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A nonmonotonic temperature-dependent 3 0- 2 0- 3 D dimensionality change has been 
observed in multilayer vanadium-copper structures in a parallel magnetic field. The observed 
changes in the temperature dependence of the critical fields HJ2 ( T )  and of the critical 
exponents of the Aslamazov-Larkin fluctuation conductivity are explained by taking into 
account the temperature variation of two coherence lengths indicative of the proximity 
effect: the superconducting coherence length ( (T)  and the normal metal coherence length 
(N(T). 

1. INTRODUCTION 

Size effects in layered anisotropic superconductors 
have been extensively studied in recent years. These studies 
have become particularly important after high-T, super- 
conductivity was discovered in layered metal-oxide com- 
pounds. The question of the dimensionality of high T, su- 
perconductors is, apparently, one of the most important in 
elucidating the superconductivity mechanism in the latter. 
Artificially prepared superconducting layered structures 
(LS) are convenient model objects for the investigation of 
the size effects. In such structures superconducting layers 
alternate with layers of a dielectric (S/I structures), semi- 
conductor (S/s structures), a normal metal (S/N struc- 
tures), or another superconductor (S/S1 structures). In 
S/I and S/s structures the interaction between S layers is 
determined by the Josephson tunneling across the struc- 
ture, while in S/N and S/S1 structures the interaction is 
provided by the proximity effect. 

In artificial LS the dimensionality is determined by the 
ratio of the structure period A and superconducting coher- 
ence length (( T)  . In the limit A((( T)  the superconduct- 
ing core embraces many layers so that a 3 D state is real- 
ized. In the case A>(( T )  the core is localized in the S 
layer and a 2 D state is observed. With further increase in A 
the 3 0  state may come back, if d,)((T) (d, is the super- 
conducting layer thickness). The superconducting layers 
become effectively three-dimensional, i.e., the supercon- 
ducting core does not interact with the S-layer boundaries. 

Taking into account the temperature dependence of 
the coherence length, we can vary the LS dimensionality 
by varying not only the layer thickness, but also the tem- 
perature: 

Near T, we have (( T)>A, while far from T, a 2 0  state 
can be realized for d,- ((0). 

The crossover is quantitatively treated in Refs. 1-3 for 
structures with the Josephson interaction between the lay- 
ers, and in Refs. 4-6 for S/N structures. To allow for the 
interlayer interaction, the transverse coherence length 
cl ( T )  characterizing the structure anisotropy is intro- 
duced in Ref. 1: 

The 2 0- 3 D crossover occurs at a temperature T +, when 
(I ( T + )  =A/f l  where A is the structure period. 

The dimensionality can be found from the quantitative 
analysis of the temperature dependences of the second crit- 
ical magnetic field parallel to the layers. The temperature 
dependence HJ2 ( T)  is given by the e ~ ~ r e s s i o n s ~ ~ ~  

a0 

4 ( T ) = 2 a g 1  (T)gII ( T )  
T - T  for 30 ,  (3)  

6 1 2 ~ 0  
H"2 ( T) =Sod, -(T,-T)"~ for 20 ,  

for the 3 0  and 2 0  states respectively, where ao=hc/2e is 
the magnetic-flux quantum and (11 ( T )  r c( T )  is the co- 
herence length along the layers. 

The crossover from the 3 D anisotropic state to the 2 0  
state was observed both in the LS with the Josephson in- 
teraction and in the structures with the proximity effect 
(see, e.g., Ref. 9). It was observed for the first time in the 
S/s structure Nb/Ge (65 A/35 A).'' The temperature 
dependences dj2 ( T )  of the critical magnetic field parallel 
to the layers showed a transition from a linear behavior 
near T, to a square-root behavior as the temperature de- 
creased. Similar results were next obtained for the S/s 
structures V/SI~' pb/c,12 and ~ b / ~ e , ' ~  and also for the 
S/N and S/S1 structures N ~ / c u , ' ~  N b / ~ a , ' ~  v / F ~ , ' ~  
v / A ~ , ' ~ ,  Nb/Nbo.6~4,4,18 N ~ / A ~ , ' ~  and MO/V.~O It is 
worth noting that the 3 0 - 2 0  transitions are observed in 
the structures with intermediate interlayer coupling. For 
the structures with strong coupling the ITj2(T) depen- 
dence is linear in the whole temperature range (3 D state), 
while for the structures with weak coupling ( T )  obeys 
a square-root law ( 2 0  state). This behavior was experi- 
mentally confirmed in Nb/Si (Ref. 21) and 
Nbo,52Tio.,,/Ge (Ref. 22; in these studies the thickness of 
the semiconductor layer was varied), and also in Nb/Cu 
(Ref. 13). 

In addition to the 3 0 - 2 0  crossover in the LS, a 
change in the dimensionality of superconducting fluctua- 
tions was reported in Ref. 23 where the fluctuation dia- 
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FIG. 1. Vanadium ( 1 )  and coppe; (2) line intensity versus etching time FIG. 2. V and Cu line intensity versus etching time in mass spectrometric 
in the Auger analysis of the 100 A/100 di V/Cu sample. analysis of the 250 u100 di V/Cu sample. 

magnetism of Nb/Si structures were studied, and also in 
Ref. 24 where the fluctuation conductivity of high-T, 
YBa2Cu30, monocrystals were investigated. 

In the present study crossovers and superconducting 
fluctuations in layered V/Cu structures are investigated by 
measuring the critical magnetic field Hc2(T) and the resis- 
tive R ( T )  transition. 

2. SAMPLE PREPARATION AND EXPERIMENTAL 
PROCEDURE 

For the sample preparation we used the 2-400 high 
vacuum installation. The system was preliminarily evacu- 
ated by a turbomolecular pump down to Torr. The 
samples were prepared by high frequency ion plasma evap- 
oration. The evaporation was carried out in an argon at- 
mosphere (99.99% ) at a pressure PA,= 2 . Torr. 
Cathodes made of pure (99.99%) vanadium and a copper 
cathode made of a rolled Cu monocrystal were used to 
deposit the layers on substrates of monocrystal silicon with 
( 100) orientation. When the layered structure was depos- 
ited, the substrate temperature was 150-200 "C. The evap- 
oration rates were vv=3.7 A/s and vcu= 13 A/s. 

The structures consisted of 10 vanadium layers of 
thickness dv = 100-400 A and of 1 1 copper layers of thick- 
ness dcu = 100-200 A. 

To monitor the quality of the prepared V/Cu samples 
we carried out mass spectrometric and Auger analyses 
with ion etching in depth. In Fig. 1 the results of the Auger 
analysis for a sample with dv= 100 A and dc,= 100 A are 
plotted, namely, the intensity of vanadium (I) and copper 
(2) lines versus the etching time. The vanadium maxima 
clearly coincide with copper-concentration minima. It is 
worth noting that the Auger analysis does not give quan- 
titative information on the LS interface, but it confirms 
qualitatively the periodicity of alternating vanadium and 

copper layers. The results of the mass spectrometric anal- 
ysis for two layers of the V/Cu structure (dV=250 A and 
dcu= 100 A) are shown in Fig. 2, with the etching time the 
abscissa and the flux of metal atoms in relative units the 
ordinate. The flux in the middle of V and Cu layers is taken 
as 100%. The analysis has shown that the transition region 
does not exceed 15 A. There are 5-7% of vanadium atoms 
in a copper layer, and there is practically no copper (less 
than 1%) in a vanadium layer. The surface of the first Cu 
layer has a peculiarity which is accounted for by that in a 
near-surface layer copper is less strongly bonded and, for 
the same argon flux, more easily stripped. 

FIG. 3. The curve fi!, ( T )  for a single vanadium film of thickness d=200 
A. 
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TABLE I. 

The resistive transitions R (H,T) were measured in an 
installation with a superconducting solenoid in which the 
magnetic field nonuniformity did not exceed %0.7% over 
the length of 20 mm. A KG-100 cryostat had a system of 
helium vapor evacuation with a monostat providing tem- 
perature stability in the range 1.64.2 K to within 0.003 K. 
In the range 4.2-5 K temperature was stabilized by in- 
creasing and stabilizing the helium vapor pressure in the 
cryostat up to 2 bar. Temperature was measured with a 
GaAs thermometer which was outside the solenoid, and 
the magnetic field was monitored by a Hall generator po- 
sitioned at the sample level. The sample was mounted on a 
special rod with a rotatable device allowing to vary the 
sample orientation in the magnetic field. To measure 
R (H, T)  we used the standard dc four-probe method. 

3. RESISTIVE TRANSITIONS R(H) AND TEMPERATURE 
DEPENDENCE OF THE SECOND CRITICAL MAGNETIC 
FIELD &(T) IN V/Cu STRUCTURES 

To investigate the characteristics of separate supercon- 
ducting layers comprising the superstructure, we prepared 
and studied single V films. 

The parallel critical field of the studied vanadium lay- 
ers (Fig. 3) in the whole temperature range obeys the law 

( T )  cc ( 1 - T / T , )  'I2, which should also be observed in 
the case of thin films meeting the condition d<g(T) .  

For a layered V/Cu structure the temperature depen- 
dences of the second critical field are quite different from 
those in single vanadium films. 

In Table I we list the parameters of V/Cu samples. 
The values of the derivatives hll =dH!;!/d~ and 

h' = d ~ : ~ / d ~  have been calculated near T,. 
Figure 4 shows the function R/Rre,{H) in a parallel 

field for a V/Cu structure (250 h 1 0 0  A); R,, has been 
measured in strong magnetic fields suppressing supercon- 
ductivity. Near T,(O) the transitions R(H)  are fairly nar- 
row. As we move away from T,(O), the transitions become 
wider with increasing Hc2, while the structure undergoes a 
transition into the 2 0  state with separate two-dimensional 
superconducting layers. At low temperatures, however, the 
transitions R (H) again become narrow. We can single out, 
at the end of the transition, a region of abnormally drastic 
decrease in resistance which gradually extends to the whole 
transition with decreasing temperature. For clarity, we 
have plotted in Fig. 5 the temperature dependences of the 
widths AH' and &I of superconducting transitions for 
the same sample. The behavior of A H  for parallel and 
perpendicular field orientation is qualitatively different. In 
the case when the magnetic field is perpendicular to the 
layers and the superstructure does not affect the mixed 
state, AH' grows in monotonically with decreasing tem- 
perature, whereas Ad1 changes in a complicated manner. 

A similar behavior is found also for structures with 
other ratios of vanadium and copper layer thicknesses. It is 
important to note that as the thickness dc, of copper layers 
grows, the transitions R (H)  become narrower at lower 
temperatures. There are no anomalies on the R (H) curves 
for perpendicular fields. 

FIG. 4. The curve R/R,(H)  in a parallel magnetic field for the 250 
k 1 0 0  A V/Cu structure. 
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FIG. 5. The curves AH' ( T )  and A A ~  ( T )  for the 250 A/100 i& V/Cu 
structure. 

The temperature dependences of the parallel and per- 
pendicular magnetic fields, ( T )  and H:, ( T) ,  for the 
V/Cu structure with the thickness ratio 250 A/150 A are 
shown in Fig. 6. The value of Hc2 is found for the level 
0.5 . R,,, (the dependences do not change, if Hc2 is found 
for other levels). The function Hc2( T )  shows a linear T 
dependence throughout the investigated temperature 
range, as is typical for layered  structure^.,^ Three regions 
can be singled out on the IT;, ( T )  curve. Near T, the de- 
pendence is linear, - T,- T, and switches to a square- 
root one, HJ2 - ( T,- T)", away from T,, in accord with 
the idea of a crossover (3  D+ 2 0 )  in this s t r ~ c t u r e . ' ~ - ~ ~  At 
lower temperatures (Tz0.4Tc)  a deviation from the 
square-root law is observed, and the temperature depen- 
dence d;, ( T)  becomes linear again. This coincides in tem- 
perature with the change in the character of the R(H)  
transitions and, evidently, has the same origin. The tem- 
perature T* at which the square-root dependence (4) is 
replaced by the linear dependence (3) also decreases with 
the thickness dc, of the copper layers (see Table 11). 

The observed dependences of R(H) and can be 
accounted for if we assume that in the investigated tem- 
perature range a double crossover, 3 D -+ 2 D - 3 0 ,  occurs 
in the system. This is considered at length in the next 
sections. 

FIG. 6. The curves f f j 2 ( T )  and Hk2(T) for the 250 A/150 A V/Cu 
structure. 

The Aslamazov-Larkin (AL) fluctuation theory25 de- 
scribes the effect of fluctuation Cooper pairing on the sam- 
ple conductivity o at T > T,, the fluctuation region AT, 
and fluctuation conductivity a' depending on the super- 
conductor dimensionality: 

a'=u-0,- (T/T,- 1 ( 5 )  

where a,, is the conductivity in the normal state, and D is 
the effective dimensionality (D= 1, 2, and 3). 

As noted above, in layered superconductors with 
strong anisotropy the dimensionality is temperature- 
dependent through the divergence of the superconducting 
coherence length &(T)  as T -+ T,. This divergence results 
in the growth of superconducting nuclei up to the dimen- 
sions exceeding the layered structure period, which is ac- 
companied by the change in the fluctuation dimensionality 
at T > T, from 2 0  to 30 .  This effect was observed in 
high-T, superconducting YBa2Cu30x monocrystals,24 
when the fluctuation conductivity was studied. 

The resistive transitions R ( T )  of the V/Cu structure 

4. CHANGES IN THE EFFECTIVE DIMENSIONALITY OF with dv = 250 A and dc, = 100 A in different parallel mag- 

FLUCTUATIONS IN THE VICu STRUCTURES netic fields are shown in Fig. 7. In zero field (curve 1 )  the 
transition is narrow, but becomes wider with increasing 

The observed change in the superconducting fluctua- magnetic field (curve 2 ) .  In strong magnetic fields (curve 
tion dimensionality in the investigated V/Cu structures 4) the transitions R(T)  are narrow again. Curve 3 corre- 
serves as further evidence in favor of the double sponds to an intermediate transition from curve 2 to curve 
(3  0- 2 D - +  3 0) crossover hypothesis. 4. 
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TABLE 11. 

In Fig. 8 the measured fluctuation conductivity 
a' ( T )  = 1/R ( T )  - 1/R, is compared with AL calculations 
(solid curves). It is found that in weak fields (curve a )  the 
fluctuations are three-dimensional, in medium fields (curve 
b) they are two-dimensional and in strong fields (curve c)  
they are three-dimensional again. 

Thus, temperature dependences of the fluctuation con- 
ductivity, a'( T),  also exhibit the double 3 0 - 2 0 -  3 D 
crossover. Probably, the nonmonotonic behavior of ~d1 
(Fig. 5) is related to this crossover as well. In Ref. 26, 
where the transition broadening dl of single vanadium 
films was studied, it was shown that when the fluctuation 
dimensionality decreases (from 2 0  in weak fields to 1 D in 
strong parallel fields),  dl increases dramatically. In our 
case the 3 D- 2 0  crossover, decreasing the dimensionality 
results in the growth of Ad1 , while the second crossover 
( 2  0- 3 D ) ,  increasing the dimensionality, in the decrease 
in Ad1 . 

5. ANALYSIS OF CAUSES OF DOUBLE CROSSOVER IN SIN 
STRUCTURES 

The observed nonmonotonic behavior of the transition 
width d1 ( T)  and dj2 ( T),  and also of the fluctuation 
dimensionality in layered S/N structures is the conse- 
quence of the double 3 D -* 2 D + 3 D crossover in the inves- 
tigated structures. 

The first 3 D+ 2 D crossover which occurs near T, has 
been thoroughly studied both theoretically and experimen- 
tally. As mentioned above, its cause is the decrease in the 
transverse coherence length gl ( T )  - (T,-T)-'I2 with 

decreasing temperature. When J1 ( T )  - A, the supercon- 
ducting core is localized in the superconducting layer, and 
the system consists of weakly coupled 2 0  planes, whereas 
for C-+ co the core embraces a large number of S/N struc- 
ture layers, and an anisotropic 3 0  case is realized. The 
temperature T+  of the first crossover is determined by the 
condition 

(see Ref. 14). In fact, this condition determines only the 
order of magnitude of g, ( T + ) ,  since in a real structure 
the S-N boundaries are always somewhat smeared. In Ta- 
ble I1 the values of A / d  and ( T + )  are listed for dif- 
ferent structures. Taking into account everything men- 
tioned above, a fairly good correlation of these quantities is 
observed. In the 250 A/200 A structure with a large value 
of A the 3&2D crossover is shifted close to T, and is not 
resolved. 

The reverse crossover at low T can be related to one of 
two different mechanisms. 

The first is connected with further decrease in the su- 
perconducting coherence length ( (T)  with decreasing 
temperature. When the superconducting core decreases to 
gs(T) <dv, it becomes insensitive to the boundaries, and 
the vanadium layers become three-dimensional. 

The second possible mechanism is connected with the 
growth of the coherence length cN(T) -- (fiv,l/6.~rkT)'/~ 
in the normal metal as T+O, which leads to that the sam- 
ple becomes isotropic and exhibits a three-dimensional be- 
havior. 

FIG. 7. The curves R ( T )  in differ!nt paral- 
lel magnetic fields for the 250 A/100 A 
structure. 
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FIG. 8. The curves a r ( T )  for the 250 &100 A structure. 

The amplitude of the superconducting order parameter 
$9 in normal layers, according to Ref. 27, is given by the 
expression 

= 1 - - 2dx/& + x2/&, (6) 

where dN is the normal layer thickness, and x is the coor- 
dinate normal to the layer. Though (6) is found for the 
contact of two superconductors with close critical temper- 

atures, we believe that this expression can be used for qual- 
itative analysis of our data. At low temperatures +, - 1 due 
to the divergent cN-- 1/ @, which corresponds so that the 
V/Cu structure becomes isotropic and leads to a three- 
dimensional behavior dJ2 ( T)  - ( T, - T)  . 

To find evidence in favor of either mechanism, we 
studied the V/Cu structures with different V and Cu layer 
thickness and found for each structure the ratios T*/T, 
and c( T*)/dv, where T* is the second crossover temper- 
ature. 

The ratio T*/T, decreases with increasing copper 
layer thickness dcu : 

which implies that for the second 20-30  crossover to be 
realized, large values of cN, i.e., lower temperatures, are 
needed. 

On the other hand, the ratio c(T*)/dv for the above 
samples ( 1-3 from Table 11) is random 

Thus, the experimental data analysis for samples with 
different thicknesses dcu shows that the second mechanism 
of the 20-30  crossover, when the V/Cu structures be- 
come isotropic due to the gN(T) divergence as T-0, is 
realized. It is important to note that in single thin films the 
dependences R ( d l  ) and &j2 ( T )  similar to ours at T > T, 
are not observed. 

Moreover, the dependence d & ( T )  for a single thin 
vanadium film (Fig. 2) indicates a purely two-dimensional 
behavior in the investigated temperature range. This also 
testifies to N layers being necessary for the reverse cross- 
over observation. 

6. CONCLUSION 

The change in effective dimensionality-a double 30-  
20-30  crossover-found in layered V/Cu structures is 
described in terms of changes in dimensions of a supercon- 
ducting core in a layered superconductor placed in a par- 
allel magnetic field and of LS isotropization at low temper- 
atures due to increasing coherence length in normal layers 
at T-0. Note that the second, 20-3D, crossover observed 
on H!, ( T )  curves is qualitatively similar to the Tachiki- 
Takahashi effect (observed in layered Nb/NbTi 
 structure^^^) but has a completely different origin. The TT 
effect connected with the switching of the core-formation 
field dj2 from the clean superconductor (Nb) to the 
"dirty" one (NbTi) and accompanied by a break of the 
H!~(T) curve is observed only in S/S' structures. 

Additional evidence of the double, 30-2D-30, cross- 
over in the studied LS is the change - a;, - aiD in the 
fluctuation conductivity dimensionality in a parallel mag- 
netic field. 
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