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Abstract

Artificially layered materials are ideal model systems to tune the dimen-
sionality of the superconducting order as well as the structure of the fiux
line lattice. Our extensive studies of Pb/Ge multilayers indicate that the
anisotropy of the upper critical field H_, strongly depends on the Ge
separator thickness d;,. The dimensional crossover from D = 3 towards
D =2, which is revealed by an upturn in the temperature dependence of
the parallel critical field H),, is also confirmed by the observed excess fluc-
tuation conductivity above T,. In samples for which D =2 at all tem-
peratures (dg, > S0A), the structure of the flux line lattice for a
perpendicular field H, can be probed by measuring the critical current
density J,. The variation of J (H ,) exhibits an anomalous minimum, whose
amplitude and position depend on dg,, the number of bilayers, tem-
perature, and pinning strength. An interpretation in terms of either flux-
lattice decoupling or melting is presented.

1. Introduction

The nature of dimensional transitions and the behavior of
the flux structure in artificially layered superconductors has
been of major interest in recent years, especially in its rela-
tion to the properties of high-temperature superconducting
oxides [1, 21.

Layered superconductors can be used as model systems
to study a variety of physical phenomena including a diver-
sity of dimensional transitions, the interaction between
superconductivity and magnetism or electron localization,
the enhancement of critical fields and currents [3, 4].

The dimensional transition in superconducting multi-
layers is closely related to the proximity or electron tunnel-
ling coupling between thin superconducting layers across
normal or insulating layers. A strong coupling between the
superconducting layers occurs when the perpendicular
coherence length ¢ (T) is comparable to the multilayer
period A (A = dg + dy, with dg and dy the thickness of the
superconducting, resp. normal layer). The divergence of &,
produces a change from two-dimensional (2D) behavior at
low temperatures to three-dimensional (3D) behavior close

to the critical temperature T,. This dimensional crossover
has been observed in a large number of multilayered
systems [5-9].

The observation of dimensional transitions in other
physical properties has been restricted to changes in the
zero field fluctuation conductivity o, as a function of tem-
perature and of fluctuation diamagnetism above T, [10, 11].
More recently, the decoupling role of the magnetic field in
the 3D to 2D transition in the excess conductivity of layered
superconductors was clearly demonstrated [12].

Finally, it has been shown that the magnetic field-
temperature (H-T) phase diagram of a number of supercon-
ductors shows, close to the upper critical field H_,(T), a
novel phase boundary above which the magnetization of a
superconductor is reversible and below which irreversibility
sets in [13-20]. Many of the models developed to explain
the origin of this phase boundary rely on the layered nature
of the superconductor, and deal with a competition between
pinning of the vortex lattice in the individual layers or in the
multilayered stack. The lower critical field region H ~ H,,
has been much less investigated up to now. Recent theoreti-
cal work [17, 21] has predicted an additional re-entrant
vortex fluid phase above H_,. This low field region of the
H-T diagram has been explored in Pb/Ge multilayers by
measuring the critical current density as a function of
applied field [22]. Within this context the study of the criti-
cal current density J_ in artificially layered superconductors
offers a major advantage over high T, superconductors since
it is possible to vary almost at will the superconducting
layer thicknesses and properties as well as the interlayer
coupling.

In this review article we investigate H ,(T), o4(T) and
J{T,H) of high quality superconducting (Pb) — semicon-
ducting (Ge) multilayers consisting of a varying number of
Pb/Ge bilayers. After briefly discussing the preparation and
characterization techniques, we first analyze the dimensional
transitions observed in the parallel critical field H!,(T) and
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og(T). This is followed by a report on the unexpected behav-
ior of J. as a function of the perpendicular magnetic field.
The systematic evolution of this behavior as a function of
layer thicknesses, temperature, and pinning strength is
related to either flux-lattice decoupling or melting.

2. Experimental
2.1. Preparation

The Pb/Ge samples were prepared in an UHV chamber
equipped with two electron beam guns [23]. The base pres-
sure of the system is 2 x 10™° Torr, and the pressure did
not exceed 1078 Torr during the evaporation. The evapo-
ration rates of the two materials are controlled by a quadru-
pole mass spectrometer and are respectively SA/s for Pb
and 1A/s for Ge. In order to ensure a uniform layer growth
for the Pb, the samples were evaporated onto liquid nitro-
gen cooled substrates (oxidized silicon wafers or sapphire).
This low substrate temperature leads to an amorphous
structure of the Ge films. The layer thicknesses, as moni-
tored with quartz crystals during evaporation, were cali-
brated using a Dektak profilometer and determined
independently by means of the X-ray diffraction spectrum.

Pb is a particularly interesting material to use in the
study of the superconducting properties of multilayers. Its
low melting point allows an accurate control of the deposi-
tion process, while its superconducting properties are rather
insensitive to impurities. From the thermodynamic phase
diagram it can be concluded that Pb and Ge are immiscible
[24], favoring the growth of a highly segregated layered
material. The multilayer stack is produced by moving a
shutter which alternately interrupts one of the two material
beams. Most samples consist of 10 bilayers with a thicker
Ge protective capping layer on top. The low-temperature
measurements were performed in a standard *He cryostat
equipped with a 7T superconducting coil. The temperature
could be varied between 1.5 and 10K with a stability of a
few mK. The critical temperature T, and the upper critical
field H,, are determined as the midpoint values of the mea-
sured R(T) and R(H) transitions. All samples were evapo-
rated onto photolithographically defined lift-off structures
containing four lead patterns of 4.5 x 0.3mm? For the
structural characterization of the multilayers, extensive
X-ray diffraction measurements were performed.

2.2. X-ray diffraction

The structure of the samples was investigated by 6-26 X-ray
diffraction experiments on a Rigaku DII Max goniometer
equipped with a rotating anode and capable of delivering a
maximum power output of 12kW. A laser system is used to
secure an optimal alignment of the sample with respect to
the X-ray beam. Data were taken using Cu K, radiation
with a wavelength 4 = 1.542 A. The diffracted radiation was
filtered with a flat pyrolytic monochromator. Because in
X-ray diffraction the phase information is lost, real space
models have to be developed and their calculated intensities
compared with experiment. These structural models have
“evolved over the last few years from the simple step model
to more sophisticated schemes involving various parameters
to describe deviations from the ideal superlattice structure.
Recently a refinement procedure for fitting the X-ray spectra
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Fig. 1. (a) Experimental (Q) and calculated (full line) low angle X-ray dif-
fraction profile of a [Pb(45.4 A)/Ge(29.5 A)]; superlattice assuming 1 A of
layer thickness fluctuation on both layers. (b) High angle profile of the
same superlattice where open circles are the measured intensity and solid
line is the refined spectrum
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of a wide variety of multilayered structures was developed
[25]. This kinematic model takes into account continuous,
discrete, and random disorder at the interface and within
the layers. A major asset in this calculation scheme is the
fact that the structure factor of only one single bilayer needs
to be averaged over the variables. Peak positions, relative
intensities, and line profiles are then fitted using the non-
linear Marquardt algorithm. The resulting optimized values
are in excellent agreement with independently obtained
results from artificially introduced roughness, EXAFS and
XPS studies of the crystal lattice parameters, and determi-
nation of the relative thicknesses of the layers by chemical
analysis and calibration of sputtering rates [26, 271.

The result of a typical fitting is shown in Fig. 1 for a
Pb(45.5 A)/Ge(29.5 A) superlattice. The fitting assumes 1 A of
layer thickness fluctuation on both layers. It can be seen
that the fit gives good agreement over several orders of
magnitude, both in low and high angle spectra.

3. Superconducting Properties
3.1. Dimensional transition

3.1.1. Upper critical field. Artificially prepared multilayered
structures offer an ideal testing ground for the study of
physical phenomena operating at different characteristic
length scales. In superconductors, the temperature depen-
dent ratio between the layer thickness d and the coherence
length ¢ gives rise to remarkable properties. In particular,
the dimensional crossover in the temperature dependence of
the parallel critical field was theoretically predicted and
experimentally observed in a number of multilayers.
According to the Ginzburg-Landau theory, the upper
critical fields parallel and perpendicular to the layers near T,
of a three dimensional (3D) anisotropic superconductor are
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given by
(¢)
H‘l:l —
2 27Tf||(T)5J.(T)
and
1 d)o

Hc2 = 27!5“(T)2 ?

where @, is the superconducting flux quantum and ¢ and
&, are the superconducting coherence lengths parallel and
perpendicular to the layers. Taking into account that the
coherence length diverges near the critical temperature T, as
(T, — T)" 1'%, we find a linear temperature dependence for
both H!, and HE, in 3D.

If there is no superconducting coupling between the
layers, the critical field of a stack of independent thin super-
conducting slabs is observed. A superconducting film is two
dimensional (2D) when its thickness d, < &T = 0) in the
bulk material. For multilayers this unperturbed coherence
length corresponds to the coherence length ¢ in the plane
of the superconducting layer. Tinkham calculated the paral-
lel critical field for a thin superconducting slab of thickness

d, <&y
®,./12

ZTEfu(T)ds ’

which leads to a square-root temperature dependence of H/,
in 2D.

The perpendicular coherence length £, is a measure of the
coupling strength. If the thickness of the separator layer is
suitably chosen, the sample can change from uncoupled to
coupled behavior as £, increases with increasing tem-
perature. When &,(T) becomes comparable to the separator
thickness dg. , superconducting coupling between the layers
is established. This phenomenon, denoted as the “2D-3D
dimensional crossover”, has been observed earlier in a
variety of multilayered systems and can be readily investi-
gated through the temperature dependence of the parallel
critical field H/, .

HI(T) =

2D-3D transitions

We will illustrate the dimensional crossover in a set of
Pb/Ge samples having different Ge thicknesses [8, 28]. The
critical fields of these multilayers are shown in Fig. 2. A
square-root temperature dependence of H!, at all tem-
peratures is observed for Pb/Ge systems with d, > 30A.
This indicates that the Pb layers are uncoupled and that the
individual Pb layers are 2D. As the Ge thickness is
decreased to 20 A, a dimensional crossover occurs. Because
£, is large close to T, the Pb layers are coupled. The
sample is then 3D, which is reflected by the linear tem-
perature dependence of H/,. As the temperature is lowered,
¢, is reduced. When ¢, < dg, the magnetic flux is confined
to the Ge layers, inducing a decoupling of the 2D supercon-
ducting slabs. The decoupling is reflected by a pronounced
upturn of H!, . Finally, a sample with only 15A Ge shows a
coupled 3D behavior, reflected in the linear temperature
dependence of H!,(T).

Also indicated in this graph are the perpendicular critical
fields of these multilayers. In all cases the perpendicular
critical field has a linear temperature dependence. Since HL,
only probes the parallel coherence length £, it does not

Temperature (K)

T ()

0 2 4 8 8

o 2 4 6 8
Temperature (K)

Fig. 2. Parallel (W) and perpendicular (@) critical fields for Pb/Ge multi-

layers with (a) 140A Pb and 15A Ge, (b) 140A Pb and 42A Ge, and (c)

140A Pb and 20A Ge. In (c) the dimensional crossover occurs at the
upturn in the parallel critical field. The solid lines are a guide to the eye

offer any information on the dimensionality of the whole
multilayer system. It does allow however to calculate ¢,
from the measured value of Hy,. The resulting & (T — 0) ~
280 A is larger than the Pb layer thickness dp, = 140 A, jus-
tifying the treatment of the individual Pb layers as 2D slabs.

2D-2D transitions
The ability to fine tune the coupling can further be demon-
strated by means of the so-called “2D-2D” crossover [9].
For these experiments several sets of samples were produced
containing only two Pb layers, in a Ge/Pb/Ge/Pb/Ge
sequence. Within each set the Pb thickness was kept con-
stant (resp. 70A, 80 A and 140 A) while the thickness of the
separating Ge layer was varied between 5A and 40A. The
top Ge layer was always 500 A. The Pb layers were evapo-
rated simultaneously for all samples in one set, in order to
rule out spurious changes in structure, composition, film
thickness, etc., which may influence T,. The different Ge
thicknesses are obtained by moving a shutter across the
substrate during evaporation.

Figure 3 shows the upper critical fields parallel and per-
pendicular to the layers as a function of the reduced tem-
perature T/T, for the set of samples with dp, = 70A and
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Fig. 3. Parallel critical field for four samples from the dp, = 70 A multilayer
set with different Ge thicknesses [5A ([0); 154 (©); 20A (A); 25A (x)).
The perpendicular critical field HZ, is shown for the dg, = 5A sample (+)
and the d;;, = 25 A sample (V). The dashed line represents the parallel criti-
cal field of a 70 A single Pb film sandwiched between thick Ge. The solid
lines are a guide to the eye. The 2D-2D crossover is clearly seen in the
samples with dg, = 20A and dg, = 25A

different dg,. The temperature dependence of H, is linear
as expected and does not change appreciably with Ge thick-
ness. From the perpendicular critical fields a parallel coher-
ence length ¢,(T —0)=~220A was determined for all
samples.

Since ¢ > dpy,, the individual films are 2D at all tem-
peratures. But since { ) is also larger than the sum of the two
Pb/Ge bilayer thicknesses (£, > 2A), we expect a 2D behav-
ior for the coupled multilayer as well (provided &, > dg,).
As shown in Fig. 3, H), oc (T, — T)*? for the multilayer
with dg, = SA. The amplitude of H!,(T) coincides exactly
with the measured critical field of a 140A single Pb film,
sandwiched between Ge (not shown). From Tinkham’s
formula the effective superconducting layer thickness dgif ~
130 A, indicating that the two Pb layers are coupled through
the Ge layer. Since 2A is smaller than £,(0), the coupled
multilayer behaves as a 2D superconductor.

Increasing the Ge thickness initially leads to a decrease of
H), for dg, = 15A, until for dg, =20A a remarkable
upturn of H||, occurs at lower temperature. This jump corre-
sponds to a crossover from the 2D coupled multilayer close
to T, towards the state of two decoupled 2D Pb films at
lower temperatures. It is therefore important to note that
H!, of the dg, = 20A and dg, = 25 A multilayers has a 2D
non-linear temperature dependence below as well as above
the crossover temperature. A further increase of dg, shifts
the critical field towards the H!, value of a 70A Pb film
sandwiched between two Ge layers (dashed line). Qualitat-
ively the same results were obtained in the set of samples
with dp, = 140A.

The decoupling process can be seen in detail in Fig. 4

where measurements of the resistive transition at fixed tem-

peratures are presented for a similar multilayer with dpy, =
80A and dg, = 25A. The resistance of the multilayer is
plotted as a function of parallel magnetic field for several
values of T/T,. When T/T, = 0985, the transition of the
coupled multilayer is sharp and is comparable to the
resistive transition of a 160A single Pb film. For T/T, =
0.971 and 0.966, the 2D-2D crossover manifests itself by a
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Fig. 4. Resistance vs. parallel magnetic field of a Pb(80A)/Ge(25 A) multi-
layer consisting of two bilayers, for several values of T/T,. The 2D-2D
crossover is seen by a decrease of the multilayer resistance with increasing
field. The inset shows H, as a function of reduced temperature, determined
by the midpoint values of the resistive transition
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decrease of the resistance with increasing parallel magnetic
field. This drop in the resistance is caused by a sudden -
increase of H!, when the Pb layers get decoupled. At still
lower temperatures (T/T, < 0.944), the transition is identical
to that of a 80A single Pb film, sandwiched between Ge.
These R(H,) measurements stress the importance of the
parallel magnetic field in the decoupling process.

Two theoretical models provide the background for these
coupling/decoupling experiments. In the Klemm, Luther,
and Beasley model [29] the interlayer coupling is domi-
nated by the Josephson effect. The coupling strength is
described by the coupling parameter r = (J%t)/kg T,oh)
where J is the Josephson coupling energy and t the electron
lifetime due to disorder. When this coupling parameter r is
equal to zero, the layers are decoupled. For r > 0 the system
can be coupled or may show a crossover. The critical field
data for the Nb(65A)/Ge(35A) system, in which a dimen-
sional crossover was observed [5], were fitted to this theory,
leading to a coupling parameter r = 0.1.

Tachiki and Takahashi on the other hand have calculated
the critical fields of proximity coupled systems [30]. The
three important parameters in their model are the ratio of
the density of states, of the electronic diffusion coefficients,
and of the BCS interaction constants. These quantities are
assumed to be constant within one layer and to change dis-
continuously at the interface. The dimensional crossover
turns up as a consequence of the difference in the density of
states, while taking in each layer equal values for the other
two parameters. Their model has proved to be successful to
fit data of Nb/Cu [6], a proximity coupled system in which
a crossover occurs. For superconductor/insulator (Ny/Ng =
0) multilayers, the theory predicts the 2D square root
dependence of H!,(T) as is observed in Pb/Ge multilayers
with dg, > 30A. However in multilayers with dg, < 30A
the temperature at which the dimensional crossover occurs,
corresponds to a value Ny/Ng ~ 0.05. This finite value for
the density of states in Ge may be due to the creation of
defect states within the bandgap near the Ge/Pb interface.

3.1.2. Superconducting fluctuations. The dimensionality of
the system also manifests itself in fluctuation effects. The
influence of thermodynamic fluctuations is more important
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Fig. 5. Zero field resistive transition of the Pb(220 A)/Ge(50 A} multilayer
(©), compared with the normal-state resistance, measured in a 1T perpen-
dicular field (+)

in systems with reduced dimensionality. We have performed
detailed measurements of the excess conductivity above the
critical temperature in Pb/Ge multilayers [12]. The ampli-
tude and temperature dependence of these fluctuations yield
information on the dimensionality of the system.

In the Ginzburg-Landau approximation the excess con-
ductivity oy for bulk materials is calculated by Aslamazov
and Larkin [31, 32] as

e2
~ 3205(0)

where ¢ = (T/T, — 1).
For a two-dimensional film with thickness d we find

3D

-1/2
]

& s

2D _
O =

Figure 5 shows the resistive transition of a
Pb(220 A)/Ge(50 A) multilayer in zero field and the normal
state resistance vs. temperature measured in a perpendicular
field of 1T (which is higher than the perpendicular critical
field in the measured temperature range). The resistance has
been normalized to its value at 8 K. The presence of an
excess fluctuation conductivity in zero field below 8 K is
clear from this graph. Plotting In oy, vs. In ¢ yields a slope
equal to —1 (Fig. 6), indicating that the sample is 2D. This
is corroborated by our measurements of the parallel critical
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Fig. 6. Logarithmic plot of the excess conductivity vs. temperature ([J) for-
the Pb(220 A)/Ge(50 A) multilayer of Fig. 5. A least squares fit (solid line)
yields In a¢ = 6.76 — 1.03 In ¢, confirming the 2D nature of the fluctuation
conductivity

107 0
* . ° 'Pbmox)/eo(soh
L]
E os- ‘Y ° .
*
061 ¢ °
B Po20 R/Ges ) o o
£ ‘. .
O 044 . T. o
N A
0.2 - °
L}
0.0 v v
07 0.8 09 1.0
TIT,
Fig. 7. Parallel critical field wvs. reduced temperature for a

Pb(220 A)/Ge(25 A) (+) and a Pb(220 A)/Ge(50 A) ([J) multilayer. The solid
line emphasizes the linear temperature dependence of H!, close to T, of the
Pb(220 A)/Ge(25 A) multilayer. T* indicates the crossover temperature

field, which show the typical square-root temperature
dependence. It was found that the Maki-Thompson correc-
tion term can be neglected because of the strong pair-
breaking in Pb [33, 34].

The situation is different for a Pb(220 A)/Ge(25 A) multi-
layer. This sample has a dimensional crossover in the paral-
lel critical field, as shown in Fig. 7. The resistive transition
from the superconducting to the normal state in the pres-
ence of a parallel magnetic field will therefore have a 2D or
3D character depending on its location in the H-T diagram.
If the transition point is in the 3D linear region (above T*),
we expect 3D superconducting fluctuations to occur.
However in the 2D parabolic part of the phase boundary,
we expect 2D fluctuations. A parallel magnetic field allows
us to move along the phase boundary.

We therefore compare in Fig. 8 the resistive transition in
an applied magnetic field H; = 0.07T and H = 0.8 T with
the normal-state resistance, measured in a 1 T perpendicular
field. For the lower field H; = 0.07 T the sample is in the 3D
part of the H-T phase diagram, while for H; = 0.8 T the
transition point shifts to the 2D part. In the latter case we
see that the resistive tranmsition is more rounded, already
indicating the appearance of 2D fluctuations. This can be
seen more quantitatively in Fig. 9 where In o vs. In ¢ is

1.00
) Pb(220 A)/Ge(25 &)
€ 0994
g ]
< 1 '
< ) H,=007T
0.6 4 .
] f Ho=08T .
] # i
0.97 At ————
5 7 8

T(K

Fig. 8. Resistive transition of the Pb(220 A)/Ge(25 A) multilayer in the 3D
region [with H = 0.07T (<)), and in the 2D region [with H | =08T
(0)]. The solid line is the normal-state resistance, measured in a 1T per-
pendicular field
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Fig. 9. Logarithmic plot of the excess conductivity vs. temperature for the

Pb(220 A)/(Ge(25 A) multilayer, shown in Fig. 8. The solid lines are linear
fits to the data

plotted for the two field values. A linear fit to the data yields
a slope of —0.47 for H; =0.07T and —1.09 when H| =
0.8 T. The change in slope from about —1/2 to —1 when
applying a larger magnetic field clearly indicates a change in
dimensionality, thus confirming the results of the parallel
critical field experiments.

3.2. Flux lattice transition

Apart from the above mentioned experiments which study
the superconducting coupling in these multilayers the flux
line lattice coupling was investigated as well. To pursue this
goal the critical current in Pb/Ge multilayers as a function
of applied field was measured.

Tachiki and Takahashi theoretically considered the
pinning in a layered structure as a function of the angle
between the applied field and the layers [35]. They showed
that the pinning reaches a maximum when the field is
applied parallel to the layers, while the pinning is at its
lowest value for the perpendicular orientation. This was
confirmed experimentally by measuring the angular depen-
dence of the critical current in YBa,Cu,O, crystals [36].
Figure 10 shows the critical current as a function of the
angle of a Pb/Ge multilayer consisting of 10 bilayers with
220A Pb and 50A Ge at 4.2K in a fixed field of 0.1 Tesla.
From the measured I-V curves, J, was determined using a
4.4 yV/cm criterion and the total Pb cross sectional area of
the multilayer. A qualitative agreement with the theoretical

-
o
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J, (x 109 A7em?2)

4 <
3_ L]

-10 1 3 s 70 90
ANGLE (deg)

Fig. 10. Critical current density at 42K for a Pb(220 A)/Ge(50 A) multi-
layer as a function of the angle between an applied magnetic field of 0.1 T
and the layers. The inset shows the geometrical configuration
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prediction is found, i.e. the pinning strength and hence the
critical current reach a maximum when the field is parallel
to the layers, caused by the enhanced pinning at the Ge
layers. Furthermore, the critical current reaches its lowest
value when the field is perpendicular to the layers. There is
however an unexpected feature in the angular dependence of
J.. Near = 10° there is a well pronounced minimum, fol-
lowed by a broader maximum before J, finally decreases
monotonically to zero at H_, .

In order to investigate the origin of this extra minimum,
the sample was measured in various applied fields. Figure 11
shows that the position of the minimum shifts to smaller
angles as the field is increased and the minimum always
occurs for the same perpendicular component of the field,
ie. H = H sin 6, remains constant. Therefore attention
was focused on the perpendicular field component and all
further experiments were performed in a field exactly per-
pendicular to the layers.

Figure 12 shows the resistively measured J. at T =4.2K
for a single Pb film [ie. a Ge(60A)/Pb(140 A)/Ge(500A)
sandwich] and for two multilayers with 140 A Pb and 60 A
Ge and with 5 and 10 bilayers respectively. The J, data
show that the minimum is more pronounced as the number
of bilayers is increased and that the field H¥ where the
minimum occurs shifts with the number of bilayers.

The effect is also dependent on the thickness of the Ge
layer as shown in Fig. 13. The critical current densities at
5K for a single film (thickness 250 A) and three multilayers
with 50 bilayers of 200 A Pb but varying Ge thickness were
extracted from the magnetic hysteresis loops using Bean’s
model. Because of uncertainties in the sample volume and
the demagnetization factor the data were normalized with
respect to the zero field value. The J_ of the multilayer with
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Fig. 11. Critical current density at 42K for a Pb(220 A)/Ge(50A) multi-
layer as a function of the angle and at different magnetic fields. In (a)
H=01T and 6,,=9° in (b) H=015T and 8_,=6° and in (c)
H =03T and 0, = 3°. The perpendicular component H, = H *sin 8,
remains constant
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Fig. 12. Critical current density J_ at 4.2K for a single Pb film and two
Pb(140 A)/Ge(60 A) multilayers with a different number of bilayers

dg. = 20A drops much faster than that of the single film.
For the multilayers with dg, equal to 50A and 2004 the
minimum appears and, as the field is increased, J,, coincides
with that of the single film. The transition field HY from
multilayer to single film-like behavior moves to higher fields
when dg, decreases.

The field H¥ is not only thickness- but also temperature-
dependent as shown in Fig. 14, where J_, obtained from
transport measurements and normalized by J (50G), is
plotted as a function of H, for a multilayer consisting of 10
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Fig. 13. Normalized critical current densities vs. H,/HZ,, determined from
magnetization measurements, for a single Pb film and for three Pb/Ge
multilayers with dp, = 200 A but different dg, [dg, = 2004 (0), dg, = SOA
(+), and dg, = 20A(0)
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Fig. 14. Normalized critical current densities wvs. H, for a

Pb(140 A)/Ge(60 A) multilayer with 10 bilayers at different temperatures.
The shift of the minimum when the temperature is varied, excludes match-
ing effects as the origin for this minimum
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Fig. 15. Critical current density vs. H, for a Pb(140 A)/Ge(50 A) multi-
layer with 50 bilayers, showing that the minimum disappears at low tem-
peratures

bilayers, each with 140 A Pb and 60 A Ge. The fact that the
position of the minimum is temperature dependent excludes
matching effects as a possible explanation for this phenome-
non.

At sufficiently low temperatures J (H ) reverts to a mono-
tonically decreasing behavior, while the same sample has a
clear cut minimum at 5.6K as is illustrated in Fig. 15 for a
[Pb(140 A)/Ge(50 A)] s multilayer.

The role of pinning was investigated by doping the Pb
layers with Bi. Figure 16 shows J(H,) for a [Pb(100A)/
Ge(50A)],, and a [Pby, 45Bij ;5(100 A)/Ge(50A)],, multi-
layer. The addition of Bi to the Pb layers raises the critical
current density and suppresses the presence of the
minimum,

The fact that both a lowering of the temperature and the
increase of the pinning strength lead to disappearance of the
minimum implies that thermal fluctuations play a crucial
role. The minimum in J(H ) may therefore be interpreted
as a thermally driven softening of the flux line lattice. The
vortex lattice undergoes a structural transition at H*. Two
different theoretical approaches have been advanced that
could explain this softening. The first is the magnetic
decoupling mechanism proposed by Clem [37-39], which is
closely related to the behavior of the flux line lattice in a
superconducting transformer. The basic idea is sketched in
Fig. 17 [40]. At low fields there is a rigid vortex lattice. As
the field is increased, the vortices are sitting closer one to
another, leading to a nearly homogeneous field distribution
in the non-superconducting Ge layers. This effectively leads
to a decoupling of the vortex lattice from layer to layer,

* PbBiGe * Pb/Ge

a

O N ®

4s(10%A/ cm?2)

|

H.(G)

Fig. 16. Comparison between J(H,) for a Pb(100 A)/Ge(50 A) multilayer
and a Pb,, 44Bi, , 5(100 A)/Ge(50 A) multilayer, both having 10 bilayers
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Fig. 17. Scheme to illustrate the J (H,) behaviour in terms of the magnetic
decoupling model. In (a) there is a rigid vortex lattice. In (b) there is a
nearly homogeneous field distribution in the normal layers, due to the
increasing flux, leading to a decoupling of the flux lines from one supercon-
ducting layer to the other. Finally, in (c) the flux lines rearrange themselves
within the superconducting layers to take advantage of the available
pinning centers (indicated by potential wells U)

leaving a system of stacked 2D pancake vortex lattices in
each Pb layer. The vortices can rearrange themselves within
each layer to take advantage of the available pinning
centers, thus increasing the critical current. This is indicated
on the graph by the vortices which are “trapped” in pinning
potential wells U,,.

The other plausible explanation is a melting of the ini-
tially 3D vortex lattice. This melting is due to an exponen-
tial decay of the vortex-vortex interaction at low fields such
that the flux line lattice is very sensitive to thermal fluctua-
tions. When pinning can be neglected, this causes the pres-
ence of a field regime above H,; where J_ should be zero,
while J_ increases again at higher fields. For sufficiently
strong pinning this melting transition is suppressed. It can
be expected that for intermediate pinning strengths J_
should develop a minimum instead of dropping completely
to zero. The field H* is plotted in the H,~T diagram in Fig.
18. Within the melting model, a qualitatively similar behav-
ior for the low-field phase boundary has been predicted for

600
500 -
400 -
300 -
200 -

H.(G)

T(K)

Fig. 18. (H,, T) phase diagram of Pb/Ge multilayers. The open squares
represent the field H¥ (the solid line is a guide to the eye) while the solid
squares correspond to the upper critical field H.,. The inset shows the
linear temperature dependence of HZ, over the whole temperature range
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weak pinning [21]. Further experiments are being per-
formed to elucidate the exact mechanism responsible for the
observed J (H ) behavior.

4. Conclusions

Artificially layered superconductors are ideal systems for
studying thin film-, dimensional-, proximity-, coupling- and
superlattice effects. These parameters can be well controlled,
enabling a finetuning of the material properties and the cre-
ation of novel structures which do not occur naturally. As a
consequence they are also useful as model systems to evalu-
ate theoretical models related to the physics of dimension-
ality and phase transitions.

In this review we explored dimensional transitions using
critical magnetic field and excess conductivity data as well
as the analysis of transitions in the magnetic field—
temperature phase diagram using critical current data.

In conclusion, the advent of high temperature supercon-
ductivity in ceramic oxides opened new perspectives for arti-
ficially layered superconductors to be used as testing
systems to distinguish properties which are a consequence of
the layered nature and others which are due to more exotic
and yet unknown phenomena.
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