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ABSTRACT: The properties of Pb/Ge and Al/Ge superconducting multilayers are reviewed. Af-
ter a brief discussion of the preparation and structural characterization, a detailed analysis is
presented of the superconducting interlayer coupling, the dimensionality effects and the anoma-
lous critical current versus magnetic field behaviour in these multilayer structures.

INTRODUCTION

Artificially layered materials offer interesting op-
portunities to study physical phenomena on length
scales of the order of the layering periodicity. A
variety of new structural, electronic, magnetic,
and superconducting properties have emerged and
are currently the subject of intense experimental
and theoretical efforts.!) Since the advent of the
high temperature superconductors (HTS), the in-
terest in conventional superconducting multilay-
ers has increased substantially.?) Indeed, although
there are important differences like the much short-
er coherence lengths in HTS materials, the low T
multilayers may act as model systems in which it
is possible to vary at will the layer thicknesses, the
interlayer coupling (proximity or Josephson) and
hence the anisotropy, pinning strength, etc...

In this review article we will limit ourselves to
a discussion of the well characterized Pb/Ge and
Al/Ge multilayer structures.

PREPARATION:

The Pb/Ge and Al/Ge samples are prepared by
electron beam evaporation in a MBE apparatus
having a base pressure of 2x107° Torr. Typi-
cal evaporation rates, which are controlled by a
quadrupole mass spectrometer, are 5 A/s for Pb
and Al and 1 A/s for Ge. In order to obtain
continuous thin Al and Pb films, the substrates
(Si0; wafers) are held at liquid nitrogen temper-
ature during the preparation. The low substrate

temperature leads to crystalline Pb and Al layers,
while the Ge is amorphous. The layer thicknesses
are monitored with quartz crystal oscillators dur-
ing the evaporation and calibrated with a Dektak
surface profilometer. An independent cross-check
for the calibration is obtained from X-ray diffrac-
tion spectra. The actual multilayer is produced
by moving a shutter which alternately blocks one
of the two material beams. Most samples consist
of 5 or 10 bilayers with a thicker Ge protective
capping layer on top.

The electrical transport measurements are per-
formed on four terminal patterns (size 4.5 x 0.3
mm?), which are obtained by combining electron
beam lithography and lift-off. The low tempera-
ture measurements are carried out in a helium-4
cryostat equipped with a 15 T superconducting
coil and in a helium-3 cryostat outfitted with a 7
T coil. In both systems the temperature can be
varied with a stability of a few mK. The critical
temperature T, and the upper critical field H,,
are defined as the midpoint values of the recorded
R(T) and R(H) transitions. Critical currents are
obtained from both transport and magnetization
experiments.

X-RAY DIFFRACTION:

X-Ray Diffractionis a technique that is well suited
for the study of the superlattice structure. It is
non-destructive and provides detailed information
on both the superlattice quality (via the modula-
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tion wavelength A) and the individual layer qual-
ity (via the lattice spacing d). Because only the
diffracted X-ray intensity is measured in such an
experiment, the phase information is lost. It is
therefore impossible to convert the measured in-
tensities directly into the structure of the crystal.
Modeling of the superlattice is required to com-
pare the calculated with the measured intensity.
During the last few years the used structure mod-
els have evolved from the simple "step model” to-
wards more sophisticated refinement procedures
which allow a quantitative determination of the
structure. For a systematic analysis of the experi-
mental X-ray spectra a general kinematic formal-
ism was developed which makes the application
of numerical methods computationally feasible.®)
The model takes into account discrete and con-
tinuous thickness fluctuations of the layers, in-
tralayer disorder and lattice strain near the inter-
face. The non-linear Marquardt algorithm is used
to refine peak positions, relative intensities, and
line profiles. It is worth noting that the method
is different from the well known Rietveld refine-
ment procedure: in our refinement the relative
intensities and the line profiles are used to de-
termine the average unit cell and the statistical
deviations from this average, whereas in Rietveld
refinement the structure of a single unit cell is
modeled and the relative intensity of the diffrac-
tion peaks is determined from the structure factor
of the unit cell. The application of the refine-
ment method to a variety of situations shows that
the procedure gives reliable results for the cases
for which the answer is known from independent
measurements such as EXAFS, XPD, profilome-
try etc... The analysis of our experimental spectra
for Pb/Ge multilayers will illustrate the strength
of the refinement program. All spectra were ob-
tained from 6 - 26 experiments using a Rigaku
DIT Max goniometer equipped with a rotating an-
ode and capable of delivering a maximum power
output of 12 kW. A laser system is used to se-
cure an optimal alignment of the sample with re-
spect to the X-ray beam. Data were taken using
Cu K, radiation with a wavelength A = 1.542 A,
The diffracted radiation was filtered with a flat
pyrolytic monochromator.

In Fig. 1 the measured X-ray diffraction spectra
are shown for a Pb(46 A)/Ge(29 A) multilayer
consisting of 5 bilayers. The low-angle spectrum
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Fig. 1. Low (a) and high (b) angle profile of a
[Pb(46 A)/Ge(29 A))s multilayer. Open circles
are the measured intensity and the solid line is

the refined profile.

(Fig. 1 (2)) clearly shows a number of diffraction
peaks, which can be attributed to the artificial lay
ering. Using a modified Bragg law, the modula-
tion length A can be calculated from the distance
between the superlattice peaks. The peaks in be-
tween the superlattice reflections are due to the
finite size effect. The full line in this graph is cal-
culated using a recursive optical theory (which is
exactly valid at low angles because it takes reflec-
tion of the X-ray beam into account) and assum-
ing 1 A of roughness on both layers. There is ex-
cellent agreement between the measured and cal-
culated profile in both relative intensity and peak
width. Fig. 1 (b) shows the high angle diffraction
spectrum of the same sample together with the
best fit calculated with the refinement program.
Since the Ge layers are amorphous (i.e. we have
to deal with a continuous roughness o on the Ge),
the observed pattern is typical for the diffraction
spectrum from a single finite thickness crystalline
Pb layer: a central peak corresponding to the Pb
(111) reflection and a number of finite size peaks.
It can be shown that for 0=1.0 A , all traces of
superlattice peaks disappear and the high angle



profile is solely produced by the finite size pro-
file of a single crystalline layer, indicating that all
crystalline Pb layers are decoupled and scatter in-
coherently.

In order to fit the width of the peaks it is neces-
sary to introduce a discrete roughness on the crys-
talline Pb layers, i.e. a discrete Gaussian spread
on the number of atomic planes within one crys-
talline layer. The introduction of discrete rough-
ness on the crystalline component causes a de-
crease in the number of finite size peaks in the
high angle region. Both discrete and continuous
roughness broaden the lineshapes.

In order to obtain a still better agreement between
the experimental and calculated spectra, the in-
clusion of intra-layer disorder is required, i.e. a
small spread é (with § < dp;y) on the bulk Pb
lattice distance. The asymmetry in the finite size
peak intensities is explained by a slight lattice ex-
pansion Adpy near the interface. The refined val-
ues yielded a Pb lattice spacing dpy=2.846 A | a
lattice expansion Adp;=0.03 A , and a discrete
disorder of one monolayer (=~ 3 A ). A number of
other Pb/Ge samples were analysed in the same
way and it was found that they were consistently
best fit by including an intra-layer disorder § of
0.04 to 0.06 A . This intra - layer disorder is prob-
ably due to the low substrate temperature (77 K)
during deposition, which is needed to grow con-
tinuous thin (< 250 A) Pb films. The low tem-
perature may inhibit the atomic mobility and the
formation of a well defined crystalline structure.
SUPERCONDUCTING PROPERTIES

a) Critical fields:

The preparation of layered superconductor/nor-
mal metal or superconductor/insulator structures
introduces an artificial anisotropy in their super-
conducting properties. Significant changes in the
superconducting behaviour are therefore expected
when the layer thicknesses are of the same mag-
nitude as the superconducting coherence length
&(T). The anisotropy of {(T) can be deduced ex-
perimentally from the upper critical field He. In
particular, the dimensional crossover in the tem-
perature dependence of the parallel critical field
chlz was theoretically predicted and experimen-
tally observed in a number of multilayers.?)

The Ginzburg-Landau theory (valid in the vicin-
ity of the critical temperature T.) provides the
following expressions for the upper critical fields

parallel and perpendicular to the layers of a three
dimensional (3D) anisotropic superconductor:
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Here ®, is the superconducting flux quantum, ¢,
and £, are the superconducting coherence length
parallel and perpendicular to the layered struc-
ture. The coherence length diverges near the crit-
ical temperature T, as (Tc-T)~*/?, leading to a
linear temperature dependence for both H!, and
HE for the 3D case.
If coupling between the superconducting layers is
absent, the measured critical field is that of a stack
of independent superconducting slabs. If these
individual slabs are sufficiently thin, i.e. when
the film thickness d, < é(T=0) they will behave
as quasi - two dimensional (2D). The ’intrinsic’
unperturbed coherence length ¢ corresponds in a
multilayer to the coherence length £ in the plane
of the superconducting layer. When d; < §; the
parallel critical field is given by
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leading to a square root dependence of HEQ(T] in
2D.

In superconducting multilayers, the perpendicular
coherence length £, is an important quantity be-
cause it reflects the extent of the superconducting
coupling. For a well chosen thickness of the sep-
arator layer, the sample may change from an un-
coupled to a coupled system as £, increases with
increasing temperature. When €. (T') is of the
same magnitude as the separator thickness dg.,
superconducting coupling between the layers is es-
tablished. This transition is usually referred to as
the 2D - 3D dimensional crossover and has been
observed in a variety of multilayered systermns.?))%)
Experimentally this transition can be observed by
measuring H'L(T) as shown in Fig. 2 for three
different Pb/Ge multilayers. When the separator
thickness dg. > 30 A , the temperature depen-
dence of Hl, follows a square root behaviour at
all temperatures (Fig. 2a)). This indicates that
there is no coupling between the layers and that



each layer is quasi 2D in nature. A dimensional
crossover occurs when the Ge thickness dg. ~ 20
A (Fig. 2b)). Near T, (where £, is large) the lin-
ear temperature dependence of Hﬂz is due to the
coupling between the Pb layers. As the tempera-
ture is lowered, £, is reduced. When £, < dg. the
magnetic flux is confined to the Ge layers, effec-
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Fig. 2. Parallel (M) and perpendicular (o) crit-.
ical fields for Pb/Ge multilayers with dpy=140
Aanddg.= 424 (a), dg.= 20 4 (b) and dg.=
15 4 (e).

tively decoupling the 2D superconducting slabs,
At this point a pronounced upturn in the temper-
ature dependence of Hle occurs. For a still smaller
separator thickness, dg.=15 A, a coupled 3D be-
haviour is observed (Fig. 2c)), producing a linear
temperature dependence of HlL(T).

Fig. 2 also shows the perpendicular critical fields
of these samples. In all cases we observe a linear
behaviour. This is due to the fact that the per-
pendicular critical field only probes the parallel
coherence length §, whereas the dimensionality
of the system is given by £;. Extrapolation of
H} towards low temperatures enables to derive a
value for §(T — 0) ~ 280 A which is larger than
the Pb layer thickness dpy=140 A and justifies the
treatment of each Pb layer as a 2D slab.

The coupling between superconducting layers has
been analyzed theoretically by Klemm et al.®) who
treated the multilayer as a stack of 2D super-
conducting layers which are weakly coupled via
Josephson tunneling For prozimily coupled sys-
tems H!L(T) has been calculated by Takahashi and
Tachiki” and Koyama et al.®) The important pa-
rameters in this calculation are the ratio of the
density of states, of the electronic diffusion coeffi-
cients, and of the BCS interaction constants of the
normal and superconducting layer, respectively.
These authors assume that, the three parameters
are constant within one layer and change discon-
tinuously at the interfaces. This theory was suc-
cessfully used to explain the dimensional crossover:
in Nb/Cu samples.?) In order to explain the di-
mensional crossover in Pb/Ge samples with dg, <
30 A, the ratio of the density of states Nge/Npy =~
0.05. This finite value for the density of states in
Ge may be due to the existence of defect states
within the bandgap near the Ge/Pb interface.

b) Superconducting fluctuations:

The dimensionality of a superconducting system
can also be investigated by measuring the excess
conductivity above T,.'® The amplitude and tem-
perature dependence of the fluctuation conductiv-
ity provide detailed information on the dimension-
ality of the superconducting structures.
Aslamazov and Larkin'®) calculated the excess con-
ductivity oy for 3D systems in the Ginzburg-Lan-
dau approximation :

aD __ e? 12 (4
YT )

with e=(T/T.-1).
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Fig. 8. Zero field resistive transition of a
[Pb(220 A)/Ge(50 A)ho multilayer (&) com-
pared to the normal state resistance (+). The
inset shows In oy vs. In (T/T.-1).

An analogous calculation for a 2D film with thick-

ness d yields
2

7 = Tera® (5)
Fig. 3 shows the normalized zero field resistive
transition of a Pb(220 A)/Ge(50 A) multilayer
compared to the normal state resistance varia-
tion with temperature. This normal resistance is
obtained by measuring the sample in a 1 T per-
pendicular field, which is higher than H%(T— 0).
The presence of an important excess conductivity
in zero field above T, is a clear indication of the
2D nature of this multilayer. Plotting In oy as a
function of In ¢ (see inset Fig. 3) yields a slope
equal to -1, which is in agreement with the 2D
theoretical result (Eq. 5). Quantitative analysis
showed the additional Maki - Thompson correc-
tion term to be negligible, due to the strong pair
breaking in Pb.

By decreasing the Ge layer thickness from 50 A
to 25 A, interesting dimensional crossover features
can be observed in the excess conductivity. Fig. 4
compares the normal state resistance (again mea-
sured in a 1 T perpendicular field) with the resis-
tive transitions measured in two different parallel
magnetic fields. For Hj=0.07 T the sample is in
the 3D part of the H - T phase diagram, while for
Hy= 0.8 T the transition point shifts to the 2D
part. In the latter case the resistive transition be-
comes obviously more rounded, characteristic for

the appearance of 2D fluctuations. A more quanti-
tative analysis confirms this change of dimension-
ality: the inset of Fig. 4 compares In o versus
In € for the two applied fields. The change of slope
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Fig. 4. Resistive transitions of a [Pb(220
A)/Ge(25 A)ho multilayer in the 8D region
(with Hy=0.07 T (<)), and in the 2D region
(with Hy=0.8 T (0)), compared to the normal
state resistance (solid line). The inset shows In
on vs. In (T/Te-1) in both cases.

from about -1/2 to -1 when a larger magnetic field
is applied points to the change of dimensionality,
thus confirming the results of the parallel critical
fields measurements.

c) The anomalous Tachiki - Takahashi effect

The Pb/Ge system is very well suited to check
other predictions of the Tachiki - Takahashi the-
ory, in particular the behaviour of Hl,(T) for dif-
ferent values of the ratio Dy/Dg, i.e. the ratio
of the electronic diffusion constants. For a multi-
layer built from layers having the same density of
states near the Fermi surface, equal BCS interac-
tion constants, but different diffusion constants,
the theory predicts an anomalous effect in the
temperature dependence of the parallel upper crit-
ical field.'?) In order to meet the mentioned the-
oretical requirements we need two materials with
the same critical temperature T, but a different
elastic mean free path. Therefore, Pb/Pb,Ge,_,
multilayers were prepared on liquid nitrogen cooled
Si0; substrates, and consisting of 10 bilayers with
400 A Pb and 400 A Pb,Ge,—, covered with a 200
A protective Ge layer. The Pb,Ge,_q layer was
prepared by coevaporation of Pb and Ge. Using
RBS measurements the relative concentration of
Pb and Ge is determined to be close to 50 % .
Both types of layers have a T.=6.92 K, but the
Ge inclusions in the Pb,Ge;_, layer increase the
resistivity compared to a pure Pb layer. Asshown
in Fig. 5, the HL(T) for this multilayer has the
well-known 3D - 2D crossover at T =~ 6.7 K. At
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Fig. 5. HY(T) for a [Pb(400 A)/PbGe(400
A)ho multilayer. The inset shows In(H,) vs.
In(1-T/T.).

lower temperatures a marked upturn in the critical
field is, however, observed. This sudden change of
the slope in the H.; curve can be explained as fol-
lows. Close to T, the coherence length is large
and therefore the superconducting order parame-
ter averages over all layers, leading to a 3D linear
HIL(T) behaviour. As the temperature is lowered,
¢ will decrease and nucleation of the order param-
eter will occur in either the clean (large diffusion
constant Dy) Pb layers or in the dirty (small dif-
fusion constant Dg) PbGe layers. Assuming that
nucleation occurs in the Pb layers, only a small
fraction of the order parameter will "leak” into
the PbGe layers, because the latter’s diffusion con-
stant is small. Then the order parameter will be
limited to the Pb layers and we observe indeed
the typical 2D behaviour. The HEQ(T) behaviour
is different for a clean and a dirty layer such that
for still lower temperatures the critical field of the
dirty PbGe layers exceeds that of the clean Pb
layers. The coherence length is then much smaller
than the PbGe layer thickness, leading again to a
3D behaviour. The sudden upturn in the critical
field therefore corresponds to a shift in the nucle-
ation position from the clean to the dirty layers
and the H-T diagram shows a 3D - 2D - 3D tran-
sition. This is clear from the inset of Fig. 5 where
In(HY,) is plotted versus In(1-T/T.). A fit to the
data yields a slope 0.97 at high temperatures (3D),
a slope 0.61 at intermediate temperatures (2D),
and finally a slope 1.1 (3D) at the lowest temper-
atures.

d) Critical currents

Many of the theoretical ideas related to the ex-

istence of the irreversibility line in the H - T di-
agram of high T, superconductors are based on
the layered nature of these oxide materials and
describe the flux line lattice as a superposition of
two - dimensional pancake vortices.’® In order to
gain more insight into the behaviour of the flux
line lattice in layered systems, it is very instruc-
tive to study the properties of the flux line lattice
in artificially layered low T, superconductors. We
have performed a detailed study of the behaviour
of the critical current when the field is applied
perpendicular to the layers.) We observe that J,
drops to a minimum, followed by a broad maxi-
mum before finally decaying monotonously to zero
with increasing magnetic field.
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Fig. 6. Normalized critical current densities
versus H /H% for a single Pb film and for three
Pb/Ge multilayers with dpy = 200 A but differ-
ent dg..

The effect is dependent on the Ge layer thickness
as is shown in Fig. 6 for a single Pb film (thick-
ness 250 A) and three multilayers with 50 bilay-
ers of 200 A Pb but varying Ge thickness. Here,
the critical current was obtained from magnetiza-
tion experiments. Because of uncertainties in the
sample volume and the demagnetization factor,
the data are normalized to their zero field value.
The J. of the multilayer with dg.= 20 A Ge drops
much faster than that of the single Pb film. For
the multilayers with dg.= 50 A and dg.= 200 A,
a clear minimum at H7 is observed in the J, vs I
behaviour. The value of HY is a function of dg,
and of the temperature as shown in Fig. 7 where
the minimum is not present anymore at T=1.4 K.
The presence of the minimum is not limited to
the Pb/Ge system as can be seen in Fig. 8 where
Jo(Hy) is shown for an [Al(220 A)/Ge(220A));
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multilayer in which the critical current densities
are almost two orders of magnitude lower than in
the Pb/Ge system. In Al/Ge we again observed
the strong dependence of H] on dg..

The minimum at H] can be interpreted as a soft-
ening of the flux line lattice, which might be ex-
plained in the framework of two theoretical mod-
els. The first is the melting of the initially 3D vor-
tex lattice, which is due to the exponential decay
of the vortex - vortex interaction at low fields such
that the flux lattice is very sensitive to thermal
fluctuations.’® When pinning can be neglected,
this causes the presence of a field regime above
H} where J. should be zero, while J, increases
again at higher fields. If the pinning is strong
enough, this melting transition will be suppressed.
It can therefore be expected that for intermediate
pinning strengths J. should develop a minimum
instead of dropping completely to zero. At low
temperatures the thermal energy is insufficient to
decouple the flux line lattice and the minimum is
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Fig. 9. Schematic illustration of the J.(H, )
behaviour in a Pb/Ge multilayer according to
the magnetic decoupling model.

no longer present. Within this model it is difficult
however to understand the role of the layering.
The other plausible explanation is the magnetic
decoupling mechanism proposed by Clem,'®) which
is closely related to the behaviour of the flux line
lattice in a superconducting transformer. The ba-
sic idea is illustrated in Fig. 9. At low fields (a)
there is a rigid vortex lattice. As the field is in-
creased, the intervortex distance decreases, pro-
ducing a nearly homogeneous field distribution in
the Ge layers (b). This effectively leads to a de-
coupling of the vortex lattice from layer to layer,
leaving a system of stacked 2D pancake vortex lat-
tices in each Pb layer. The vortices can rearrange
themselves within each layer to take advantage of
the available pinning centers (c), thus increasing
the critical current. This is illustrated in Fig. 9
(¢) showing schematically trapped vortices in pin-
ning potential wells Ug.

CONCLUSIONS

We briefly reviewed some of the most important
structural and superconducting properties of low
T. Pb/Ge and Al/Ge multilayers. Since the thick-
ness and the composition of the layers can be well
controlled, dimensional transitions and flux lat-
tice structures can be studied in detail. The low
T. multilayers offer an ideal testing bed to study
or compare the properties of naturally layered ma-
terials such as the high T, materials.
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