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The penetration depth Aer of a magnetic field into multilayered superconductors is studied for
the V-Ag proximity system. It is shown that Ay first decreases with increasing multilayer period,
but then increases. This peculiar behavior is explained as the crossover of the system from a sin-

gle superconductor to a composite one.

With regard to the proximity effect, the nonmonotonic

variation in Asr reveals a novel feature of thin normal films. This feature is understood by consid-
ering the fact that the normal-layer thickness restricts the electron mean free path.

Alternate deposition of thin superconducting and nor-
mal-metal layers produces a superconductor coupled by
the proximity effect. This new class of materials arouses
interest due to unusual characteristics different from those
of current superconductors.! Besides, the fundamental
study of artificial multilayers is of particular importance
for revealing superconducting properties which cannot be
studied otherwise.

Interest to date concerning the magnetic properties of
superconducting multilayers has been focused mainly on
high-field properties.! To the authors’ knowledge, low-
field properties have not yet been uncovered. In the
present paper, field penetration into a proximity-coupled
superconducting multilayer system V-Ag is presented for
what we believe to be the first time.

Multilayered V-Ag films were prepared by ultrahigh-
vacuum electron-beam evaporation. Total thicknesses
range from 3100-6400 A. Since field penetration is sensi-
tive to the surface state, both sides of each sample end with
Ag layers, which are stable in air and have a lustrous sur-
face. The artificial periodicity was examined by x-ray dif-
fraction, and the difference between the designed and the
observed periods was found to be less than 5%. The super-
conducting transition measured by the inductive change in
a field perpendicular to the films gives AT <20 mK for
the 10-90% width. Details of sample preparation as well
as the structural quality are reported elsewhere.?

The penetration depth was determined by means of the
ac susceptibility X, which was measured with the
Hartshorn-type mutual inductance bridge. The sample
(8x20 mm?) was set parallel to the ac magnetic field,
where the demagnetizing effect becomes negligible. For
all samples, measurements were carried out under a 1-Oe
ac field of 132 Hz. We confirmed that no appreciable
difference appeared for fields of 0.2-2 Oe and up to 500
Hz. In Fig. 1 we show typical results for Xj measured as a
function of temperature, where —4nXj grows gradually,
reflecting the temperature-dependent penetration depth.

Considering the dimension of the samples, one can say
that the penetration in a direction perpendicular to the
layer is responsible for X (see inset of Fig. 1). We there-
fore assign A as the penetration depth in this direction.

Supposing penetration is exponential on the macroscopic
scale, the magnetic induction in a multilayer is given by
B cosh(z /Aesr)/cosh(D/2Ae5r), where B is the applied in-
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duction, D is the total thickness of multilayer, and z =0
denotes its center. The exponential form is reasonable be-
cause the analysis falls into the regime of the dirty local
limit (see below). Thus the relation between Aer and Xj is
expressed as

D
2Xeff

2}‘vcff
D

—4nXi=1— tanh 4D

From Eq. (1), we evaluate A for four samples with the
same thickness ratio of V and Ag (1:2). In Fig. 2 we show
Aerr as a function of multilayer period d (=dv+dAg, the
V- and Ag-layer thicknesses, respectively) for several re-
duced temperatures ¢. Curves of A vs d show peculiar
characteristics, being similar for all ¢+ measured: As d in-
creases, Agr first decreases and then turns up above
d =600 A. In the following, we attempt to explain this
particular feature.

From the resistivity of a thick single V film and also of
the multilayers, the mean free path in the V layer was es-
timated to be 13-23 A. This indicates that the V layers in
the present samples belong to the dirty limit.
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FIG. 1. Typical results of ac susceptibility as a function of
temperature. (A) V(240 A)/Ag(480 A) with total thickness of
5520 A, (B) V(160 A)/Ag(320 A) with total thickness of 5120
A. Inset shows the sample geometry against applied field H. Aefr
is field penetration perpendicular to the layers.
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FIG. 2. Penetration depth A vs multilayer period d at several
reduced temperatures ¢ for samples with the same thickness ratio
of V and Ag (1:2). Calculated zero-temperature penetration
depth A&(0) is also shown. Inset gives their resistivity p and
residual resistivity ratio RRR vs 4. Solid and dashed lines are
guides for the eye.

The inset of Fig. 2 shows the resistivity p, measured
parallel to the layers just above T, and the residual resis-
tivity ratio RRR of the multilayers, where p decreases and
RRR increases with increasing d. Since these quantities
are mainly governed by Ag layers, their variations with d
inform us that scattering at the V-Ag boundary restricts
substantially the mean free path of electrons in Ag. This
permits us to replace it by dag, and thus the coherence
length £a,(T') is expressed as

Eag(T) =(dag/ T)*(huvp/6nkpt)V? |

here vr is the Fermi velocity of Ag, ¢ is the reduced tem-
perature, and T, is the transition temperature of the V-Ag
multilayer system. Estimated values of £ag(T,) are tabu-
lated in Table I, where for reference the values for
dv/dag =100 A/100 A and dv/dag=100 A/50 A are also
given. As seen there, {ag(T.) > da, for all samples, im-
plying that the Ag layer can also be considered as dirty in
the superconductivity sense.

Unfortunately, there exists no theoretical treatment for
a multilayer system. As an approximation, therefore, we
first discuss the field penetration into the layers in the
framework of the conventional theory for a homogeneous
superconductor in the dirty local limit. The penetration
depth A& (T') is given as’

A& (T) =1, (T)J ~V2(0,T) (/1) @)

where A, (T) is the London penetration depth, & is the
Bardeen-Cooper-Schrieffer (BCS) coherence length, / is
the mean free path, and J(R,T) is the integral kernel de-
fined in the BCS theory.* A;(0), &, and / in Eq. (2) are,
respectively, given by>

AL (0) =1.33%x1084'2(n?3S/Sp) " 'cm , 3)
E0=7.95x10"(n*3S/Sp)(yT.) "' cm , 4)
1=1.27x10*(n??pS/SF) 'cem , (5)

where n (in cm™3) is the electron density, y (in
ergem ~ 2K 72) is electronic coefficient of the specific heat,
p (in Q cm) is the normal-state resistivity, and S/Sr is a
ratio of the actual Fermi-surface area to that of free elec-
trons. Note that in our case the quantities in Egs. (2)-(5)
are effective ones for the multilayer system used. Substi-
tuting Eqgs. (3)-(5) into (2), we get

AL(T)
Az (0)

1/2
A& (T) =1.05x10"27~12(0,T) —&] cm

T,

(6)

As the simplest case, we put T =0. Since J(0,0) =1, one
gets
1/2

cm . )

4

x:ff(o)=1.os><10“2[—%

Equation (7) includes only experimentally determined
quantities so that we can discuss the penetration depth
without any fitting parameter. In Fig. 2, we also show
A&r(0) thus obtained, which monotonically decreases with
increasing d. Below d =600 A, it reproduces reasonably
well the experimental results for A.gr vs d, suggesting that
the V-Ag multilayer system with small d behaves like a
single superconductor, i.e., field penetration is strongly
connected to the mean free path determining p and to 7,
in the BCS fashion.

For d > 600 A, however, Aesr deviates considerably from
that of the single-superconductor approximation given by
Eq. (7). This deviation is probably caused by the compos-
ite nature of a multilayered system.® Comparison with the
previously studied upper critical field H,(T") (parallel to
the layer) for the same samples gives some insight to this
behavior.” When d is small enough, H.2,(T) behaves like
that of a single, three-dimensional superconductor. But
when d exceeds a certain threshold, H,,;(T) shows dimen-
sional crossover and this crossover takes place at higher re-

TABLE I. Sample parameters of V-Ag multilayer.

dV/dAS T. P 'ng(Tc) ng(Tc )/dAg
(A/R) (x) (uQcm) R)
240/480 3.38 2.03 895 1.9
200/400 3.34 2.36 822 2.1
160/320 2.86 3.01 795 2.5
100/200 2.44 4.15 680 3.4
100/100 3.33 8.37 412 4.1
100/50 3.64 14.24 278 5.6
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duced temperature for greater d, implying that the super-
conducting coupling between V layers becomes weaker. In
terms of the field penetration, weaker coupling results in
longer penetration depth, so that A.g is expected to in-
crease with d.

Although quantitative discussion cannot be made at the
present stage, we believe that the appearance of a
minimum Agr at d =600 A results from the competition of
two factors, the electron mean free path in the Ag layers
and the coupling strength between the V layers. In other
words, this peculiar behavior is considered as a crossover
from a single superconductor to a composite one.

In the meantime, the above-mentioned nonmonotonic
variation of A with d is also interesting from the view-
point of the proximity effect in the Ag layer. In the fol-
lowing, we evolve our study from this point of view.

Experimental studies intended to see the effect of
normal-metal thickness on the penetration depth have so
far been made with bilayer samples,8 where the normal-
layer thickness is on a scale of several thousands of ang-
stroms. The characteristic so far revealed on this subject is
that the penetration depth of the normal-metal layer in-
creases with its thickness, at least at a finite temperaturﬁ.8
However, in our case the observed A below d =600 A
evidently decreases with increasing d, suggesting that the
variation of Aag (penetration depth of Ag layer) with dag
in a thin region is opposite to that in a thick region. To
confirm this novel implication, the effect of variation of
the V-layer thickness must be eliminated.

For this purpose, we carried out further measurement of
Aetr as a function of dag, where the V-layer thickness is
fixed at 100 A. In Fig. 3 Aegr is shown at several reduced
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FIG. 3. Penetration depth Asr at several reduced temperatures
t for samples with different Ag-layer thickness dag. Calculated
zero-temperature penetration depth A&s(0) is also shown. Solid
and dashed lines are guides for the eye.

temperatures ¢ for these samples. When d g4 increases, the
order parameter in V should deteriorate because of its de-
creased volume fraction, so that one may expect longer
field penetration. Contrary to this expectation, the ob-
served Aegr decreases with increasing dag, demonstrating
unambiguously that Aag decreases with increasing dag at
least below 200 A.

Why is the behavior of Aag vs dag in a thin region dif-
ferent from that in a thick region? A qualitative under-
standing is attainable by taking into consideration the
boundary scattering of electrons in the theory of proximity
effect.

If the electron-electron interaction in Ag is negligible,
one can get a position-dependent penetration depth in the

dirty limit as®
1 1/2
] L ®

hc 1
Iag

1/2
kg TPAg

h

« 1
F(x)

where F(x) denotes the pair field amplitude as a function
of distance x from the interface, NV, is the density of
states in Ag, and pag is its resistivity. In Eq. (8), the mean
free path /5, can be approximated by dag as long as the
Ag layer is thin enough. The profile of F(x) is qualita-
tively obtained by estimating £ag/d ag because Eaq is con-
sidered to be a damping constant of hyperbolic cosine
function F(x). As listed in Table I, Eag(7.)/dag is
several times greater than unity for small multilayer
period, meaning F (x) is nearly constant. On the assump-
tion that the absolute value of F(0) does not appreciably
change with dag, one finds that the dominant factor deter-
mining the da, dependence of Aag is (1/dag)'/2. So, for
dag below a certain limit, A5g decreases with increasing
dag, qualitatively reproducing the experimental observa-
tions.

When d g becomes greater, however, the simple propor-
tionality of Aaq to (l/dAg)'/2 is by no means relevant. As
listed in Table I, in this regime &ag(7.)/dag approaches
unity and hence F(x) is no longer constant, but spatially
varies. That is, F (x) deteriorates at the center of the Ag
layer. This effect eventually elongates Aag through the
factor 1/F(x) in Eq. (8). On the contrary, the factor
(1/1a)"* becomes less dominant, because /g approaches
the intrinsic mean free path instead of dAg.lo This tenden-
cy seems to appear as the increase in A¢sf measured in the
region of d > 600 A in Fig. 2.

To see the relation between the two different treat-
ments, the single-superconductor approximation and con-
sideration from the viewpoint of the proximity effect, the
work of Simon and Chaikin® is suggestive. According to
them, a thin proximity-effect superconductor with a spa-
tially constant order parameter acts like an ordinary su-
perconductor, while thick films with spatially varying or-
der parameters depart from it.

In summary, we have presented the penetration depth
Aerr of a2 V-Ag multilayer system as a function of mul-
tilayer period d (thickness ratio, 1:2). For a short period
(d <600 A), Aesr can well be explained by a single super-
conductor, while for longer period (d > 600 A), the weak
coupling nature between V layers becomes significant.
Competition between these two behaviors results in a
minimum A at =600 A. Viewed from the proximity

Aag = N
AB R (x) As
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effect, the nonmonotonic variation of A.fr with d exhibits a
novel feature of thin normal films, i.e., for normal-metal
thickness below a certain limit, the field penetration into
the normal layer decreases as the thickness increases. This
feature can be undetrstood by taking into consideration
the fact that electron scattering at the interface becomes a
dominant factor in thin layers.

Finally, we emphasize that it is with multilayered sam-
ples that this remarkable feature of a very thin normal
metal in the proximity system could be revealed, where the

magnetic field penetrates normal-metal films many times
before it decays out, and thus Az can well be reflected in
Aerr. It would be extremely difficult to find this feature
with a bilayer sample.
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