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In this paper we present the results of our experimental studies of critical magnetic fields for two 
types of layered superconductors-types SII and SIN-as well as SIIIS sandwiches. A 
characteristic feature of the behavior of both layered and sandwich systems is dimensional 
crossover, whose presence determines both the temperature dependence of the parallel critical field 
HCII  and the magnetic field dependence of the derivative of the critical field with respect to 
angle near the parallel orientation P=dH,~ldOl,,o.. We discuss various types of crossover 
(3 0 - 2 0 ,  2 0 '  - 2 0 ,  20 -3D) ,  and consider the mechanisms that determine the change 
in dimensionality in layered superconductors. We establish that all types of crossover can be 
observed in both superlattices and sandwiches, which may be regarded as the elementary 
blocks from which the superlattices are constructed, when the layer parameters are appropriately 
chosen. For both superlattices and sandwiches, we find that in all cases the functions 
HCII(T)  are essentially indistinguishable, and that only by measuring P ( H )  can we establish the 
detailed nature of the nonuniformity of a sample in the direction normal to the layers and 
the degree of ideality of its macrostructure. O 1996 American Institute of Physics. [S1063- 
776 1 (96)O 150 1-91 

1. INTRODUCTION 

One of the most interesting phenomena observed in vari- 
ous superconducting layered periodic structures (e.g., natural 
layered compounds of the intercalated transition metal 
dichalcogenide type, high-temperature metal-oxide com- 
pounds, and artificial superlattices) is dimensional crossover, 
which affects both the temperature dependence of the paral- 
lel critical field HCII(T) and the fluctuation conductivity. In 
the majority of cases, crossover is brought about by changing 
the ratio between the coherence length [(T), which deter- 
mines the size of the superconducting seed, and the period of 
the layered structure 0. Near the superconducting transition 
temperature T, (both above and below it) the coherence 
length ((T) - ( I  - can be much larger than this 
period, and then the multilayered system behaves like a 
three-dimensional (30)  anisotropic superconductor. At tem- 
peratures far from T, this ratio can decrease until two- 
dimensional (20 )  behavior is observed. 

In this paper, we will restrict our discussion to the be- 
havior of the critical magnetic fields of layered supercon- 
ductors in the presence of dimensional crossover. The type of 
crossover most often observed in layered systems is the 3D- 
2 0  type, evidence for which is the replacement of a linear 
temperature dependence of the critical field H,II near T,II, 
i.e., H,ll-(l -TIT,) (the range of 3 0  behavior), by square- 
root behavior, i.e., HCII- ( I - TIT,) 'I2 at low temperatures 
(the range of 2 0  behavior). This type of crossover is 
observed' in the intercalated compound TaS2 (Py 1/2) and in a 
number of superconducting superlattices: in the SIN 
(superconductor-normal metal) type ~ u ~ e r l a t t i c e s ~ ~ ~  NbICu, 
V/Ag, the S/Sr  (superconductor-superconductor) type425 su- 
perlattices NbINbTi, NbITa, and in the SII (superconductor- 

semiconductor) type superlattices NbIGe (Ref. 6), PbIGe 
(Ref. 7), VlSi (Ref. 8). A theoretical description of the cross- 
over phenomenon for SIN systems in which the coupling 
between layers comes about through the proximity effect was 
proposed in Refs. 9 and 10, and a theory for multilayer pe- 
riodic systems of SII type, where Josephson coupling exists 
between the layers, was discussed in Refs. 8, 10, and 11. 

Crossover is also observed in simpler layered structures 
of the sandwich type (i.e., two superconducting films sepa- 
rated by a layer of  emi icon duct or).^^^^^'^ In this paper we 
want to focus attention on the fact that in certain cases when 
crossover is observed the functions Hcll(T) for sandwiches 
are outwardly indistinguishable from those for superconduct- 
ing superlattices. Therefore, observation of a change in the 
character of the temperature dependence of the critical field 
in layered superconductors does not in itself indicate the 
presence of a superstructure or a high-quality superlattice. 

More trustworthy evidence of the presence of regular 
periodic nonuniformity in the direction perpendicular to the 
layers and of the destruction of a superstructure can be ob- 
tained from measurements of the angular dependence of 
Hc2. This follows from the experimental data obtained for 
the ~u~er la t t ices ' " '~  VISi and NbISi from measuring the 
functions Hc2(0) and the magnetic field dependence of the 
derivative of the critical field on angle near the parallel ori- 
entation, i.e., p = dH,, Id  01 ,=,. , and also from the theoreti- 
cal results of Ref. 16. 

The task of this paper will be to investigate the parallel 
critical fields and the functions P (H)  for various types of 
layered superconductor systems, and to compare the proper- 
ties of regular multilayer systems with those of sandwiches. 
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FIG. 1 .  Temperature fependencepf the parallel critical field Hell for a MoISi 
superlattice (D = 55 A, dsi= 25 A, T,= 3.98 K). 

2. METHODS FOR OBTAINING SAMPLES AND 
EXPERIMENTAL METHODOLOGY 

Our layered composites were obtained by successively 
depositing material from two electron-beam evaporators in a 
vacuum chamber under a residual gas pressure of 1.3. 
to 2.7. lop7 Ton: The layer thicknesses were monitored by a 
quartz resonator, and the value of the superlattice period was 
refined based on small-angle x-ray diffraction. The materials 
were sputtered through special thermally stable masks with 
preset geometries, allowing us to use the four-probe method 
to investigate the electrical characteristics of the sputtered 
samples. The superconducting materials we used were films 
of the transition-metals Nb, Ta, V, and Mo; in the majority of 
our SII type samples, we used a layer of silicon with thick- 
ness -30 A as the insulating layer. Whenever the thickness 
of the Si interlayer used differs from this value, we have 
noted the fact in footnotes to the figures. Our measurements 
of the electrical characteristics were made in a cryostat with 
a superconducting solenoid in the temperature range from 
4.2 down to 1.6 K. While the measurements were being 
made, the samples were positioned at the center of the sole- 
noid; a special rod with a rotating apparatus allowed us to 
vary the orientation of the sample with respect to the applied 
magnetic field. The error in determining the angle 0 between 
the directions of the magnetic field and the plane of the lay- 
ers did not exceed O . l O ,  since we used Hall pickups.15 The 
temperature at the chosen point was stabilized to 0.003 K, 
and the magnetic field to 0.5% of its nominal value. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 1 shows a typical temperature dependence of the 
parallel critical field HCII  of a superlattice that demonstrates 
3 0  - 2 0  dimensional crossover. These data were obtained 
for a MoISi superlattice, i.e., a superlattice of SII type. 
Analogous behavior of Hcll(T) is observed for superlattices 
of types SIS' and SIN as For this superlattice, as for 
other superlattices of SII type, all the parameters can be ob- 
tained by using the expressions of Refs. 8, 10, 

by measuring the temperature dependence of the parallel and 
perpendicular critical fields. Equation (1) describes the be- 
havior of HcI,  in the 3 0  range, Eq. (2) in the 2 0  range. Here 
D = d + s is the superlattice period, d is the thickness of the 
metallic layers, s that of the semiconductor interlayer, 
t (T)  is the coherence length, t = t ( T = O ) ,  
( ~ l m ) ' / ~ =  (dHcll  ldT)l(dH,, ldT)  is the anisotropy param- 
eter, H,, is the crossover field, 1 is an extrapolation length 
determined by the boundary conditions at the junction be- 
tween the metal and semiconductor layers that characterizes 
the strength of the coupling between layers, and T, is an 
extrapolation temperature obtained by extrapolating Eq. (2) 
to H =  0. The temperature T, is always smaller than the su- 
perconducting transition temperature T, of the superlattice as 
a whole, due to a distinctive proximity effectg (a layer con- 
taining a superconducting seed is in contact through thin 
insulating interlayers with metallic layers in which the super- 
conductivity is suppressed by a magnetic field). 

For the MoISi superlattice, the data for which are pre- 
sented in Fig. 1, the fundamental parameters determined with 
the help of Eqs. (1)-(4) have the following values: 
Tc=3.95 K; ( (0)=63 A; ( ~ l r n ) ~ / ~ =  12; Hc,=9 kOe; 
1= 1.4- cm. 

In superlattices, types of crossover are possible other 
than crossover from three-dimensional behavior near T,, 
when the superconducting seed overlaps many layers of the 
superlattice, or from two-dimensional behavior at low tem- 
peratures, when the seed is localized at a single supercon- 
ducting layer.8.14*179'8 In particular, if the superlattice contains 
only a finite number of layers N, two-dimensional behavior 
is observed in the immediate vicinity of T,, which is re- 
placed by three-dimensional behavior as the temperature de- 
creases (Fig. 2). 

In Fig. 2 we show data for a V/Ta superlattice with pe- 
riod number N =  5. This figure illustrates a sequence of char- 
acteristic temperature dependences of H,II that is peculiar to 
this type of crossover: H,11-(1 - TIT,)l12 near T,, and 
HCII- ( 1 -TIT,.) at lower temperatures. It is possible to 
choose the parameters of the superstructure and the number 
of layers in such a way that crossovers of 2 0 ' - 3 0  and 
3 0 - 2 0  type can be observed in the function H,ll(T) at the 
same time.I7 Like the 3 0 - 2 0  crossover, the 2 0 ' - 3 0  
crossover is produced by a change in the ratio between the 
size of the superconducting seed and the thickness; now, 
however, it is not the thickness of an individual supercon- 
ducting layer, but rather the total sample thickness L that 
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FIG. 2. Temperature dependence o! the parallel critical field H,lI for a V/Ta 
superlattice (D=30  A, clsi=30 A). In the inset we show the function 
H: ,~(T)  for temperatures close to T ,  . 

enters into the ratio. For L P &T), the superlattice behaves 
like a two-dimensional layer with thickness L-ND,  while 
for lower temperatures a transition takes place to a one- 
dimensional mixed state, which is replaced by the ordinary 
mixed state at still lower temperatures. For uniform thin 
films, the parallel critical fieldIg near T,, 

is proportional to ( 1 - TIT,) lI2. From experiments (Fig. 2 
and the data of Ref. 17 on PbTeIPbS superconducting super- 
lattices) it follows that the presence of a periodic nonunifor- 
mity in the superlattice does not affect the form of the func- 
tion Hcll(T) at temperatures close to T, . The value of L for 
a superlattice with a small number of layers calculated using 
Eq. (5) is in rather good agreement with its real value. Thus, 
from the data shown in Fig. 2 we obtain L= 334 A for a 
nominal thickness value of 300 A. The position of the 
2 0  -3 D crossover temperature To at which the sample en- 
ters the one-dimensional mixed state, and which for the case 
of uniform films is determined by the relation2' 

is in somewhat worse agreement with what is expected from 
the theory of uniform films. For the same VITa sample, the 
experimental value of the crossover temperature To= 3.2 K, 
whereas the value of To calculated from Eq. (6) is 2.96 K. 

For superlattices of S /S r  type [e.g., Nb/NbTi (Ref. 4) ,  
NbITa (Ref. S), and NbINbZr (Refs. 21 and 22)] a 2 0 - 2 0 "  
type of crossover is also observed, connected with the 
change in the character of the two-dimensional behavior. 
This type of crossover, which is produced by the transfer of 
the superconducting seed from the S-layer to the Sr-layer, 
was first predicted theoretically by Takahashi and ~achiki"  

FIG. 3. Temperature dependence of the parallel critical field H,II and the 
quantity H $ ( T )  for an asymmetric VISUV sandwich consisting of thick 

( (1 ,  = 2000 A) and thin ( (1 ,  = 500 A) metallic layers of vanadium. 

for the case of two superconductors with close values of T, 
and significantly different electron mean free paths, and then 
was observed e ~ ~ e r i m e n t a l l ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~  The temperature of this 
crossover is always below T, for the 3 0 -  2 0  dimensional 
t r a n ~ i t i o n . ~ ' ~ " ~ ~  

Now let us turn to our results for various types of sand- 
wich structures with semiconducting interlayers (SIIIS), and 
compare them with data for the superlattices. We investi- 
gated both symmetric and asymmetric sandwiches. By 
"symmetric" sandwiches we mean layered systems consist- 
ing of two completely identical superconducting films sepa- 
rated by a tunneling interlayer. We call a sample asymmetric 
when its two metallic layers have different values of some 
characteristic parameter or set of characteristic parameters 
(e.g., critical temperature, thickness, mean free path, and ac- 
cordingly coherence length at temperature T =  0 ) .  

First let us consider the data for asymmetric sandwiches. 
In Fig. 3 we show the temperature dependence of the parallel 
critical field of a sandwich consisting of a thick and a thin 
metallic layer ( d l  = 2000 A, d 2 =  500 A). In the same figure, 
we show the temperature dependence of the function H$ for 
this sample. In layer 1, the superconducting transition tem- 
perature TCI is higher than in layer 2. Near the superconduct- 
ing transition temperature of the sandwich, which is essen- 
tially identical to T,, , our experiments show that the parallel 
critical field is determined by the critical field for surface 
superconductivity H,) of the thick ( d P t ( T ) )  layer 1. At a 
certain temperature T* a transition takes place to square-root 
behavior Hcll(T) ,- (T,- T) ' I2, which is characteristic of the 
parallel critical field of the thin layer 2 which for T*<Tc2 
turns out to be larger than the critical field of layer 1. As 
follows from Fig. 3,  the resulting dependence Hcll(T) turns 
out to be qualitatively the same as that observed in superlat- 
tices (see Fig. 1) for a 3 0 - 2 0  crossover, although this lay- 
ered sample contains only two superconducting layers. 

The temperature dependence of HCII  for an asymmetric 
sandwich with two thin metallic layers is shown in Fig. 4. 
For this sample we observed an abrupt transition from one 
square-root dependence for Hcll(T) near T, to another 
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FIG. 4. Temperature dependence of the parallel critical field H,II and the 
quantity Y:~~(T) for an asymmetric thin-layer VISilV sandwich (d, = 200 A, 
d, = 300 A). 

square-root dependence at low temperatures. This function 
demonstrates a 2 0 ' - 2 0  type of crossover which corre- 
sponds to a transition between two different two-dimensional 
states. 

The data for a symmetric sandwich made of thin vana- 
dium layers is shown in Fig. 5. As follows from the figure, 
2 0 ' - 2 0  crossover is also observed in such sandwiches. An 
analogous form of crossover is observed in symmetric thin- 
layer PbIGe sandwiches as well, for germanium thicknesses 
of 20 and 25 A.7 It is clear from Figs. 4 and 5 that the 
functions HcII(T) for thin-layer symmetric and asymmetric 
sandwiches are qualitatively similar; however, there are also 
certain important differences. For the symmetric sandwich, 
the transition from one square-root dependence to another is 

FIG. 5. Temperature dependence of the parallel ~ritical field HCII for a sym- 
metric thin-layer VISi sandwich (d ,  = d l=  300 A). In the inset, we give the 
dependence of the normalized derivative of the critical field with respect to 
angle (hr 0=O0 on the reduced field HIH,, for the same sample. The solid 
curve is the theoretical dependence calculated using Eqs. (10) and (13). 

smooth, whereas for the asymmetric sandwich this transition 
is discontinuous in For symmetric sandwiches 
the slope of the function Hcll(T) at crossover always changes 
by a factor of 4, independent of the thickness of the metallic 
layers (if d 4  ((T)), whereas for asymmetric thin-layer sand- 
wiches the ratio of the slopes of d ~ : ~ ~ l d ~  at temperatures 
higher than and lower than the crossover point depends on 
the ratio between the thicknesses d l  and d 2 ,  and also on the 
values of and e2 in each of the layers.12213 

Thus, the experimental data presented here imply that 
exactly the same dependence Hcll(T) is observed for a sand- 
wich as for 3 0 - 2 0  and 2 0 - 2 0 "  dimensional crossovers in 
superlattices. For superlattices, it is customary to assume that 
a change in the character of the temperature dependence of 
HcII(T) corresponding to 3 0 - 2 0  crossover is the most typi- 
cal manifestation of discreteness and regularity of the super- 
lattice structure. However, a comparison of the superlattice 
results with data obtained for a sandwich indicates that the 
simple fact that the temperature dependence of the parallel 
critical field changes abruptly as the temperature falls is in- 
sufficient to identify superlattice effects. In cases where pro- 
cessing in preparing the superlattice is imperfect, various dis- 
ruptions of the ideal periodicity of the superlattice are 
possible, in particular "fusing" of the metallic layers due to 
shorting across the semiconductor interlayers. It is clear from 
the results presented above (Fig. 3) that only one weak link 
in the sample is enough to let us observe effects similar to 
3 0 - 2 0  dimensional crossover in superlattices. Thus, in or- 
der to verify the presence of the periodic discrete structure of 
the superlattice we require more refined experiments than 
simply measuring the function HcII(T). These experiments 
will be the subject of the discussion that follows. 

On the other hand, it is not difficult to show that "stan- 
dard" superlattice effects can be obtained even for two iden- 
tical superconducting layers with different thicknesses sepa- 
rated by a thin insulating interlayer. It is clear that near the 
transition temperature, where the energy of a superconduct- 
ing seed e 2 ~ 2 d 2 / m c 2  (calculated for a pair of superconduct- 
ing electrons) is smaller than the corresponding weak- 
coupling energy between layers h2/m ld,  the 
superconducting order parameter in these samples is differ- 
ent from zero in both films, and is essentially constant over 
the sandwich thickness. In this case, the parallel critical field 
of the sandwich equals the critical field of a film with twice 
the thickness (for s 4 d ) .  As the temperature falls, the "mag- 
netic" energy increases, and then it becomes advantageous to 
localize the seed in one of the layers. In this case, naturally, 
the slope d ~ $ l d ~  should increase by a factor of 4.12 Just 
this change in the slope is observed for all the symmetric 
sandwiches we investigated. Localization of the order pa- 
rameter in one of the layers takes place in fieldsi2 

The field H* can also be thought of as the crossover field." 
It is easy to verify that the expression for the crossover field 
of the sandwich differs only insignificantly from Eq. (4) for 
H,, in superlattices, in particular for s 4 d :  
H,,= + o l ~ ( ~ 2 1 d ) " 2 +  +o l.rr(d31) 'I2 as s-+O. 
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Just as for multilayer superlattices, we can define a char- 
acteristic "extrapolated" temperature T, for a symmetric 
sandwich:8v12 

This expression is close to Eq. ( 3 )  for multilayer samples. 
Thus, the mechanism that leads to crossover is qualita- 

tively the same for superlattices and symmetric sandwiches. 
It is connected with changing the ratio between the size of 
the superconducting seed and the thickness of a single me- 
tallic layer of the layered structure. The values of the char- 
acteristic temperature T, that the low-temperature square- 
root dependence of H c l l ( T )  extrapolates to, and the crossover 
field, differ only minimally for the two systems under 
discussion-i.e., by only a factor of two. This difference is 
explained very simply: in superlattices, a superconducting 
seed in the range of 2 0  behavior "adjoins" two metallic 
layers that are in the normal state through the thin interlayer, 
whereas in a sandwich it adjoins only one. Thus, the two 
systems agree with regard to the crossover mechanism and 
differ slightly in their mathematical expressions. 

It should also be noted that for a superlattices and a 
symmetric sandwich12 a smooth and gradual transition from 
one dependence of H,ll(T) to another is typical of the neigh- 
borhood of the crossover field. 

The symmetric sandwich with thin metallic layers can be 
viewed as the limiting case of a superlattice with finite thick- 
ness. However, we observe that it exhibits a 2 0 ' - 2 0  instead 
of a 2  D  ' - 3  D  crossover; the former corresponds to a transi- 
tion between two different two-dimensional states, and there 
is no region of 3 0  behavior. 

On the other hand, it is obvious that the crossover tem- 
perature for 2 0 ' - 3 0  in superlattices with a finite number of 
layers N  is closer to T , ,  the larger the total thickness 
L = N D .  When this temperature lies in the range where the 
transition is resistive and washed out at H=O, such cross- 
overs are not seen and three-dimensional behavior is ob- 
served near T ,  . For this reason, crossover is not observed for 
a symmetric sandwich made from two relatively thick layers. 

A significantly different situation occurs for asymmetric 
sandwiches (see Figs. 3 and 4). For these sandwiches, the 
primary reason for crossover is the fact that the supercon- 
ducting seed discontinuously jumps from one layer to 
another,12 choosing the position corresponding to an absolute 
extremum of T , (H) .  Therefore, this type of crossover is 
characterized by a kink when we pass from one dependence 
to the other. An analogous crossover mechanism is charac- 
teristic for superlattices of S/S' type, where the same "hop- 
ping" of the superconducting seed from the S-  to the St-layer 
leads to an abrupt change in the temperature dependence of 
H C I I ( T )  (the so-called Takahashi-Tachiki effectL8). For this 
system, a sharp kink is actually observed at the crossover 
p0int,4,21,22 along with a discontinuous change in the width of 

the resistive t r a n ~ i t i o n . ~ ~  It is noteworthy that in several cases 
where the 3 0 - 2 0  crossover temperature is close to T, for 
the superlattices under consideration and the singularity of 
the temperature dependence of HCII  associated with the 
Takahashi-Tachiki effect is most clearly evident, the depen- 
dences H c l l ( T )  are essentially identical for superlattices and 

for asymmetric sandwiches (compare, e.g., the data for Nbl 
NbZr superlattices in Fig. I of Ref. 21 with Fig. 4 of the 
present work). 

Thus, dimensional crossover is a property not only of 
periodic monolayer systems but also of the "elementary 
bricks" from which the superlattice is built. Thus, in type SII 
superlattices the elementary bricks are two identical superlat- 
tice films separated by the insulating layer. The properties of 
type S/S1 superlattices can be modeled as assemblies of thin- 
layer asymmetric sand~iches .~ )  

From a comparison of the data of Fig. 1 for superlattices 
and Fig. 3  for sandwiches, it follows that the experimental 
observation of 3  D  - 2 0  crossover cannot serve as evidence 
that the superlattice structure is ideal. In Ref. 8, it was shown 
that the phenomenon of dimensional crossover is stable 
against weak disruption of the periodicity. Comparison of the 
results for superlattices and for sandwiches indicates that 
large-scale disruption of the superstructure does not lead to 
elimination of crossover either. Thus, the observation of 
crossover based on the function H c l l ( T )  can only indicate the 
presence of a layered structure, but not specific characteris- 
tics of the nonuniformity in the direction transverse to the 
layers. 

However, there is a measurement method that allows us 
to unambiguously distinguish superlattices from sandwiches, 
and also ideal superlattices from defective ones. As we noted 
in the Introduction, it has been shown  theoretical^^'^ and 
experimentally15 that the function Hc2(0) for a superlattice, 
and especially the singularity in the value of the derivative of 
the critical field with respect to angle /3= dHc2 Id01 ,=oo near 
parallel orientation of the magnetic field relative to the lay- 
ers, are very sensitive to irregularities in the superlattice. The 
derivative of the critical field with respect to angle is far 
more sensitive to restructuring of the spatial distribution of 
the order parameter than is the critical field itself. This 
clearly follows by analogy with the results of s a i n t - ~ a m e s ~ ~  
and ~ h o m ~ s o n ~ ~  for single films, for which passage into the 
one-dimensional mixed state is accompanied only by a kink 
in the function H c l l ( T ) ,  whereas the quantity P exhibits a 
distinct extremum. 

Let us first compare the results for superlattices and 
sandwiches in the strong-field regime H > H,, . According to 
Ref. 16, the function P ( H )  takes the following form for type 
SII superlattices in large magnetic fields 

This dependence, along with the experimental data for V/Si 
superlattices, is shown in Fig. 6. The agreement between 
experiment and Eq. (9) in the region under discussion is 
entirely satisfactory. In this range of magnetic fields, the in- 
fluence of defects in the superstructure on the quantity psL is 
not appreciable, since the superconducting seed is localized 
in a single layer. The sole difference between ideal and de- 
fective superlattices is the fact that in the former, any posi- 
tion of the superconducting seed (in the absence of surface 
superconductivity) corresponds to the same free energy, 
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FIG. 6. Dependence of the normalized derivative of the critical field with 
respect to pngle for 8= 0" on the reduced field HIH,, for a V/Si superlattice 
(D = 330 A. The solid curves give the theoretical dependence corresponding 
to Eqs. (9), ( 1  I), the dashed curve interpolates between these expressions in 
the neighborhood H-H,,. In the inset we give the initi!l portionoof the 
dependence of /3 on HIH,, for a NbISi superlattice (d= 30 A, s= 50 A). The 
solid curve is computed using Eq. (1 1). 

whereas in the latter, it is advantageous for the seed to be 
localized in that layer for which the value of HcII  is greatest, 
i.e., in the layer with the least value of d [  (see Eq. (2) for the 
region of 2 0  behavior). In this case, for superlattices that are 
close to ideal, the values of the quantity d obtained by mea- 
suring the angular dependence based on Eq. (9) and by mea- 
suring Hcl l (T)  (Eq. (2)) are in very good agreement, whereas 
in defective superlattices they can disagree. A noticeable de- 
parture from the theory of Ref. 16 in the range of fields 
H >  Hc,  appears only for superlattices with very thin metallic 
layers. In Fig. 7 we present the results for a MolSi superlat- 
tice (d = 30 A, s = 25 A). It follows from this figure that in 
strong fields the function P s L ( H )  tends toward saturation, 
but the value of PsL at the plateau is very much smaller than 
its theoretical value. This discrepancy is not associated with 
the influence of defects in the superstructure, but rather with 

the small value of d. Investigations of single ultrathin 
layers26 have shown that for such small thicknesses of the 
superconducting layers the paramagnetic limit and spin- 
orbit interaction become important as well as the orbital ef- 
fect, leading to an important change in the parallel critical 
field. These factors should also affect P .  

For symmetric SIIIS sandwiches in the strong-field re- 
gime we obtain the dependencet6 

This dependence (and the theoretical dependence for the re- 
gime H  < H,, , which we address below) is shown in the inset 
to Fig. 5 by the solid curve. As in the case of superlattices, 
agreement between experiment and theory in this regime of 
fields is very good. From a comparison of Eqs. (9) and (10) 
it follows that the values of P at the plateau coincide for 
superlattices and for sandwiches for the same thicknesses of 
the metallic layers. However, this result is obvious and re- 
quires no detailed theoretical discussion, since in both cases 
we are in a purely two-dimensional situation, where the 
value of /3 for HS-H, ,  is determined by the localization of 
the superconducting seed to a single layer. The function 
P ( H )  reaches the plateau region smoothly both for superlat- 
tices and sandwiches. Thus, there are no significant qualita- 
tive differences for the two layered systems under discussion 
when H > H , , .  

An entirely different situation obtains in the weak mag- 
netic field regime H < H , , .  Here the functions P ( H )  are 
completely different for superlattices and sandwiches. Fur- 
thermore, each of them is very sensitive to structural defects. 

For an ideal superlattice, the value of P,, in weak fields 
is exponentially small"? 

(see Fig. 6). It should be noted that in the weak-field regime 
the agreement between experiment and theory is often found 
to be much worse that when H >  H c , .  There is nothing sur- 
prising in this, since the influence of defects in the super- 
structure is most important in this range of fields. Thus, for 
example, in the presence of even a single "defective" metal- 
lic layer, the function P S L ( H )  in weak fields takes the form16 

FIG. 7. Dependenceo of the normalized quantity P on HIH,, for a MolSi 
superlattice (d= 30 A, s = 25 A). 

and we have, in place of exponential behavior, close to a 
linear increase in P S L ( H ) .  In deriving Eq. (12), the defect 
under discussion was taken to be a superconducting layer 
with a thickness different by an amount Ad from the thick- 
ness d of all the other layers in the superlattice (Ad lde  I ). 
The presence of other types of defects in the superstructure 
(e.g., a deviation in the thickness of one of the semiconduc- 
tor interlayers from normal) should also lead to an increase 
in psL compared to its values for an ideal superlattice deter- 
mined by Eq. (1 1). It is obvious that the deviation of the 
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experimental function P s L ( H )  from (1 1 )  for the V/Si sample 
should be connected with just this imperfection of the super- 
lattice. For a more regular structure (e.g., the Nb/Si superlat- 
tice shown in the inset to Fig. 6) good agreement with Eq. 
(1 1) is observed. 

For a symmetric thin-film sandwich P s ( H )  in weak 
fields is determined by the expressiont6 

One difference in the behavior of P ( H )  for superlattices and 
sandwiches is that the value of P s ( 0 )  in the limit H-0 is 
finite for a sandwich, whereas for an infinite superlattice 
(both ideal and defective) as H  decreases we have PsL+O. A 
second significant difference between these layered systems 
is the fact that for superlattices psL increases monotonically 
with increasing H  (Fig. 6), whereas for a symmetric sand- 
wich this dependence is nonmonotonic, and at the crossover 
field ps vanishes. 

The experimental data for P s ( H )  in fields H<H,, for a 
symmetric sandwich (the inset to Fig. 5 )  agree only qualita- 
tively with Eq. (13). As in the case of superlattices, the rea- 
son for this disagreement with theory is connected with the 
nonideality of the structures (in this case with the deviation 
from ideal symmetry). The influence of weak asymmetry on 
the behavior of P s ( H )  is discussed in more detail in Ref. 13. 

It follows from the experimental functions P ( H )  shown 
here for superlattices and sandwiches (Figs. 5 and 6) that, 
independent of the quality of the samples, a radical differ- 
ence is observed in the behavior of the functions P ( H )  for 
these two layered systems in weak fields, in contrast to the 
behavior of the function H c I I ( T ) .  Therefore, measurements 
of P ( H )  allow us to reliably determine the nature of the 
nonuniformities in layered systems.3' 

For asymmetric sandwiches, when H>H,, the quantity 
ps, = 3 cbo 1 r d :  is determined by a thickness d2 thinner than 
the cladding layers. In the strong-field regime, the behavior 
of this system naturally does not differ from that of symmet- 
ric sandwiches and superlattices. When H  < H,, , in contrast 
to the symmetric sandwiches, the quantity ps is also constant 
and equals 3 So / r d :  . l3 At the crossover field a sharp dis- 
continuity in ps occurs. 

In discussing 2 0  ' - 2 0  crossover for asymmetric thin- 
film sandwiches, we noted the similarity between this cross- 
over and 2 0  - 2 0 "  crossover for SIS' type superlattices. For 
these two types of layered samples we observe certain simi- 
larities in the behavior of P ( H )  as well. According to the 
experimental data of Ref. 22, obtained from Nb/Nbo 5Zro, 
superlattices at the temperature for the Takahashi-Tachiki 
crossover, there is a discontinuity in psL that is in qualitative 
correspondence with the results of theoretical calculations 
for superlattices of this type.27 A jump in ps at the crossover 
point is observed in asymmetric sandwiches as well. From a 
comparison of these results it follows that in different sys- 
tems with the same crossover mechanism (jumping of the 
superconducting seed from one layer to another) the singu- 
larity in P ( H )  at the field H,, has the same character. 

4. CONCLUSION 

In this paper we have presented our measurements of the 
temperature and angular dependence of critical magnetic 
fields for various layered superconducting systems. Among 
the samples we studied were superlattices of type S/I (MoISi, 
V/Si, Nb/Si), of type S/S1 (V/Ta) and sandwiches of type 
S/I/S (V/Si/V). 

We have discussed various types of dimensional cross- 
over observed in multilayer periodic and nonperiodic sys- 
tems: 3 0 - 2 0  crossover in superlattices due to changes in 
the ratio between the size of a superconducting seed and the 
period of the superstructure; 2 0  ' - 3 0  crossover in finite 
superlattices connected with changes in the coherence length 
compared with the total thickness of the sample; 2 0 ' - 2 0 "  
crossover (the Takahashi-Tachiki effect), which is character- 
istic of type S/S1 superlattices, associated with shifting of the 
seed from the S-layer to the S1-layer resulting in a transition 
between two different two-dimensional states. The same kind 
of crossover can be observed in superconducting sandwiches 
as well, where the character of the crossover is determined 
by the type of sandwich (symmetric or asymmetric) and the 
individual thicknesses of the cladding layers of the sandwich. 

We have established a correlation between distinctive 
features of the functions H c l l ( T )  and P ( H )  for all types of 
periodic and nonperiodic layered structures. We have shown 
that in strong fields H+ H,, the behavior of P ( H )  is the same 
for superlattices and for sandwiches, whereas the character 
of this dependence in weak fields H  < H,, allows us to draw 
conclusions about the type of nonuniformity of a sample 
(symmetric or asymmetric) in the direction perpendicular to 
the layers and the presence of defects of its layered structure, 
without knowing anything about the overall structure of the 
sample. 

Thus, the type of crossover that is characteristic of su- 
perlattices appears in the simplest layered system as well, 
consisting of two superconducting layers separated by an- 
other material. For this reason, a sandwich may be viewed as 
the limiting case of a superlattice with a finite number of 
layers. Differences of real importance between the different 
types of sandwiches and superlattices (with both intinite and 
finite lengths) are observed only in the weak-field behavior 
of the angular dependence of HC2 and P ( H ) .  

Once we have investigated superconducting sandwiches, 
which from the point of view of simplicity of sample prepa- 
ration are much more accessible and do not require high 
technology, we can predict rather precisely the properties of 
multilayer periodic systems consisting of the same materials, 
in particular: the parallel critical field in the region 
H>H,,, the quantity psL at the plateau, and the crossover 
field and temperature. Additional details that justify this pro- 
cedure can be found in our preceding article Ref. 13. 

The authors are grateful to the International Science 
Foundation for partial support through grant No. U9M000. 

')ln what follows, we will relabel the crossover field for the sandwich as 
H,, for convenience, keeping in mind relation (7) if we a n  discussing 
sandwiches. 

')~ccording to available experimental data for two-layer SIN and SIS' sys- 
tems, the proximity effect can change only the critical parameters of the 
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superconducting layer (or the layer with the higher T,. ; see Ref. 23). It is 
obvious that when a suitable choice of the parameters of S and S f  is made 
for the layers of SIS' and S/Sf/S sandwiches, we should observe 
crossover-type effects at sufficiently low temperatures. Such experiments 
have not yet been carried out. 

 ere the following remarks are necessary. For superlattices with a finite 
number of layers N in a very weak magnetic field (H-0) the function 
P,,,(H) differs in form from that of an infinite superlattice, becoming 
nonmonotonic. Still another characteristic lield appears-the field at which 
a vortex is introduced H v .  At this field value, PSI, reduces to zero, 
whereas P,,(O) becomes finite.I6 An additional extremum is possible for 
sandwiches with the corresponding choice of parameters, whose origin is 
the same. Thus, a certain qualitative sin~ilarity can be observed between 
the functions P(H) for finite superlattices and sandwiches. This serves as 
one more confirmation of the fact that a sandwich is the limiting case of a 
superlattice with a finite number of layers. However, for superlattices the 
field H v =  ~ .~H, , IN '  is far smaller than the crossover field, so that this 
feature of P(H)  is located far from H,, and shifts toward H=O with 
increasing N as N'. As for P(O), for a finite superlattice this quantity can 
be comparable to P(0) for a symmetric sandwich only for large values of 
the anisotropy parameter and absolutely small N (see Ref. 16): 
PsL(0)- 4(Mln1) " 2 ~ s ( 0 ) l ~ 2 .  
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