a hypothetical multilayer in the set 3 nm Fe/ 2 x (40 nm V/dpe Fe)/ (3
am-dFe)Fe with dFe=0 should not be compared with the 150 nm thick monolayers,
hut rather by a 80 nm V layer sandwiched between two Fe layers, which already has
a lower Tc than bulk V, see section 3.5. The Tc for a sample which comes close to
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Figure 3.4: Hc2// for multilayers with different outer layers and different dpc; 44 nm
V/ 3x (0.6 nm Fe/ 44 nm V) (y) and 44 nm V/ 3x (2.4 nm Fe/ 44 nm V) fa); 40
nm V/ 3x (0.6 nm Fe/ 40 nm V) (MBE-grown) (Q) and 40 nm V/ 3x (2.4 nm Fe/
40 nm V) (MBE-grown) (Q>); 3 nm Fe/ 2x(40 nm V/ 0.6 nm Fe)/ 2.4 nm Fe (M)
and 3 nm Fe/ 2x (40 nm V/ 1.6 nm Fe)/ 1.4 nm Fe (O). All filled symbols represent
samples with inner Fe layers of 0.6 nm.
this, 5nmFe/2 x (85nmV/3.0nmFe)/2nmFe, is therefore also shown in Fig. 3.3.
The difference in Tc for the sputtered multilayers from the sets 44 nm V/ 3x(dpe Fe/
44nmV) and 3nmFe/2x(40 nmV/<if>Fe)/(3nm-dFe)Fe i s mainly caused by the
difference in top and bottom layers. When the outer layers consist of Fe, all V layers
are identical. Outer layers of V, however, will not be identical to inside V layers,
since they have Fe on one side only. The depression of the order parameter due to
the S/F interface, which will be discussed in more detail later, will therefore be less
in the outer layers, leading to a higher Tc. If the Fe layers decouple the V layers, this
is the Tc measured and shown in Fig. 3.3.
Also clear from Fig. 3.3 is that varying the number of layers in a multilayer does
not influence Tc, even though the inner Fe layers are only 1 nm thick. This is as
expected when only 0.6 nm of Fe decouples the V layers completely.
To check this main finding we also measured the critical fields. In Fig. 3.4 we
show Hci// vs. T for several samples with inner Fe layers of 0.6 nm, and for comparison, for some samples with thicker Fe layers. Concentrating on the multilayers with
dpe= 0.6 nm we observe that H^// for all three samples behaves in agreement with
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Figure 3.5: Angular dependence of the critical field for sample 44 nm V/3x (0.6
nmFe/ 44nmV) at T=2.5 K (t=0.66). The line represents the 2D expression,
Eq. (3.16). The inset shows Hc2//(t) divided by {I-tf I2 vs.tforthe data of Fig. 3-4Symbols are the same as in Fig. 3.J-

the expectation for a two dimensional (2D) thin film in parallel field,
Hc2//(T) = Hci,i{Q)(\ - TITcf'\
(3.15)
This is especially clear from the inset in Fig. 3.5, where Hc2(T)/{l - T/TC)V2 is
plotted. This 2D behaviour is observed up to T/Tc = t =1, i.e. a transition from 2D
to 3D behaviour is not observed. In general a superconducting film of thickness d will
show 3D behaviour in Hc2//, i.e. Hc2//{t) oc (1 - t) (see Eq. (3.17) for the case of no
surface superconductivity), when the GL-coherence length £(<) becomes smaller than
l.8id. As we will show below, the £(0) for V equals 13.9 nm, and thus 2D behaviour
over the whole temperature range is not expected for any of the multilayers shown
in Fig. 3.4 if V layers are coupled. On the other hand, if the V layers (with smallest
thickness of 40 nm) were decoupled, then still one should expect 3D behaviour at low
temperature, and therefore a 2D-3D transition. The fact that this is not observed
indicates that V layers are not only decoupled by the Fe layers, but also that the
effective thickness of the V layers is reduced due to destruction of superconductivity
near the boundaries, as will be discussed in the next section.
Comparing each of the three samples with a sample from the same set but with
thicker Fe layer thickness we see (inset of Fig. 3.5) that values for Hc2//(0) for samples
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within the same set differ less than 12%, with no systematics regarding Fe layer
thickness. HC2//(<0) does depend upon the material of top and bottom layer, it being
larger for samples with V on top and bottom. In the same way as discussed for Tc,
this means that HC2// is larger for the outer V layers, since they only have Fe on one
side.
In Ginzburg-Landau theory for a single thin film in vacuum, Hc2//(0) as defined
in Eq. (3.15) can be written as # c 2 //(0)=^ o v / 12/2jrf (0)<0- I n t h e next section we
will show that, due to the different boundary conditions, this factor is different for
F / S / F sandwiches or S/F bilayers. It depends upon the F material and does not have
a simple functional form with respect to cfe. Nevertheless, the angular dependence of
HC2(6), with 0 the angle between the layers and the field, is still correctly described
by the Tinkham expression for a thin film in vacuum
(3.16)
This is seen from Fig. 3.5, where HC2(6) is plotted for one sample with 0.6 nm thick
Fe layers, measured at T=2.5K (i=0.66). The line represents Eq. (3.16), and the
agreement is remarkably good.
Not only HC2// but also HC2x for the multilayers should be independent from dpe
if V layers are decoupled. In Fig. 3.6 Hax is plotted versus reduced temperature
for the sputtered samples for which HC2// was shown in Fig. 3.4. Also shown is the
result for a sputtered V monolayer with thickness 150 nm. All measurements show a
linear T dependence near Tc. It is indeed observed that the Fe layer thickness does
not influence the HC2 curves. The difference in H^x at a ny T is less than 8% for
multilayers from the same set.
The temperature dependence of Hctx near Tc is, in GL theory, given by

Then for the slope 5 of Hcix with the reduced temperature t = T/Tc one has

dHc2x

| _ <t>o

The values for S in Fig. 3.6 are clearly not all the same, even though the V layers have
the same {(0). Again this is mainly due to the different material of top and bottom
layers. For the multilayer with V as outside layers, the behaviour of Hcl is again
completely determined by these outside layers. The value for S for these multilayers
is apparently larger than for multilayers with Fe as outside layers, although still
smaller than for single thin films. This shows that Eq. (3.17) cannot be used any
more to determine ((0) for an S/F multilayer. In the next section, we will see that
also the thickness of dv influences the slope 5. For the monolayer, Eq. (3.17) is of
course valid and gives £(0)=13.9 nm. This value will also be used for the V in all the
multilayers.
As a final check, in Fig. 3.7 we show Hea// and Hc3x for two samples with a
different number of blocks, one with two V layers, one with four V layers, all of the
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Figure 3.6: Hc21. vs. reduced temperature t=T/Tc for multilayers with different outer
layers and different dFc; 3 nm Fe/ 2x (40 nm V/ 0.6 nm Fe)/ 2-4 nm Fe (m) and
3 nm Fe/ 2x (40 nm V/ 1.6 nm Fe)/ 1.4 nm Fe (a); 44 nm V/ 3x (0.6 nm Fe/ 44
nm V) (1) and 44 nm V/ 3x (2.4 nm Fe/ 44 nm V) (S7); also shown is the 150 nm
thick sputtered monolayer (+).

same thickness and sandwiched between Fe layers of 1.0 nm thickness. Clearly and as
expected when V layers are decoupled, the behaviour for both multilayers is exactly
the same.
From the set of experiments presented above we conclude that only 0.6 nm Fe
(corresponding to an extremely thin layer of 3 atomic planes !) is sufficient to completely decouple the V layers. It is interesting to compare this result with the model
of Radovic et al. [16], which we discussed in section 3.2. There it was argued that
superconductivity should decrease exponentially fast in the F layers over a typical
length scale & — yJ4hDF/Io. If we now identify £p with the value for dp where complete decoupling occurs, 0.6 nm for Fe, we can estimate the exchange energy Ae0 = 2
/,,. The diffusion coefficient DF = VFI/3, with VF the Fermi velocity and / the mean
free path, for our thin Fe layers is not exactly known. Even if we take the smallest
possible value for 1, namely the Fe layer thickness of 0.6 nm, and using the typical
Fermi velocity for Fe, vFe = 2 x Vfim/a, this yields /„ = 4.6 x 10~19 J w 3eV, corresponding with an exchange splitting Ae0 = 2 Io = 6.0 eV. If / is taken larger than
0.6 nm Ae0 would even increase. This value for Ae0 compares reasonably well to
the exchange splitting for Fe of about 2 eV [23], to which especially the 3d bands
contribute. Put differently, it compares better to the d-d exchange energy of the
itinerant d electrons, being almost equal to Ae0 and estimated at about 2 eV [38],
than to the i-d exchange energy which is typically only a few tenth of an eV.
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Figure 3.7: Hc%lj and Hc2± for two samples with different number of layers, 3 nmFe/
Nx(40 nm V/ 1.0nmFe)/ 2nmFe with N=2 (Q) and N=4 (%) (left hand axis).
In the upper part of the figure Ha///{1 - *) 1 ' 2 is displayed for the same samples N=2
(a) and N=4 (m) (right hand axis).
In section 3.1 we discussed that in Fe the magnetic moment is caused by the (localized part of the) 3d electrons and that the itinerant part of the 3d electrons carry
the conductivity in the normal state. We just found that the proximity length for
superconductivity, £p, also corresponds to an exchange energy of the d-d electrons.
Apparently, the itinerant d bands also carry the (proximity induced) superconductivity in the Fe layers. This is an interesting result, because at first sight one could think
that the 4s electrons would carry the superconductivity (in which case Ae o should
correspond to s-d exchange energy). The assumed restriction of the mean free path
by the thickness of the Fe layer is justified by the strong spin dependent scattering
at the non-magnetic interfaces, which also plays a crucial role in the so-called "giant
magnetoresistance effect" in magnetic multilayers [39].
For Fe we are thus able to relate the observed proximity length £F to the magnetism of the 3d electrons. It would of course be useful to check this observation
by changing the magnetism in the F layers, keeping al other parameters constant,
and see how this influences (p. For this we investigated the V65Fe35 based multilayer
set 3 n m F / 2 x (40nmV/</ F F)/(3-<i/r)F, where we varied dF. In section 3.1 we
showed that the effective moment on the Fe atoms in this alloy is strongly reduced
and that the quality of the interface remains very good. This alloy based set is thus
ideal for our purposes. In Fig. 3.8 we plot the results for Tc, and compare them to the
corresponding Fe based multilayer set. The alloy based set shows a behaviour similar
to the Fe set, i.e. a strong dependence of Tc on dp below a certain value for dp and a
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Figure 3.8: Tc vs. magnetic layer thickness dp for the ^5^535 based set SnmF/ Sx
(40nmV/dF F)/(3-dF) F (%), with dF= 0.2, 0.4, 0.6, 1.0, 2.0, and S.O nm, and
for the Fe based set SnmFe/ 2x (iOnm V/' dFe Fe)/ (3-dFt) Fe (1), with dFt= 0.1,
0.2, 0.4, 0.6, 0.8, 1.6 and 3.0 nm. The V layer thickness at dF=0 is 85 nm for Fe
and 70 nm for the alloy (instead of 80 nm). The Tc value for bulk V is also indicated
(*). The lines are guides to the eye, the arrows indicate the estimated values for £F.
saturation of Tc for higher dp. Note that for the V65Fe35 based set the reduction of Tc
only sets in at thickneases larger than twice the magnetically dead layer as determined
from Fig. 3.2. For Fe the saturation sets in at ^ = 0 . 6 nm. This value was identified
with the proximity length ( F for the typical penetration of superconductivity in the
Fe layer. For the VggFe3s alloy we proceed along the same line. Saturation of Tc
sets in at dF « 1.5 nm. This value is identified with fp = (ihDF/I0)1^.
Dp = vpl/3,
and as in the case for Fe we use vF = 2 x 10s m/s and take for / the layer thickness
dF = 1.5 nm. Inserting this leads to an exchange splitting Ae0 = 2/ 0 for the VogFeu
alloy of 2.4 eV.
In section 3.3 we showed that the magnetic moments on the Fe atoms are 2.0 pa
for pure Fe and 0.43 Ha in the VB5Fe35 alloy, see Table I. The exchange splitting
is proportional to the magnetic moment and the exchange integral, A£o = J/i'F see
Eq. (3.2). For Fe the exchange integral J is 0.92 eV and for V 0.70 eV [23], whereas
for VegFeu the value for J is unknown. If we take it to be the weighted average
between the Fe and V values, J =0.78 eV, and insert this together with ji'F =0.43
in Eq. (3.2), we obtain an expected value for the exchange splitting in VssFe3s of
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0.34 eV. As for the Fe case, the exchange splitting is largely due to the 3d bands,
and should therefore be strongly related to the d-d exchange energy. Even though
the experimentally obtained value for Ae o of 2.4 eV compares rather poor to the
expected value of 0.34 eV, we still think that our observations in the V6sFe35 alloy
confirm the picture that the 3d bands carry the proximity induced superconductivity
in both V/Fe alloys and pure Fe. If superconductivity was carried by the 4s bands,
the proximity lengths £/r should correspond to an s-d exchange energy, expected to
be even much lower than 0.34 eV.
Even though Ni and Co are much less studied concerning the role of itinerant 3d
electrons in the conductivity, it is expected that also here d electrons are important for
the conductivity [29,30]. We therefore expect that they carry the proximity induced
superconductivity in Ni and Co, and thus that also for Ni and Co based multilayers
only a few atomic planes will be sufficient to completely decouple the V layers, unless
of course the magnetism in these layers is distorted.

3.5 The relation between Tc, ds and magnetic material
In this section we focus on the dependence of Tc on the thickness of the superconducting layers, in sets of multilayers with different material for the magnetic layers.
These F layers are in each case thick enough to decouple the S layers (<fr=3 nm in
most cases). The outer layers were always magnetic, so the V layers in the multilayer
are all identical. We first illustrate the most important features of the dependence
of Tc on dy for the Fe based set, and then compare these results with the other sets.
In Fig. 3.9 the results for Tc vs. dy are shown for the multilayers 5 nm Fe/ 2 x(dy
V/ 3.0 nm Fe)/ 2 nm Fe, with dy = 10, 15, 20, 25, 32.5, 40, 55, 70, 85 and 100 nm.
Tc decreases strongly with decreasing V layer thickness, in accordance with results
found in Ref.'s [11,16]. The samples with dy smaller than 32.5 nm were measured in
a dilution refrigerator, but no superconductivity was found down to 50 mK. These
results indicate that below an approximate V layer thickness of 28 nm no superconductivity can exist any more. Concentrating on the sample with dy=10Q nm we note
that Tc is still lower than the bulk V value, even though dv is much larger than ((ft)
(=13.9 nm) for bulk V. These results can all be described very nicely by the model
of Radovic tt al. [16] discussed in section 3.2. Knowing (5 = 2£(0)/jr=8.8nm, using
Eq. (3.11) and using f as fitting parameter, we can for each ds compute <p0 = ks<>ds/2
and thus, with Eq. (3.4) and Eq. (3.6), Tc(ds). The best fit is obtained for e=5.1, see
the result in Fig. 3.9, which gives a very accurate description of the experiments and
yields the correct value for the critical thickness for the occurrence of superconductivity, </er»28 nn.. The predicted Tc vs. dy behaviour depends strongly on e, giving
only a rather small interval for t values describing the experiments, «=5.1 ± 0.2.
For the Fe based multilayers we know from section 3.4 that (f=0.6nm. Since we
also know (5 we can in principle obtain the value for the parameter describing the
interface scattering n. Using the obtained value for e = (F/V^S, this yields 7=0.013. It
is hard to comment on this value since much is unknown about the interface scattering
in our samples. Also, theories relating i? to parameters of the layer materials and
boundary transparency are only available for specular scattering in the dirty limit [40,
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Figure 3.9: Tc vs. dv for samples 5 nm Ft/ 2x (dv V/ 3.0 nm Ft)/ 2 nm Ft. Samples
with dv < 25 nm do not show superconductivity above T=50 mK. The line is a fit
to the theory as explained in the text, with t=5.1, Te, =5.1K and £s = 8.8 nm. The
dotted line is the Tc for bulk V of 5.1 K.
41,42], and only when the boundary is sufficiently transparant [43] a simple expression
can be obtained, i; = apjas- The measured values for the specific resistivities at
T=3.5 K for single films oi Pe and V are 6.2 and 6.9 fiilcm, respectively, with a
ratio O~FI<IS of order unity. On the other hand these values are mainly determined
by grain-boundary scattering in the plane of the film, which is not relevant for n. For
single-crystalline material the resistivities are much lower , 0.05 fiflcm for Fe and 2.5
ftflcm for V, and the ratio OF/as is increased to almost 50, so the conditions to use
the expression q = op I as are clearly not fulfilled in our multilayers. Most probably, i?
is for a large part determined by the change of band-structure at the interface. Also,
the fact that the itinerant, highly polarized 3d electrons carry the conductivity will
result in a strong influence of the spin dependent scattering at the interfaces [30,44],
The low value for n may therefore well be caused by the different spin channels, i.e.
an effect of difference in transparency for spin up and down electrons, rather than by
interface roughness or by different overall conductivity. In this respect it is interesting
to note that tf values obtained for interfaces of two diiferent superconductors [45] or
a superconducting and a normal metal, see Appendix B and Ref. [46], (in both cases
the boundary condition Eq. (3.10) still applies) are typically two orders of magnitude
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Figure 3.10: Tc vs.
VsoFenofU) V6iFe3i
fits to the theory as
indicated in Table I.
B.

dv for the multilayer sets based on Fe (+), Co (A), Mi (%),
(Q), and for comparison for a V/Cu set (+). The lines are
explained in the text, with t values for the S/F multilayers as
The fit parameters for the V/Cu set are discussed in Appendix

larger than the values we found in the V/Fe system.
The fact that ij is not yet understood in detail is i_'Lir unfortunate, since the
scattering at the interfaces appears to play a crucial role. This can be seen if we
compare the results for Tc vs. dv of the V/Fe multilayers with similar results for
all other sets having different F layer materials, as is done in Fig. 3.10. The sets all
consisted of two V layers seperated by inner F layers of 3.0 nm, and had as outer
layers either F layers of 3.0 nm (Fe case) or 5.0 nm (all other cases). We observe
that for given dv, the Tc for the Ni set is higher than for Co, which is higher than for
Fe. This is precisely what one should expect from the magnitudes of the magnetic
moment, being lower for Ni than for Co, and highest for Fe, see Table I. However,
the Tc* for the alloy based sets are lower than for Fe, being lowest for the VJOFCJO
based set. So apparently, the reduction of Tc does not scale with the moment on the
magnetic atoms in the F layers.
For all multilayers shown in Fig. 3.10 the thinnest dv was 10 nm, and except for the
Fe case the lowest temperature which was reached during measurements was 1.4 K.
We observe that for all S/F multilayers Tc decreases below 1.4 K for V thicknesses
well above 15 nm. Since we know from the Fe case that the decrease of Tc with
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decreasing dv is very steep at low Tc, we feel safe to assume that this will also be
the case for the other S/F multilayers. The critical thicknesses for the occurrence of
superconductivity, rfcr, follows from the theoretical fits to the data, obtained following
the same procedure as for Fe with the same values for the bulk V properties. The
fit parameter e for each set is shown in Table I, together with the extracted values
for dcr. The results of the fits are shown by the lines in Fig. 3.10. In all cases the
agreement between the data and the fits is good, significant deviations only occurring
in the Ni based set at dv larger than 70 nm. The precise reason for this is not known
at present, but there is no obvious reason why the model should break down at large
dy. It is probably due to changed sample parameters for these samples, which is also
indicated from the results for H&x to be discussed in section 3.6.
We conclude from the measurements that the pair breaking effect does not scale
with the moments on the magnetic atoms. However, the exchange splitting AeOi
Eq. (3.2), does practically scale linearly with the moments. To see this one should
realize that the exchange integral J varies only 9 % between Ni, Co and Fe [23], and
for the alloys J is also expected to be within 18 % of the Fe value, see the discussion
in section 3.4. We therefore should state that the pair breaking does not directly
relate to Ae 0 . This latter statement can be made without assuming the scaling of the
magnetic moment and Aeo for Fe and V65Fe35 based multilayers, since in section 3.4
we estimated Aeo for Fe to be larger than for this alloy (6 eV and 2.4 eV, respectively),
yet the pair breaking for the Fe case is smaller.
In the model this can be described to different scattering at the interfaces, i.e.
different ij values, which influences t = fr/tlis- As stated above, an exact microscopic
description of IJ is still lacking, out at present we can think of two reasons why IJ for
the alloys is larger than for the pure Fe case. First of all, the normal state resistivities
for the pure Fe is a factor of 20 smaller than for the alloys. This could very well be
of importance for the scattering at the interfaces, but the prediction rj = ffp/ffs for
specular scattering would predict a stronger pair breaking for Fe, in contradiction
with the experiments. The second reason might be that even though the lattice
mismatch between Fe and V is only 3 % it can still cause the V/Fe boundary to be
not totally transparent. The lattice mismatch decreases upon alloying the Fe with
V, and thus the transparency of the boundary will increases upon alloying. This will
increase the pair breaking of the magnetism. One can understand this by realizing
that the mo 'el predicts no influence of the magnetic layers at all if the boundary
is completely non-transparent. The boundary condition would simply be the same
as for a superconductor-vacuum interface, and no extra pair breakers are introduced
into the differential equation describing the F function in the S layers, Eq. (3.3). So
in principle the effect of the magnetic layers is expected to increase for increasing
transparency, and this will explain the stronger pair breaking in the alloys when
compared to Pe based multilayers. Using the same argument, one should expect a
smaller pair breaking for Ni and Co based sets, because here the lattice mismatch
is even larger than for Fe. Of course, the smaller moments for Ni and Co will even
increase the difference, but the observed scaling of the pair breaking in the Co and
Ni based sets with the magnetic moment should be considered rather "coincidental",
since in principle it is not at all clear how the transparency of the boundaries should
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compare between the Ni and Co cases.
Since we ascribe such an important role in the pair breaking to interface effects, it
is relevant to check whether magnetism is actually needed to create strong pair breaking effects, or that "bad interfaces" alone are already sufficient. For this we performed
measurements on two different systems. Firstly, we measured films consisting of Fe,
V and VsoFero, namely 5 nm Fe/ 25 nm V/ dp F/ 25 nm V/ 5 nm Fe for various d/r (not
shown). For this alloy the magnetic moment on the Fe atom has completely disappeared. Even for dp=4.0 nm the Tc was still 2.4 K (compared to 3.8 K when <fc=0,
the reduction in Tc for that case stemming from the Fe outer layers). It indicates
that the VgoFe2o alloy does not create a stronger pair breaking effect than for Fe,
since in that case Tc should have been zero (</„ for the Fe case being « 28 nm). Also,
the small Tc reduction which can be described to the VgoFejo layer of 4 nm thickness
indicates a small pair breaking effect from this layer. The conclusion seems justified
that as soon as the magnetism is lost, the strong pair breaking also disappears. As
a second check of this statement, we measured the V/Cu set 5 nm Cu/ 2 x(dy V/
3.0 nm Cu)/ 7 nm Cu, for various values of dv. The results are shown in Fig. 3.10.
It is observed that the Tc reduction for the Cu based set is much smaller than for
any of the S/F multilayers. Also, even at </v=10 nm Tc is still 3.57 K, and there are
no indications for a finite d^. For dv=80 nm Te is already completely identical to
Tc for bulk V. The results for the Cu based set are reasonably described by the Usadel equations applied for superconducting/normal metal multilayers (essentially the
same as the de Gennes-Werthamer formalism), see the line in Fig. 3.10. In appendix
B we briefly show how the Usadel equations can be applied for S/N multilayers, and
there we also give the parameters used for the fit. Here we merely want to point out
that relatively strong pair breaking and a finite </„• are only observed in our experiments when magnetism is present in the non-superconducting layers and that these
observations are all in agreement with the theoretical expectations.

3.6

Critical Fields

In section 3.4 we already briefly mentioned that the critical fields for V/Fe multilayers could not be described by the well known GL expressions. In this section
the critical fields parallel /?<&// and perpendicular HciL to the layers will be more
systematically discussed. They were measured for most of the multilayers discussed
in section 3.5, i.e. all with decoupled S layers. The data for the different sets are discussed below in separate subsections, and the results will be compared to the model
presented in section 3.2, i.e. Eq. (3.12) will be used as pair breaker for Ha//, and
Eq. (3.14) for Hc2x- It should be kept in mind that for each of the sets e is known
from the Tc data discussed in the previous sectioi.. so that the equations for the pair
breaking parameter p do not contain any free parameter any more.
3.6.1

V / F e multilayers

Figure 3.11 shows the // cJ // vs. T curves for multilayers 5nmFe/ 2 x(</v V/3.0
nm Fe)/2nm Fe, with dv=40, 55 and 85 nm, together with Haj. for the 150 nm
sputtered V monolayer. Close to Tc all the curves show the 2D behaviour as given by
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Figure 3.11: / / « / / for samples with different dv; 5nmFe/2x(dv
V/ S.OnmFe)/
SntnFe, with dy = 40 nm (D), 55 nm (Q) and 85 nm (A). Also shown is HC2X
for the 150 nm sputtered V monolayer (Q), Dashed lines indicate the 2D behaviour
nearTc, Eg. (3.15). Full lines an predictions of the theory as explained in the text,
without adjustable parameters. The inset shows the 2D to 3D transition for samples
with (going up in Tc) dv=55, 70, 85 and 100 nm. HC2x for the monolayer is also
plotted in the inset.

Eq. (3.15). This is indicated by the dashed curves in Fig. 3.11. For multilayers with
dv = 40 and dv = 55 nm this behaviour exists 5n the whole measurable temperature
range. The multilayer with dv = 85 nm shows a crossover from 2D behaviour close to
Tc to 3D behaviour of the single V layer at low T. Whether this 2D to 3D transition
also takes place for the sample with dv = 55 nm is difficult to state, since the 3D
and 2D behaviour at lower temperatures for thin sample practically coincide. The
2D to 3D transition is observed for all multilayers with dv > 70 nm (see the inset
of Fig. 3.11), which means that at low temperatures all V layers with dv >70nm
behave as 3D thick V monolayers. Single V layers in parallel orientation could show
a higher critical field than in perpendicular orientation due to the occurrence of
surface supercc. " 'ctivity, but this does apparently not occur in our multilayers,
since Ha// for the u. jltilayers coincide! at low T with H^i of the single V film. This
destruction of surface superconductivity by the Fe layers should not be too surprising,
since surface superconductivity is carried by a small region near the interface of width
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ss £, but especially in this region the superconductivity is suppressed by the Fe layers.
One should note that the 2D to 3D crossover is a property of single V layers in the
multilayers, and has nothing to do with coupling of individual V layers.
In the model presented in section 3.2 the effective pair breaking for an externally
applied field HC2// is given by Eq. (3.12). Using e=5.1 as obtained from the Tc data,
together with Eq. (3.12), Eq. (3.13) and Eq. (3.6), we can calculate p(r) and thus
HC2// for given ds and r. The results of such calculations are shown in Fig. 3.11. The
agreement between data and theory is again very satisfactory in the regime where the
multilayers behave as 2D superconductors. The 2D to 3D crossover for dv = 85 nm
can of course not be reproduced by Eq. (3.12), since the S layers are assumed to be
2D. An extension of the model to S layers of arbitrary thickness was presented in
Ref.[47]. The 2D to 3D crossovers are predicted above a certain thickness dsa- of the
S layers. This thickness would be equal to 1.8 i{T) for a thin film hi vacuum, but
is larger for a S film sandwiched between F layers and depends on e. It e is not too
small, a superconducting surface sheet can exist again for Hc2// > Hc?±. For e = 5.1
enhancement would not take place, for the destruction of superconductivity near
the interface is too strong. This prediction is in agreement with the observations
fiat Ha// for multilayers with dv > 70 nm coincides with / f a i for the monolayer
at low T, see the inset of Fig. 3.11. Also it is predicted that for 6 = 5.1 a 2D- 3D
crossover should not occur at any temperature for thicknesses ds smaller than 4£s ( «
35 nm in our case), in good agreement with the 2D behaviour in the entire observable
temperature range for the multilayer with dv = 40 nm. We conclude that for the Fe
based multilayers the HC2// vs. T data can be completely understood with the model
presented in Ref.[16j.
Next we discuss the Hc2x{T) data for the Fe based set. In Fig. 3.12 we show
the results for the samples for which HC2// was shown in Fig. 3.11, together with
the result for the V monolayer. All measurements show linear behaviour near Tc,
but also the slopes dHc2x/dT differ by less than 15 % for all samples in the set
and are practically equal to the slope for the monolayer. As we will see below, this
behaviour is very characteristic for S/F multilayers. It also clearly contradicts the GL
behaviour which implies that if £(0) does not depend upon ds, the slope should be
related to £(0)2Tc, see Eq. (3.17) with i/ c 2 i(0) = <f>0/2ir((0)2. To compare the model
with these data we use Eq. (3.14), again with e = 5.1, leaving no extra free parameters
any more. In Fig. 3.12 it is shown that the experimental data are well described by
the model. The linear T dependence of HC2±. close to Tc is well reproduced, as well
as the independence of the slope of HC2L near Tc on dv- We can thus conclude that
for the V/Fe multilayers both Tc, Hc2u and Hc2±. can all be described accurately and
consistently by the model presented in Ref.[16].

3.6.2

VesFe3s alloy based multilayers

In Fig. 3.13 we show Hc2// for the V65Fe3S based multilayers with dv =40, 55 and
100 nm. The same type of behaviour as for the Fe based set is observed. Close to Tc
2D behaviour is present, which extends all the way down to 1.4 K for samples with
dv = 40 and 55 nm, see the dashed lines in Fig. 3.13. The sample with dv = 100 nm
shows a 2D-3D transition. The slope dHci///dT in the 3D regime for .this sample is
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Figure 3.12: Hc2±. for the same multilayers as in Fig. 3.11, and the sputtered monolayer of 150 nm thickness (%). The lines are predictions of the theory as explained
in the text, Eq. (3.14), without adjustable parameters.
the same as the slope for Hc2x- So again surface superconductivity is suppressed (as
could be expected since e for this alloy is smaller than for Fe), in accordance with
predictions in R«f.[47]. Also, in the 3D regime Hc2// closely agrees with the Hci±
data for the V monolayer (not shown), indicating that superconductivity nucleates
in the centre of the V layers where it is not drastically influenced by the magnetic
boundaries. In the 2D regime the data are accurately described by the parameter
free predictions from the theory, Eq. (3.12), using e=4.5 (full lines in Fig. 3.13), even
though the correspondence for the Fe based samples is slightly better.
In Fig. 3.14 the results for Heil for the same samples as in Fig. 3.13 are shown.
Again all samples show linear behaviour near Tc, and again the slopes dHci±/dT near
Tc differ less than 10%, the mean value for the samples being 10% lower than for
pure V. Also these data are again accurately described by the model, Eq. (3.12), as
indicated by the full lines in Fig. 3.14. We can conclude that for the V65Fe35 based
multilayers both Tc, Hct// and Hm are accurately described by the model presented
in [16].
3.6.3

V 6o Fe 5 o alloy based multilayers

In Fig. 3.15 Ha)/ versus temperature is shown for VeoFe5o alloy based multilayers
with dv = 40, 55, 70 and 100 nm. Close to Tc the 2D behaviour is again observed, see
the dashed lines in Fig. 3.15. The 2D behaviour extends all the way down to 1.4 K
even for the sample with dv = 70 nm, see the dashed lines in Fig. 3.15. It is useful to
realize that a V monolayer with thickness d= 70 nm would show a 2D-3D crossover
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Figure 3.13: Hc2// vs. T for 5nmF/2x(dv
V/3.0 nm F)/2 nm F, with F=V6sFe3s
and dv =40 nm (O), 55 nm (D) and 100 nm (Q). Full lines are predictions from
the theory as explained in the text, dashed lines indicate the 2D behaviour Eq. (3.15).
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Figure 3.14: / f a i vs. T for the V6iFeM based samples for which Hci/t was shown in
Fig. 3.13, using the same symbols. The lines are parameter free predictions from the
theory as explained in the text.

3.6

Critical Fields

71

0.4
0.0

T

[K]

Figure 3.15: /fc2// vs. T for alloy based multilayers 5nmF/2x{ilv
V/3.0nm
F)/SnmF,
with F= VS0Fes0 and dv =40 (O), 55 nm (D), 70 nm (Q>) and 100
nm (A) . The dashed lines indicate the 2D behaviour Eq. (3.15), full lines indicate
the predictions of the theory as explained in the text.
at t = T/Te for which 1.8f(i) = d, in this case t =0.87. The fact that the sample
with dv = 70 nm does not show the 2D-3D crossover down to 1.4 K, corresponding
to t = 0.36, illustrates once mote the strong destruction of superconductivity near
the S/F interfaces. This of course also happens in all other S/F multilayers, but is
strongest in the VsoFeso set, for which e is smallest.
From Fig. 3.15 we observe that the sample with dv = 100 nm shows 3D behaviour
at low temperature, with the slope 8HC2///dT equal to the slope for Has., which
practically equals the slope for Hci± for the V monolayer. Thus, as expected, no
surface superconductivity occurs. The predictions of the theory Eq. (3.12) using
e = 3.6 are not nearly as good as for the Fe and the other alloy based sets, but are
still in reasonable agreement with the data, see the full lines in Fig. 3.15. On the
other hand, these fits can be improved considerably if one allows for slightly sample
dependent fitting parameters as e.g. the values for the bulk properties of V (Tcs and
(s), &nd £ itself, even though there is in principle no justification for this procedure.
In Fig. 3.16 we show the data for Hc2x for the same samples as in Fig. 3.15. All
samples again exhibit linear behaviour, with slopes dHci±/dT at Tc differing only
10%, and the average value being less than 10% lower than for the V monolayer. The
predictions of the theory are again slightly worse than for the Fe and other alloy based
samples, but we feel them still reasonable in view of the absence of freely adjustable
parameters. As for the parallel case, these predictions can be improved considerably
if one allows for slightly sample dependent fitting parameters. We therefore conclude

72 Chapter 3: The influence of ferromagnetism on superconductivity in multilayers

r-

0.25
0.00
1

T

[K]

Figure 3.16: Hc2± vs. T for V5oFeso based samples, using the same symbols as in
Fig. 3.15. The lines are predictions of the theory as explained in the text.
that also for the V5oFeSo based multilayers both Tc, Hc2// and Hc2± are well described
by the model presented in Ref.[16].
3.6.4

V / N i multilayers

In Fig. 3.17 Han versus temperature is shown for the set 5nmNi/2x(dy V/3.0
nmNi)/2nm Ni, with dy = 25, 40, 55 and 85 nm. Close to Tc the 2D behaviour
is observed, see the dashed lines in Fig. 3.17, but at low T not only the sample
with dy = 85 nm, but also with dy = 55 nm shows 3D behaviour, where all other
S/F multilayers with dy = 55 nm did not show 3D behaviour above 1.4 K. The slope
S/i = dHaji/dT in this regime equals 0.43 T/K, which is considerably larger than
for the V monolayer (=0.33 T/K). So in principle this might indicate that surface
superconductivity occurs again, which is not unreasonable since the Ni layers are only
weakly pair breaking with e = 8. Also, surface superconductivity is indeed expected
to occur for t = 8 [47], but the ratio HC2/i/Hcii. would be smaller than 1.7 expected
for superconducting-vacuum interfaces (and depends upon thickness). However, as
we will show below, the slopes for Hc?±{= S±) for the Ni based samples are also
much larger than for the V monolayer and differ rather strongly within the set. In
particular S± for the sample with dv = 55 nm equals 0.445 T/K, and for dv = 85 nm
equals 0.37 T/K. This is rather unexpected, and puts some doubts on the quality of
the Ni/V multilayers. We therefore can not rigorously conclude that the "reduced
surface superconductivity" occurs, but especially for the sample with dv=85 nm (and
another sample with dy = 100 nm which is not shown) this very interesting possibility
is rather likely. The predictions from the theory for Hel// is shown for the dy = 25
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Figure3.17: # c2 // vs. T for 5nmNi/2x(dv V/S.0nmNi)/2nm Ni, withdv=25nm
(O), 40 nm (0), 55 nm (Q) and 85 nm (AJ. Dashed lines indicate the 2D behaviour
Eq. (3.15), solid lines are predictions of the theory as explained in the text.
and 40 nm case, using 6 = 8. The agreement with the data is rather poor, and a
correct description can only be obtained by drastically changing the fit parameters,
(e.g. t = 4.8 and £s = 0.6 nm should be taken for dv = 25 nm) but even then a correct
simultaneous description of Hc2j/ and Hcl± for only one sample can not be obtained.
Fig. 3.18 shows HCJX data, for the Ni based samples for which Hci// was shown in
Fig. 3.17, and the sample with dv =32.5nm added. All samples show the characteristic linear behaviour, but the slope for the sample with dv = 85 nm (= 0.37 T/K) is
clearly smaller than for the dv = 55 nm case (=0.45 T/K). The same is true for the
samples with dv = 70 and 100 nm (not shown). This strongly suggests that either V
sputtering conditions wt-ie different for these samples or that there are considerable
internal stresses in the V layers, which influence the superconducting V properties for
thick layers differently than for thin layers. The same effect is probably responsible
for the fact that the Tc vs. dv data for the Ni case, as shown in Fig. 3.10, deviates
from the theoretical fit for dy = 70, 85 and 100 nm. However, independent from this
difficulty we see from Fig. 3.18 that the theoretical predictions for Hcj±, shown for
samples with dy=25, 32.5 and 55 nm, do strongly deviate from the data, just as for
the Heii1 case.
Apparently, the model proposed in Ref.[16] is not entirely correct for the Ni case.
This can in principle have two different origins. Firstly, since the Te vs. dv data were
correctly described by the model, it could be that the extra pair breaking effect of the
applied magnetic field, i.e. Eq. (3.12) and Eq. (3.14), is incorrectly taken into account
for high e values (weak pair breaking). There is however no obvious reason why this
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Figure 3.18: Hcn vs. T for the same Ni based multilayers as shown in Fig. S.17,
using the same symbols, and the sample with dv=32.5 am (\j) added. Lines are
predictions of the theory as explained in the text.
should be the case. We therefore believe that it is more likely that the interface
properties for the Ni based set are the reason for discrepancy. In section 3.1 it was
shown that the magnetically dead layer for the Ni case is approximately 3 AP. This is
large compared to the Fe and alloy based samples and is probably also a considerable
fraction of £f. It might therefore be necessary for the Ni set to take into account
the spatial dependence of Io, and thus to model the V/Ni multilayers as consisting
of 3 different layers, Ni, V and a V/Ni interface layer with its own characteristic
properties, rather than by just Ni and V layers with an infinitely sharp interface as
was done in the model we used. A practical disadvantage of such a procedure is
of course that the exact spatial dependence of /„ is not known, and that an extra
fit parameter (for the extra interface) has to be introduced, but it would still be
interesting to extend the model presented in [16] and see if the results for V/Ni can
be correctly described. Finally, we remark that for the Ni based samples Hai//(T) is
always larger than Hci±{T), and we do not observe the anomalous behaviour in the
critical field* (i.e. Uai exceeding Hci//) reported in Ref.[36] for V/Ni multilayers
with Ni thicknesses smaller than 1 nm.
S.6.S

V / C o multilayers

Hall versus T data for some Co/V multilayers are shown in Fig. 3.19. The 2D
behaviour ii again observed in all cases close to Tc, and the samples with dv = 70
and 85 nm show 3D behaviour at low T. The slope S// in this region equals S±,
so no surface superconductivity occurs. This is in qualitative agreement with the
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Figure 3.19: Hc2// vs. T data for 5nmCo/2 x(dv V/3.0nmCo)/SnmCo
with
dv=32.5 nm (O), 40 nm (a), 70 nm (+) and 85 nm fa). The dashed curve
indicate the SD behaviour Eq. (3.15), lines are predictions of the theory as explained
in the text.
prediction for e = 6.5 that S///SL = 1.07 for all V thicknesses [47]. As in the Ni case,
the predictions of the theory, with e = 6.5, are very poor. Probably the magnetically
dead layer in the Co case (2 AP) is also too large to apply the model presented in
section 3.2 successfully. This becomes even more apparent in Fig. 3.20, where the
Htfi. data are displayed. HCJX shows again linear behaviour, and the slope S± near
Te is again nearly independent of dv.
At the end of this section it might be useful to contrast the typical behaviour for
J/ rt j. of our S/F multilayers with that of S/N multilayers. In the S/N multilayers
(for not too thin S layers) it is observed that the value for Hcix at T=0 is constant
[48]. We also find this type of behaviour in our V/Cu multilayers, see Fig. 3.21, which
illustrates that for the characteristic behaviour of independent slope of Hejj. we found
in the S/F multilayers the magnetism is necessary, and just interface scattering effects
are not sufficient.

3.7

Conclusions

In this chapter we studied the influence of ferromagnetism on superconductivity
in various multilayers. We focused primarily on two questions. First, we investigated
the typical length scale over which proximity induced superconductivity can penetrate magnetic materials. We used magnetic materials where magnetism is caused by
3d electrons and showed in section 3.4 that a layer thickness of 0.6 nm Fe or 1.5 nm
V M Fe 3t is already sufficient to decouple the superconductivity in adjacent V layers
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Figure 3.20: Hc2± vs. T for 5nmC'>/2x{dv V/3.0nmCo)/2nmCo with dv =32.5
nm (+), 40 nm (Q), 55 nm (O) and 85 nm (O). Lines are predictions of the theory
as explained in the text.
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Figure 3.21: Hen. «• T for 5nmCu/2 x(d v V/S.0nmCu)/2nmCu,
with dv = 100
nm (O) and 10 nm (O). The lines are extrapolations of He2x to T = 0 and illustrate
the independence of Hen. (0) on V layer thickness.
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in the multilayers. This extremely short length cale is caused by the exchange field
present in the magnetic material, which serves as a very strong pair breaker. For
quantitatively explaining our results we used the model presented in Ref. [16]. It was
necessary to identify the exchange energy Ae o with d-d exchange, rather than with
s-d exchange. It implies that the proximity induced superconductivity in Fe and VFe
alloys is carried by the 3d electrons, which is not unreasonable since also the conductivity is carried by these electrons. It would of course be extremely interesting to see
if the pair breaking would be comparably strong in ferromagnetic materials where
the magnetism and superconductivity are carried by completely different electrons,
in which case the exchange energy could be e.g. of s-d type and can be decreased by
at least an order of magnitude.
A second aim of our research was to investigate the influence of magnetic boundaries on superconductivity in S layers. As expected intuitively, it was found that superconductivity is strongly suppressed by the F layers near the boundaries. Because
gradients in the superconducting order parameter are energetically very unfavorable,
this destruction also influences superconductivity away from the boundaries. The
results of these effects were illustrated in section 3.5. There we showed how Tc for
multilayers with decoupled V layers depends upon dy, and on the type of magnetic
layers. For each S/F multilayer Tc could be strongly reduced, even if the S layer was
a factor of 7 larger than ((0). For V layers thinner than a certain thickness <!„ no
superconductivity was observed at all any more. The reduction of Tc and d& did
however not scale with the magnetic moment on the atoms in the F layers. These
results can well be understood by the model presented in Ref.[16], which accurately
describes the Te vs. dy data for all S/F multilayers, and also nicely reproduces &„.
The fact that the pair breaking does not scale with the magnetic moments is due to
the different scattering mechanisms at the S/F boundaries, which in combination with
the boundary conditions for the superconductivity and the exchange field present in
the F layers causes the total pair breaking effect in the S layers. The exact mechanism and description of this interface scattering remains unclear for the moment,
but among possible candidates which influence especially the transparencies of the
boundaries are the spin dependent scattering and the effect of lattice mismatch.
In section 3.6 critical fields were investigated. As a general result for parallel
orientation it was found that S layers imbedded between F layers show 2D behaviour
in a much larger temperature range than S layers in vacuum. Also, in the 3D regime
the surface superconductivity is practically always completely suppressed, and only
for the Ni based set some indications of a very interesting form of reduced surface
superconductivity were observed. These results are all in qualitative agreement with
theory [16,47]. However, quantitative agreement is only obtained in the cases where
the magnetically dead layer is less than 2 AP (i.e. in the Fe and alloy based samples).
This is not unreasonable, lince an infinitely sharp interface ii one of the assumptions
that enters the theory. For Ni and Co bated samples the quantitative agreement is
rather poor, which might be due to the fact that these multilayers should actually
be modeled as consisting of 3 instead of 2 type of layers, namely S, F and mixed
interface layers. It remains of course unsatisfactory puuling why such a procedure it
not necessary to describe the Tc data of these samples.
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The characteristic behaviour observed in all sets for Hc2± is the linear temperature
behaviour, with a slope that is nearly independent of dv, and thus of Tc. This is
fundamentally different from the behaviour observed in S/N multilayers, where Hcj±
at T = 0 is practically constant. These results are again in qualitative agreement with
the model, but as for Hct//, quantitative agreement is only obtained for the Fe and
alloy based samples.
Finally, we like to speculate about the possibility to use the strong destruction of superconductivity near the the S/F interfaces in preparing well defined onedimensional superconducting structures. First preparing an F/S/F multilayer with
S layer thickness thin enough that 2D behaviour occurs, one could etch the desired
structure in this multilayer, and then again sputter the whole substrate with F material. The advantage of such a procedure are twofold. First, one can etch relatively
thick structures and still create one-dimensional superconductors, the destruction
of superconductivity near the interfaces now confining the superconductivity in two
directions. Second, the superconductivity is mainly located in the centre of the S
material, which reduces the influence of all kinds of uncontrolable interface effects.
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The Usadel equations describe Gorkov's Green's functions, integrated over energy
and averaged over the Fermi surface, for the condensate of pairs, F(r,w), and the
normal excitations, G(r,w). Here a; is a Matsubara frequency, fiw = xkaTftn + 1)
(n=0,l,2
). The model proposed in Ref.[16] assumes that the phase transition
at Tc and Hcj is of second order, so that | F | <Cl and { G | « 1 , and the Usadel
equations can be linearized to give
-^U3F
2

= ^-u>F.

(3.19)

A

Here A = A(r) is the pair potential, D is the diffusion coefficient and II = V +
Oi with <t>0 the flux quantum. F is related to A by the self-consistency equation
(3.20)

where To is the bulk critical temperature for the material under consideration. These
equations above can be simplified by using the Ansatz [49]
F(r,w) = A(r)/[ftw + 2rkBTcoP(T)),

(3.21)

with T = T/Ta, and P{T) an effective pair breaker, yet to be determined. Inserting
Eq. (3.21) in Eq. (3.20) we see that p(r)is related to r by

*)2£

W '

(322)

which is equivalent to
ln{r) m #(1/2) - R e # ( l / 2 + p(r)/r),

(3.23)

with • the digamma function and Re meaning that the real part should be taken.
The peculiarity of S/F multilayers is that p becomes a complex quantity, whereas it
it always real in luperconductor/normal metal multilayers if the paramagnetic effect
is neglected.
If Eq. (3.21) is inserted in Eq. (3.19) for Fs, Eq. (3.3) with the definition Eq. (3.4)
it obtained.
It is assumed that in the F material a strong exchange field is present, wich lead*
to an averaged exchange energy per electron /. » Ac,/2 on the electrons carrying the
superconductivity. Because of this an extra energy term -(H./h)F should be added
on the right hand side of Eq. (3.19) [8]. Furthermore it is assumed that because of
the magnetism the ferromagnetic material itself it not superconducting, i.e. Tcf a 0,
which according to Eq. (3.23) implies pfr * - 1 / 2 . Eq. (3.19) then becomes
H'Fr - kj.Fr,
with

(3.24)
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If we now assume that Io is much larger than the highest thermal energy involved,
we can take kp temperature independent,
,

(3.26)

with
tr = (4hDF/Io)*'*).

(3.27)

If it is furthermore assumed that the pair breaking effect of the exchange field in the
F material is much stronger than that from any externally applied magnetic field, we
can replace II in Eq. (3.24) by V, which, given the symmetry of the problem, leads
to Uie simple exponential solution of Eq. (3.7).
For the calculation of Tc for the multilayer we can put / / = 0 in Eq. (3.3) which
can directly be solved, and using Eq. (3.7) and the boundary condition Eq. (3.10) we
immediately obtain Eq. (3.11), from which for given e,£s and d$ the effective pair
breaker p and thus Tc can be calculated.
For the calculation of Hci// we use the gauge A = (0,//r,0), and Eq. (3.3) reads

Given the symmetry of the problem the solution of Eq. (3.28) can be written as an
even fuction of x,

FS = Cie-»^M

j ^ i f t , i, H^£!] ,

(3.29)

with M(a,b,c) a Hummer's hypergeometric function [50], and C, a constant. Using
a series expansion for M valid for c<l, i.e. 2xH(ds/2)7/<t>,,< 1, and inserting in
Eq. (3.10) together with Eq. (3.7) leads to Eq. (3.12) [16].
In calculating Ha± we choose the gauge A=(0,0,tf y) [46]. Then the x variable
in Eq. (3.3) can be separated, and we write Fs(x,y, z) = g{x)f{y, z) which leads to

-inj + n2,)f(y,z) = (*3 - flf )/(»,*),

(3.30)

£i9i*) = -«S*(*),

(3.31)

and

with 45 a separation constant. Eq. (3.30) is equivalent to the Schrodinger equation of
a charged particle in a uniform magnetic field. The lowest eigenvalue 2*H/4, gives
the largest field Httx for which a nonzero solution for / ( * , z) exist, thus
(3.32)
f5-*J-2)rffc,x/*..
The solution for Eq. (3.31) yields §(x)» Cj eos(fsx), with C, a constant. To fulfil
the boundary condition Eq. (3.10) we can choose the yz dependence of F> equal to
f(y,.,, and using Eq. (3.7) we have
(3.33)
This is identical to Eq. (3.11), and thus «J - 2^(r c )/(|. With the definition
\h\l (Eq. (3.4)) and Eq. (3.32) this leads to Eq. (3.14).
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Appendix B

When using the Usadel equations for superconducting/normal multilayers, with
Tc for the normal layer being zero, we can proceed as follows [46]. The equations
for the F function in the S layers are precisely the same as discussed for the S/F
multilayers. However, for the N layers we should use Eq. (3.24) and Eq. (3.25) with
/ o = 0 (for notational clarity we replace kp- by ifc/v, etc.),
k% = ~

(**BT).

(3.34)

Note that Jtjv contains only material parameters, and is thus in principle known as a
function of T. Here we are only interested in Tc, so H=0 and II = V. Placing the
S/N boundary at x=0, the S layer at JT>0, and taking the symmetry of the problem
into account the solutions for the F functions become Fs=C,cos(ks(x — dg/2)) and
Fm=Cncosk(kn{x+</jv/2)), with C n and C, constants. Then the boundary conditions
Eq. (3.10) should be applied again, leading to
kstan{ksds/2)

= 17 * v tanh(kNdN/2).

(3.35)

As before, ks is related to p which is related to Tc via Eq. (3.6), and using this
equation together with Eq. (3.35) we can describe the Tc versus d$ curves for S/N
multilayers using 7 as fitting parameter. Estimating kN for the Cu/V set we used for
Cu DN=vFl/3, with vF= 1.57 x 10s m/s and for ' the inner Cu thickness 3.0 nm. The
best fit was obtained for r/=6, as shown in Fig. 3.10. Again we can not comment on
this i; value, but it is of the same order as obtained by others for Nb/Cu multilayers
(46]. In the approximations given above the method using the Usadel equations
v completely equivalent to the de Gennes-Werthamer approach [51], which does not
correctly yield the Cooper limit {ds,dn —» 0). However, with our Cu/V multilayers we
are not in this limit, and the de Gennes-Werthamer approach is reasonably applicable

[52].
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Vortex-lattice melting in NbGe/Ge multilayers
Introduction

Well before the discovery of the high-Tc materials it was noticed that thermal
disorder can have important effects on the vortex lattice (VL) [1,2,3,4]. However,
the high temperatures involved make these effects much more pronounced in high-Tc
materials, and it was only after the discovery of these materials that much research
has been devoted to the subject. By now it is well established that the VL can
melt far below the mean-field transition at Bc2. In perpendicular fields and for a
two-dimensional (2D) VL, a Berezinskii-Kosterlitz-Thouless [5,6] melting transition
occurs at T%p{B), which is driven by the unbinding of thermally created dislocation
pairs. Such melting was observed experimentally by several authors [4,7,8,9]. In
a three-dimensional (3D) VL, thermal fluctuations lead to an increasing value for
the mean displacement of a flux line, < u(T) >th, and according to the Lindemann
criterion the VL will melt when < u(T) >th becomes some fraction of the inter vortex
distance a0. For isotropic conventional superconductors 3D melting generally occurs
very close to Bc2, but it is observable when the Ginzburg-Landau parameter « is high
[10]. Anisctropy in the VL can substantially lower the 3D melting line [11,12], one
of the reasons why it becomes especially apparent in high-Tc materials [13].
In the high-Te materials this anisotropy is caused by their layered structure. The
superconductivity is mainly nucleated in 2D (CuO) planes, which are only weakly
coupled in e.g. Bi2Sr2CaCu208+{. If a field is applied perpendicular to the planes
it will create 2D vortices, the so called pancake vortices. Whether or not these
pancake vortices form a vortex line penetrating the whole sample depends upon how
their coupling energy compares to other relevant energies such as thermal energy
or in-plane vortex-vortex interaction energy. Depending upon field (temperature)
this coupling energy can become very small, and the pancake vortices can become
decoupled [14,15,16]. So in a layered anisotropic material both a VL melting and a
VL decoupling line are expected. The two lines have a different field and temperature
dependence and are expected to intersect at a characteristic field BD(TD)- For fields
above BQ, decoupling occurs at lower temperature than VL melting of the 2D pancake
vortices in individual layers, and the melting transition for the layered material should
be close to the melting transition of the individual layers at Tjp. For fields below Bo,
decoupling occurs at higher temperatures than T™D(B), and melting is of 3D nature.
The experimental verification of the ideas about VL decoupling and VL melting
in high-Tc materials is hampered by several difficulties. Strong pinning for instance,
often encountered if no special precautions during sample preparation are taken, can
drastically smear out the features of both decoupling and melting, and can introduce
other possible vortex l&ttice states, such as the vortex glass [17]. On the other
hand, if thermal depinning occurs prior to melting the latter becomes practically
unobservable. Also, some experiments performed so far indicating melting [18,19] or
decoupling [20] can also be interpreted without the melting [21,22] or decoupling [20]
scenario. At present, however, strong experimental indications exist for a VL melting
trans : ' ; on in YB&jCu3O7_{ single crystals [13,23]. Indications for the decoupling
transition, for both YBagCuaOr-j and BijSrgCaCuiOa+j, remain far from conclusive
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[24,25] (Even though it is well established that the VL in the Bi2Sr2CaCu208+{
system is of 2D nature in a large part of the B-T phase diagram, the exact shape of
the decoupling line is not yet known).
For a better understanding of the role of anisotropy on the melting and decoupling
transition in the VL it would be convenient to systematically vary the anisotropy and
study its influences on these phenomena. Such a scheme can obviously not be carried
out with the high-Tc materials, and it is in this aspect that artificially layered materials can be of great help, since in these systems the sample parameters can be varied
at will. First studying the VL in a single thin layer of a conventional superconductor,
and subsequently building a multilayer out of a number of these single layers separated by insulating layers of variable thickness, one can precisely study the influence
of the coupling strength on the VL behaviour. In this way multilayers can serve as
model systems for the high-7"c materials. In this chapter we will work out the scheme
above for NbGe/Ge multilayers. Single thin films of NbGe are known to show 2D
melting behaviour [8]. By changing the Ge layer thickness in NbGe/Ge multilayers
we varied the coupling between such layers, and studied the effect on the VL melting.
In this way we were able to observe two interesting dimensional crossovers in the VL
melting transition of the multilayers. They are the most important results of the
work presented in this chapter, and support some very recent theories concerning the
VL in layered superconductors in general and high-Tc materials in particular.

4.2 Sample preparation and characteristics
Both multilayers and monolayers have been prepared by multi-target DC magnetron sputtering on Si (001) substrates kept at room temperature. This was done
in an Ultra High Vacuum (UHV) system, base pressure better than 10~9 mbar, using
5xl0~ 3 mbar Ar as the sputtering gas. Deposition rates were calibrated by Rutherford backscattering (RBS) on single layers of Nb and Ge and by stylus measurements
on single NbGe layers. The composition of the NbGe layers was checked both by
electron microprobe analysis and by RBS and found to be 63 at.% Nb and 37 at.%
Ge. X-ray diffraction showed both the NbGe and the Ge layers to be amorphous.
The layered structure of the multilayers was confirmed by RBS. In this chapter we
discuss results for two NbGe single layers of thickness 18 and 90 nm, to be denoted as
S18 and S90, respectively, and four different multilayers. The multilayers consist of 5
NbGe layers with thickness of 18 nm, separated by Ge layers with thicknesses dot of
2.2, 2.6, 3.0, and 6.0 nm. The multilayers will be denoted by their Ge layer thickness
as Mdoe. The outer layers for both mono- and multilayers were 6.0 nm protective Ge
layers.
The contacts for four-probe resistive measurements were made with silverpaint,
with a typical distance between the voltage contacts of 6.0 mm. For the multilayers
special care was taken to contact the current leads on the outer sides of the sample,
and not just on top of the upper layer, in order to contact every individual superconducting NbGe layer. The voltage contacts were either contacted just on the upper
layers or sideways on all layers, which is ot no importance given the adjustment of
the current leads. Typicil sample widths were 3.0 mm. The normal state resistivity
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The upper critical field Bc2
sample

S18
S90
M22
M26
M30
M60

dNMic

dGc

nm]

fnm]

18
90
18
18
18

18

2.2
2.6

3.0
6.0

Tc
2.93
3.16
2.94
2.95
2.91
2.94

P°
iO~7fim
18
19
23
24
25

25

K

73
79
83
97
96
105

A.6(0)

(H

0.82
0.81
0.92
0.95
0.96
0.96

Bc2(0)

[nm

[TJ

7°

6.9
6.4
6.8
6.0
6.1

4.8
5.6
4.9
6.4
6.0

4.6
5.8
7.3

5.6

7.2

42

Table I: The sample parameters for mono- and multilayers
pn was approximately the same for the multilayers and the monolayers, and showed
only a very small temperature dependence, p~ldpn/dT « -10~ 4 K"1. This enables
accurate determination of pn at T = 0, p0, see Table I. The critical temperature Tc
was defined as the midpoint of the resistive transition in zero field. The ATC, defined
as the 10 to 90 % t.. nsition width, was 20 mK for S90 and M22, but substantially
broadened for the other multilayers and S18, typically 50 mK. Even though especially
for the multilayers the increasing influence of inhomogenities cannot be excluded, this
effect is likely to be caused by the increasing role of fluctuations, which should be
stronger for thinner films, and multilayers with thicker Ge layers should increasingly
resemble the superconducting behaviour of S18. The exact determination of the
Gmzburg-Landau (GL) coherence length £ab(0) and GL parameter K will be outlined
below.
For all the samples DC /V-characteristics were measured for various fields B at
constant temperature T, from which the flux-flow resistivities PFF(B) we^e determined. In addition the ac-resistivity, pac, was measured using a standard lock-in
technique. In all the measurements the frequency was 120 Hz. The pac is used to
probe the diffusion of the vortices in the sample, and hence the ac-driving current
density, J. e , should be chosen small enough not to overcome the pinning force on the
vortices (i.e. there should be a linear response). Therefore Jac was taken as small
as possible but large enough to maintain an acceptable signal to noise ratio; in all
measurements Jac w 0.05 A/cm 2 was used.

4.3

The upper critical field Bc2

4.3.1

Determination of t h e flux-flow resistivity

Typical results for a set IV curves at T = 2.1 K (t = 0.71) for various fields perpendicular to the layers are shown for M22 in Fig. 4.1 on a linear (a) and logarithmic (b)
scale. Three different B-T regimes can be distinguished [8): (1) a high field regime
with linear IV characteristics in the entire current range; (2/ a low field regime with
a finite critical current Ic where linear IV characteristics only occur for I > /„ and;
(3) a crossover regime with / c =0 but non-linear IV characteristics. In this latter
regime linearity in the IV curves occurs both at very small currents, where thermally
activated flux flow (TAFF) (26] takes place, and at high currents, whs-re uniform flux
flow is established by the driving force of the applied current. Therefore, all three
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Figure 4.1: IV curves for MS2 at T=S.1O K on a linear (a) and semi-logarithmic
scale (b) for fields, increasing counterclockwise, of 0.8, 0.9, t.O, 1.1, 1.2, 1.3, H,
1.6, l.H and 2.6 T. In (b) curves for 0.6 and 0.7 T are also drawn, and for fields
smaller than 1.3 T the data points have been added. The melting field Bm is estimated
at 1.2 T.
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regimes show linear IV curves at large currents where uniform flux flow with a fluxline velocity v=E/B occurs. As discussed in Ref.(8] dE/dJ = PFF in this current
regime. In order to consistently determine the ppp{B) curves v as 0.1 m/s was chosen
in all cases.
4.3.2

Construction of the upper critical field Bc2

In Fig. 4.2 typical results for PFF(B) and pac(B) are shown in a linear (a) and semilogarithmic (b) plot, for S18 at T=2.70, 2.10 and 1.55 K. The field was normalized
to Bc1(T) as determined below. Concentrating on the results for 7=2.10 and 1.55 K
we observe that at low fields pac deviates from PFF, but at higher fields they coincide.
At T=2.70 K the two curves even coincide over the whole measured field ran' '. Tust
below Bct the p vs. B curves are linear over a relatively large B interval for all
temperatures. This is in accordance with the theoretical expectation for the case
that thermal fluctuations can be neglected [27]: p/pn = 1 - a(l — B/Bct), with a a
constant depending on temperature. Extrapolating the linear behaviour to pn defines
BC2 [8], see the illustration in Fig. 4.2 (a). For the monolayers the weak temperature
dependence of the slope a(T) — $${pFF/Pn)> 6= B/Bcqt of this extrapolated line has
a value between 1.3 and 2.2, and is in reasonable agreement with the microscopic
theory for PFF in dirty superconductors [27]. For the multilayers, for which Bcj
can be constructed in exactly the same way (see e.g. Fig. 4.10), there is no theory
available. Here the relative changes in a upon T are only 30%, a s s 1.5, and a(T)
does not show any clear systematics.
In Fig. 4.3 we compare the experimental data for Bci(T) for all the samples with
the expression for s-wave superconductors from the microscopic theory [28]

with # the digamma function and £.* the Ginzburg-Landau coherence length along
the layers. Not only for the monolayers but also for the multilayers the agreement
is very satisfactory. From the results for B& we can low extrapolate the, sample
dependent, value for Bc3 at T=0, Bc](0). Using the relation flcl(0) = 0.69Src =
0.69^/(2r£.»(0) 2 ), with the slope S defined as S = -dBci/dT
at T = Tc, we determined ( a t(0), see Table I. For the monolayers the values for (a*(0) are in good
agreement with previously reported values. The multilayers seem to show a systematic decrease in (•»(()) with increasing Ge layer thickness. However, the difference in
£.»(0) among them is only 20 %. Since it i* known from results for NbGe monolayers that only slightly different sputtering conditions can already change (,»(0) quite
drastically, these differences can easily be caused by this effect. We therefore do not
think that they have a physical origin. Knowing the coherence lengths, we use the
dirty limit expression for weak-coupliitg amorphous superconductors to determine «;
« = 3 . M x (p,S)1'7 (29). Together with the relation A. t (0)= 1.63K(,»(0) this yields
estimate* for the bulk penetration depth Aai(0). The sample parameters are shown
in Table I.
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Figure 4.2: Typical result* for p.c(B) curves (full lines) and PFF(B) data (filled
symbols) on a linear (a) and semi-logarithmic (b) scale. Presented results were taken
on St8 at T=U5 (%), T=B.1O (+) and T=S.7O K (m). In (a) the construction of
Bej and in (b) the construction of Bm is shown. The dashed curve in (b) represents
the interpolation formula for the universal flux-flow curve valid for b<0.S, Eq. (4-10),
forTmt.iOK.
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Figure 4.3: Bci{t), scaled on Bc2(0), as function of reduced temperature for S90 (Q),
S18 (O), MSS (A), M26 (+), MSO (m) and M60 (%). The solid line represents the
universal curve Eq. (4-1), for which the full t dependence is shown in the insert.

4.4 Two-dimensional vortex-lattice melting in NbGe monolayers
4.4.1

Vortex dimensionality in NbGe monolayers

Before we go over to a discussion of the melting phenomena in NbGe monolayers
we first briefly discuss the relevant characteristic length scales and the dimensionality
of the vortices. In the literature one often encounters the term two-dimensional thin
film. This is usually meant to indicate that the film thickness is smaller than twice
the GL coherence length, and implies that the superconducting orderparameter does
not vary along the direction normal to the surface of the film. These films then show
e.g. the characteristic square-root temperature dependence of the parallel critical
field. This dimensionality of the superconductivity "hould not be confused with the
dimensionality of the vortices in a film, The latter is determined by whether or not tilt
deformations in the vortex lattice are relevant, which depends on both pinning and
fluctuations. If tilt deformations are irrelevant the vortex system is two-dimensional
(2D), and this situation can exist in films even much thicker than ten times («t(0).
If tilt deformations are important the vortex lattice is three-dimensional (3D).
Even in weak pinning systems, such as the NbGe system, the long range order in
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the VL is destroyed, and the vortices remain correlated only within a volume Vc [30].
The typical dimensions of Vc are Ac perpendicular to the applied field (transverse
correlation length) and Lc along the field direction (longitudinal correlation length),
Vc = R*LC. For NbGe monolayers with thickness d < 5/rai it has been shown [29,31]
that Lc is larger than d/2. The pinning behaviour in these films can be successfully
described by the 2D collective pinning theory, and the vortex deformations along the
field direction caused by the pinning centres can be ignored. As far as pinning is
concerned the VL is thus two-dimensional.
Thermal fluctuations can also cause tilt deformations in the VL. The meansquared displacement of a vortex due to thermal fluctuations, < u(T)2 > ( *, is foi
an infinitely thick sample approximately given by [11,22]

= kBT /*- £ I"'' £1 f - _ L _ | .
" /«,

(4.2)

2 * Jo 4 * Lc»«(Jfc)*i + C44(*)*?J

Here k = (k±,k,) is the wave vector for deformations, with k, the wave vector for
tilt deformations, k± the wave vector for shear deformations and Ko the radius of the
approximately circular Brillouin zone, Ko = (4xB/^,) l / 3 .
For a sample with a finite thickness, dtol, the boundary condition that the vortex
core it perpendicular to the sample surface is important and the Jfc, values become
discrete, k,=nx/dM,
with n € N. The n = 0 mode causes < u 2 >lk to diverge
logarithmically. Therefore, the order in the VL should now be characterized by the
average deformation field < (V r u) 2 + (V y u) 2 >,*,=< u2^ > u , which is given by [32]
(43)

Here m is the largest integer for which m*ldM < */(«»• H t n e contributions of the
tilt modes with n^O are relevant for < u*, ><*, then the vortex lattice should be
considered 3D, but if the n = 0 mode dominates, the vortex lattice is essentially 2D.
The main contribution from the shear deformations in the integral over Jfci arises
from ki.» K,.
For an isotropic system c«4 is approximately given by [33]

^

(44)

Even for the 3D situation the modes with small n are most important, and for the
relevant wavelength* we have cA4(kltk,) s* fl'/f^AjjifcJ). The shear modulus CM »
essentially non-dispersive and is given by [34]
C « M ^ 6 ( i - 0.58t + 0.296*)(l - 6)a.

(4.5)

With the definitions * » *» //f», ^ = c4«(0)jra/(AJ»c»,ff«) and ^ = d . , / ^ , Eq. (4.3)
reads
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From Eq. (4.6) it can easily be shown [35] that when f) < 1 the n ^ 0 modes are
important for < uj^ > t n, but when /3 :» 1 only the n =0 mode is of importance.
So if dtol < dK, fluctuation-induced tilt deformations are not relevant, and the
critical thickness dCT=dK is therefore approximately given by (32],
(4-T)

Inserting a typical value for f.»(0) =s6.5 nm, realizing that we only perform measurements for ( > 0.5 and that the minimum for &„ is reached at b = 0.5, we conclude
that S18 has a smaller thickness than </„., and thus fluctuation induced tilt deformations are not relevant. For S90 the same is true for the largest part of the B-T
phase diagram, and only in the range t w 0.5 and 6 a 0.5 d^ is comparable to 90 nm.
As we will see below, this part of the phase diagram is not measured for S90. We
thus conclude that (in the relevant parts of the phase diagram) both for pinning and
fluctuations the tilt deformations in these films are not important, and the vortex
lattice thus behaves two-dimensional.

4.4.2

Construction of the melting field Bm

In section 4.3 we focused on the resistivity just below BC2, where p . c = PFF- In
this section we will discuss the field range for the monoUyers where p , c and ppp
start to deviate. We believe this is a result of vortex-lattice melting, and it becomes
especially apparent from the semi-logarithmic plot of Fig. 4.2. Concentrating on the
data for 7"= 1.55 and 2.10 K, we find that PFF remains finite over the whole field range.
However, p« is unmeasurably small at low fields, shows a steep increase towards PFF
in a small field :ange, and for a large field range at high fields equals PFF- The
vortex-lattice melting field Bm is now defined as the field where pte and PFF •tart to
deviate [8], see Fig. 4.2 (b) for the construction. This is motivated as follows.
Below the melting line for a weak pinning material, such as NbGe, the vortices
are pinned collectively [29,31,36]. Every vortex is individually interacting with many
pinning centres, but still short tange order in the VL remains in elastically independent regions with volume Ve. For the thin films under consideration Vc = R]d. The
pin energy U, for these correlated volumes can be written as
Ur = F^V, = r,jWVc = r,RcVWd,

(4.8)

with rf the range of the pinning centres, r, = a,/2 for 6 > 0.2 and r, = fo for 6< 0.2
(o, » 1 . 0 7 ^ , / f l ) , and Fr the pinning force density. W is a parameter describing
the strength of the pinning, W * nrf*fl with n, the concentration of the pins and
fp their elementary pinning interaction. From Eq. (4.8) it if clear that U, scale*
linearly with R,. It is the large difference in R, for fields just below the melting field
(m Bm » bmBcj), where short range order is still present, and above Bm, where the
VL is in the liquid s' * and thus completely disordered, that plays a crucial role
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in the observation of the VL melting. We will show this below, where we make an
estimate for Vp just below and above Bm.
From 2D collective pinning analysis of the critical currents in NbGe single layers,
with thicknesses of the same order as S90, it is known that the most predominant
pinning centres are quasi-dislocation loops, pinning the vortices by the strain field
around them [36]. In this case W can be written aa W = CMb{l - b)3. C«(<) is
proportional to B7B& oc (1 - ( ) 3 , with Bc the thermodynamical critical field. Inserting
in Eq. (4.8) we find for U,
U, » rrRcyjdCiM} - b)3.

(4.9)

For S18, our thinnest and consequently strongest pinning sample, a 2D collective
pinning analysis of the critical current, measured at T= 1.55 K, revealed that Cn =
4 x 10-TNQ/n)3. RJa> was found to be 16 at fields around 0.7 T (Bm= 1.31T and
flci=2.77 T). Using r, = a o /2 a typical value for Up/kB of 50 K is found. Given the
temperature dependence of CJJ, values of the same order of magnitude are expected
for Ur at other intermediate temperatures. Using sample parameters as given in [8]
it is seen that the same is true for all other NbGe single layers with thicknesses of the
order 100 nm. (Even though Rc/a<, and d are larger for thicker samples than S18, C&
and the factor b{ 1 — b)2 for 6 just below 6m are smaller, more or less compensating
each other for the range of thicknesses under consideration).
The crucial point is now that because U, for b < bm is much larger than the thermal
energy, thermal depinning of the VL is not important. The VL will only move when
the Lorentz force (= JB) exceeds the pinning force Fp, which implies that ptc is zero
at small enough driving currents. For J > Jc all the vortices are moving uniformly,
and their movement is to a large extent only counteracted by the viscous drag forces.
So below Bm, ptC is practically zero, but PFF remains finite.
The vortex lattice in the molten phase is characterized by the fact that the shear
modulus is zero, c « = 0. At the melting field the order iu the VL will therefore
completely vanish, and Ac drops to a0. Every vortex is now individually pinned, with
a typical pin energy given by Eq. (4.9) with Re = ao, i.e. U, « 50/16 sa 3K. Above Bm
the pin energy it thus of the same order as the thermal energy, and as soon as the
lattice melts a large fraction of the vortices will be thermally depinned. They will
then immediately start to move under any current induced Lorentz force.
On the other hand, even in the molten phase a relatively small number of vortices
will remain pinned, because they are trapped by relatively strong pinning centres.
Since they are individually pinned the current needed to depin them can become
much higher than the critical current as measured at fields just below Bm. These
individually pinned vortices will obviously not move in the ac-resistivity experiment,
where small driving currents are used, but a substantial part also will not move in the
IV experiment. Lorentz force induced depinning, in principle observable in the IV
measurements, would require such large currents that other (heating) effects become
important before thii takes place. Therefore, />« will equal pFF in the molten phase,
and we take the field at which p.c merges with PFF •» the melting field.
So far we only considered intermediate temperatures and fields, for which the VL
ii well ordered in the solid state. However, at low reduced fields, typically * CO.1, the
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order in the VL will always disappear due to pinning, and Rc = a0 holds. Since rp =
U for 6<0.2, Eq. (4.9) reads Uv « Ui^oJdC^l
- by & g^idCa
« y/T^t.
For S18 at T=1.55 K this yields // p = 1.5K, and one should thus expect thermal
depinning at low fields. However, in experiment indications for this depinning are
only observed for S18 at T = 2.7K. This illustrates that Up is larger than indicated
above, probably because the vortices will only stick to the strongest pinning sites,
whereas the used W is a measure of the averaged pinning strength. Depinning at low
fields is however observed for S18 at T = 2 . 7 K, as illustrated in Fig. 4.2 (b). The
measured pac is non zero and equals PFF for all fields. Apparently, here the VL is
depinned over the whole field range. It is not surprising, since the VL is expected to
be molten already at very low fields (see section 4.4.4), so that R^ = ao holds in
the whole field range, and also C& becomes very small close to Tc. Therefore, the pae
curve for S18 at T = 2.7 K practically coincides with the universal flux flow curve,
for which all vortices are moving uniformly. This is shown for low fields in Fig. 4.2
(b), where the dashed curve displays the interpolation formula for universal flux flow,
valid for b < 0.3 and T close to Te in the circular approximation for the hexagonal
vortex cell [27],
&Z\
P )

= (1 _ t)-l'2F(b) + 1,

(4.10)

with F(b) = [4.04 - b~1/4(3.96 + 2.386)]/6. It should be realized that oui criterion
pac — PFF only probes the melting transition if melting occurs prior to thermal depinning. For S18 at T = 2.7K this need not be true, and we cannot make a definite
statement whether the melting field is indeed zero or not.
Finally, we note that the universal flux flow curve is only slightly temperature
dependent for 0.5 ,$ t <, 0.9 [27]. Furthermore, it was argued above that the pac curve
for T=2.7 K is close to the universal flux flow curve over the whole field range. If we
now compare for S18 p(b) at T= 1.55 K with the universal curve, i.e. the curve for
T = 2.7 K, it is seen that for T= 1.55 K both the data below and above bm are well
below the universal curve. This illustrates that even if the vortex lattice is molten,
part of the vortices is pinned and does not contribute to the dissipation. Just above
bm we thus have a pinned vortex liquid. The fact that ppF, as we have defined it from
the IV curves, still equals pac in this field range is simply because the pinned vortices
do not move in either measurement. For fields further above bm the resistivity shifts
closer to the universal flux flow curve, since Up is depressed close to BC2 and thermal
depinning becomes more complete.
The considerations above justify our definition of the melting field Bm as the field
where pac and PFF start to deviate. Evidently, this implies that for fields below Bm
the IV characteristics immediately become highly non-linear.
4.4.3

Resistive behaviour below t h e melting field

In section 4.4.2 we showed that for intermediate fields thermal depinning does not
occur prior to melting. However, just below bm other thermally activated processes are
important, as becomes clear from Fig. 4.2. Just below bm the ac-resistivity increases
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almost exponentially with increasing field. As discussed in [8], this is due to thermally
activated motion of edge-dislocation pairs taking place in the 2D vortex lattice. In
principle another possibility for this is 2D collective creep [39], for which the creep
barrier U grows with decreasing current density J. However, given the small J used
in the ac-experiments and the specific sample parameters for NbGe, U is estimated to
be at least two orders of magnitude larger than the thermal energy, and 2D collective
creep can be excluded. The energies involved in the former process are the formation
energy Uc of a dislocation pair and the activation barrier for displacement caused by
the random potential of the pinning centres, Upe- For NbGe layers it is expected that
below Bm, Uc > U^ and the final result in 2D for the resistivity due to this plastic
creep would be (8]
,oc e -<«rf«W/*»r

(4.H)

Because the smallest Ue is obtained for the smallest pairs, vacancies or interstitials,
it is most likely that Ue = Aec66ald, with Ae a constant of order unity. For S18 at
T=1.55 K this leads to Ue « 35 K. For an individual dislocation pair Up,, is given by
Eq. (4.8), with Rc = ao. In section 4.4.2 it was shown that U^ is typically around
3K, indeed much smaller than Ue.
In general Uc is temperature and field dependent. However, for T not too close to
Tc the main temperature dependence in p stems from the Boltzmann factor present in
Eq. (4.11), and plotting poc as function of T in an Arrhenius fashion should approximately yield a straight line for T just below the melting temperature. In Fig. 4.4
we show the results for S18, and the expected thermally activated behaviour is indeed observed. The typical activation energies extracted from these plots are around
40 K, in good agreement with the estimates for Uc. The pronounced kink in the
Arrhenius plots, as defined by the lines in Fig. 4.4, can even be used to construct
the B-T phase diagram. It turns out that the melting lines defined according to the
criterion pac = PFF discussed above and the one constructed from the Arrhenius plots
practically coincide, as shown in Fig. 4.5. However, the construction from the Arrhenius plots is less accurate than using the deviation of pac from PFF-I and therefore we
employed the latter method to construct the B-T phase diagrams.
4.4.4

The B — T phase diagram for perpendicular fields

In Fig. 4.5 the experimental data for Bm and Ba, scaled on Bci{Q), are shown
for S18 and S90. The melting fields for these single layers lie well below Ba and
are clearly sample dependent. In this section we will compare these data with the
Kosterlitz-Thouless theory [2,3,6], and show the very nice agreement.
It was noted by Kosterlitz and Thouless [6] that any two-dimensional lattice
becomes unstable to the formation of dislocations above a temperature T^,. They
predicted that the lattice melts via a second order phase transition at 7Jp where the
shear modulus Ces drops discontinuously to zero. For the 2D-vortex lattice with weak
disorder due to pinning the implications for the Kosterlitz-Thouless (KT) melting
transition have been discussed in [2,3]. The KT-melting criterion reads
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Figure 4.4: The ac-resistivity for Si8 as function of temperature plotted in Arrhenius
fashion for fields of, from left to right, 0.10, 0.40, and 0.95 T. The points T'(B),
defined by the construction shown for B=0.95 T, coincide with the Bm(T) line constructed via the pac = PFF method, see Fig. 4.5.
A is a renormalisation factor of c& due to non-linear lattice vibrations and VL defects
as e.g. bound edge-dislocation pairs, A « 0.64 [37]. Using Eq. (4.5) to evaluate c^, we
insert Bc(t) = Be2(t)/iii(t)y/(2). The temperature dependence of KJ is approximately
given by [38] it^t) = /c(1.25 - 0.250- The 2D melting curve is then implicitly given
by
ad
1

Bc2{T)
7*(1.25 —0.25*)2

+ 0.296^(1 -bmf

=

(4.13)

with o = /4^0(1.07)2/(32jr//0Jts). Note that Eq. (4.13) does not contain any fit parameter.
Inserting the material parameters in Eq. (4.13) we calculate the 2D melting lines
for S18 and S90. As shown in Fig. 4.5, excellent agreement is obtained between
theory and experiment. It shows that the VL in the single layers melts via the
KT-mechanism.
Finally, we come back to the possibility that thermal depinning occurs prior to
melting. If so, our definition of Bm as the field where Pac and ppp start to deviate
would probe the depinning field, rather than Bm. In section 4.4.2 we considered
the pin energy Up in the solid state, and concluded that thermal depinning does not
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Figure 4.5: The phase diagram for S18 (O) and S90 (O). Open symbols represent
Bc2, filled symbols Bm. The + symbols represent T"{B) data obtained for S18 from
the Arrhenius plots Fig. 4-4- Lines are theoretical expectations for B&, Eg. (4-1)
(upper), and Bm, Eg. (4-13), for S90 (middle) and S18 (lower).
occur prior to melting because Uv » kBT. In this discussion the influence of thermal
fluctuations was neglected. However, due to these fluctuations the vortices will be
displaced from their equilibrium positions. Thermal depinning will also occur when
the mean-squared displacement of a vortex due to thermal fluctuations, < v2 >tii,
becomes comparable to r£. For overlapping vortices rp m ao/2, and < u2 >,/, is given
by [8,39]
)•

(4.14)

For intermediate fields 5 < Rc/ao < 400 [31], and the logarithmic ten" in Eq. (4.14)
varies between 1.5 and 6. Comparing this with the melting criterion Eq. (4.12) one
finds that for overlapping vortices (6 >0.2) melting does also occur prior to thermal
depinning in case fluctuations are taken into account. However, when melting takes
place at low reduced fields, which can occur at moderate temperatures for very thin
films and is in principle expected for all 2D films close enough to Tc, the situation
becomes less clear. For low enough fields, vortices are pinned individually, Re = ao.
For the occurrence of a resistance, it is not sufficient any more that the VL is molten
in this situation. Resistive behaviour will only be observed when the vortices are
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driven away from their pinning sites, either by thermal effects or by a driving force.
At these very low fields the point pac = PFF ' S not necessarily at the melting field,
but more likely at the depinning field. Because of the disorder due to pinning, the
meaning of a dislocation pair itself becomes useless, and the whole concept of melting
becomes unclear. As already mentioned in section 4.4.2, for S18 at T=2.7 K this
situation might indeed occur, see Fig. 4.2 and Fig. 4.5, since />KC = ppF over the whole
field range. The data point 6m = 0 at T = 2.7K for S18 should therefore not be taken
too strictly, since it is subject to the above argument.

4.4.5

Angular dependen :e of Bm for a two-dimensional thin film

In this section we will discuss the angular dependence of the melting field for
S18. This is motivated by the following consideration. In perpendicular fields, i.e.
when the angle between field and sample surface 0, = 90", the vortex lattice melts in
accordance with the KT-theory, as discussed in section 4.4.4. What wiil happen to
the VL-melting when the field direction is turned away from perpendicular to the film
surface ? Will the vortices now have an effective length d/sin(0,), which according
to 4.13 will change the melting field ? Will the VL become 3D if 0, becomes small,
and this effective length grows large ?
The first thing to consider is the direction of the vortices with respect to the external field. Since shielding currents around the vortex nucleus cannot flow out of the
sample, near the sample surface the vortex is expected to be directed perpendicular
to the sample surface, irrespective of 6, [40]. Away from the surface the vortices can
align again with the field direction [41,42]. The typical minimum length scale over
which the vortex core direction may deviate from that of the external field is (& or
more. For a 2D thin film of thickness d « 2foj it is thus expected that the vortices
are always directed normal to the sample surface. If the external field is turned away
from normal to the sample, the field component perpendicular to the surface (fij.)
still yields vortices, but the field component parallel to the surface (•#//) merely penetrates the sample, without creating vortices since the film is too thin. In this picture,
the only effect of rotating the field should be that the vortex density is reduced by a
factor sin(0,). If B// is small enough that it does not drastically influence the order
parameter | ij> \2 (i.e. B is well below BC2(Q,)), the results for Bm at 0, simply can
be scaled on the results for B, = 90°, i.e. Bm($.) = Bm{9O°)/sin(0,). For films thick
enough that the vortices can align with the external field this simple procedure does
not need to be applicable, since here the currents around the vortex cores may be
influenced by the sample thickness, affecting the intervortex interactions and in particular C66- Even though this situation is interesting to investigate, we found that the
occurrence of surface superconductivity in our thick films complicated the situation.
We will therefore only discuss results for SI 8, which is thin enough to exclude parallel
vortices.
In Fig. 4.6 the parallel critical field Ba//, defined as the midpoint in the resistive
transition at fixed temperature in varying field, is plotted as function of temperature
for S18. The data can be fitted accurately to a square-root temperature dependence
characteristic for 2D thin films
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Figure 4.6: The parallel critical field for S18 vs. temperature. The solid line is a fit
to Eq. (4.15).
Bc2tl(T) =

(4.15)

see the solid line in Fig. 4.6. The value ^//(O) = 8.3±0.2T as obtained from the fit,
agrees with the theoretical expectation Bc2//(0) = (<j>oy/l2)/(2ir^ab(0)d) = 8.9±0.4T
if d= 18 nm and £,6(0) = 6.9 nm, as obtained from the Bc2J_ data, are used. This
shows that sample SI 8 is indeed a 2D superconductor in the temperature range under
consideration.
To investigate the angular dependence of the melting phenomenon we measured
pac(b) and PFFW at T = 2.1K for different angles 0, = 9O, 32, 16, 8, 4 and 0°. The
results are shown in Fig. 4.7. For 0,=9O" the familiar result that pac and PFF coincide
at high field and deviate at low field is replotted, and Bm and Bc2 are defined in the
usual manner. For decreasing 8, the same characteristic behaviour is found, and
the same definitions for Bc2 and Bm are used. The only quantitative difference is
that Bm/Bc3(9,) shifts closer to 1 if 6, is decreased, and the resistive transition is
sharpened. This is simply caused by the different angular dependence of Bci and
Bm, see below. The 0,-0" case is however special. Even though the field where
Pac and PFF start to deviate is well defined, we think it does not signal a melting
transition. For 6,=0 vortices are absent, unless there is a misalignment between the
sample surface and the field (in which case melting could be observed). In the former
case the width of the transition is caused by the inhomogeneities in the sample, and
since the PFF curve is measured at higher current densities (J) than the pac curve,
a larger portion of these inhomogeneities will be driven normal, causing pac and PFF
to deviate. The difference in J for the two measurements is larger for smaller PFF-I
and this is probably the reason why the deviations between pac and PFFaie only
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Figure 4.7: Angular dependence of the resistive transition for sample S18 at T=2.10
K. The pFF data is indicated by the symbols for 9,= 90 (a), 32 (A), 16 (O), 8 (Q),
4 fa) and OP (+). The lines denote the corresponding data for pac.
observable at lower fields.
The results for the characteristic fields are plotted in Fig. 4.8. Concentrating
on Bm we see that the scaling behaviour Bm(9t) oc l/sin(0.) is indeed observed for
0, > 8°. For smaller 0, deviations arise. This stems from the fact that Bm approaches
Bc2, and the influence of B// on | V> | 3 cannot be neglected any more. Since <%6 « | $ \2
[43], and, for a thin film in parallel field | V |*oc (1 - [B/f/Ba//]'), an extra term
(1 - [B///Bc2//]2) in the expression for <%e, Eq. (4.5), can be expected if the field can
simply be decomposed in the components B// and Bx. The effective <%e appearing in
Eq. (4.12) would then be CM = ^ 6 i ( l - 0 . 5 8 6 i + 0 . 2 9 6 l ) ( l - 6 x ) 2 ( l - 6 ^ ) , with 6,. =
Bsin(9,)lBC2± and b// = Bcos(9s)jBC2//- Such a procedure results in far too small
values for Bm for all angles smaller than 20°, indicating that the simple decomposition
of the field is not allowed. Finally, we observe that the angular dependence of Ba
does not show a cusp at 0,=O°, in accordance with theoretical predictions for thin
films with d« 1.8&* [44].
The observed scaling behaviour of Bm for 9, > 8° is an indirect proof that the
vortices in a 2D thin film under an inclined field are indeed always directed perpendicular to the sample surface, as expected from theory. Our results also show that the
resistive transition in an inclined field can be broadened substantially due to melting
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Figure 4.8: Angular dependence of Bc2 (*) and Bm (%) for S18 at T=2.10 K. The
solid line shows the scaling of Bm, Bm(0,) oc \/sin(0,).
of the VL, which is only due to the perpendicular field component BL. Even for small
0,, Bx is most important for the resistive broadening. It is interesting to note that
this effect can also be of importance for very anisotropic high-Tc crystals [45,46]. If
the CuO-planes are not perfectly aligned or if the applied field is not exactly parallel
to the layers, the perpendicular field component determines the resistive behaviour.

4.5 Vortex-lattice melting in NbGe/Ge multilayers
4.5.1

Anisotropy and vortex dimensionality in NbGe/Ge multilayers

In section 4.4.1 we argued that for both S18 and S90 the vortices are 2D. We
stated that for NbGe single layers the critical thickness for the occurrence of tilt
deformations due to pinning, d^, is 5 fan and due to fluctuations, </„., is larger than
90 nm in the relevant part of the phase diagram for 2D melting (below we give a
more precise estimate).
In the multilayers this needs no longer be true, since due to the layered structure
the effective electron masses parallel (m) and perpendicular (M) to the layers differ,
which yields an effective anisotropy parameter 7O = (Af/m)1^2. The anisotropy influences the elastic moduli of the vortex lattice [11,15,47,48], and the prediction is that
the tilt-modulus c4< is reduced, e.g. by a factor 7' according to anisotropic GL-theory
[11]. The energy of shear deformations, being proportional to CM, is unchanged by
anisotropy, but the energy of tilt deformations, proportional to c44, is reduced by the
same factor fl as cu. Roughly speaking, it means that both d^ and da are reduced
by a factor 7*. For increasing anisotropy, first melting and then pinning becomes 3D,
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with the possibility that pinning remains 2D whereas melting is already 3D. We will
especially focus on the role of anisotropy upon melting, and some of our multilayers
do indeed show 3D melting.
A second effect should arise when the Ge layers in the multilayer become thick
enough for the coupling between vortices in adjacent NbGe layers to vanish. The vortex lines in the multilayer then break up into independent vortex discs (pancakes),
and the multilayers thus behave as a number (5 in our case) of independent 18 nm
thick single films in parallel, which should essentially yield the same (2D) resistive behaviour as SI8. Below we show that upon increasing the anisotropy in the multilayers
both dimensional crossover phenomena in the VL can be observed, but the situation
is complicated by the field and temperature dependence of the elastic moduli.
As is clear from the discussion above, the anisotropy factor 7O is an important parameter for the vortex behaviour in the multilayers. Unfortunately, the determination
of 7O is not at all obvious, especially not when 7O is large (in close similarity to the
situation for Bi^SrjCaCujOg+i). Magnetic torque magnetometry is one of the most
suitable methods [49,50], even though it needs an assumption for the correct theory
describing the system. Anyway, for our multilayers it is expected that the penetration
depth perpendicular to the layers, Az, is much larger than the total sample thickness,
and the magnetic torque method is clearly less suited. The current patterns in the
sample caused by a parallel field component will be drastically influenced by the sample thickness, and the interpretation of the torque data would greatly be complicated
by this effect. Another way to determine ")0, which is sporadically met in literature,
is analysing the fluctuation induced conductivity above Tc with Lawrence-Doniach
(LD) theory [51]. Attempts to extract -fo for our multilayers using this method were
unsuccessful, because the fluctuation conductivity was not well described by the LD
theory.
We employed another approach and extracted fo from the critical field data obtained for fields both parallel and perpendicular to the layers in the following way. In
Fig. 4.9 the parallel critical field, defined as the midpoint in the resistive transition,
is shown as function of temperature for M22, M26 and M30. Except for T close to Tc
all samples show the 2D behaviour Eq. (4.15). It illustrates that at B&// the superconducting NbGe layers in the multilayers are completely decoupled by the Ge layers.
Fitting the data in this interval to Eq. (4.15) yields values for ^ / / ( O ) of 9.2T, 9.7T
and 9.0T, all with an accuracy of 0.2T, for M22, M26 and M30, respectively. This
should be compared to the theoretical expectation J?ci//(0) = (&>\/l2)/(2ir£«»(0)rf),
with d = 18 nm the thickness of the NbGe layers and €>t(0) the GL coherence length
in the layers, as determined from Bc2±. The fitted values for Bci//(0) agree well with
the theoretical expectations of 9.0T, 10.2T and 10.0T, all with an accuracy of 0.5T,
for M22, M26 and M30, respectively. As is shown in Fig. 4.9 (b), the 2D behaviour
extends all the way to Tc for M30. However, for M22 a linear temperature dependence
can be observed close to Tc, indicating 3D behaviour. This 2D-3D crossover in Bc2//
is well known in the literature [52], and it can be shown that in the linear regime
(416)

Here (z = { o i/7o is the effective GL coherence length perpendicular to the layers.
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Figure 4.9: The parallel upper critical fields for MSS (O), MS6 (O) and MSO (O).
In (b) the region close to Tc is enlarged, showing the ZD-8D transition in Mtt. Both
in (a) and tn (b) the curves for MS6 and MSO are shifted upwards by IT and ST,
respectively.
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For M22 the slope of -dBc2///dT
near Tc is 11.5 T/K, which in combination with
f«k(0)=6.8 nm yields 7O=4.6 ± 0.5. According to theory [53], the 2D-3D crossover sets
in at r = TCT for which A,V§ = &(0)/^l - T^/Tc, with \ = d,+di the multilayer
periodicity. FVom Fig. 4.9(b) we estimate T" /Tc « 0.990, which leads to (,=1.43 nm
and 7O=4.8, in good agreement with the fo estimated from the slope of B^//. Since
we feel the latter method is more accurate, we adapt 7<,=4.6 for M22. For M26 B<a//
also deviates from the 2D behaviour near Tc, but the linear regime is, if present at
all, very small. A clear temperature where the 2D-3D crossover sets in cannot be
accurately distinguished, and a reasonable estimate for fo cannot be deduced from
the data. We therefore use the relation [52]
fl = (a/Ape**"-,

(4.17)

to get a rough estimate for the anisotropy in the other multilayers. Here a is a
constant and do is the tunneling length for amorphous Ge, do = 0.8 nm [52]. Using
the known value for fo of M22 we can now estimate the anisotropy for the other
multilayers, see Table I. Inserting the obtained values for -yo (or, equivalently, 6(0))
in the relation A/2 1 /* = ^(T^), we find expected values for T"fTc of 0.995 and 0.997
for M26 and M30, respectively. It shows that the linear regime for these samples is
very small indeed, and it is not surprising that it cannot be observed any more. One
should note that Eq. (4.17) becomes less applicable for large dce, and especially the
estimated value for % of M60 should only be considered as a rough guide-line.
4.5.2

From 2D-coupled t o 3D melting in low-anisotropy multilayers

For the monolayers we showed in section 4.4 that the field where ptc and PFF start
to deviate can be identified with Bm, and that below Bm the resistivity is caused by
thermally induced plastic creep. This is true for both S90 and S18. In the following
we will focus on the resistive behaviour in the multilayers, which are expected to show
the behaviour for S18 in the limit of very thick Ge layers and for S90 for very thin Ge
layers. In Fig. 4.10 we show the influence on the resistivity when going from one limit
to the other by changing do*- Fig- 4.10 shows pmc and pFp vs reduced field on a linet
scale for M22 and M30 in (a), and on a semi-logarithmic scale for S18, M22, M2t>
and M30 in (b). The resistive behaviour for the multilayers looks very similar to the
results for the monolayers, see Fig. 4.2. Both Ba (Fig. 4.10 (a)) and Bm (Fig. 4.10
(b)) can therefore be defined in exactly the same way. The results for B&(T) thus
obtained are already discussed in 4.3. Focusing on Fig. 4.10 (b) it is observed that it*
shifts to higher values for decreasing dot, i.e. for smaller anisotropy. Obviously, this
is precisely the expected behaviour. The difference between the melting phenomena
in mono- and multilayers becomes only apparent when the temperature dependence
of Bm is considered. Because of the qualitative different results for low and highanisotropy multilayers, we will first discuss M22 and M26 in this section. The results
for M30 and M60 will then be treated in the next section.
In Fig. 4.11 the B - T phase diagram (with B scaled to Bc2(Q) and T to Tc) for
M22 and M26 is shown. For comparison the results for S18 and S90 are also plotted,
together with the respective theoretical 2D melting curves Eq. (4.13). Focusing on the
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Figure 4.10: PFF (open symbols) and p.c (small filled symbols) vsb on a linear scale
for Mgg (D) and MSO (O) in (a), and on a semi-logarithmic scale in (b), where
remits for Mg6 (O) and S18 fyj have been added. The construction for Ba is
shown in (a) and for Bm in (b).
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Figure 4.11: B-T phase diagram for M22 (A) and M26 (O), with open symbols
denoting Be2 and filled symbols Bm. All other symbols and the lines are the same as
in Fig. J^.5.
melting fields we observe that the difference in the results for M22 and S90 is very
small: bm(= Bm/Bc2{0)) for M22 shows precisely the 2D temperature dependence
T?DC(B), see Eq. (4.13). It indicates that despite the anisotropy in M22 the vortices
are straight at the melting line and tilt deformations are not yet important. Since
the total thickness and sample parameters for M22 and S90 are practically equal, this
thus yields identical 6m(t) curves.
A completely different result is obtained for M26. At high temperature bm for M26
coincides with the line T?DC{B) for S90. However, at lower t clear deviations occur,
and bm for M26 shifts closer to the result for S18. Apparently, in this temperature
range tilt deformations in the VL can exist on the melting curve, so the melting is of a
3D nature. We now have the interesting situation that S90 shows 2D melting whereas
M26 shows 3D melting, even though the total sample thicknesses hardly differ. The
reason is that the layered structure of M26 strongly reduces the tilt modulus C44,
favouring tilt deformations.
The crossover in the melting behaviour sets in when the typical energy of the most
favourable tilt deformation ETD, with wave vector kt = ir/dtot, becomes comparable
to the energy for melting of the 2D straight VL, kBT?DC, see Eq. (4.12). Estimating
ETD = c^(uzktf{aldiot),
with ut the characteristic displacement of a vortex due
to tilt deformations, one needs to take into account the dispersion of c«(fcz,fcj.). In
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general, c<4 for a layered material is given by [15]

with A, = 2sin(kzA/2)/A,kmax
« l/f oA (l +T/T1)~l'i amd T, « 2
The first term in Eq. (4.18) represents the so-called nonlocal contribution to the tilt
energy [33], the second one represents the energy due to tilt deformations in separated
vortex lines, and is known as the 'single vortex' contribution. At low fields it becomes
the most important term. Note that the single vortex contribution remains finite in
the limit of vanishing Josephson coupling, -y0 -* oo, due to the presence of magnetic
coupling between pancake vortices, accounted for by the last part of the right hand
side in Eq. (4.18). The most relevant wave vector k±. is expected to be near the
Brillouin zone radius Ko, and in circular approximation Ko = (4irB/<£oy^2 [15].
The characteristic field for M26 where melting changes from 2D to 3D is not very
small, and the single vortex contribution can be neglected for this field range. The remaining expression for c4< can be further simplified by realizing that XCKO >• 2Aoj/A
in the denominator of the nonlocal term, eventually leading to cA<{K0,-KJdtot) %
(B2//io)/(XcKo)2.
In order to calculate ETD we now only have to estimate ut. According to the Lindemann criterion [54] the VL will melt when the mean-squared
displacement (see Eq. (4.2) ) of a vortex equals ciao, with c; ss 0.15. Using this as an
upper bound for uz and equating ETD to kgTgpc leads to a characteristic field B&where melting changes from 2D to 3D,

B.{l-B.IB*) =

.

(4.19)

From Fig. 4.11 we estimate B^ = 0.64T (6cr=0.1) at t=0.86, which is inserted in
Eq. (4.19) to yield an estimated 7=16, in qualitative agreement with fo = 5.8 obtained above.
These estimates for 7 at B&- and for yo might not be accurate enough for quantitative conclusions, but it is useful to comment on a possible physical origin for this
discrepancy. In a recent Letter [16] it was suggested that in a Josephson coupled
layered system the effective anisotropy factor 7 is field and temperature dependent.
The idea is thai; fluctuations in the vortex positions, created by the field component
perpendicular to the layers, induce phase differences across the layers, which reduce
the interlayer critical current. Therefore the effective coupling between adjacent layers decreases, which yields a higher anisotropy than without these fluctuations. M26
might already be a Josephson coupled system, especially at lower temperatures, and
this effect could occur, explaining the difference in 7 at i?CT and fo. Eq. (4.19) predicts
a rather strong dependence of BCT on 7, which is in accordance with the experimental result that the 2D to 3D crossover in the melting cannot be observed for M22.
Finally, we note that there exists a rather subtle difference in the critical thickness
dcr below which tilt deformations axe not relevant at all, Eq. (4.7) for a homogeneous
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system, and the thickness at which tilt deformations become important on the 2D
melting line, which can be obtained by inverting Eq. (4.19).
Accepting the picture that melting for M26 is indeed of 3D nature for temperatures
smaller than T(BCT), we must comment on the mechanism for the resistivity below Bm
in this 3D regime. In section 4.4.3 we argued that in 2D, where melting is dislocation
mediated, the resistivity below Bm is caused by plastic creep. In a truly, infinite, 3D
system this plastic creep and dislocation mediated melting is not expected to occur
because the energy of the dislocation pairs increase linearly with the thickness of
the sample. Melting in these systems exists because the thermally induced (elastic)
displacements of the vortices become comparable to a fraction, Cj, of the intervortex
distance. According to the Lindemann criterion c/ as 0.15. Below Bm in such systems
with sufficiently strong pinning, the vortex glass [17] phase is expected. This phase
is characterized by a truly zero resistance, dV/dl — 0 for / —» 0, and should show
characteristic scaling behaviour [55]. Experimental indications for the existence of
the vortex glass state in high-Tc materials have been reported by several authors
[56,57,58]. For M26 the vortex glass state is not observed in the 3D regime. Firstly,
the characteristic power law behaviour V « /(*+1)/(d-1), with d=3 the dimensionality
and z the dynamical exponent expected to be larger than 4, is not observed in the
IV curves for M26 at T = Tm. Also, for B<Bm (T<Tm) the IV curves do not
follow the characteristic scaling behaviour V oc exp{(I0IIY), with IO{B) a scaling
parameter, expected for small currents. On the contrary, for a wide field range below
Bm they show a clear linear regime for small currents. This is indicative for thermally
activated processes, and clearly conflicts with the vortex glass expectation dV/dl —* 0
for / —* 0. Therefore, M26 is not in the vortex glass state for B < Bm.
As mentioned above, we think that the resistivity just helow Bm is caused by thermally activated flux creep [26,59,60,61]. This viewpoint is confirmed by the clearly
thermally activated resistive behaviour observed in the 3D regime of another multilayer, M60 (see Fig. 4.14 below). It should be kept in mind that the theoretical
argument to reject flux-creep in 3D in favour of the vortex glass state heavily depends on so called phase coherence on length scales larger than Lc. Since for all
multilayers the total sample thickness is not much larger than Lc, at most a factor 5
but probably less, this finite sample thickness could well be the cause of the absence
of a vortex glass state.
In Ref.fll] the 3D melting curve has been calculated for an infinitely thick anisotropic material using anisotropic GL theory, where the single vortex contribution to the
elastic moduli was neglected. In principle there could be a part of the 3D melting
curve of M26 which actually follows this theoretical description. However, one should
realize that even in the 3D melting regime only wave vectors for tilt deformations
with kz larger than ir/dtot can contribute to the displacement of vortices. Because dtot
is rather small for all our samples, this is a rather strict limit, and the melting line in
the multilayers can therefore be influenced drastically by the finite sample thickness
even in the 3D regime. The 3D melting regime of M26 could indeed not be fitted to
the theory described in [11], but this is only partly caused by the effect stated above.
Namely, for lower temperatures at the melting line the vortex system becomes more
quasi-2D, where intralayer vortex interactions are much more important than inter-

110

Chapter 4: Vortex-lattice melting in NbGe/Ge multilayers

O.5O

CM

O

m

0.25

0.00
0.50

0.75

1.00

T/T
Figure 4.12: The bm(t) data for MSO (f), M60 (+), M26 (+) and S18_ (a), together with theoretical curves for £&, Eq. (4.1) (upper line), and the 2D bm curves,
Eq. (4.13), for S90 (middle line) and S18 (lower line).
layer interactions. A description which invokes the layered structure of the material,
and not just the anisotropy, then becomes more appropriate. How this works out in
detail will be the subject of the following section.
4.5.3

Vortex decoupling and melting in high-anisotropy multilayers

The anisotropy in M30 and M60 is higher than in M26, and according to Eq. (4.19)
they should also show the crossover from 2D to 3D melting. The bm(t) curves for
M30 and M60 are shown in Fig. 4.12, together with the replotted results for M26
and S18 and the theoretical 2D curves, Eq. (4.13), for S18 and S90. Neither for
M30 nor M60 does hm(t) coincide with the results for S90. Apparently, £„. for these
multilayers is very low, again in qualitative agreement with the strong 7 dependence
of Bcr according to Eq. (4.19). So at high t we only observe the 3D type of melting.
Furthermore, at high t there is a distinct difference in bm(t) for M60, M30 and S18,
which tends to disappear at low t. This probably also occurs for M26 at t below
0.5. These results show that melting at low t is of individual layers, and again of 2D
nature. For convenience we denote 2D melting of individual layers by 2DI, whereas
2D melting of coupled pancake vortices forming a straight vortex line is denoted as
2DC melting.

4.5 Vortex-lattice melting in NbGe/Ge multilayers

111

The results above can be understood if one realizes that in a layered material there
exists, apart from a VL melting line, also a decoupling line BDC(T) [14,15,16,39]. It
can be shown [15,16] that below BDC{T) the relative displacement of 2D vortices in
adjacent layers is much smaller than the fluctuation displacement of the vortex line
itself, and the vortex can be considered as a well defined (3D) flux line penetrating
through the entire sample. Above BDC the interaction between 2D vortices in the
same layer is much stronger than the interaction between 2D vortices belonging to
the same vortex line. This then leads to a quasi-2D behaviour of the VL, where
the vortex segments can be considered decoupled. The physical reason for this effect
is that in an increasing field the intralayer vortex-vortex interactions increase with
respect to the interlayer interactions between 2D vortices of the same vortex line.
For a moderately anisotropic multilayer (fot(0)/A < -yo <C Aof,/A) and fields larger
than <j>o/(fA)2) the decoupling line BDC(T) is given by [16]
<e = 2

7 1 8

>

^

It is seen that BDC is linear in T close to Tc, while the 3D melting line BgD(T) is
expected to show a quadratic temperature dependence close to Tc [11,15,19,62], and
increases more rapidly at lower temperatures. Without adapting a specific model
describing B™D we can now sketch the phase diagram for (infinitely thick) moderately
anisotropic multilayers, as has been done in Fig. 4.13. In the shaded area vortices in
adjacent layers are decoupled, so here the 3D melting curve has no physical meaning
any more. The same is true for the 2D melting line below Boc(T). If we now study
the resistive behaviour at constant T as function of B the phenomena which can
be observed entirely depend upon the measuring temperature. Starting at B& for
Ta > Ti we first see a 2D vortex liquid. Decreasing B we pass through BDC, and we
observe a 3D liquid. This decoupling transition in the molten phase is not observable
with (in-plane) resistive measurements. An interesting question is if this decoupling
line can successfully be probed in transport measurements perpendicular to the layers
[63], or by means of the so called flux transformer effect [64,65,66,67]. Finally, if the
field v, further decreased we go through the 3D melting transition (which of course is
observable).
An entirely different picture arises if the experiment is done at T-, < Tp. At
BC2 we again observe a 2D vortex liquid. Going down in field we first encounter the
3D melting line, which has no meaning in this regime and therefore is not observed.
Decreasing the field even further we then observe the 2D melting line. Since the
in-plane resistivity sharply drops below Bm, the coupling transition at BDC < B%Q is
not observable any more in the in-plane resistivity. (It might however influence the
resistivity perpendicular to the planes and the (in-plane) critical currents.)
Especially interesting is the temperature range between 7\ and To- Starting with
a 2D vortex liquid at Bc2 for T = Tp, first the, in this regime meaningless, 3D melting
line is encountered. Decreasing the field we cross the coupling line. Now the 2D
vortices form a 3D vortex line, but since this occurs at a field below the 3D melting
field, these 3D vortex lines should immediately freeze into a vortex-solid. Practically
speaking, the melting and the decoupling line thus coincide, and the VL changes
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from a 2D liquid to a 3D solid. One should realize that the decoupling line is not
sharply defined. The regime between Ti and TD can therefore better be regarded as
a crossover regime.

(0)

Figure 4.13: A sketch of the melting and decoupling lines in the B — T phase diagram
of a moderately anisotropic multilayer. B^D is the 2D melting line if vortices in
adjacent layers are completely decoupled (2DI-line) Eq. (4-13) and B™D is the melting
line if vortices in adjacent layers are strongly coupled to form vortex lines. In the
shaded area above the decoupling line BDC the vortices are 2D.

We can now take a closer look at the phase diagram in Fig. 4.12 for M60 and M30.
As stated above, the melting lines at low t are very similar to the 20-meIting line
for S18, indicating 2DI melting. At higher t clear deviations (both quantitative and
qualitative) arise. The point BD{TD) where the deviations first appear is not sharply
defined, but we estimate bo « 0.18 at i c =0.62 for M30 and bD w 0.08 at tD = 0.72
for M60. As discussed above, the point BD(TD) lies on the BDC(T) line. Inserting
BD{TD) values for M30 in Eq. (4.20) yields 7O=8.1, in agreement with the estimate
7O=7.3 discussed in section 4.5.1. Doing the same for M60 yields % = 9.2, much
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smaller than previously found (yo = 42). This discrepancy probably arises because
Eq. (4.20) is only applicable when % <C AO4/A (w 50), a condition which is clearly
not met for M60.
Given the large difference in jo as estimated in section 4.5.1 the bm(t) curves
for M60 and M30 differ relatively little. This might be an indication that for M60
magnetic coupling of the vortices is important as well. In the estimate given in
4.5.1 this contribution was neglected, so the actual anisotropy for M60 could be
smaller than the quoted 7O=42. On the other hand, the point BD{TQ) for M60 is not
well described if only magnetic coupling is assumed (i.e. Eq. (21) of Ref. [16]). So
probably both Josephson and magnetic coupling are important in M60. In Ref. [16]
it was argued that the field dependence of 7 depends on the precise interlayer vortex
coupling mechanisms, and this field dependence is also different for different -yo. This
makes it possible that 7 at Bm in M30 is strongly enhanced, whereas the enhancement
of 7 at Bm is much smaller for M60. This effect could explain the relatively small
difference in the bm curves for M60 and M30.
Finally, it is useful to compare our results with the interpretation of resistive data
presented by White et al. on MoGe/Ge multilayers [51]. They reported a kink in the
ac-resistivity vs T data at a characteristic field T'(B), which was interpreted as a
coupling-decoupling transition of the vortices in adjacent layers. We measured pac{T)
for both M60 and S18 and they show a similar kink at T = T*(5), see Fig. 4.4 for S18
and Fig. 4.14 for M60. The T"(B) line constructed in this way practically coincides
with the melting lines constructed from the ppp = pac criterion, see Fig. 4.5 for S18
and Fig. 4.14 for M60. For the single layer the kink can only be caused by melting,
and not by a decoupling transition. We therefore believe that both in our single and
multilayers the kink signals a melting transition, rather than a decoupling transition.
But, as discussed above, we can not rule out the possibility that in a certain part of
the phase diagram the melting and decoupling line coincide. We also feel that for
T < To this possibility can be excluded, since the bm curves for both M60 and M30
practically follow the 2D melting line of S18.
An interesting question is now whether the kink in the MoGe/Ge samples observed
by White et al. is really a decoupling transition or something else, e.g. also a melting
transition. The pinning in MoGe layers is much stronger than in NbGe layers of equal
thickness. For the range of relevant thicknesses, d< 20 nm, already in the solid state
Rc/a0 is found to be of order unity [68,69], and we therefore think that the melting
phenomenon is not ohserved in the MoGe/Ge system. However, it could be that
the kink in the MoGe system is caused by thermal depinning of the, relatively small,
correlated volumes. This can in principle also coincide with the decoupling transition.
As soon as decoupling takes place, the correlated volumes Vc and their pin energy
Up (Eq. (4.8)) will drastically decrease, favouring thermal depinning. Presently, we
therefore believe that the resistive kink in the MoGe/Ge system is either caused by
a combination of thermal depinning and decoupling, or by thermal depinning only,
but not by decoupling only, as was concluded in Ref.[51].
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Figure 4.14: Comparison between the melting fields for M60 obtained from the pac =
PFF criterion for bm (Q) and from the Arrhenius plots in the insert, T*(B), (A). The
horizontal lines through the (A) symbols indicate the error in T', whereas the error in
bm is typically equal to the symbol size. Insert: the ac-resistivity plotted as a function
of temperature in Arrhenius fashion for M60, showing the same characteristic kink
as S18, see Fig. 4.4. The fields B are, counterclockwise, 0.15, 0.30, 0.70 and 1.25 T.

4.6

Conclusions

By comparing flux flow and ac-resistivity in NbGe monolayers and NbGe/Ge
multilayers the B-T phase diagrams are constructed. In a perpendicular field, the
monolayers show dislocation-mediated VL melting characteristic for 2D systems. The
melting fields axe well described by the Kosterlitz-Thouless theory. In an inclined field
well below Bc2 for the 18 nm thick monolayer, where superconductivity itself is 2D,
the melting field is only dependent on the perpendicular field component. It indicates
that the vortices are directed perpendicular to the film surface, irrespective of field
orientation.
The multilayers consist of five NbGe layers of 18nm thickness, separated by Ge
layers of thickness ranging between 2.2 and 6.0 nm. Their total sample thickness is
therefore comparable to the thickness of the thickest monolayer, 90 nm, and the constituting superconducting layers are the same as the thinnest monolayer. In limiting
cases the results for mono- and multilayers can directly be compared. The multilayer
with d Oe =2.2 nm is only slightly anisotropic and shows similar 2D melting behaviour
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as the 90 nm monolayer because it has practically the same total thickness. For the
multilayer with JG C =2.6 nm this 2D behaviour is only observed at high temperatures.
At low temperatures deviations arise, which are ascribed to the occurrence of tilt deformations in the vortex lattice. The melting behaviour then uas a 3D character.
The occurrence of the crossover from 2D coupled melting to 3D melting crucially
depends on the, relatively small, total sample thickness, and is in fact a size effect.
For the multilayers with CJGTJ=3.0 or 6.0 nm the 3D behaviour is observed already at
the highest temperatures measured close to Tc. However, at low temperatures the
melting curves show the 2D behaviour of the 18 nm constituting monolayers. In this
temperature regime the vortices in adjacent layers are practically decoupled on the
melting line, which is thus of 2D nature again. This 3D to 2D (individual-layer) melting transition is due to the different temperature dependences of the vortex-lattice
melting ;*nd decoupling lines, and is in accordance with recent theories.

116

Chapter 4: Vortex-lattice melting in NbGe/Ge

multilayers

References
[1] Y.B. Kim, C F . Hempstead and A.R. Strnad, Phys. Rev. Lett. 9, 306 (1962);
P.W. Anderson, ibid. 9, 309 (1962).
[2] B.A. Huberman and S. Doniach, Phys. Rev. Lett. 43, 950 (1979).
[3] D.S. Fischer, Phys. Rev. B 22,1190 (1980).
[4] A.F. Hebard and A.T. Fiory, Physica B 109&110, 1637 (1982).
[5] V.L. Berezinskii, Sov. Phys. JETP 34, 610 (1972).
[6] J.M. Kosterlitz and D.J. Thouless, in Progress in Low Temperature Physics,
edited by D.F Brewer (North Holland, Amsterdam, 1978), Vol. VII-B.
[7] L. Gammel, A.F. Hebard and D.J. Bishop, Phys. Rev. Lett. 60, 144 (1988).
[8] P. Berghuis, A.L.F, van der Slot and P.H. Kes, Phys. Rev. Lett. 65, 2583 (1990).
See also P. Berghuis and P.H. Kes, Phys. Rev. B 47, 262 (1993) and P. Berghuis,
Ph.D. thesis, Leiden University, 1991, chapter 4.
[9] A. Yazdani, W.R. White, M.R. Hahn, M. Gabay, M.R. Beasley and A. Kapitulnik, Phys. Rev. Lett. 70, 505 (1993).
[10] M. Suenaga, A.K. Ghosh, Youwen Xu and D.O. Welch, Phys. Rev. Lett. 66,
1777 (1991).
[11] A. Houghton, R.A. Pelcovits and A. Sudb0, Phys. Rev. B 40, 6763 (1989).
[12] E.H. Brandt, Phys. Rev. Lett. 63, 1106 (1989).
[13] H. Safar, P.L. Gammel, D.A. Huse, D.J. Bishop, J.P. Rice and D.M. Ginsberg,
Phys. Rev. Lett. 69, 824 (1992). H. Safar, P.L. Gammel, D.A. Huse, D.J. Bishop,
W.C. Lee, J. Giapintzakis and D.M. Ginsberg, Phys. Rev. Lett. 70, 3800 (1993).
[14] M.V. Feigel'man, V.B. Geshkenbein and A.I. Larkin, Physica C 167, 177 (1990).
[15] L.I. Glazman and A.E. Koshelev, Phys. Rev. B 43, 2835 (1991).
[16] L.L. Daemen, L.N. Bulaevskii, M.P. Maley and J.Y. Coulter, Phys. Rev. Lett.
70, 1167 (1993).
[17] M.P.A. Fischer, Phys. Rev. Lett. 62, 1415 (1989).
[18] D.E. Farrell, J.P. Rice and D.M. Ginsberg, Phys. Rev. Lett. 67, 1165 (1991).
[19] R.G. Beck, D.E. Farrell, J.P. Rice, D.M. Ginsberg and V.G. Kogan, Phys. Rev.
Lett. 68, 1594 (1992).
[20] G. Bricefio, M.F. Crommie and A. Zettl, Phys. Rev. Lett. 66, 2164 (1991).

4.6

Conclusions

117

[21] E.H. Brandt, P. Esquinazi and G.Weiss, Phys. Rev. Lett. 62, 2330 (1989).
[22] G. Blatter, M.V. Feigel'man, V.B. Geshkenbein, A.I. Larkin and V. M. Vinokur,
preprint.
[23] W.K. Kwok, S. Fleshier, U. Welp, V.M. Vinokur, J. Downey, G.W. Crabtree
and M.M. Miller, Phys. Rev. Lett. 69, 3370 (1992).
[24] M. Charalambous, J. Chaussy and P. Lejay, Phys. Rev. B 45, 5091 (1992).
[25] H. Safar, P.L. Gammel, D.J. Bishop, D.B. Mitzi and A. Kapitulnik, Phys. Rev.
Lett. 68, 2672 (1992).
[26] P.H. Kes, J. Aarts, J. van den Berg, C.J. van der Beek and J.A. Mydosh, Superc.
Sei. Techn. 1, 242 (1989).
[27] A.I. Larkin and Yu. Ovchinnikov, in Non Equilibrium Superconductivity, edited
by P.N. Langenberg and A.I. Larkin (North Holland, Amsterdam, 1986).
[28] N.R. Werthamer, E. Helfland and P.C. Hohenberg, Phys. Rev. 147, 295 (1966).
In our case we assumed the pair-breaking arising from the Pauli spin paramagnetism and the spin orbit scattering to be negligible, or = AM = 0.
[29] P.H. Kes and C.C. Tsuei, Phys. Rev. B. 28, 5126 (1983).
[30] A.I. Larkin and Yu. Ovchinnikov, J. Low Temp. Phys. 34, 409 (1979).
[31] R. Wördenweber and P.H. Kes, Phys. Rev. B 34, 494 (1986).
[32] A.E. Koshelev unpublished. See for a related problem also Ref. [15].
[33] E.H. Brandt, J. Low Temp. Phys. 26, 709 (1977).
[34] E.H. Brandt, Phys. Rev. B 34, 6514 (1986).
[35] See [32]. For ß <£ 1 we approximate m —> oo and transform the summation into
an integral, leading to < u ^ > ( k« kuT!<1lZldtolCfxß. Comparing with the n=0
mode in Eq. (4.6) shows that the modes with n ^ 0 are relevant. For ß » 1
one should first perform the integration over x and then separate the n=0 mode,
while for the n / 0 modes the approximation (1 — (ßn)atan(l/ßn))
« l/3(ßn)2
can be used. Evaluating < u2xy > t * shows that for ß 3> 1 the n=0 term is most
important.
[36] P.H. Kes and C.C. Tsuei, Phys. Rev. Lett. 47, 1930 (1981).
[37] S.W. de Leeuw and J.W. Perram, Physica A 113, 546 (1982).
[38] E. Helfland and N.R. Werthamer, Phys. Rev. 147, 228 (1966).
[39] V.M. Vinokur, P.H. Kes and A.E. Koshelev, Physica C 168, 29 (1990).

118

Chapter 4: Vortex-Uttice melting in NbCe/Ge multilayers

[40] R.S. Thompson, Zh. Eksp. Teor. Fiz. 69, 2249 (1975) [Sov. Phys. JETP 42,1144
(1975)].
[41] In an anisotropic superconductor the situation is different, and the vortices do
not need to be aligned with the external field even in the centre of a bulk sample,
see e.g. V.G. Kogan and J.R. Clem, Phys. Rev. B 24, 2497 (1981).
[42] E.H. Brandt, Phys. Rev. B 48, 6699 (1993).
[43] E.H. Brandt, Phys. Stat. Sol. (b) 77, 551 (1976).
[44] See Ref. [40]. A cusp in Bci{0) around parallel orientation is erroneously predicted in D. Saint-James, G. Sarma and E.J. Thomas, Type 1]superconductivity,
Pergamon Press, New York, 1969.
[45] P.H. Kes, J. Aarts, V.M. Vinokur and C.J. van der Beek, Phys. Rev. Lett. 64,
1063 (1990).
[46] Y. lye, S. Nakamura, T. Tamegai, T. Terashima, K. Yamamoto and Y. Bando,
Physica C 166, 62 (1990).
[47] A.E. Koshelev and P.H. Kes, Phys. Rev. B 48, 6539 (1993).
[48] P. Koorevaar, J. Aarts, P. Berphuis and P.H. Kes, Phys. Rev. B 42,1004 (1990).
[49] D.E. Farrell, S. Bonham, J. Foster, Y.C. Chang, P.Z. Jiang, K.G. Vandervoort,
D.L. Lam and V.G. Kogan, Phys. Rev. Lett. 63, 782 (1989).
[50] J.C. Martinez, S.H. Brongersma, A.E. Koshelev, B. Ivlev, P.H. Kes, R.P.
Griessen, D.G. de Groot, Z. Tarnavski and A.A. Menovsky, Phys. Rev. Lett.
69, 2276 (1992).
[51] W.R. White, A. Kapitulnik and M.R. Beasley, Phys. Rev. Lett. 66,2826 (1991).
[52] S.T. Ruggiero, T.W. Barbee and M.R. Beasley, Phys. Rev. B 26, 4894 (1982).
[53] R.A. Klemm, A. Luther and M.R. Beasley, Phys. Rev. B 12, 877 (1975).
[54] F. Lindemann, Phys. Z 11, 609 (1910).
[55] D.S. Fischer, M.P.A. Fischer and D.A. Huse, Phys. Rev. B 43,130 (1991).
[56] R.H. Koch, V. Foglietti, W.J. Gallagher, G. Koi«n, A. Gupta and M.P.A. Fischer, Phys. Rev. Lett. 63, 1511 (1989).
[57] P.L. Gammel, L.F. Schneemeyer, J.V. Waszczak and D.J. Bishop, Phys. Rev.
Lett. 66, 953 (1991).
[58] C.W. Dekker, W. Eidelloth and R. Koch, Phys. Rev. Lett. 68, 3347 (1992).
[59] J. van den Berg, C.J. van der Beek, P.H. Kes, J.A. Mydosh, M.J.V. Menken and
A.A. Menovsky, Superc. Sci. Techn. 1, 249 (1989).

4.6

Conclusions

119

[60] T.T.M. Palstra, B. Batlogg, L.F. Schneemeyer and J.V. Waazczak, Phys. Rev.
Lett. 61, 1662 (1988).
[61] Y. Yeshumn and A.P. Malozemoff, Phys. Rev. Lett. 21, 2202 (1988).
[62] G. Blatter, V.B. Geshkenbein, and A.I. Larkin, Phys. Rev. Lett. 68, 875 (1992).
[63] D.G. Steel, W.R. White and J.M. Graybeal, Phys. Rev. Lett. 71, 161 (1993).
[64] M.D. Sherrill and W.A. Lindstrom, Phys. Rev. B 11, 1125 (1975).
[65] J.W. Ekin and J.R. Clem, Phys. Rev. B 12, 173 (1975).
[66] H. Safar, E. Rodriguez, P. de la Cruz, P.L. Gammel, L.F. Schneemeyer and D.J.
Bishop, Phys. Rev. B 46, 14238 (1992).
[67] H. Safar, P.L. Gammel, D.J. Huse, S.N. Majumdar, L.F. Schneemeyer, D.J.
Bishop, D. Lopez, G. Nieva and F. de la Cruz, submitted to Phys. Rev. Lett.
[68] A. Kapitulnik, A. Yazdani, W.R. White and M.R. Beasley, Proceedings of the
1993 International ISTEC Workshop on Superconductivity, Hakodate, Kokusai,
Japan.
[69] W.R. White, A. Kapitulnik and M.R. Beasley, Phys. Rev. Lett. 70, 670 (1993).

121

Samenvatting
In dit proefschrift wordt onderzoek naar supergeleidende multilagen gepresenteerd. Deze multilagen zijn m.b.v. depositie technieken gefabriceerd en opgebouwd
uit twee soorten laagjes van verschillende materialen, die elkaar om en om afwisselen.
Van een supergeleidende multilaag wordt gesproken wanneer minstens een materiaal
een supergeleider is. De keuze voor het andere soort materiaal kan men laten afhangen
van de fysische processen die men wil bestuderen. In dit proefschrift worden in totaal
drie verschillende systemen behandeld, n.l. supergeleider/supergeleider, supergeleider/ferromagneet en supergeleider/isolator multilagen. Behalve de samenstellende
materialen zijn ook de diktes van de samenstellende lagen belangrijke aanpasbare parameters. Voor vele fysische processen zijn microscopische lengteschalen van belang.
Door de individuele laagdiktes te laten corresponderen met deze lengteschalen kan
belangrijke informatie over de elementaire processen verkregen worden.
Hoofdstuk 2 behandelt het supergeleider/supergeleider multilaag systeem
Nb/NbZr. In een magnetisch veld H evenwijdig aan de lagen kan dit systeem, afhankelijk van de individuele laagdiktes, een gemoduleerde supergeleidende orde parameter
| jp | 2 hebben, precies zoals de hoge temperatuur supergeleiders. In het Nb/NbZr
systeem neemt de modulatie in [ if> \2 echter af met afnemend veld. Omdat de structuur van het vortex rooster afhangt van de modulatie in | rj) |2, kan de invloed van de
modulatie in | i> \2 op deze structuur onderzocht worden. De structuur van het vortex
rooster is op haar beurt weer mede bepalend voor cï.: kritische stroomdichtheid Jc. In
hoofdstuk 2 worden de kritische stroomdichtheden in Nb/NbZr multilagen uitvoerig
onderzocht. Het optreden van een lokaal maximum in de veldafhankelijkheid van Jc
en de invloed van de richting van de Lorentz krachten op Jc, wordt verklaard door
aan te nemen dat er in geval van sterke modulatie een gekinkte vortex structuur
bestaat, die overgaat in een rechte vortex structuur voor voldoende kleine modulatie
in | ij> | 2 . Dit resultaat is in meer dan één opzicht opmerkelijk. Niet alleen wordt een
gekinkte vortex structuur alleen verwacht in zeer sterk anisotrope supergeleiders, wat
het Nb/NbZr systeem niet is, het is ook onverwacht dat de structuur van het vortex
rooster zo abrupt verandert. Een vereiste aan een theoretische beschrijving van kinks
in vortex structuren, momenteel nog goeddeels afwezig, is dat het deze effecten zal
kunnen beschrijven.
Hoofdstuk 3 behandelt diverse supergeleider/ferromagneet (S/F) multilaag systemen, met voor S in alle gevallen Vanadium en als F materiaal Fe, Co, Ni of één
van de legeringen VesFe35 of VsoFeso. Omdat de supergeleiding in V gedragen wordt
door gepaarde electronen met anti-parallelle spins en in het ferromagnetische materiaal parallelle spins energetisch voordeliger zijn, zal het magnetisme de supergeleiding
onderdrukken. In hoofdstuk 3 wordt gedemonstreerd dat deze onderdrukking correspondeert met d-d exchange energieën, en dat daardoor supergeleiding slechts over
atomaire afstanden het ferromagnetisch materiaal binnen dringt. Omdat bovendien
sterke gradiënten in | ij> |2 energetisch onvoordelig zijn, zal de onderdrukking van de
supergeleiding in het F materiaal ook de supergeleiding diep in het S materiaal van
de multilaag beïnvloeden. Dit wordt gedemonstreerd aan de hand van de invloed van
de dikte van de supergeleidende lagen op de supergeleidende overgangstemperatuur
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en de kritische velden. De resultaten worden goed beschreven door een bestaand theoretisch model, en tonen aan dat de totale invloed van ferromagnetische materialen
op supergeleiding niet alleen afhangt van de exchange energie veroorzaakt door de
aanwezige magnetische momenten, maar ook van de precieze electron verstrooïng aan
het grensvlak tussen ferromagneet en supergeleider.
Hoofdstuk 4 behandelt het supergeleider/isolator systeem NbGe/Ge. In het algemeen kan een vortex rooster smelten onder invloed van de thermische energie.
Er bestaat echter een groot verschil in het precieze smelt mechansime voor tweedimensionale (2D) en drie-dimensionale (3D) vortex roosters. Ook hangt de smelttemperatuur van een drie dimensionaal vortex rooster af van de in het vortex systeem
aanwezige anisotropie. Het vortex rooster in dunne NbGe monolagen vertoont een
Kosterlitz-Thouless (KT) smeltovergang, karakteristiek voor 2D systemen. Door multilagen te maken waarin vijf van deze NbGe lagen gescheiden worden door Ge lagen
van variabele dikte, kan de invloed van de onderlinge koppeling tussen de NbGe lagen
op de smeltovergang onderzocht worden. Twee kwalitatief verschillende overgangen
in het smeltgedrag werden op deze manier waargenomen. Voor dunne Ge lagen is
het smeltgedrag van de multilaag hetzelfde als van een monolaag van dezelfde totale
dikte. Deze totale dikte is echter nog steeds klein genoeg om 2D smelten te doen
plaatsvinden. Voor dikkere Ge lagen is de smeltovergang voor temperaturen bij Tc
nog steeds 2D, maar voor lagere temperaturen zijn tilt deformaties in het vortex
rooster belangrijk en wordt 3D smelten waargenomen. Voor nog dikkere Ge lagen
wordt voor temperaturen bij Tc al direct 3D smelten waargenomen. Echter, bij lage
temperaturen ontkoppelen de vortices in de NbGe lagen zich in een bepaald veldgebied, en wordt het 2D smelten van de individuele NbGe lagen weer terug gevonden.
Deze overgangen in dimensionaliteit van het smeltgedrag van het vortex rooster zijn
in overeenstemming met recente theorieën, en het is de verwachting dat met name
de laatste overgang ook in hoge temperatuur supergeleiders optreedt.
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