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Pinning Mechanism Studies on the Nb/Ag Superconducting Multilayer
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The critical currents of the Nb/Ag multilayer, a proximity-effect-coupled artificial layered superconductor,
have been measured. The behavior of the flux pinning force is compared with that of the Nb/A1,0; multilayer, a
previously studied Josephson-coupled layered superconductor. Several qualitative and quantitative differences in

the pinning characteristics of the two systems are pointed out.
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1. Introduction

Superconducting properties of a material are greatly
influenced by multilayering. For layered structures, it
is well known that the critical field parallel to the plane
can be markedly enhanced.’ It is also expected that
the layered structure may play a role as a pinning cen-
ter and contribute to the enhancement of the critical
current J.. Therefore the artificial multilayered super-
conductor seems to be an interesting object of investi-
gation from both fundamental and applicational physi-
cal points of view.

The superconducting multilayer may be divided into
two main categories according to the type of interlayer
coupling. One is superconductor/metal multilayers in
which the interlayer coupling is due to the proximity
effect. The other is the superconductor/insulator mul-
tilayers in which the interlayer coupling is due to
Josephson tunneling. Theoretical studies on supercon-
ducting properties appropriate for each type of
multilayer have already been reported by several
authors.®'Y We have applied an rf dual-sputtering tech-
nique to the study of superconducting properties of Nb-
based multilayered systems.'>'® As a model system of
Josephson coupled multilayers, we fabricated Nb/A1,0s
multilayers and investigated the pinning characteris-
tics as reported in previous papers.'®'” There we point-
ed out that the cross-plane pinning force density Fj
shows peculiar behavior which depends on the super-
conductive dimensionality; the maximum point of the
reduced pinning curve Fy,/Fy i my vs h (=H/H.,) shifted

from a rather low h value in three-dimensional (3D) mul-

tilayers to a very high h value in two-dimensional (2D)
ones. In this study we examine if the above-mentioned
anomalous shift accompanied with the change of the su-
perconductivity is observable also in a proximity-
effect-coupled system, the Nb/Ag multilayer. The pos-
sibility of using the Nb/Ag for practical application as a
superconducting material is also discussed.

2. Experimental

Critical current measurements were performed on
the Nb/Ag specimens with the structural modulation
wavelength A=44 A, 159 A, 465 A and 736 A. Nb and
Ag do not form solid solution, so we selected Nb/Ag
system so as to minimize the interdiffusion through the
boundary. By use of a low-angle X-ray diffractometer,

satellite peaks were observed for all samples, which
confirmed the existence of the modulated layer struc-
ture. The X values were determined from the position
of the satellite peaks. The layer thicknesses of Nb
(dNb) and Ag (dAg) sublayers were designed to be
equal, so that A=2dNb=2dAg. The superconductive
dimensionality was determined from the behavior of
the parallel critical field (Heyy) shown in Fig. 1(a). In the
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Fig. 1. Upper critical field as a function of temperature of Nb/Ag
multilayers with A=44, 159, 465 and 736 A. (a) Parallel critical
field (H,y)), (b) perpendicular critical field (H1).
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Table I. Several Material parameters.

A T, —(dch_L/dT)T—Tc ch// b1 5€(Ic2l chll/ch p_Lmax . ﬁ/max FpJ.max/Fp//max Fp//max/HCZ_L PEF
(R) (K) (kOe/K) (kOe) (108 dyn/cm ). (1010 dyn/cm3 kOe)

44 3.17 (4.87) 10.43 9.01 1.16 0.014 0.070 2.00 0.78 1.72
159 5.00 3.47 20.38 12.01 1.70 0.500 0.290 1.72 2.41 1.01
465 6.17 4.25 41.52 19.04 2.18 1.18 0.440 2.68 2.31 1.23
736 6.47 4.92 37.59 22.79 1.65 2.90 0.735 3.95 3.22 2.39

case that Heyy is proportional to (1—7T/T.)* near the are defined by
transition temperature T, the superconductivity is 3D
P o e Sub 4 Fou=(1/c)\ey % Hy (1)

and in the case that H,,y is proportional to (1~ T/T,)"?
near T., the superconductivity is 2D. In the mul-
tilayered system the superconductivity is expected to
be 3D for small values of A and 2D for large values of A,
with the quasi-2D behavior being usually observable be-
tween the 3D and 2D regions.»®® In Fig. 1(a), the 3D
superconductivity is confirmed for A=44 A and 159 A,
and quasi 2D is confirmed for 465 A and 2D is
confirmed for 736 A. The perpendicular critical field
(H..) is shown in Fig. 1(b) for comparison. Experimen-
tal details are the same as those described in the previ-
ous paper.'” Several superconducting material
parameters are summarized in Table I.

3. Results and Discussion

Figures 2(a) and 2(b) show cross-plane (F,,) and in-
plane (F,/) pinning force density at 1.5 K as a function
of the applied field Hy and H., respectively. Here Hy
and H, respectively denote the applied field parallel
and perpendicular to the multilayer plane. F,, and Fyy
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Fig. 2. Pinning force density as a function of applied field at 1.5 K.
(a) Cross-plane pinning force (F .0), (b) in-plane pinning force (Fyp.

Foy=(1/c)J.L XHy, 2

Joy and J.1 being the critical current density for Hy and
H, respectively. Both F},, and F},jincrease with the in-
crease of \ in the measured region of A<736 A. F,, is
always larger than F,j, which seems to be a general
characteristic of the multilayered structure. In order to
obtain detailed pictures of the anisotropy of the pin-
ning force density and its correlation with the upper
critical field anisotropy, we plot Heoy/Hzo 1, Fpimax/Fpjmax
and (Fp 1 max/Fpjmax)/( Hesy/Hzo 1) as a function of ) in Fig.

3. We refer to the last quantity, (Fp.ima/Fp/ma)/(Hezy/
H L), as the pinning enhancement factor (PEF) as in
the previous paper.'” Because F,; and H.,, reflect in-
plane superconducting properties not directly connect-
ed with the multilayered structure, PEF represents the
ratio of the enhancement of the pinning force to that of
the upper critical field caused by the multilayering.
Thus in the case of PEF=1, one may consider that the
enhancement of F},, and Fyy is of approximately equal
strength. In Fig. 3 we see that the value of F,,/F,/ is
large in the 2D region, while Hzy/H.2, reaches its maxi-
mum in the quasi-2D region. The strong enhancement
of F},1 only in the 2D region can also be confirmed from
the PEF' vs A curves; the PEF value is very large only
for A=736 A. This result indicates that in the proximi-
ty-effect-coupled Nb/Ag system, the Ag sublayer thick-
ness of dAg=300 A is necessary for the multilayered
structure to produce fully effective pinning center. In
marked contrast, previous studies'®!” showed that the
Al,Os sublayer thickness d Al,O; of ~20 A is sufficient
for the full enhancement of F}, in the Josephson-cou-
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H,,)l as a function of A at 1.5 K.
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pled Nb/Al1,0; system. This quantitative difference is-

very significant and the insulating Al,O; sublayer is by
far the more efficient pinning center in Nb-based mul-
tilayered systems. In this respect, the proximity-effect-
coupled multilayers seem to have some drawbacks in
application as superconducting materials.

The pinning force densities F} i max and Fpjmax of Nb/
Ag with A=44 A are very small, although the
anisotropy ratio Fyimex/Fp/max is rather large for a 3D
multilayer. In order to elucidate the origin of the small
Fy, Fpjmax/Hez ) values are calculated and compared (see
Table I). We notice that F,jme/Hewy of the Nb/Ag
(A=44 A) sample takes an anomalously small value in
comparison with other specimens with larger values of
A. This fact indicates that with this thin dNb, the prox-
imity effect may degrade the current-carrying capacity
by, for example, narrowing the effective current path
through the superconducting Nb sublayer. On the
other hand, even this small structural modulation corre-
sponding to A=44 A works as a somewhat effective pin-
ning center along the direction perpendicular to the
layer, thus enhancing the anisotropy Fy i max/Fp/max-
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Fig. 4. Reduced pinning force (a) F, l/Fp L max and (b) Fp///Fp//m,,‘x vs
reduced field h at 1.5 K.
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In Figs. 4(a) and 4(b) the reduced pinning forces Fy,,/
Fyimax and F,j/Fyjmax are plotted against the reduced
field h (=H/H.3). For Fp1/Fpime vs h curves (which we
refer to as the pinning curves) of the Nb/Al,O; sys-
tem,'® we found a clear difference which evidently cor-
related with the superconductive dimensionality. The
peak position of the pinning curves of the Nb/A1,Os mul-
tilayers shifted to higher h values, near h~0.8, from
lower h values near h~0.4, as the superconductive
dimensionality changed from 3D to 2D. In Fig. 4(a),
the pinning curve of the 2D Nb/Ag multilayer (A=736
A) reaches a maximum at about h~0.35 and the curve
rather coincides with those of the quasi-2D (A=465 A)
and the 3D (\=159 A) multilayer. This result indicates
that there is a qualitative difference between the cross-
plane pinning mechanisms of the Nb/Ag and the Nb/
Al,O; systems in the 2D region. Among the Nb/Ag mul-
tilayers studied, F,, of the 3D specimen with the
smallest value of A (\=44 A) shows a peak position at a
very low field (near h~0.20) distinct from the other
Nb/Ag multilayers. This anomalous pinning curve at
A=44 A may be related to the anomalously small pin-
ning force densities and to the anomalously large of
Fy 1 max/Fp Jmax value for this specimen.

4. Summary

(1) The difference in the cross-plane pinning charac-
teristics associated with the change of the superconduc-
tive dimensionality is not observable for the Nb/Ag
multilayers, which makes a marked contrast to the Nb/
Al,Os system. The different superconductive interlayer
couplings of the two systems, i.e., the proximity effect
and Josephson tunneling, may be responsible for the
qualitative difference in the cross-plane pinning
mechanisms.

(2) Inthe measured range of the structural modula-
tion wavelength A=736 A, the pinning force densities
of the Nb/Ag system increase with the increase of . In
particular, the enhancement of the cross-plane pinning
force density F}, | becomes conspicuous when the super-
conductive dimensionality changes from quasi-2D to
2D. This indicates that the Ag sublayer thickness as
large as dAg=300 A is necessary to introduce fully
effective pinning centers in the Nb/Ag multilayers.

(3) Considering the fact that dALOs~20A is
sufficient to obtain the maximum pinning force in the
Nb/Al,0; system, the metallic Ag sublayer seems to be
less efficient than the insulating Al,O; sublayer to in-
troduce powerful pinning centers necessary for applica-
tion in Nb-based multilayers.
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