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Magnetic Properties of V/Ag Multilayered Superconductors
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We have made measurements of the magnetic-field penetration depth 1 of V/Ag proximity-coupled
multilayers for the first time. The layer-thickness dependence of 2 exhibits a nonmonotonic behavior,
which is interpreted as a crossover from a single superconductor to a composite one. 'When the Ag layer
becomes thicker, the temperature dependence of 2 begins to deviate from that of usual supercon-
ductors, showing that the proximity effect is involved. In addition, from 2 and our previously found
upper-critical-field parameters, the Ginzburg-Landau parameter was obtained for the short-period
multilayers.

KEY WORDS: Superconducting multilayer/ Proximity effect/ Field pene-
tration/ Ginzburg-Landau parameter/

I. INTRODUCTION

Recent developments in thin film technology have made possible to produce
a variety of multilayers, arousing interest in novel properties unseen in conventional
materials. As a typical case, many superconducting multilayers have been fabricated
and investigated in a large number of experiments.?

Concerning the thermodynamic properties, the variation of the transition temper-
ature T, has been studied for various multilayers.’ The specific heat has also been
investigated in the Nb/Zr systems.? As to the electromagnetic properties, the upper
critical field H,, has been most extensively studied, because H, can probe the super-
conducting dimensionality. Indeed, dimensional crossover and related phenomena
have been neatly ohserved with Nb/Ge® Nb/Cu,®? V/Ag® V/Ni,® and V/Fe?
multilayers. However, to the authors’ knowledge, the magnetic-field penetration
depth, which is onc of the fundamental clectromagnetic quantities, has not yet been
uncovered for multilayered systems. .

We have made for the first time measurements of the magnetic-field penetration
depth 2 of V/Ag proximity-coupled multilayers. The films were prepared by
ultrahigh-vacuum electron-beam evaporation. Total thicknesses range 3100-6400
A. Since field penetration is sensitive to the surface state, both sides of each sample
end with Ag layers, which are stable in air and have a lustrous surface. The artificial
periodicity was examined by X-ray diffraction, and the difference between the
designed and the observed periods was found to be less than 5%,. The supercon-
ducting transition measured by the inductive change in a field perpendicular to the
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films gives 4T<<20 mK for the 10-90%, width. Details of the sample preparation
as well as the structural quality were previously reported.® A brief account of the 2
results was also given earlier.” In addition, the Ginzburg-Landau parameter, which
is one of the fundamental magnetic parameters, is also discussed.

II. MEASUREMENTS

The parameters of the multilayers studied here are listed in Table I. The
penetration depth was determined by means of the ac susceptibility (xy=x{—ix{/)
with the field parallel to the films. In this geometry, field penetration takes place

Table I. Sample parameters of V/Ag multilayers,

dyldag D T )2

(AJA) (&) (X) (nfcm)
30/15 1985 2.31 20.9 (31.7)b
40/20 1980 2.86 18.7 (26.5)b
100/50 3150 3.64 12.8 (14.2)b
100/100 3100 3.33 8.37
100/200 4700 2.44 4.15
160/320 5120 2.86 3.01
200/400 6400 3.34 2.36
9240/480 5520 3.38 2.03

aTransition temperatures are determined from measurements of y|), and are slightly different
from those from the resistive transition.

bFor multilayers with the Ag-layer thickness less than 100 A, covering Ag layers are 100-A
thick. The values in parentheses are obtained after subtraction of the contribution of the
covering layers.
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Fig. 1. Typical results of the magnetic susceptibility (real part) vs temperature.
Inset shows the sample geometry against applied field. 1 is the penetra-
tion depth perpendicular to the layers.
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both from the Ag surfaces in the direction perpendicular to the layers and from the
film edges in the parallel direction (see Inset of Fig. 1). Considering the sample
dimension, the former penetration is principally responsible for y,;. Hence the
penetration depth 2 derived from z|, is in the perpendicular direction.

The measurements of ac susceptibility were performed with a Hartshorn-type
mutual inductance bridge.® Two or four sheets of samples (8x20 mm?) are
mounted in the cryostat coil. They were placed directly into liquid He, because
T,<4.2 K for all samples. Null adjust and phase settings are made above 7,. The
off-balance signal is detected by a two-phase lock-in analyzer as a function of temper-
ature. The change in mutual inductance resulting from the superconductive
diamagnetism of the films is very small (typically of the order of 0.1 gH). Therefore,
when the temperature is lowered down to 1.3 K (the lowest temperature available),
the contribution of the surroundings (including coils) to |, becomes crucial. However,
since no discernible phase shift was found in the bridge throughout the experimental
temperature range, we can extract y; of samples by subtracting the background
from the raw data. The subtraction is made respectively for the in-phase and out-of-
phase components. The absolute values of the real (x{|) and imaginary (y{/) parts
are deduced with reference to the complete diamagnetism of Sn films having the
thicknesses far greater than its penetration depth.

The measurements were carried out using 1-Oe 132-Hz ac fleld. We confirmed
that no appreciable difference appeared by changing the applied field from 0.2 to 2
Oe and up to 500 Hz. For all samples, y{/ is nearly zero at all experimental temper-
atures, and henceforth we focus our discussion only on y{,. Figure 1 shows typical
results of x/,, where —4zy{ grows gradually as the temperature is lowered. Since
the total thickness D of multilayer is comparable to 1, it is well reflected on the sus-
ceptibility. Assuming the field penetration to be exponential on a macroscopic
scale, the magnetic induction in a multilayer is given by B, cosh(z/1)/cosh(D[22),
where B is the applied induction and z=0 denotes the center of the multilayer. Thus
the relation between 2 and /| is given as

— gl = 1—_2.;_ tanh (D/24) . (1)

Note that in the measurement of 1 for a thin film with a thickness comparable or
smaller than 2, one must be careful to include the effect of film thickness. In such
a system, if the electron mean free path is restricted by the film thickness, the field
penetration is no longer exponential, and 1 is not a specific value but depends on
thickness.!” In our samples, however, the mean free path is much less than D (see
* below). Therefore the calculated 2 represents the intrinsic value of the present
V/Ag system, regardless of its total thickness.

II. TRANSPORT PROPERTIES

In discussing the electromagnetic properties, we need to know the transport
properties of the system under consideration. For this purpose, we measured the
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resistivity pafaﬂel to the layers p, where the films deposited on mylar sheets were cut
into a strip (1 X 10 mm?) and directly immersed in the liquid-He bath. The measure-
ments were made with the four-probe method, where silver paint was used for electric
contact.

p just above T, is shown in Fig. 2 as a function of Ag-layer thickness d,,."”
Numerical values of p are given in Table I. As seen in the figure, o decreases with
increasing d,,. Referring to the change in o of the samples with the same thickness
ratio dy:d,,, we find that scattering at the V/Ag interface restricts substantially the
mean free path of electrons in the multilayers. However, if the boundary scattering
is the only contribution to the resistivity, the slope of o vs d,, (or ;) should be —1.
Deviation of the experimental points from the slope of —1 for the small period sug-
gests that at least one of the intrinsic mean free path within the V and Ag layers is
comparable or smaller than the layer thickness.

In order to determine practical values of the mean free paths [, and /,, in the
multilayers, we assume that p is given as a parallel junction of p, and p,, (the resis-
tivities of the V and Ag layers, respectively). Thus p is expressed as

1
0 dytdy, oy dytda, o4 .

As the first step, we attempted to evaluate pj in the thick limit with otherwise
prepared single V films. The observed resistivities scatter considerably (20-35

y L dy 1 (2)

#Qcm), probably due to surface oxidization. However, it is not unreasonable to
suppose that o, is 20 #Qcm at most, which corresponds to [,==20 A.®» On this
supposition, we may say that for four samples denoted by solid circles in Fig. 2 (d,>100

100 4 LI B N Y T S i
- dysdpg
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S x 1:1 i
- o 2331 _
g \Q\
a °F \\ =
3\ L )
Q. R |
1 el el i
10 100 000

Fig. 2. Normal-state resistivity as a function of Ag-layer thickness. Solid curves
are calculated on the assumption of the bulk resistivity in the V layers (15
#2 cm) and the thickness-dependent resistivity in the Ag layers.
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A), the contribution of boundary scattering in the V layers is so small that o, in Eq.
(2) becomes constant. Hence the variation in o with the slope of nearly -1 is surely
attributed to the boundary scattering of electrons in the Ag layers.

As is well known, Ag can be approximated as a free electron system. In ac-
cordance with the Drude model, p,, is related to the mean free path /,, in the Ag
layers by p,,=840/l,,,") where p,, is in unit of x#fcm and /,, is in A.  Assuming
the proportionality of [, to the thickness d,,, we put {,,=ad,,, where a is a constant.
Thus we get p,,=840/ad,,. Since the second term in Eq. (2) is dominant for above
four samples, we can determine & by fitting the second term to the experimental
results (solid circles) in Fig. 2, from which we get a=1.3, i.e., [,,=1.3d,,. This
relation is of course assumed applicable for all other experimental points in Fig. 2.

Once p 4, is thus determined, substituting this value and the experimental values
of p into Eq. (2), we can calculate p;, for other samples with smaller d,,, where the first
term is comparable to the second term. Referring to the theoretical result of [, vs
04, we find [, vs d,, (see Fig. 3), where [, decreases with decreasing d}, reflecting the
effect of the V/Ag boundary scattering of electrons in thin V layers. In the mean
time, for V(100 A)/Ag(50 A) we get p,=15 pQcm, which corresponds to [,==22 A.
One can say that this value is almost the bulk value of this V, because [, is several
times smaller than d, (=100 A).

To see how the effect of boundary scattering in the V layers appears in p, we in
turn substitute the bulk value p,=15 uQcm into Eq. (2). The values of p thus
calculated are given by solid curves in Fig. 2. Deviations of far left two experimental
points from the curve unambiguously indicate that in this region /, is affected by the
V-layer thickness.

Finally, we note that the V and Ag layers are dirty in a sense of superconductivity.
The dirty nature of the V layers is evident from the short mean free path (1,<522 A).
As to the Ag layers, the coherence length £,, must be compared with the mean
free path l,,, where £, (T)= (fiv,,1,,/67kzT)?, v,, is the Fermi velocity in Ag.'®
Adopting the relation /,, =1.3d,,, we estimate £,,(7), of which the values at T,
as well as [, are tabulated in Table II. Evidently £,,(7,)>>{,, for all samples,

40 T T L) 13 I T i 1 ¥ T
30— -
_ 20}~ JUPEL o
= i ,o”'.’ .
10 —
i ) 1 Il H I H L 1 L I L |

0 50 100

dy (A)

Fig. 3. Electron mean free path in the V layers as a function of
layer thickness.
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Table II. Eleciron mean free paths and coherence lengths in the Ag layers.

dyldag lag Eag(T)
(A/A) (&) &)
30/15 20 215
40/20 2 , 225
100/50 : ) 65 314
100/100 130 . 461
100/200 ) 260 742
160/320 416 903
200/400 520 918
240/480 624 1020

although &,,(T,) approaches [, in thicker Ag layers. Since £,,(T) increases with
decreasing temperature, the above inequality holds down to O K. Thercfore we
conclude that the Ag layers may also be treated in the dirty limit.

IV. LAYER-THICKNESS DEPENDENCE OF 2

Based on the above specific transport properties in the V and Ag layers, we
first compare the penectration depth for multilayers of the same thickness ratio (d;:
d,,=2:1). TFigure 4 shows 1 at several reduced temperatures as a function of mul-
tilayer period d (=d,+d,,). At all temperatures ¢, 2 increases sharply with the
decrease of d, and even seems to diverge at d ~0.

This result is qualitatively understood by considering the fact that the system
becomes dirtier for smaller d. Since there exists no theoretical treatment of 2 for
multilayered systems, we discuss the above feature in the framework of the conven-
tional theory for homogeneous superconductors.

The penetration depth in the dirty local limit 29(7") is given as')

A(T) = 2,(T)J (0, T)~4(&, )2, (3)

where 2,(T') is the London penetration depth, £ is the BCS coherence length, /is the
mean free path, and J(R, T) is the integral kernel defined by BCS.!®® Using the
basic formulae' for 2,(0), &, and /, Eq. (3) reduces to

d -2 5172 2 (T) w2 m
H(T) = 103X 1072 (0, 7) L(())( ) cm, (4)

where p is in unit of Qcm. Since any normal metal with a finite mean free path
falls into the dirty limit category at 0 K, the dirty limit treatments are more realistic
at low temperature, at least for the Ag layers. Thus substituting 7°=0 into Eq. (4),
one gets

24(0) = 1.05% 10~%(p/ T,)¥2 cm, (5)

where J(0, 0)=1. Equation (5) includes only experimentally determined quantities
so that the penetration depth can be discussed without any fitting parameters. 2¢(0)

(6)
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is evaluated using only the experimental values of 0*® and T, (tabulated in Table I},
as shown in Fig. 4. 1¢(0) reproduces well the expected 2 at t=0, and in particular its
d-dependence is in good agreement with the observed 2. This means that the samples
with smaller d behave like a homogeneous superconductor, i.e., the field penetration
is mostly determined by 7, and the mean free path obtained from p.

The above nature like a single superconductor was examined by changing d,,
(d, is fixed at 100 A). In general, the penetration depth of a normal metal in con-
tact with a superconductor is longer than that of the isolated superconductor.
Therefore, if the multilayer is considered to be a composite material, 2 should increase
with increasing d,,. Figure 5 shows 2 at several ¢ for samples with the same d,
(=100 A) and different d,, . Contrary to the expectation, our observations showed

5000 1 : 1
\
\
Q
4000 |- .
3000} _
oz i )
2000} _
-
100/50
1000 |- ~
V(A)/Ag(A)
] ] o |
0 100 200
o]
d (A)

Fig. 4. Penetration depth vs multilayer period for samples with the same
thickness ratio at several reduced temperatures . 14(0) is the
calculated values for a homogeneous superconductor in the dirty
limit at £=0. Solid and dashed curves are guides for the eye
unless otherwise denoted.
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Fig. 5. Penetration depth vs Ag-layer thickness for samples with the same
thickness of V layers at several reduced temperatures ¢. For 14(0),
see Fig. 4.

that 2 decreases with increasing d,,,, being similar to the d,, -dependence of 2¢(0) for
a homogeneous superconductor.

For the samples with longer d, the behavior of 2 becomes unusual. Figure 6
shows 2 vs d at several ¢ for samples with the same thickness ratio (d,:d,,=1:2). As
d increases 2 first decreases like thinner samples. However, when d exceeds ~600 A,
A starts to grow. This peculiar feature is seen at all measured &. Note that the
surface Ag layers are not responsible for this peculiarity, because a similar behavior
of 2 vs d holds even up to the high reduced temperature, where 4 is far greater than
d,,- The calculated 2%(0) is also shown in the figure. 2%(0) decreases monotonically
" with increasing d, and begins to deviate from the experimental 2 at d~600 A. This
deviation can be interpreted as a kind of crossover from a single superconductor to a
composite one. In other words, for the penetration depth, the coupling between
the V layers weakens above the turnover thickness.

A comparison with our previously studied upper critical field parallel to the
layers H ,(t) for the same samples® may give some insight to this particular behavior

(8)
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Fig. 6. Penetration depth vs multilayer period for samples with the same
thickness ratio at several reduced temperatures . For 24(0), see
Fig. 4.
of 2. When d is small enough, H, () behaves like a single, three-dimensional
superconductor. But when d exceeds a certain threshold, H,,(¢) exhibits dimensional
crossover and its onset shifts to higher ¢ for greater d. This implies that the super-
conducting coupling between the V layers becomes weaker for greater d.

A weaker coupling should result in a longer penctration depth, so that 2 is
expected to increase with d, explaining the upward turn above d~600 A. We
emphasize here that the manner in which a composite nature appears on 1 is qualita-
tively different from the case of H,,. Even for a system which exhibits dimensional
crossover in a high field, at zero field superconductivity extends all over the sample at
. all temperatures. Consequently, the multilayers always behave as three-dimensional
from the point of view of the weak-field penetration depth. This is the reason why
2 does not exhibit the drastic temperature dependence like H . Instead, the
composite nature moderately appears on the curve of 2 vs d.

V. TEMPERATURE DEPENDENCE OF 2
Three typical results are presented: V(100 A)/Ag(50 A), V(160 A)/Ag(320 A),
(9
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Fig. 7. Normalized penetration depth vs reduced temperature for three typical
multilayers. Normalization is made at £==0.5.

and V(240 A)/Ag(480 A) as the multilayers with thin, intermediate, and thick Ag
layers. Figure 7 shows 4 as a function of reduced temperature for these samples,
where 2 is normalized at £=0.5. When the layer thickness increases, the variation
of A against ¢ becomes more moderate. As demonstrated in Fig. 8, the difference is
more visible in the plots of [2(0.5)/2(t)]2 vs t. For V(100 A)/Ag(50 A), the temper-
ature dependence seems to be linear near (=1 and tends to saturate at lower temper-
ature. In contrast, V(240 A)/Ag(480 A) exhibits an upward curvature in the tem-
perature region above {~0.7 and increases almost linearly as the temperature is
lowered further. V(160 A)/Ag(320 A) is located between them.

For reference, two curves for a homogeneous superconductor are also shown in
the figures. One represents the empirical Gorter-Casimir law, doc (1—H~¥2, It
is well known that this curve reproduces the behavior of clean, Pippard-limit super-
conductors. As mentioned before, however, our system belongs to the dirty local
regime. Therefore the large deviation of our results from this law is not surprising.
The other is in the dirty local limit which is given as

4() T
loc[A(t) tanh 4 T] , (6)

B
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Fig. 8. Plots of [1(0.5)/2(¢)]? vs reduced temperature for the same samples in

Fig. 7.

where 4(¢) is the gap parameter. Although this relation could be realistic for our
systems, the results exhibit remarkable differences, in particular when the layers
become thicker.

We notice that the present results cannot be reproduced by any other limiting
curve for a homogeneous superconductor. In the clean local limit 2 is equal to the
London penetration depth whose temperature dependence does not differ remarkably
from the dirty local limit in the temperature region concerned. If the system goes
to the nonlocal regime, the curve would approach the Gorter-Casimir’s.!V Taking
account of these facts, we should insist that the observed temperature dependence
reveals a peculiar character of multilayers and should be attributed to the proximity
effect.

The temperature dependence of field penetration into a normal-metal film
(several thousand A thick or more) superimposed on a thick superconductor has been
investigated both theoretically and experimentally.’®=# According to these, the
penetration differs from that of usual superconductors. When the temperature is
lowered, it decreases more moderately, and continues to decrease even in the region
where 2 of the usual superconductors saturates. This behavior is mainly attributed
to the temperature-dependent profile of the pair field amplitude in the normal metal.
Hence the specific nature is expected to become more evident in thicker normal-metal
films.

(11)
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Turning attention to our systems, the present feature in 2(¢) is qualitatively
understood in the above context. Due to thin Ag layers, 2(¢) for V(100 A)/Ag(50 A)
bears a resemblance to the curve of usual superconductors in the dirty local limit.
However, for the multilayers with thicker Ag layers, the proximity effect is reflected
progressively on A(#). Indeed, for the latter [2(0.5)/2(£)]? vs ¢ changes from convex
to concave at higher temperatures and does not saturate even at lower temperatures,
being far different from usual superconductors. The above consideration although
qualitative is consistent with the layer-thickness dependence of 2. For quantitative
understandings, a refined theoretical treatment is needed.®

VI. GINZBURG-LANDAU PARAMETER

We first determine the Ginzburg-Landau (GL) penetration depth 2;,(0). In
the GL theory, the penetration depth near T, is given as

Aop = A (O)(1—0)" 2. (7)

25.(0) can be obtained directly from the measured susceptibility: Near 7, 2 should
be much greater than D, so that Eq. (1) reduces to

—Adzyl, = (1/12)(D]2)?. (8)

Substituting Eq. (7) into Eq. (8) and differentiating with respect to £, we get

d -1/
26,00 = D12 S amry | 17 (9)
ds t=1
Using the observed slope 4z(dy{,/df),_, in Eq. (9), 25,(0) is determined, of which the
numerical values are tabulated in Table III. Figure 9 shows 2;,(0) as a function
of dor d,,. TFor reference, also shown is the dirty-limit value calculated from

2%.(0) = 6.45 % 1073(p/ T,)* cm . (10)

2;.(0) tends to be in reasonable agreement with 1%;(0) when the layer thickness
becomes thinner, while deviation increases for thick-layer samples (Recall that the
mean free path becomes progressively longer with increasing layer thickness).

The geometrical relation between the penetration depth and the coherence
length in the anisotropic GL theory is depicted in Fig. 10. Anisotropic GL para-
meters £, and x; are given as

Table III. Material parameters of V/Ag multilayers.

dyldsg 7%(4”1[)::1 6s0)  Eem(0) ez (0) £ ki
(A/A) &) (A) A)

30/15 0.0705 2160 113 92.4 19.2 23.4
40/20 0.0810 2010 112 91.9 17.9 21.9
100/50 0.%75 1490 117 103 12.7 14.4
100/100 0.412 1390 153 132 9.14 10.6
100/200 0.900 1430 254 199 5.62 7.19

(12)
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Fig. 9. Zero-temperature Ginzburg-Landau penetration depth vs multilayer
period (a) or Ag-layer thickness (b). &, (0) is the calculated values
for a homogeneous superconductor in the dirty limit.

£y = 26,(0)/€421(0) , (11)
gy = 26.(0)/€6.,(0) = I OICITMOR (12)

where &, (0) and &.;,,(0) are the zero-temperature coherence lengths perpendicular
and parallel to the layers. They were determined with the previous upper-critical-
field measurements. The numerical values are listed in Table II1. e denotes the
anisotropy parameter. Using the values of &, (0), ;,,(0), and 2.,(0), we evaluate
&, and &, which are also listed in Table III. Figure 11a shows & for samples of the
same layer-thickness ratio (dy: d,,=2:1). Both £ and #,, decrease with increasing d.
The variation should be attributed to 1;,(0) because &;((0) for these three samples
is insensitive to d (see Table III). In Fig. 11bis shown & vs d,, for multilayers with
the same d;, (=100 A), where both £, and &, decrease further with the increase of

(13)
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Afe

A
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Fig. 10. Vortex structure in the anisotropic Ginzburg-Landau theory. Geometrical
relation between the penetration depth and the coherence length is shown.

d 4, for which in turn the variation of &,,,(0) should be responsible because A, (0)
is rather insensitive to d,, ¢ (see Fig. 9b).

According to Ref. 13, & for V metal with the mean free path of about 22 A, which
corresponds to the value of 100-A thick layers in our samples, can be estimated at 10.
In Fig. 11b, one finds that multilayering with thin Ag layers raises # over 10, while
with thicker Ag layers « is lowered below 10. .

This result leads us to speculate the possibility of synthesis of type-I supercon-
ductors composed of type-IT superconductor and normal metal. As seen in Fig. 11,
Ag-rich multilayers with rather large d would be a good candidate. Considering that
the V layers in our samples are very dirty, further suppression of £ could be attainable
by improving the conditions of sample preparation so that V layer becomes structurally
cleaner. In particular, if the condition &, <2 %2< k), be satisfied, very interesting
material is to be realized, which is type-I in the field perpendicular to the layers,
but is type-II in the parallel field.

VII. CONCLUDING REMARKS

We have investigated the magnetic properties of V/Ag proximity-coupled super-
conducting multilayers.

First, the electron mean free path in each layer ([, and [,,) was extracted from
the normal-state resistivity parallel to the layers: [, is thickness-dependent up to about
100 A of V-layer thickness, reflecting the V/Ag boundary scattering, and then reaches
the intrinsic value of about 22 A. In contrast, /, ¢ is restricted almost completely by
the boundary scattering and is approximated by 1.3 times of the Ag-layer thickness.

Referring to the above transport properties, the layer-thickness dependence of
2 was studied. For samples with thin layers, 2 decreases with the increase of layer
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Fig. 11. Parallel and perpendicular Ginzburg-Landau parameters
vs multilayer period (a) or Ag-layer thickness (b). xp
in (b) is for V metal with the mean free path of about
22 A.

thickness. In this region, the observed behavior is in good agreement with a homo-
geneous superconductor with the same transition temperature and resistivity. Such
a correspondence has been theoretically pointed out only in the thermodynamic
properties such as the specific heat.® Our result suggests that this can be generalized
to the weak-field electromagnetic properties. When the layer thickness exceeds a
critical value, however, 2 in turn starts to increase. This feature is considered as a
crossover from a single superconductor to a composite one, because the supercon-
ducting coupling between the V layers becomes weaker when the Ag layer becomes
thicker.

The above situation is also reflected on the temperature dependence of 2. For
samples with thin layers, 2(¢) is rather similar to a homogeneous superconductor in
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the dirty local limit. When the layer thickness increases, however, 2(¢) deviates
more and more from any limiting behavior of homogeneous superconductors, and
exhibits the character of proximity effect.

Next we discussed the Ginzburg-Landau parameter x. In our system, & is
anisotropic and decreases with an increase of the multilayer period or the Ag layer
thickness. The remarkable point is the controllability of £; multilayering with thin
Ag layers yields £ higher than &, in V layer, while with thicker Ag layers, & becomes
smaller than «,.
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