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Flux pinning characteristics have been investigated for the Nb, Tijgo—x/Nb
(x =265, 50 and 28) and NbrgTi7n/NbgsTiss superconductor(S)/supercon-
ductor(S') multilayers. The maximum of the pinning force Fp, | yax perpen-
dicular to the layer plane as a function of the structure modulation length X
has a peak in the quasi-two-dimensional region (,~20nm). The maximum.
values of the Fp|max versus A curve are proportional to the difference of the
GL coherence length (§G1) between the superconductive sublayers S and S'.
The results suggest that the large Fp|mayx in the SIS multilayer is caused by
the repulsive pinning force due to Nb layers with larger &gy.

KEY WORDS: superconductivity; critical current; pinning force; multi-
player.

1. INTRODUCTION

The study of the mechanism of flux pinning is one of the most attrac-
tive subjects for superconducting multilayers because the superconducting
multilayer is considered to have intrinsic large pinning centers due to the
intervening normal or superconducting layers with different superconduct-
ing characteristics. There have been several theoretical and experimental
investigations concerning the subject of the pinning mechanism for super-
conducting multilayers.! Much of recent theories have been concentrated
on the high 7; oxide superconductors. Some of these theories can be appli-
cable to the multilayered materials with a certain modification because
oxide superconductors have a layered structure composed of the strongly
superconductive Cu-O layer and weakly superconductive other layers. One
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of typical theories applicable to the transverse pinning force for multilayers
is the conception of the intrinsic pinning force introduced by Tachiki and
Takahashi.® This idea is based on the fact that the layered structure itself
should play an important role for flux pinning due to the oscillative spa-
tial variation of the order parameter perpendicular to the periodic layered
structure; the weak superconducting layer should stabilize the flux located
in these layers.

Experimentally there have been several studies of the critical current
density J. and the pinning force F, for the multilayers. For example, Raffy
and Renard’ have observed the peak effect in J. versus H curves for
Pb/Bi superconducting multilayers. They interpreted the peak effect as a
result of the geometrical matching between the distance of the fluxoids
and the distance of the pinning centers. Brossard and Geballe® investigated
the longitudinal Fp; and transverse F,| pinning force, which act paral-
lel and perpendicular to the layer plane, respectively, for the Nb/Ta mul-
tilayers. Estimating the reduced pinning force Fp/Fpmax as a function of
reduced magnetic field H/H.,, they concluded that for large bilayer period
the pinning force behaves as a dislocation pinning and for small bilayer
period it originates from the collective pinning mechanism. We have inves-
tigated the pinning mechanism for Nb/Al,O3 multilayers,”'® and shown
that for the longitudinal pinning force Fp the surface pin plays an impor-
tant role. We also have investigated the transverse pinning force Fj, for
Nb/Ti mul‘[ilayers.11 In this case the large enhancement of Fp, as a func-
tion A was observed for the quasi 2D-region. But until now the exact
mechanism of the transverse pinning for multilayers has not been clarified
yet. Recently, we have investigated the pinning mechanism for both the
superconductor(S)/normal metal(N) and S/S’ multilayers'?!* and found
that the behavior of Fpimax as a function of A and the size of the pin-
ning are very similar for both systems despite that one has S intervening
layer and another has N intervening layer.

In S/N multilayers the transverse pinning force F,, is usually much
enhanced compared to the longitudinal pinning force Fp. In S/N multi-
layers the N layer usually works as an attractive pin center for vortices. So
the fluxoids are stabilized in N sublayers. In this case the superconduct-
ing condensation energy is the main origin of the vortex pinning energy.
In contrast, in the S/S’ multilayers such as NbTi/Nb, which has almost the
same condensation energy between S and S’ layers, the main origin of the
transverse pinning force may come from the kinetic term of the GL free
energy.'4 This energy term stabilizes the fluxoids in NbTi sublayers as sug-
gested by Matsushita et al.!>16 In this case, Nb-layer works as the repul-
sive pin center. They demonstrated that in S/S’ multilayer (& <&/, where
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& and &y are the GL-coherence length of S and S’ layer, respectively), the
large enhancement occurs in Fp, where S’ layer works as a repulsive pin-
ning center.

We have investigated the F,| in three series of Nb,Tijgo—,/Nb (with
x =65, 50 and 28) and NbygTi7n/NbgsTizs (S/S’) multilayers. We discuss
about the maximum value of F}, 14 versus A curve as a function of the
difference of the coherence length of both the sublayer.

2. EXPERIMENTAL

Superconductor(S)/ superconductor(S’) multilayers have been fabri-
cated by an RF dual sputtering onto quartz substrates. Samples are
composed of three series of NbTi/Nb (NbgsTizs/Nb, NbsoTiso/Nb and
NbygTi72/Nb) and one series of NbTi/NbTi (NbygTi7o/NbgsTizs). Samples
thus made are designed to have equal sublayer thickness, dnpTi=dNp (OT
dnpti) = (1/2)A, where dnpti and dnp mean the thickness of the NbTi-
layer and Nb-layer, respectively, and A is the modulation wavelength. The
sample thickness is about 500 nm. The critical current density was mea-
sured resistively at 4.2 and 1.5K under the magnetic field parallel to the
layer plane (J.(Hj)) and perpendicular to the layer plane (J.(H)), where
Hy and H, are applied fields parallel and perpendicular to the layer,
respectively. The macroscopic transverse and longitudinal pinning forces
Fp1 and Fp) were calculated from the critical current density J; as Fp,| =
(1/e)Je(H)) x Hy and Fp = (1/c)Je(H1) x Hi. The schematic configura-
tions for these quantities J, H and F are illustrated in Fig. 1.

3. RESULTS AND DISCUSSION

The field dependence of critical current densities J.(H)) and J.(H1)
at 1.5K are shown in Fig. 2 a and b for NbsyTiso/Nb-samples as a typical
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Fig. 1. Schematic configuration expressing the relation among J, H and F for both the cases
of (a) H being parallel to the layer plane, and (b) H being perpendicular to the layer plane.
J is always in the layer plane.
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Fig. 2. Critical current density J. under (a) the parallel magnetic field H; and (b) the per-
pendicular magnetic field H, at 1.5K for NbsoTiso/Nb samples with changing of A from 8.6
to 100nm. An arrow in Fig. 2a indicates the jumping point of the vortex for the sample with
A=20nm (see the text).

example. The macroscopic transverse pinning force F,; as a function of
H) and longitudinal pinning force F, as a function of H, for the same
samples are shown in Fig. 3a and b, respectively. From these figures we
can see several characteristic features: (i) For small A(A = 8.6nm) and
large A(A =100nm) the pinning force Fp, is relatively small because the
layer itself or layer boundary does not work effectively as a pinning cen-
ter and also because of the relatively small upper critical field chn.”
Consequently, the peak of the pinning force F,imax is also small. (ii) In
the quasi-2D region (A ~20nm) the pinning force Fp; is much enhanced
which may be due to the Nb layer acting as the repulsive pinning center as
discussed later. (iii) Fp| scarcely depends on A because in the layer plane
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Fig. 3. (a) Pinning force Fj,; of the same series as Fig. 2 under the parallel magnetic field
Hy and (b) Fp under the perpendicular magnetic field H, at 1.5K, which are calculated
from J. using the relations, Fj,; = (1/c)J.(H)) x Hy and F, = (1/c)J.(HL) x Hy. An arrow
in Fig. 3a indicates the vortex jumping point for the sample with A =20nm.

direction there is no special pinning center which depends on the interven-
ing layer thickness.

From the curve of F, versus H, we can estimate the maximum value
of the pinning force Fpmax for each sample with different 1. Both of thus
obtained Fpimax and Fpjmax as a function of A are illustrated in Fig. 4
for the present multilayers NbgsTizs/Nb, NbsgTiso/Nb, NbygTizn/Nb and
NbygTi7o/NbgsTiss. The characteristic results are as follows: (i) The val-
ues of Fpimax is about 1~7x 108 dyn/cm3 for all the present multilayers.
This value is nearly the same order of magnitude as that of commercial
NbTi alloy. (ii) For all series, Fpimax is always larger than Fpjmax except
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Fig. 4. Maximum pinning force Fpimax and Fpjmax as a function of A at 1.5K for the pres-
ent multilayer series, NbgsTizs/Nb, NbsgTiso/Nb, NbagTi7o/Nb and NbygTiz2/NbgsTiss. Lines
are guide to the eyes.

for the smallest A region. (iii) Fp|max is almost invariable over the entire A
range for all the multilayers investigated, suggesting that the pinning force
acting parallel to the layer plane does not depend on the sublayer thick-
ness, that is, in the direction of layer plane there exists no special pin cen-
ter which depends on the layer thickness. It is quite reasonable because the
pinning force acting parallel to the layer plane may be in the same situ-
ation to the case of Fp| in a single layer. (iv) Fpimax as a function of A
has broad maximum around A ~20nm for all the present multilayer series.
Therefore Fp)max is strongly enhanced in this region.

The scattering of the Fp, values between sample to sample in the
same series and/or between series seen in this figure may come from the
difference in local pin centers formed by for example void, precipita-
tion or dislocation. These local pins may influence equivalently both the
transverse and longitudinal directions. Therefore, in order to evaluate more
precisely the pinning force due to the pure effect of multilayering, the bet-
ter method is to take the difference between. F}, | max and Fpjmax for each
sample. We introduce here the effective pinning force FpLmax. The value
of FpLmax = Fplmax — Fpjmax. FpLmax as a function of X for all the series
is shown in Fig. 5. In this figure the negative values of Fpimax seen in the
small A region of NbygTi7»/Nb and NbsyTisg/Nb are due to the larger lon-
gitudinal pinning compared to the transverse pinning. As the multilayer-
ing is not effective in this region, the negative values have no important
meaning. Here we can see the effect of layering on the pinning force for
all the series. The large enhancement is also seen around A ~20nm for all
the multilayer series which is in the quasi-2D region for the superconduc-
tivity. The peak value (M(F)) of the FyLmax versus A curve is the largest
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Fig. 5. Effective pinning force FpLmax(= FpLmax — Fpjmax) due to multilayering as a function
of A at 1.5K. Lines are guide to the eyes.

for Nbyg Ti7p/Nb. The difference of M(F) among the series is expected to
originate from the difference in GL-coherence length £gp of S’ layer and
S layer.

According to the measurement of parallel and perpendicular upper
critical field,!”18 the GL-coherence lengthégy (0) of sputtered Nb, NbgsTiss,
NbspTisyp and NbygTizp at 0K is estimated as 10.00, 6.34, 5.89 and
4.24nm, respectively. The result of &g (0) is shown in Fig. 6. The &g (0)
values have nearly a linear relation with respect to the Ti-concentration,
suggesting that alloy-layer becomes dirtier by the substitution of Nb by Ti.
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Fig. 6. GL-coherence length at 0K &1 (0) versus Ti-concentration for the Nb and NbTi
alloy sublayers.
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We now consider about the large enhancement of Fppmax around
A ~20nm as seen in Fig. 5. In this region, as mentioned above, the
superconducting state is quasi-2D as indicated by the dimensional cross-
over in Hgy.!”!® Therefore the quasi-2D state is related to the large
enhancement of Fp max. One reason of the large enhancement is that the
size of vortex just matches to the sublayer thickness in this region and
consequently the vortex is hard to move even under the applied high
magnetic field and/or the large current. Another reason of large enhance-
ment is as follows. The phenomenon of the large enhancement of Fp)
at the quasi-2D state in the S/S’ multilayers is similar to that of S/N
multilayers.!> Moreover the size of F,imax is nearly the same for both
multilayer systems. S/N multilayer such as NbTi/Ti has pin center in the
normal Ti-layer, which acts as attractive pin. The same situation is antici-
pated in the S/S’” multilayer such as NbTi/Nb. In this case Nb-layer, which
has larger coherence length than NbTi layer, is considered to work as a
repulsive pin,!>1 signifying that the vortices preferably occupy the NbTi
layer. This situation is realized as follows. In the quasi-2D region of S/S’
multilayer with different electron diffusion constant between S and S', the
two stage crossover occurs in the Hgy versus T curve as predicted the-
oretically by Tachiki and Takahashi.>* Near T;, Hepj— T curve behaves
as anisotropic three dimension (3D), where the superconducting order
parameter spreads over both the S and S’ layers. With decreasing tem-
perature, Hepp—7 curve upturns accompanying a kink at a certain tem-
perature T =T7 and the system behaves as two dimensional (2D state),
where the superconducting order parameter locates in Nb layer (having a
longer coherence length) and vortex is mainly located in NbTi layer. With
further decreasing T, Hey — T curve upturns again at another temperature
T =T* and system enters into another two dimensional state (2D* state).
The order parameter then is located in NbTi layer (having a shorter coher-
ence length) near Hey(T) and vortices moves to the Nb layer from NbTi
layer with decreasing temperature. A typical example is shown in Fig. 7a
for the case of NbgsTizs/Nb(A=20nm). In this sample, as T is very close
to 7. the upturn of Ho at T is not apparently visible in the figure.
T* can be identified at about 6K as a kink of the H.(T) curve. If we
assume that the order parameter persists in the Nb layer over the entire
temperature range below T, the hypothetical upper critical field H*(T)
is expected to follow the dotted line in Fig. 7a.'® Figure 7b presents the
Je versus Hj curves at 1.5 and 4.2K for NbgsTizs/Nb (A =20nm). The
Je (Hy) has a kink around 50kOe at 1.5K and around 30kOe at 4.2 K.
It is quite interesting to note that 50 kOe corresponds to H*(1.5K) and
30kOe corresponds to H*(4.2K) in Fig. 7a. These kinks indicate the jump



Repulsive Flux Pinning Force in Superconducting Multilayers 133

(@ 80 —— T T T T
i Nb65Ti35/Nb
60 - A=20nm *
° | "
g
- 40 f—
3
o L
20 -
L
0
0
® 2 : T - : : .
5 .
10 ?ooooooooco... Nb65T135/Nb E
5¢0000000,, S, A=20nm
E 2 % £ -
3 10°- %% T.“'.. 4
’3 st (%h) H*(15) .. 1
as] ol l =S ]
E * OO
10° - H'@42) o, s
e 15K ° ¢
o 42K o U
2 . 1 . 1° : i
0 0 40 60
H// (kOe)

Fig. 7. (a) H-T diagram of NbgsTizs/Nb for A =20nm sample: circle: Hey data, triangle:
transition field at 4.2 and 1.5K from the measurement of J.(H)). Solid line and dotted
line show Hc curves when order parameter is located in S'-sublayer (NbTi) and S-sublay-
er (Nb). TT, T* and, H* are the transition temperature and transition field. 3D, 2D* and
2D* are the corresponding superconducting states. (b) J. versus Hj curve at 1.5 and 4.2K
of NbgsTizs/Nb for A =20nm sample. Kink appearing for each curve at H*(1.5) and H*(4.2)
(arrow indicated) corresponds to the transitions from 2D* to 2D* state.

of the order parameter from the Nb-sublayer (low field side) to the NbTi-
sublayer (higher field side). This phenomenon clearly occurs when the size
of vortex (~&) becomes comparable to the sublayer thickness. The vorti-
ces arrangement at the 2D7-state and 2D*-state is schematically drawn in
Fig. 8. As shown in this figure, in the H < H* region (2D%-state) vortices
are located in the NbTi-layer while in the H > H* region (2D*-state) they
are located in the Nb-layer. Therefore if the Nb-layer (having larger coher-
ence length) works as the repulsive pin center, 2D™ state has larger pin-
ning force than 2D* state. This situation is substantiated by the behavior
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Fig. 8. Vortices arrangement at (a) the 2D -state and (b) the 2D*-state.

of the J.(H))-curve as shown in Fig. 7b, where the large enhancement of
Je(H)) is observable at field below H*. The J.(H)) kink and the enhance-
ment of F,; at the boundary between 2DT and 2D* can be also seen for
other series, for example in NbsgTiso/Nb-sample of A =20nm in Figs. 2a
and 3a (marked by an arrow). Thus the kink of the J.(H)) at H* provides
a direct evidence of the repulsive pinning due to the Nb-layer.

Mechanism of repulsive pinning has been first treated for the longitu-
dinal pin by Matsushita er al.!% for NbTi/Nb lamella structure. They have
deduced the elementary pinning force fp (see Eq. 11 of Ref. 16) acting
on the longitudinal direction to the layer plane based on the Ginzburg—
Landau theory. The repulsive pinning force comes from the kinetic energy
difference between the both layers due to the spatial variation of the order
parameter. Based on their theory we have calculated the transverse pinning
force for the present S/S’ multilayers. The free energy in the superconduct-
ing state Fy is written down as follows.

B
2
where F,(0) is the free energy in the normal state in the absence of mag-
netic field, W the order parameter, m* the mass of superconducting elec-
tron, wo the permeability of vacuum, 4 the vector potential, and « and
B are the numerical coefficients. In the NbTi/Nb, 7. of both the layers
is nearly the same and the density of state is also comparable.!”-1° The
vortex pinning is mainly correlated to the change of kinetic and potential
energy caused by the spatial variation of the order parameter. Here we can
put AV =|V|/|Ws|=3r/2ag —r3/2a8 (r <ap) and AV =1(r > ap) around
a fluxoid,?’ where Wy, is the equilibrium value of order parameter and r
the position within the fluxoid, r =0 is the position of the center of the
fluxoid core and ag=(8/3)!/2¢. The increase of the energy E; by having
the fluxoid in the layer is;?!

a VANEINIAN
= |:a|\IJ|2+§I\If|4+2 . <M> i|2nrdr
0 m ar

1 1
Fy=F,(0) +a|W|* + I‘If|4+%l(—iﬁv+2€A)‘V|2+zu«o(rotA)z, (1)
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At the boundary region between NbTi-layer and Nb-layer, ay must
be taken as the average value of both the coherence lengths as ayp =
(8/3)1/2(§NT+§N) /2, where &y and ént are the GL-coherence length of
Nb and NbTi layer, respectively. The elementary pin f,; working at the
boundary of both layers NbTi and Nb acting on the perpendicular direc-
tion to the layer plane is thus,

IAE,  E\—EiNt _ TroHNER — 7o HnERT
ar 2ay 2(8/3)1/2(EnT +EN)/2
~ (3/8) 2 o H2 (En — EN). (3)

where suffix N and NT mean Nb and NbTi layer, respectively. Here we
assume that the thermodynamical critical field H; for both NbTi and Nb
layer are almost same as H,~ H.nT ~ Hen. Usually the macroscopic pin-
ning force is written as Fp ~ &N fp,22 where ¢ is the efficiency factor of
pin and N the effective pin density. Therefore Fppmax is regarded to be
proportional to fpimax a8 FpLmax & fpL. So, from the Eq. (3) we can con-
clude that if the pinning force originates from the repulsive pin, the rela-
tion Fprmax & N —&NnT must hold for the multilayers systems.

We plot the values of M(F) as a function of &y —é&nT at 1.5 and
4.2K shown in Fig. 9, where the values listed in Fig. 6 are taken for &y
and &nt. In this figure we can see that M (F) and &y —énT have a roughly
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Fig. 9. Peak of maximum, pinning force M(F) versus &y — —&ny for the present multilayer
series at 1.5 and 4.2 K.
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linear relation. Thus in the present S/S’ multilayers, the repulsive pinning
force actually acts on the systems as the main pin, the strength of which
is of the same order as the usual attractive pinning force.

4. SUMMARY

The superconductor/superconductor multilayer NbTi/Nb has the large
enhanced transverse pinning force Fpimax compared to the longitudinal
pinning force Fpmax. This large F, 1 max is comparable to that of supercon-
ductor/normal metal multilayer NbTi/Ti. Present series of Nb, Tijgo_./Nb
with x =65, 50 and 28 and Nb;gTi75/NbgsTiszs show the broad peak in the
FpLmax (the effective pinning force due to multilayering) versus A at the
quasi-2D region. The peak value of Fppmax (M(F)) as a function of &N —
&Nt satisfies nearly a linear relation. This should originate from the super-
conducting Nb layers acting as repulsive pin centers. With increasing H|,
the vortices jump from the NbTi sublayer to the Nb sublayer at H*(T)
because of the repulsive pinning force, H*(T') being the extrapolated hypo-
thetical Hey (T) of the 2D3* state of the superconductor/superconductor
multilayer where the order parameter is fixed in the Nb sublayer.
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