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Abstract 
The superconducting field (H)-temperature ( T )  phase boundary has been 
measured in mesoscopic AI samples of different topology: lines, open and 
filled squares, which were made under the same conditions from the same 
material. These samples clearly show different superconducting H-T phase 
boundaries which are nicely reproducing the predictions of the theoretical 
calculations made for their particular confinement geometries. The confine- 
ment of the flux lines by the lattice of the submicrometer holes has been 
studied in the Pb/Ge multilayers. A substantial enhancement of the critical 
current j ,  has been achieved. Sharp integer and rational matching peaks in 
the j , (H) curve are observed. The possibility of the “quantum design” of the 
superconducting critical parameters (H,(T) and j c ( T ,  H ) )  of the mesoscopic 
and nanostructured superconductors by optimizing the confinement 
geometry for the superconducting condensate and for the flux lines has 
been demonstrated. 

1. Introduction 

The superconducting state can be suppressed by applying 
magnetic field H or increasing temperature T .  It is generally 
believed that the H-T line separating the superconducting 
from the normal state is mainly determined by the material 
itself. This is true for bulk samples, where the surface to 
volume ratio is quite small and the effect of the boundary 
conditions on the formation of the superconducting state 
can be neglected [l, 21. In mesoscopic superconducting 
samples, however, the surface to volume ratio is so large 
that the nucleation of the superconducting state is strongly 
dependent upon the boundary conditions imposed by the 
specific sample shape. The confinement geometry for the 
superconducting condensate plays a role similar to that of 
the confinement potential in the quantum mechanical 
problem “particle in a box”. As a result, the superconduct- 
ing H-T phase boundary can be intentionally designed by 
choosing the proper sample topology, like the eigenvalues of 
a quantum particle can be tuned by changing the confine- 
ment potential. 

In the first part of this paper we have checked this idea 
experimentally by measuring the superconducting H-T 
phase boundary in mesoscopic A1 samples of different topol- 
ogy: lines, open and filled squares. These samples, all made 
from the same material under the same conditions and 
having the same T,  values, clearly demonstrate different 
superconducting H-T phase boundaries which nicely repro- 
duce the theoretical calculations made for their proper con- 
finement geometries. This proves that the topology of the 
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mesoscopic superconducting samples strongly effects their 
critical parameters. We limit ourselves in this paper only 
with the orbital pairbreaking effects and will not consider 
the spin pairbreaking which will play a dominant role at 
T + 0. 

In the second part of this paper we focus on the flux lines 
confinement by the lattice of the artificially fabricated sub- 
micrometer holes. The optimization of the confinement 
geometry leads to the strong enhancement of the pinning 
force and the critical current j ,  . Besides the j ,  enhancement 
we have observed sharp matching effects resulting from the 
commensurability of the flux lattice with the available 
periodicity of the submicrometer holes lattice. Therefore by 
designing the proper confinement geometry for the super- 
conducting condensate and for the flux lines both the criti- 
cal fields H,(T) and the critical currents jc(T,  H )  can 
drastically be improved, i.e. “quantum design” of the super- 
conducting critical parameters is possible. 

2. Confinement effects in mesoscopic superconducting lines, 

The linearized Ginzburg-Landau equation, used to describe 
the nucleation of the superconducting state in the presence 
of a magnetic field H = rot A [ 1,2] : 

loops and dots 

1 /  ,* \ 2  

2m C 

is very similar to the Schrodinger equation for a particle 
with charge e :  

2 

2m (-ihV - A )  t+b = E$. 

The superconducting analogue t+bs of the wave function t+b is 
called the order parameter and its modulus is proportional 
to the density n, of the Cooper pairs ( I  $s I 2  = t+bs I& cc ns) 
having the charge e* = 2e (eq. 1). The parameter - a  in eq. 
(1) C L  21: 

h h2 T , - T  
(3) - a  =- - --, 

plays the same role for the order parameter t+bs (eq. (1)) as 
the eigenvalue E for the wave function t+b (eq. (2)). Here in eq. 
(3) (( T )  is the temperature dependent coherence length. The 
lowest E values gives the highest possible temperature for 
the onset of the superconducting state. Therefore, the super- 
conducting H-T phase boundary can be found by : (i) 
solving the corresponding Schrodinger equation, (ii) taking 

2mt2(T) - 2mt2(O) K .  
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the lowest E ( H )  state, ( i i i )  rotating E(H)  scheme by 90" to 
obtain finally the superconducting H( T )  phase line. 

For bulk superconducting samples, where the effect of the 
sample boundaries upon the nucleation of the supercon- 
ducting state can be neglected, this scheme defines the upper 
critical field H,,(T) (Fig. 1). In this particular case the solu- 
tion of the Schrodinger equation gives the Landau levels 
with the lowest state E ( H )  = hw/2 [Fig. l(a)]. Rotation of 
this E us. H plot by 90" gives the H,,(T) line [see Fig. l(b)]. 

In mesoscopic superconducting samples the surface to 
volume ratio is quite large and the boundary conditions 
become very important. The boundaries of the supercon- 
ducting samples determine the confinement geometry for the 
superconducting condensate. F x  the superconductor- 
vacuum interface the order parameter $s obeys the follow- 
ing boundary conditions for the normal component of the 
superfluid velocity vs = - ihV - (e*/c)A [ 1,2] : 

(4) 

i.e. the supercurrent can not flow perpendicular to the 
sample boundary. Therefore it is evident that by changing 
the actual sample topology which enters eq. (4), we can 
strongly modify the lowest energy level E(H)  and also the 
superconducting H-T line. This unique possibility, however, 
can only be realized in mesoscopic superconducting systems 
with the characteristic size L being smaller than both the 
coherence length ( ( T )  and the penetration depth Y T ) .  In 
bulk superconductors with L S (((T),  A(T)) the modification 
of the sample shape will only influence the surface supercon- 
ducting layer, which appears at the third (surface) critical 
field H,,(T) [l-31, and will not change the bulk supercon- 
ducting state below the upper critical field H c 2 (  T).  

In order to check the effect of the topology of the meso- 
scopic samples upon these superconducting critical param- 
eters we prepared filled squares with a side of 1 pm, lines 
with a width w = 0.15pm and open squares with a side of 
1 pm and width w = 0.15 p, (Fig. 2). These mesoscopic 
structures were made with a left-off technique. All the 
fabricated A1 samples have a film thickness t = 0.025 pm. 
The A1 films were obtained by thermal evaporation of high 
purity A1 (99.9995%) in a reduced helium atmosphere 
( p  = Torr), which, according to our experience, pro- 
duces smooth and homogeneous metallic films. The electri- 
cal transport measurements are performed in a temperature 
stabilized helium-4 cryostat. The square structures typically 
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Fig. 1. (a) Energy us. field for bulk samples. The solid line corresponds to 
the lowest energy value. (b) The lowest Landau level defines the upper criti- 
cal field H,,(T)  which is obtained by rotating the E ( H )  plot by 90". 
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Fig .  2. The geometry of the investigated mesoscopic structures. 

have a normal state resistance R, g 20R and for the line 
structure this parameter has the value R, s 10R. The 
sample resistances were measured using a commercial four- 
terminal AC resistance bridge (Linear Research 400). The 
experimental procedure is described in more detail in Ref. 

Major cracks occurring at the grain boundaries in the A1 
lines, or discontinuities caused by a local failure of the lift- 
off process may induce a weak Josephson coupling between 
different sample areas. We are confident that with our prep- 
aration method the accidental formation of such weak links 
in the A1 structures is very unlikely. Indeed, the resistivity 
p z 4.2 x 10-6Rcm of the A1 structures as well as the 
resistance ratio R(300K)/R(4.2 K) z 2.1 are comparable to 
the values measured for the much larger A1 contact pads 
and indicate a pronounced metallic character. Moreover, 
detailed atomic force microscopy and scanning electron 
microscopy studies of the A1 films confirm the presence of a 
smooth and continuous film surface. 

The superconducting H-T phase boundaries are recon- 
structed by measuring the temperature shift of the middle 
point of the resistive transition for different magnetic fields. 
The H-T phase boundaries measured for A1 samples with 
different topology, are shown in Figs 3 and 4. The magnetic 
field was always applied perpendicular to the structures. 
Figure 3 demonstrates the square root behaviour, H,, , (T)  a 
d m ) ,  which was expected for the superconducting 
line structure with a width w smaller than the temperature 
dependent coherence length { ( T )  = { ( O ) / d m ) ,  The 
phase boundary of such a line structure with w < ( ( T )  in a 
perpendicular field, should be similar to that of a thin film 
in a parallel field, since in both cases the area exposed to the 
magnetic field has the same characteristic geometry. It is 
well known that for a plane in a parallel field the phase 
diagram behaves as [SI, 

~41 .  

( 5 )  

where is the Ginzburg-Landau critical temperature. 
The solid line in Fig. 3, which is in good agreement with 

our experimental data, represents the theoretical fit with the 
Tinkham formula for t(0) = 0.26 pm and the effective width 
weff = 0.20pm close to the real width of the line. The value 
for {(O) found from the dirty limit expression ((0) = 
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Fig. 3. The measured superconducting phase boundary T,(H) as a function 
of the reduced temperature T/T, ,  for the line with length I = 1.25 pm and a 
width w = 0.15pm. The solid line is calculated by using the relation for the 
upper critical field H,, , (T)  for a thin film (eq. (5)) with weff = 0.26pm. The 
dashed line represents the phase boundary for bulk AI (H,(T -P 0) = 
100 Oe). The inset shows the geometry of the investigated AI line. 

0.85(t0 1)1/2 r 0.20pm and 1 z 22nm estimated from the 
normal state resistivity p E 4.2 x lop6 Rcm is also in agree- 
ment with the coherence length [(O) = 0.26 pm derived from 
the coefficient describing the square root curve. 

1 - 1  &-1.0745 
1 I 0 BA = 1.9923 

Fig. 4. The measured superconducting phase boundary T,(H) as a function 
of the reduced temperature T/T, ,  for the 1 x 1 pm2 open AI square (0) 
and for the 1 x 1 pm2 filled AI square (0). The solid lines correspond to 
calculations based on Tinkham formula for an open square and a disk by 
usifig eq. (1) with the boundary conditions given by eq. (4) [5]. The insets 
show the geometries of the open and filled AI squares. The change of the 
amplitude of the order parameter I (/I l 2  for different values of the orbital 
quantum number L are represented in three-dimensional plots. As L 
increases, multiquanta vortices are formed in the center of the sample. The 
Abrikosov parameter /IA [Z] is also given for various patterns of the order 
parameter. 
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The superconducting loop (Fig. 4) demonstrates the 
classical Little-Parks oscillatory H - T  phase boundary [ 6 ] ,  
related to the quantization of the flux threading the loop 
area. Again, the theoretical phase boundary, found by con- 
sidering the actual sample geometry, describes very well the 
experimental data (see solid line in Fig. 4). Moreover, in this 
simple homogeneous superconducting loop the two super- 
currents I ,  and I ,  flowing in the different branches of the 
loop again opposite phases T I I C $ / ~ ~  from the perpendicular 
applied field [ 7 ] .  

40 
(7) 

The interference of the currents flowing through the two 
branches of the loop produces an oscillatory dependence of 
the total current I = I ,  + I, ; 
I a s i n  (p -a )cos  II- . ( 3 
The current amplitude in eq. (8) is determined by the phase 
difference Acp = p - ci (as in the first Josephson equation 
I a sin Acp) [l, 21. The critical current I for the homoge- 
neous loop is obtained by taking sin A p  = 1 in eq. (8) [7] : 

I ,  x cos (71 i). (9) 

Equation 9 implies that the critical current of a mesoscopic 
superconducting loop without artificial Josephson weak 
links oscillates with the applied magnetic field in the same 
way as it does in a classical SQUID with extrinsic weak 
links. The existence of these oscillations has been confirmed 
experimentally in Ref. 8. 

Now we are coming to the description of the quantization 
effects in the superconducting filled square (Fig. 4). Note 
that the external size of this square and the thickness are 
exactly the same as the dimensions of the open square. Evi- 
dently the H - T  boundary for the filled square differs much 
from the H - T  boundary for the open square. First of all, the 
field suppression of the superconducting state is much 
stronger in the filled square, which can easily be explained 
by the difference in the sample areas which are penetrated 
by the magnetic field. Secondly, the period A H  of the oscil- 
lations superimposed with the nearly linear T,  us. H curve is 
noticeably larger than the field A H  = 20.2 Oe calculated just 
from the total area S of the filled square A H  = 40/S. 

It is clearly seen that the first period H ,  z 36.4Oe is 
larger than the others. The main experimental observations 
for the filled square can be summarized as follows: (i) nearly 
linear T, (H)  boundary, superimposed with the T,(H)  oscil- 
lations, (ii) the period of the T,(H) oscillations is different 
from that of an open square with the same external dimen- 
sions, (iii) the first period is larger. 

All these observations are fully supported by the theoreti- 
cal calculations using eq. (1) with proper boundary condi- 
tions (eq. (4)). The energy levels E us. field H for a disk 
(which we consider here as an analogue of the filled square) 
are shown in Fig. 5. The detailed description of E ( H )  can be 
found in Ref. [3]. These levels correspond to different 
orbital quantum numbers L in the solution for the order 
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Fig. 5. Solutions of the Ginzburg-Landau eq. (1) for the disk with the 
boundary conditions (4) for the angular momenta L as function of the 
reduced applied magnetic flux q5/q50. (a) The energy levels as function of 
4/40 for a disk. (b) The thick solid line, in the rotated scheme, corresponds 
to the superconducting T,(H) phase boundary. The oscillations are due to 
the change of the orbital quantum number L. 

parameter $ taken in the form of a product of the radial f ( r )  
and the angular (e-iL+’) dependence: $s = f(r)e-iL+’. The 
solid line [Fig. 5(a)], giving us the lowest energy, thus corre- 
sponds to the superconducting T,(H) phase boundary [Fig. 
5(b)] with oscillations arising from the change of the orbital 
momentum L [3]. The calculations reproduce remarkably 
well both nearly linear H-T suppression (see the solid line 
in Figs 4 and 5b) and the oscillations, including unusual dif- 
ference between the first period and the others (see also 
Table I). It is worth noting here that due to the confinement 
effect the energy levels for a dot differ very much from the 

Table I. Comparison between the experimental and theoreti- 
cal values of the periodicity of the reduced magnetic $I$,, 
flux for the filled square 

Period 1 2 3 4 5 

9/40 (exp.1 1.8 3.3 4.1 5.9 1.2 
4/40 (theory) 1.9 3.4 4.1 6.0 7.3 

Landau levels found for infinite samples [compare Fig. l(a) 
and 5(a)]. 

The analogue of the lower critical field H,, for meso- 
scopic structures (Fig. 4) can be found from the transition 
L = 0 + L = 1. We clearly see again the qualitative differ- 
ence between a bulk and a mesoscopic superconductor: in 
the former the H,, value is determined by the material 
properties, whereas in the latter H,, is found from the 
fluxoid quantization and is strongly dependent upon the 
sample geometry (compare “HC1” for an open and a filled 
square, Fig. 4). 

By making a direct comparison of the superconducting 
samples of different topology fabricated from the same 
superconducting material under the same conditions (lines, 
open and filled squares, with the same K ) ,  we may conclude 
that these T,(H)  phase boundaries are fully governed by 
confinement and quantization effects. This implies that the 
actual sample geometry imposes well defined boundary con- 
ditions (eq. (4)) for the solution of the analogue of the Sch- 
rodinger equation for the superconducting order parameter 
t,bs (eq. (I)). The modification of the confinement geometry 
drastically influences the quantization and therefore the 
T,(H) boundary. As a result, the slope and the shape of the 
K(H) boundary can be changed considerably just by taking 
proper sample geometry. For example the T,  us. H slope 
may be maximized by minimizing the area exposed to the 
magnetic field. All these observations convincingly demon- 
strate the practical possibilities of controlling the supercon- 
ducting critical parameters by optimizing the topology of 
the samples of the mesoscopic length scale; i.e. “quantum 
design” of the T,(H) line is possible. 

3. Confining the flux lines by the lattice of submicrometer 

The geometries and the basic equations for the two prob- 
lems: lattice of superconducting dots (Fig. 6 )  and lattice of 
holes in a thin superconducting film (Fig. 7) are very similar. 
For example the orbital quantum numbers L used to 
describe the quantization effects in the superconducting dot 
(Fig. 4) correspond to multi-quanta vortices trapped by the 
holes. Confinement of the flux lines by the lattice of artifi- 
cally fabricated submicrometer holes can result in a substan- 
tial enhancement of j ,  . Indeed, the theoretical upper limit of 

holes 

Lattice of dots 

I d  
B , l  

Fig. 6. A square lattice of dots with the period d. 
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Fig. 7 .  A quare lattice of holes with period d. 

the critical current density j ,  in superconductors is deter- 
mined by the depairing current j, = ~@,,(12n~fi1~5)- ' ,  
where @, is the flux quantum, 5 the coherence length and 1 
the penetration depth [2]. The experimental j ,  value, 
however, can be orders of magnitude lower since j ,  is not 
only related to 1, and 5 but also to the strength of the 
pinning force f,. In a superconductor without pinning 
centers, f, - 0 and j ,  is extremely low whereas in a super- 
conductor with a high density of proper pinning centers the 
j ,  value can approach its theoretical limit j,. This implies 
that by optimizing the density and the characteristics of the 
pinning centers, j ,  may be enhanced by orders of magnitude 
[9]. Different types of artificial pinning centers have been 
proposed such as a random distribution of point defects 
[lo] and columnar amorphous tracks [ll, 121, or regular 
thickness modulations [ 131. 

The main idea of the optimisation scheme is the creation 
of defects with a size comparable to the vortex core 5 and 
with a density of the order of the number of flux lines per 
unit area n, z H/@,. A possibile way to create efficient 
pinning centers and to enhance j ,  substantially is to fabri- 
cate a lattice of very small holes in the superconductor [14, 
151. Simultaneously this two-dimensional pattern of holes 
can be used to investigate resonant pinning and also pos- 
sible rational matching peaks. Matching effects appear as a 
result of a commensurability between a periodic defect 
structure and a flux line lattice. At first sight a lattice of 
holes can be simply considered as a limiting case of a super- 
conducting network, with an increased thickness of wires or 
a decreased empty space area between the wires. However, 
contrary to wire networks [16-211, lattices of holes give a 
unique possibility to study (i) the repulsive interaction 
between the flux lines in presence of the periodic lattice of 
pinning centers and (ii) the dependence of the pinning 
potential at holes upon the number of flux lines trapped in 
each hole. In spite of these new possibilities, lattices of holes 
were seldom investigated [14, 151. 

The temperature (T) and field (H) dependence of j ,  was 
only derived so far from transport measurements in single 
layers with holes, while SQUID magnetization measure- 
ments have not been used for this purpose. The study of the 
j ,  enhancement and matching effects in superconductors, 
especially in multilayers, with a well defined lattice of holes 
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Fig. 8. SEM picture of the [Pb(lSOA)/Ge(l40A)], multilayer with a 
square lattice of holes with radius 0.1 pm and the period d = 1 pm. 

is very promising since one may expect a coherent accumu- 
lation of j , (H) of the matching peaks from each individual 
superconducting layer. 

We have carried out detailed magnetization studies of the 
resonant enhancement of the pinning force and matching 
effects in Pb/Ge multilayers, in which a square lattice of 
submicrometer holes is made (Figs 8 and 9). These holes act 
as efficient pinning centers [14, 15, 221, trapping the vortices 
and enhancing the critical current density substantially. 

The Pb/Ge multilayers are prepared by electron beam 
evaporation in a MBE apparatus with a base pressure of 
2 x l O - 9  Torr [23]. Typical evaporation rates, controlled 
by a quadrupole mass spectrometer, are 5A/s for Pb and 
1A/s for Ge. In order to obtain continuous thin Pb films, 
the SiOz substrates were kept at liquid nitrogen temperature 
during the evaporation. This low substrate temperature 
leads to the formation of texture Pb (1 11) layers and amorp- 
hous Ge layers. Layer thicknesses were monitored with 
quartz crystal oscillators during the evaporation and Cali- 
brated with a Dektak surface profilometer. An independent 
cross-check of the thickness calibration was obtained from 
X-ray diffraction spectra, Simulations of these spectra show 
that the structure is well layered, with negligible interdif- 
fusion. An Atomic Force Microscopy (AFM) study was also 
performed on single Pb films, which indicates a roughness of 
less than 20A. All Pb/Ge samples have a 
CPb(l50 A)/Ge(l40A)],Ge structure, where 3 denotes the 
number of bilayers and the top film is always a 140A pro- 
tective Ge layer. The superconducting transition tem- 
perature of the multilayers is T, = 7.1 K. The square lattice 
of holes in the films is obtained by a lift-off technique using 
electron beam lithography. The distance between the holes 

Fig. 9. AFM micrograph of the [Pb(lSOA)/Ge(l40A)], multilayer with a 
square lattice of holes with radius 0.2pm and the period d = 1 pm. 



Quantum Interference and Confinement Phenomena in Mesoscopic Superconducting Systems 173 

is d x 1 pm, the radius of the holes r x 0.1 pm (see SEM 
picture in Fig. 8) and r x 0.2pm (see AFM micrograph in 
Fig. 9). For this particular configuration the matching fields 
are H, = n@,/d2 = n x 20.7G, where n is integer number. 

Magnetization measurements were performed in a com- 
mercial Quantum Design SQUID-magnetometer with a 
scan length of 3 cm, corresponding to a field homogeneity 
better than 0.05%. Fig. 10 shows the magnetization loops 
measured at different temperatures and in a magnetic field 
H, perpendicular to a Pb/Ge multilayer with and without 
the lattice of holes. A pronounced difference in M(H,) 
behaviour between the two systems can be observed: ( i )  the 
amplitude of the irreversible part of M proportional to j ,  is 
substantially enhanced by the presence of holes; ( i i )  very 
sharp peaks show up at the matching fields H,, H, and H, 
at temperatures close to ; ( i i i )  at lower temperatures the 

o w i t h o u t  holes 
-6 -'io, w i t h  , , h o l e s  , , , ,I I , , , , , , 1 
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Fig. 10. Magnetization loops of a [Pb(lSOI()/Ge(140i()], multilayer mea- 
sured at different temperatures. The matching fields of the flux lines are 
indicated by the arrows. The data in Fig. lqa)-(c) are obtained for the 
lattice of holes with r = 0.1 pm. 

T = 6.7 K 

0 20 40 60 80 1 to 

Fig. 11 .  The pinning force F, z j ,  H of a [Pb(lSOA)/Ge(140A)], multi- 
layer with a square lattice of 0.1 pm holes at T = 6.7 K. 

amplitude of the matching peaks decreases and they finally 
disappear at T < 6 K  [Fig. lqc)]. The pinning forcef, also 
demonstrates sharp resonances at matching fields (see 
Fig. 11). 

The field dependence of M at T = 6.85 K [Fig. lqa)] 
shows, besides the integer matching peaks, also rational 
peaks at lower field values. The fine structure in the first 
period of M(H,)  at H/H, = 1/2; 1/4; 1/8 (1/9?); 1/16 can be 
better resolved if we plot dM/dH, as a function of H, (see 
Fig. 12). The rational matching peaks are, within the experi- 
mental sensitivity, only observed in the first period (H < 
HI). This is in sharp contrast with the behavior of supercon- 
ducting wire networks, where rational peaks are observed 
over many periods [16]. 

An analysis of these remarkable features is closely related 
to the flux pinning by holes which is strongly dependent 
upon the number of the flux lines n, actually sitting in each 
hole [24, 251. Indeed, according to Ref. [24], the free energy 
F of the flux line interacting with a hole is essentially modi- 
fied with increasing n, (Fig. 13). It is well known that an 

O O O Q O H  

o n o 9 0  
. 0 0 0 .  118 
0 0 . 0 0  

0 0 0 0 9  
w. 0 0-0.. 

1/10; 1/13 
not obse rved  

Fig.  22. The derivative dM/dH for a [Pb(lSOA)/Ge(l40A)], multilayer 
with a square lattice of holes ( r  = 0.1 pm) at 6.85 K is shown on the left 
side. The matching fields are indicated by the arrows. The corresponding 
flux patterns, for the fractional quantization, are shown for one unit cell 
(see on the right side). The filled holes represent the holes occupied by 8ux 
lines. 
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(a) 0)  

(‘h)2 
i 

(* h) i  
( X i  1; 

Fig. 13. The free energy F(x)  of a flux line interacting with a hole is shown 
as a function of the number of flux lines nv : (a) nv = 0, (b) n, = 1 and (c) 
n, = n,, with n, a certain saturation value (after Ref. [24]). F ,  is the free 
energy due to the self energy of the vortex and of the hole with magnetic 
flux quanta [24]. The symbol h denotes the hole and i the interstiatial 
position. 

empty hole (n, = 0) always attracts a vortex since F ( x )  is 
monotonically decreasing at x + xh [Fig. 13(a)]. The free 
energy F ( x )  changes, however, when n, 2 1 [Fig. 13(b)]. In 
this case a potential barrier appears between the dips at 
holes ( x  = x,J and shallow minima at interstitial positions 
( x  = xi) .  When the number of flux lines reach a certain satu- 
ration number n, [24] given by: 

a hole can not capture the next (n, + 1)th flux line since the 
dip at x = xh disappeared and the flux lines are repelled by 
a hole [Fig. 13(c)]. In eq. (10) K is the Ginzburg-Landau 
parameter. 

The variation of free energy F(x)  determines the pinning 
forcef, - dF(x)/dx.  This force depends on the number n, of 
flux lines in the hole in the following way [24] : 

f,=- 2 y  1 -  y) 
K 

We clearly see that the maximum pinning force ( 2 4 4  
is provided by an empty hole as indicated by the steep 
slopes in F(x)  at (x ,J1,  ( x , J 2 ,  (xh)3 [see Fig. 13(a)]. Starting 
from a certain saturation number n,, the holes repel the 
(n, + 1)th vortex and fp = 0 at xh while f, < 0 around xh .  
The vortices in this case are loosely bound at the interstitial 
positions [Fig. 13(c)]. 

A very interesting situation occurs however in the inter- 
mediate case 1 < n, < n, [Fig. 13(b)]. Energetically, it is 
better to have quasibound vortices at interstitial sites, since 
F(x i )  < F(x,J. But if, due to a thermal activation, a vortex 
comes to the position x = x h  it will be trapped, since the 
pinning forcef, - aF/ax  at x = xh is larger (f ,(x,J > f p ( x i ) ) .  
In this situation we have a lower energy at x = xi, whereas 
the strongest pinning occurs at x = xh .  If the vortices are 
indeed trapped by the holes for 1 < n, < n,, the pinning 
occurs at sites not corresponding to the lowest energy but to 
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the largest possible pinning force. This may be an interesting 
example of a non-equilibrium pinning phenomenon. 

For n, > n, the occupation of the interstitial positions, 
with a much weaker pinning, becomes possible [25]. The 
existence of quasibound vortices at  interstitial positions has 
been confirmed by measuring the flux creep rate and will be 
published elsewhere [26]. 

The absence of the rational peaks in fields H > H, (see 
Fig. 12) is probably due to the formation of the quasibound 
vortices at the interstitial positions [Fig. 13(b)]. Instead of 
producing a “rational” array consisting of two and one flux 
line per hole, the flux lines repelled by the holes seem to 
occupy the interstices, thus keeping unchanged the n, = 1 
occupancy. At the second matching field H, all positions xi 
are occupied and energetically it is more favourable to have 
at H > H, two flux lines per hole, instead of putting two 
flux lines around the same interstitial position x i  [27]. This 
may only occur at temperatures sufficiently high to activate 
vortices through the barrier between x i  and xh [see Fig. 10 
and 13(b)]. 

The presence of integer matching peaks can be explained 
if we assume the formation of multi-quanta vortices at the 
holes [27]. In this model two-quanta vortices can be formed 
if r > r ,  , where rc is given by 

r ,  = ( 5 ~ 3 ~ ’ ~  (12) 
with a ,  being the vortex lattice period. For our Pb/Ge 
multilayers i(0) and t(0) can be evaluated using the dirty 
limit expressions ((0) = (to I)1i2 and A(0) = io(t,,/l)1/2, where 
to = 83 nm and I., = 37 nm are the clean limit coherence 
length and penetration depth of Pb [l]. From the measured 
upper critical field Hc2(0)  we find that ((0) E 12nm and 
therefore 12 17A, i.(O) = 260nm and K z 21. Inserting the 
“attempted” vortex lattice period at H = H 2  a ,  = 0.5 pm in 
eq. (12), we find that r ,  z 0.14pm, i.e. the radius of the holes 
r 10 .1  pm is indeed close to the calculated r ,  value. We 
note here, that eq. (12) is only a rough approximation, since 
it has been derived for bulk three dimensional superconduc- 
tors, and it should be modified for layered structures. It is 
well known (see, for example Ref. [l]) that in thin films the 
repulsion between vortices is stronger, so we may expect a 
smaller rc value for superconducting multilayers. Therefore, 
the radius of the holes in our case seems to be sufficiently 
large to provide the formation of multiple-quanta vortices 
at integer matching fields. The highest possible integer 
matching peak n, = 4 can be calculated from eq. (10) by 
inserting K z 21, r 0.1 pm, E. E 0.26pm. This is in good 
agreement with the largest number of integer peaks 
H / H ,  = 3 z n, observed. Increasing the diameter of holes 
leads to the growth of the saturation number n, and as a 
result more matching peaks are observed, which is in agree- 
ment with eq. (10) (compare curves for r = 0.1 pm and 
r x 0.2 pm in Fig. 14). 

The decrease of the integer matching peaks at lower tem- 
peratures [Fig. 10(b), (c)[ can be explained as a result of 
freezing out of the thermal activation which is necessary to 
overcome the energy barrier between different configu- 
rations of vortices [see Fig. 13(b)]. It is important to note 
here that this critical value n, is determined by the ratio 
r/I.(T) [25] and therefore grows as temperature goes down. 

The experimentally found rational peaks in the first 
period (Fig. 12) at H / H ,  = 1/16; 1/8 (1/9?); 1/5; 1/4; 1/2 are 
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Fig. 14. Comparison of the [Pb(150A)/Ge(140A)], multilayers with a 
lattice of holes with different radii r = 0.1 pm and r = 0.2 pm. 

very different from those observed for Josephson networks 
(1/4; 1/3; 2/5; 1/2; 3/5; 2/3; 3/4) [16-211. For H < H,, the 
problem of the interaction between n flux lines, which are 
repelling each other, in the presence of N pinning centers 
( N  > n) is analogous to the interaction between the n nega- 
tively charged particles in the presence of N available accep- 
tor sites ( N  > n) in compensated weakly doped 
semiconductors (see for example the description of the 
Coulomb gap in the impurity band in doped semicon- 
ductors [28]). The optimization of the flux line positions for 
H < H, leads to the formation of larger square flux lattices 
with the period dk,, with sites exactly falling onto the sites of 
the square lattice of holes with the period d. This constraint 
immediately gives dkll = d m *  = d , / m * .  Here 1 
and k are integer numbers. Therefore, we should expect the 
fractional peaks at 

The peaks, calculated for different k and 1 (in the order of 
increasing l 2  + k 2 )  

H,/, = i; HOi2 = $; Hli2 = 7 ;  1 

1 H2/, = m 0 / 3  = 4% Hop = iz 
are in good agreement with our experimental data. It is 
worth emphasizing here the essential difference between 
these peaks and the peaks at H/H, = $, i, 3, 9, $, 2 found 
for a square network [16]. Five out of these seven peaks are 
definitely not seen in the flux patterns in the presence of the 
submicrometer holes (see Fig. 12, where on the right side the 
corresponding flux configurations are shown). The naive 
expectation of the identity between rational matching peaks 
in a network and a lattice of small holes turns out to be 
incorrect. 

A crucial role for the observation of the rational matching 
peaks is played by a stronger interaction U,, between the 
flux lines in the multilayers where most probably the inter- 
action potential decays only as l/r, like in 2D systems, 
whereas in 3D superconductors the interaction is much 
weaker U,” cc exp ( - r / A )  [l]. 

Concluding this section, we would like to point out that 
we clearly showed that unusual flux line matching effects 
can be observed in Pb/Ge multilayers due to the flux lines 
confinement by a square lattice of submicrometer holes. 

Sharp peaks in the M(H,) andj,(H,) curves at integer and 
rational matching fields are found. The flux line patterns, 
corresponding to these peaks, have been identified. The exis- 
tence of multi-quanta vortices trapped into the holes is con- 
firmed and the possibility of a strong enhancement ofj, by a 
lattice of well defined is demonstrated, i.e. “quantum design” 
ofj, is possible. 

Conclusion 

By optimizing the confinement potential for the supercon- 
ducting condensate and for the flux lines, a substantial 
enhancement of the superconducting critical parameters (H, 
and j,) can be achieved in mesoscopic superconducting 
systems and nanostructural superconductors. This enhance- 
ment is closely related to the confinement and quantization 
effects and it clearly demonstrates that the “quantum 
design” of the superconducting critical parameters is 
possible. 
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