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Abstract. The influence of the finite dimensions of superconducting metallic multilayers on H-T phase
diagram is studied. It is established that the geometrical symmetry of the samples determines crucially
the Hy)|(T) dependencies. For samples where the symmetry plane is in the middle of the superconducting
layer the H.o)| values are, for temperatures close to T¢, larger than the H.|| values of the samples for which
the symmetry plane lies in the middle of the normal layer. The results are analysed on the basis of the
Ginzburg-Landau approach and are explained by considering the different symmetry of the wave function
describing the system. The experimental results are in good agreement with the elaborated model, which
takes into account the actual symmetry of the samples.

PACS. 74.78.Fk Multilayers, superlattices, heterostructures — 74.20.De Phenomenological theories
(two-fluid, Ginzburg-Landau, etc.) — 74.45.4+c Proximity effects; Andreev effect; SN and SNS junctions

1 Introduction

Superconductor/normal metal (S/N) multilayers are
still very effective structures to study the effects of
proximity [1], periodicity and a-periodicity [2,3], finite
dimensions [4], surfaces of the sample [5] on the super-
conducting phase transitions [6] as well as on the vortex
properties [7,8]. In particular the behaviour of the upper
critical field H,.s as function of temperature T is a probe of
the strength and of the nature of the coupling between the
S layers [2,9]. The investigation of peculiarities in Heo(T)
(i.e. positive curvature, no evidence of saturation at low
temperatures) gives a better understanding of the mech-
anisms of superconductivity in such structures [10].
When the magnetic field is oriented in the direc-
tion parallel to the layers, the thermodynamic properties
of S/N multilayers are closely related to the spatial be-
haviour of the order parameter. When a multilayer con-
sists of a stack of thin superconducting films, in which
the amplitude of the order parameter is almost constant
(this is the criterion of bi-dimensionality (2D) of thin
film), separated by films of nonsuperconducting metals,
the total dimensionality of the multilayer depends on the
relation between the period of the multilayer A (which
is constant) and the superconducting coherence length
in the perpendicular direction &, (which is a tempera-
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ture dependent parameter, £, (T') ~ (1 —T/T.)*/?) having
the physical meaning of the characteristic dimension on
which the order parameter changes significantly. When
&L (T) is larger than A, the multilayer behaves like a
three-dimensional (3D) system and the temperature de-
pendence of the parallel critical magnetic field, assum-
ing the well-working Ginzburg-Landau approach, is lin-
ear, Hoo = ®o/2m61&)) ~ (Te — T). When &, (T) is
less than A, the system is bi-dimensional and H.y =
®o/2mA & ~ (T.—T)'/2. Here ¢, is the superconducting
coherence length in the parallel direction. Such temper-
ature dependent crossover in system dimensionality was
observed in different S/N multilayers [8,11-14].

The background for the microscopic theoretical inves-
tigation of S/N multilayers close to H.o was given by
Takahashi and Tachiki (TT) [2]. Even if this theory nicely
describes the main features of the H-T phase diagram of
metallic multilayers (i.e. the anisotropy value, the presence
of dimensional crossover), it is not able to fit quantita-
tively the experimental data [15]. In fact it was developed
for the case of infinite superlattice and boundary effects (in
particular, surface superconductivity) were not taken into
account. Nevertheless it is known that surface nucleation
of the order parameter can significantly influences the H-T
plot [16-18]. Until now there are no exhaustive experi-
mental investigations of the nucleation of superconductiv-
ity in periodic multilayers especially taking into account



440

The European Physical Journal B

«
‘
;

&

z »

Fig. 1. The geometrical configuration of the Nb/Pd samples for N, =9 and N, = 10.

the possible strong influence of the sample edges [4,6,19].
Metallic S/N multilayers are very good model object for
such kind of study because it exists a rather high compre-
hension of the proximity effect in them [20-22].

In this article we present the results of the investi-
gation of the nucleation of superconductivity when the
magnetic field is applied in the parallel direction for dif-
ferent S/N systems and for different (odd and even) num-
ber of bilayers, Np. Nb/Pd and Nb/Cu samples have been
chosen.

The choice of Nb for fabrication of the superconduct-
ing multilayers was related to its highest critical temper-
ature among the single superconducting elements. The
choice of Cu was related to the possibility of creating the
Nb/Cu multilayers with high quality structural proper-
ties [23]. Moreover the proximity effect is very well stud-
ied in this system [9,11]. On the other hand, we choose
Pd because among the normal metals it turns out to be
particularly interesting. It is in fact characterized by a
large value of the spin susceptibility and in some alloys
(i.e. Pdy_,Coy, Pdy_,Fe,) shows a ferromagnetic behav-
ior even for small values of = [24]. Moreover, the inter-
face of Nb/Pd system is more transparent with respect
to Nb/Cu one [25]. These differences between two stud-
ied systems give us the good opportunity to generalize
the observed symmetry effect to the class of the proximity
coupled metallic multilayers.

For all the samples the top and the bottom layers
are made with the normal metal. So, taking into account
the constant period of the multilayer, the central layer
is superconducting in the case of odd N, and normal for
even Np. This means that for odd (even) N, values, plus
the capping N layer, the symmetry plane of the whole
sample falls in the centre of the S(N) layer (see Fig. 1).

The thickness of S layers dg is always 200 A for both
compositions.- In Nb/Pd samples, the Pd thickness dy is
equal t0 100 A. In fact, as recently shown, 100 A of Pd re-
veals the presence of the temperature induced dimensional
crossover in Nb/Pd systems [14]. When such thickness in-
creases towards 200 A, the system behaves as 2D in the
whole temperature range [14]. For Nb/Cu system we chose
dn = ds = 200 A. In fact, for these values a pronounced
2D-3D crossover is usually observed at the crossover tem-
perature T* [9,11]. We show that changing the number
of bilayers Ny, i.e. changing the symmetry of the samples,
a drastic change in the dimensionality of the system at
T — T, occurs, with a 2D behaviour almost up to T, for
samples in which the symmetry plane lies in the centre of
the S layer.

2 Experimental

Pairs of Nb/Pd and Nb/Cu samples with 9 and 10 to-
tal number of N, were grown on Si(100) substrates at
room temperature by using a dual source magnetically
enhanced dc triode sputtering system [6,14]. The depo-
sition rates were 9 A/s for Nb, 8 A/s for Pd and 5 A/s
for Cu. Nb/Cu samples were deposited in different depo-
sition runs, while Nb/Pd samples were sputtered simulta-
neously. A specially designed movable shutter allowed the
simultaneous deposition of the two samples with differ-
ent number of bilayers. The starting position of the sam-
ple holder was located between the Pd and Nb guns and
two substrates were mounted on it. N, 4+ 1 bilayers were
deposited on the substrate positioned closest to the Pd
target, while N, bilayers were deposited on the other sub-
strate. The platform where the samples are mounted can
rotate, using a step motor, in a controlled way over 360
degrees to reach every position. At the beginning of the
process the sample holder is sent to the Pd gun to sput-
ter the first layer (the two samples will consist of N, or
Ny + 1 Nb/Pd bilayers plus a bottom Pd layer). Then,
after Pd deposition, the sample holder is moved, through
the zero position, to the Nb gun. This movement (from the
Nb to the Pd gun) is repeated alternatively until on both
samples N, bilayers plus the Pd bottom layer have been
sputtered. The sample holder is moved now from the Pd to
the Nb gun in the direction opposite to the zero position
to sputter the Nb layer only on one sample. The sample
holder has a diameter of 2.5 cm and the distance between
the two substrates is almost 2 cm and this allows us to use
a screen, close the Nb gun, to prevent Nb deposition also
on another sample during this last Nb deposition. After
this, the sample holder is slightly moved back and the Nb
gun is switched off. When we are sure that the Nb rate is
zero (usual waiting time is 1 minute), the sample holder
is moved, through the Nb gun, to the zero position and
finally to the Pd gun to sputter the last Pd layer only on
this second sample. This last step is possible due to the
presence of another screen close the Pd gun. Finally the
sample holder is moved back to the zero position and the
deposition is over.

X-ray reflectivity measurements confirmed the layered
structure of the samples with the interface roughness or-
der of 10 A [14]. Transport measurements with a stan-
dard four probe technique were performed for both par-
allel and perpendicular magnetic field orientations. The
resistance was measured with the accuracy of 10~% ohm,
while the measured accuracy of magnetic field was 10~ T.
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Table 1. Parameters of the investigated samples.

Sample N, ds (A) dn (A) T.(K) fo

pro (p€d-cm)

£1(0) (A) P énc (A) €so (A)

Sp 9
NP 10
SC 9
NC 10

200
200
200
200

100
100
200
200

3.68 1.6 9.5
4.22 1.6 9.5
6.23 1.6 8.4
6.67 1.6 8.4

127
125
116
120

0.4 52 103
0.4 48 96

027 74 116
0.27 74 117

The samples from each pair were simultaneously mounted
in an insert with the possibility to rotate them in the lig-
uid helium bath. A superconducting Nb-Ti solenoid with
T. = 7.2 K was used to produce the external magnetic
field. The H.o values were extracted from the R(T, H)
curves using the 90% Ry criterion, where Ry is the nor-
mal state resistance of the sample just above the transition
to the superconducting state. The transition widths AT,
in zero field were always less than 20 mK, while at par-
allel fields higher than 2 tesla their values were less than
300 mK, confirming the high quality of the samples. From
H21 (T) curves we have calculated [21] the values of &;(0)
reported in Table 1. We named the samples using the let-
ter S or N according to whether the symmetry plane lies in
the centre of S or in the centre of N layers respectively, fol-
lowed by a letter that indicates the normal metal used (P
for Palladium and C for Copper). For example, SP is the
Nb/Pd multilayer whose symmetry plane lies in the S layer
(Ny = 9) while NC is the Nb/Cu sample with the symme-
try plane in the centre of the N layer (N, = 10).

The deposition of the Nb/Pd multilayers in the same
run allows us to consider the same Nb as well as the same
interface properties in each sample [6,14]. This hypothesis
is confirmed by the same resistivity pio, the same residual
resistivity ratio 1o and the same £|(0) values for these
two samples. The macroscopic parameters of Nb/Cu sam-
ples were also very similar. So we believe that the only
difference between each pair of samples is in their symme-
try due to their different finite dimensions.

The choice of 9 and 10 number of bilayers for samples
studied in this work was based on the result of our previ-
ous research [6]. In reference [6] the effect of symmetry on
the resistive characteristics of Nb/Cu multilayers prepared
in the same way as in this work was investigated for N, in
the range 5. ..12. It was shown, for N, > 10 the symmetry
effect becomes less pronounced due to the smaller influ-
ence of the surface effects with increasing the N; value. In
order to demonstrate the validity of the observed phenom-
ena we have also prepared another pair of Nb/Cu samples
with N, equal to 5 and 6 and dy = dg = 200 A. Again
this couple of multilayers have been fabricated in the same
deposition run.

In Figure 2a we present the measured tempera-
ture dependencies of parallel and perpendicular magnetic
fields for the sample NP. The behaviour of Hg (T re-
veals the conventional 2D-3D crossover for S/N multilay-
ers [2-4,8,9,12-14].

In Figure 2b we present the H-T phase diagram for
sample SP, with the symmetry plane in the centre of the
Nb layer. As it is clearly seen, while the H.o (T) depen-

u,H_(Tesla)

2.5- "o . (b) _

2.0 n 4

u H (Tesla)
| ]

0.0 1 . 1 . 1 .
2.0 2.5 3.0 3.5

T(K)

Fig. 2. (a) H-T phase diagram for the sample NP. Squares (cir-
cles) refer to Heg)| (Hc21). (b) H-T phase diagram for sample
SP. Squares (circles) refer to Heo (Heal).

dence is very similar to that of NP sample, the Hy(T)
curve is quite different. We did not see the pronounced
linear part in the H. (1) dependence as it is usually ob-
served for S/N multilayers in the case of dy = ds =~ &s.
The Hey(T) curve seems to be square root like in the
whole temperature range, even close to T, which is the
signature of the 2D behaviour.

As already pointed out, both the samples SP and NP
were obtained in the same deposition run, and present the
same Nb properties and Nb/Pd interface behaviours. The
only difference between these two samples is the different
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Fig. 3. (a) H-T phase diagram for sample NC. Squares (cir-
cles) refer to Hgo|| (Hco1 ). Inset: the same for sample Nb/Cu
with N, = 6. (b) H-T phase diagram for sample SC. Squares
(circles) refer to Ho|(Hcz1 ). Inset: the same for sample Nb/Cu
with N, = 5.

number of bilayers and, consequently, their different sym-
metry. To confirm the effect of the samples’ symmetry on
the HCQH(T) dependencies we have investigated another
S/N system. We have fabricated and measured a pair of
multilayers with a different N material, namely Nb/Cu,
with 10 (NC sample) and 9 (SC sample) bilayers. Taking
into account the absence of the large spin susceptibility
in Cu with respect to Pd [24], the thickness of Cu was
larger, dy = 200 A. The results of the H.o(T') measure-
ments for NC and SC samples are presented in Figures 3a
and 3b respectively. Again the H|(T") dependence for the
sample NC is usual for S/N multilayers, revealing a pro-
nounced 3D-2D crossover, and the Hgy|(T") dependence
for the sample SC is square root like in the whole temper-
ature range up to 7. In the inset to Figure 3a we show
the H-T plot for Nb/Cu multilayer with N, = 6 and in
the inset to Figure 3b H-T phase diagram is presented
for another Nb/Cu sample with N, = 5. Also in this case
the behavior of H | versus T' depends almost only on the

The European Physical Journal B

symmetry of multilayers. Based on the obtained results
for different systems and for different number of bilayers,
we may conclude that the observed increasing of the tem-
perature interval of the 2D nature of samples with the
symmetry plane in the centre of S layer is a general fea-
ture of S/N metallic multilayers. According to our opinion,
this behaviour is mainly due to the effect of finite dimen-
sions on the nucleation of superconductivity. In order to
get deeper insight in the problem, we elaborated a model
of superconductivity nucleation in the presence of free sur-
faces for S/N multilayers.

3 Model

Our description will assume two layered systems with
identical properties except for the total number of bilay-
ers. For qualitative analysis of the superconducting phase
in the vicinity of the parallel critical magnetic field we will
follow the standard procedure, applying the appropriate
boundary conditions [2,20] to the Ginzburg-Landau (GL)
equation for the order parameter ¥(r):

— (V — ZZ—FA(T)) U(r)=ce(z; T)¥(r), (1)

where @y is the flux quantum, A(r) is the vector potential
which we take in the form A = (Hz, 0, 0) and e(2;T) is a
step function coefficient, which we chose in the form [19]

b T
e(#T) = ° g
27THNC T
=, € I
@O Tc ? N

where Is and Iy are the intervals of z values correspond-
ing to S and N layers respectively, Hgonc) are the su-
perconducting parameters in the S(N) layer at zero criti-
cal temperature (Hsone) = 450/27r§§0(NC), €so(ve) being
the coherence length in S(N) layer respectively), Ts is the
critical temperature of the superconducting slab. In the
following the coordinate system has the XY plane par-
allel to the layer surfaces, coinciding with the symmetry
plane of the S/N structure, and the Z axis perpendicular
to the surface of the layers, as shown in Figure 1. The
external magnetic field H is directed along the Y axis.
Separating the variables in equation (1), that is writing
U(r) = e**4(2), we obtain the following equation:

0? 1
{@‘FE(Z?T)— 5(2—20)2}1#(2) =0, (2)
where (% = @ /27H and zp = k - (4.

The boundary conditions are the following:

o o

& L2 - 32 = 07 (3)

+L)2
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at the edges of the multilayer (L is the multilayer overall
thickness), and

1 Oug 1 0Yn
— Pl =P 4
vs 02 " Vi 0z | W
at the S/N interfaces (P is the interface transparent coef-

ficient) [20].

Note, that the boundary task (2-4) is formulated in
the same manner as in the simplest one mode approach
of the microscopic theory [2]. And the chosen tempera-
ture dependence of the coefficient function €(z;T") could
be considered as linear interpolation of the true temper-
ature dependence. We wish to point out that the used
simplification is not substantially from the viewpoint of
the considered problem.

Solutions to equations (2-4) have been found using
for each zy a standard procedure based on the sequential
joining of solutions in N and S layers by applying each
time equation (4). The maximum value of the external
magnetic field parameter H,,q, for which condition (3)
is satisfied is the upper critical field. Assigning a per-
forming GL functional to equation (1) we can calculate
in self-consistent manner the 2y parameter from the
variational principle, which gives

2(,.
o — [z (z:,zo)dz. 5)
f 1/12 (Za ZO)dZ

In the case of an infinite superlattice, the presence of an
infinite number of XY symmetry planes produces a de-
generacy in the zo parameter, Hy a2 (20 + A) = Hmaz(20)
(A being the period of multilayer, A = dy +dg): As shown
in reference [19], this maximum value of H,, . is obtained
when zg falls in the centre of any S layer.

In the case of a finite layered system, at least at tem-
peratures close to T, where the wave function smears over
the whole sample, it is essential to take into account the
finite dimensions of the structure. The system will present
now only a single symmetry plane, situated in the centre
of a S layer (samples SP, SC) or of a N layer samples
(NP, NC). That is why equation (5) always has the so-
lution zp = 0, which corresponds to the symmetric func-
tions ¢(z). At T' = T, this solution is unique for both
kinds of the samples. At lower temperatures, for samples
with the symmetry plane in the centre of S layer it is still
zo = 0y while for another samples (symmetry plane is in
the centre of N layer) zp is temperature dependent and
reaches the value +41/2 at low temperatures.

To fit the experimental H )| (T') dependencies we solve
equations (2—4), for samples SP and SC, with zy = 0.
For samples NP and NC the same procedure has been
applied for zp = 0 (symmetrical solution) and zp = £4/2.
We got, that the H.y(T') dependence in the temperature
region T € (T*, T.) corresponds to the state with the
symmetry function ¢ (z) , i.e. to zo = 0; when lowering the
temperature from T* the 2y values change abruptly from
20 = 0 to zg = £A/2. The results of these calculations are
presented in Figure 4a (for SP and NP samples) and in
Figure 4b (for SC and NC samples) by drawn lines. The
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Fig. 4. (a) Parallel magnetic fields for samples SP (squares)
and NP (circles) versus the reduced temperature ¢ together
with the results of the fitting procedure (lines) according to
equations (2-5). (b) Parallel magnetic fields for sample SC
(squares) and NC (circles) versus reduced temperature ¢ to-
gether with the results of the fitting procedure (lines) accord-
ing to the equations (2-5). The parts of the theoretical curves
for NP and NC samples labelled by letters A and B are related
to the zo = 0 and zo = +A4/2 values, respectively (see text).

agreement with the experimental data is satisfactory. The
theoretical curves reasonably describes the main features
of the H-T plot. The fitting parameters, P, {&nc and Egg,
are reported in Table 1.

In the zero temperature limit (or at large values of
the magnetic field) the Hy)(T) curves calculated for the
NP and NC samples tend to those obtained for the SP
and SC samples respectively. This is exactly what ex-
pected in the proposed model when the wave function is
localized within a single S layer [2]. In fact, in this case the
sample is practically equivalent to an infinite multilayer
(the sample boundaries do not appreciably influence the
behaviour of the overall system) and the infinite structure
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symmetry is re-established in the multilayer. To observe
this effect on Hy|(T') curves a crucial role is played by
the symmetry of the samples. The geometrical symmetry
plane has to be exactly in the centre of the middle S or
N layers, otherwise the symmetry effect of the GL wave
function at T' — T, will be ruined and the effect will not
be observed.

4 Conclusion

In conclusion, investigations of the influence of the fi-
nite dimensions of the S/N proximity coupled multilayers
on the superconducting phase nucleation have been per-
formed. Experiments were done on two different systems,
Nb/Pd and Nb/Cu, with different relation between dg
and dy. In the case of Nb/Pd pair of samples, with
dn = dg/2 = 100 A and with different number of bi-
layers (9 and 10) was deposited in the same deposition
run. Pair of Nb/Cu multilayers also with N, = 9 and
N, = 10 and dy = ds = 200 A was deposited in differ-
ent deposition runs, but the main physical parameters of
the samples were also very similar. Moreover, a pair of
Nb/Cu samples with N, = 5 and N, = 6 was also de-
posited simultaneously in order to check the influence of
number of bilayers on the effect of symmetry. The observed
H_)|(T') dependences were different in the two cases. For
samples with the symmetry plane situated in the middle
of N layer the Hg(T') curves are typical for S/N mul-
tilayers, presenting the well known 3D-2D crossover at-a
certain 7" < T,. For samples with the symmetry plane in
the middle of S layer the H.y| values are much higher in
the region T — T, revealing an almost 2D behaviour up
to the critical temperature. The difference has been ex-
plained in terms of the change of the symmetry of the GL
wave function describing the system. Namely, it changes
from the infinite superlattice symmetry for large values
of the applied magnetic field to the symmetry of the real
structure for small values of the field (or for T'— T¢). In
the last case the superconducting nucleus is only one for
the sample with the symmetry plane in the S layer and
it appears in the central S layer. For the sample with the
symmetry plane in the N layer the number of supercon-
ducting nuclei are two and they appear in the S layers
right above and below the central N layer. Consequently,
in the second case the H || values are smaller. The ob-
tained results addresses possible important inaccuracies
in the description of a layered system as an infinite su-
perlattice and points out the importance of considering
the actual symmetry of the system when analysing the
H-T phase diagram of finite superconducting multilayers.
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