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Unusual Vortex Dynamics in Nb–a-Si Multilayers with Strong Interlayer Coupling
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(Received 10 July 1996)

We observe an unexpected, new dissipation peak as a function of magnetic field orientation in Nb–
a-Si multilayers. This peak depends differently on current, anisotropy, and magnetic field to the usual
dissipation in layered anisotropic superconductors which is also seen. This new peak is most easily
visible for thina-Si layers and is consistent with a crossover from 3D to 2D vortex behavior as the field
direction approaches the plane of the layers. [S0031-9007(96)01986-2]

PACS numbers: 74.80.Dm, 74.25.Fy, 74.60.Ec, 74.60.Jg
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The discovery of superconductivity in the anisotrop
high-Tc oxides has triggered renewed interest in inve
gations of other naturally anisotropic [1] superconduct
as well as artificially layered stacks [2–9] regarding, e
the dimensionality of the flux dynamics. Recently, so
very interesting, nonlinear, vortex dynamics were repor
[1] in NbSe2 which has extremely weak pinning. Mu
tilayer studies suggest that vortex lattice rearrangem
result in peak effects in the critical current density [5,
In addition, data on anisotropic high-Tc superconductors
demonstrate that they behave as a stack of tunnel j
tions [10–12], and that the in-plane vortex dynamics c
be affected by the interplanar coupling in these syste
[13]. Investigations of superconductor/insulator multila
ers offer “tunable” interlayer coupling to investigate
effect on vortex dynamics, in analogy to natural laye
superconductors.

We report in-plane transport measurements on niobi
amorphous silicon (a-Si) multilayers in which the in-
terplanar coupling is modified by varying the nomin
[14] thicknesses of the insulatinga-Si spacer,dSi. For
stronger coupling (smalldSi), we find two distinct types
of dissipation peaks as a function of magnetic field an
which are shown clearly in Fig. 1. The first typesUd is
a peak centered about the anglesf ­ 0±d at which the
magnetic field is perpendicular to the Nb layers, and
U type is usually found in anisotropic superconducto
e.g., high-Tc cuprates [15]. However, when the field
nearly aligned with the Nb planes, there emerges a
ond, previously unobserved peak [16], which we den
asN . The new peak shows up as an unexpected diss
tion maximum (located in Fig. 1 at roughlyf , 84±, i.e.,
with the field directed out of the Nb layers by,6±). This
N peak is the focus of our paper, and it is easily iden
fied in multilayers withdSi # 2.5 nm. The second curv
in Fig. 1, which is typical for samples withdSi $ 3 nm,
shows only theU peak and no evidence of theN peak
for the same values of temperature, field, and curr
After summarizing our data, we will suggest a pote
tial explanation which is consistent with our experimen
findings.

Our multilayers were fabricated by dual-target sputt
ing using techniques which give high-quality multila
0 0031-9007y96y77(26)y5280(4)$10.00
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ers [17]. The key for smooth interfaces is in using A
gas at 3 m Torr; deviations from this pressure result
nonuniform layers [17]. Our samples consist of 20 laye
each of Nb (6 nm thick) anda-Si (dSi was varied from
1–10 nm), which were patterned into50 mm 3 1 mm
microbridges. Electrical transport measurements were p
formed in a high-uniformity, 7 T, split-access superco
ducting magnet with a stepper motor to rotate the samp

The angular variation of dissipation for the multilaye
sdSi ­ 2 nmd which showed both peaks in Fig. 1 wil
now be discussed in more detail. It was seen in ea
of four samples made in two batches about one y
apart. For other values ofdSi, only one sample was
measured. We now describe the significantly differe
dependences of these two peaks on anisotropy, curr
field, and Lorentz force.

The effects of changes in anisotropy are seen in Fig
Although no sharpN peaks, comparable to Fig. 1, hav
been found in samples withdSi $ 3 nm, much weaker,
qualitatively similar features have been seen over a m
smaller part of theB-T plane field fordSi ­ 3 4 nm,
but not for dSi $ 6 nm. Interestingly, the upper critica
fields,Bc2, are qualitatively different fordSi $ 3 nm (see

FIG. 1. Dissipation vs field directionsB ­ 1.05 Td for multi-
layers withdSi ­ 2 nm (solid) and 10 nm (open). Both show
the usual peaksUd while the new peaksNd is only found in the
multilayer with dSi ­ 2 nm.
© 1996 The American Physical Society
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FIG. 2. (top) Dissipation vs field direction for thedSi ­ 2 nm
multilayer showing the different dependences ofN and U
on current: 0.3 mA (open); and 1 mA (solid). (bottom
Same type of data for thedSi ­ 2 nm multilayer showing the
different dependences ofN andU on field: 0.8 T (open); and
1 T (solid).

Fig. 4), while the 2D limit for fields less thanBc2 is
apparently found only fordSi . 4 nm (see Fig. 5).

In Fig. 2 (top), a reduction ofcurrent by a factor of
,3 is shown to reduceN by over 4 orders of magnitude
while U is only slightly reduced. Surprisingly, if, instead
the field is reduced by only 20%, Fig. 2 (bottom) show
relatively little change inN, while U is reduced by over 4
orders of magnitude. Finally, the direction of the curre
with respect to the in-plane component of field affectsN .
In the case shown in Fig. 3,N is reduced by 4 orders o
magnitude when they are colinear, i.e., with the Lore
force acting only on the pancake vortices.

The effects shown in Figs. 1–3 which span 4 ord
of magnitude appear very dramatic—in actuality th
correspond to more modest changes in the critical curr
(which are typically ,1 mA, corresponding to1.7 3

104 Aycm2) because the voltages are highly nonline
with the current, well away fromBc2sT d. For example, if
the current is doubled for the case of Fig. 3,N reappears
for the minimum Lorentz-force configurations, albeit wi
a somewhat reduced magnitude relative to the maxim
Lorentz-force configuration. Taken together, the data
Figs. 1–3 imply thatN andU have independent origins
or, at the very least, their critical currents depend qu
differently on anisotropy, current, field, and Lorentz forc

To gain further insight into this unusual behavior of t
U and N peaks, we have measuredBc2, which is cus-
tomarily used to address the interlayer coupling, e.g.
distinguish between 2D and 3D behavior. The resist
transitions were,0.04 K wide [(10–90)%] and the mid-
)
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FIG. 3. Dissipation vs field direction for thedSi ­ 2 nm
multilayer showing the different dependences ofN and U on
Lorentz-force configuration: maximum Lorentz force (solid
and minimum (open).

points, used to defineBc2, are plotted in Fig. 4 against th
reduced temperature,t ­ TyTc0, where theTc0 are the
zero-field values which ranged from 6.79 to 6.93 K w
no systematic dependence on insulator thickness,dSi. At
Bc2, the voltage-current data are linear up to currents
10 mA, so another criterion forBc2 would only slightly
change the quantitative, but not qualitative, results. A
expected for the field perpendicular to the layers, there is
dependence whatsoever ofBc2 ondSi. This result suggests
that the in-plane coherence lengths are roughly equa
eachdSi, and thus, for similar defects, the pinning with
the planes should be very nearly the same for all mu
layers regardless ofdSi. For fields parallel to the layers
the Bc2 data are also very systematic as a function ofdSi.
The data of Fig. 4 show that the samples divide neatly i
two categories: FordSi $ 3 nm, Bc2 displays the usua

FIG. 4. Upper critical magnetic fields (defined by midpoin
of resistive transitions) for various multilayers with differe
dSi. Data are for fields both parallel (solid) and perpendicu
(open) to the Nb layers.
5281



VOLUME 77, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 23 DECEMBER1996

w

r
3

g
t

e
A

v

rs

u
u
e

t
s
e

c

i
l
le
l

i

e

b
ly

o
a
In
le

d)
ers
),

s

led
en

2D

re-
ul-

e,
-

-
ve,
ller
un-
nt
-

that
kly

ct

,
ite
e;

he
temperature dependence of 2D (i.e., decoupled) layers
very minor differences up to the largestdSi of 10 nm; for
1 nm , dSi , 2.5 nm, theBc2 are considerably smalle
and display the linear temperature dependence of
(coupled) layers. While curves bunch together at the hi
est temperatures, for the thickest for this latter category,
low-temperatureBc2 show deviations which have been d
scribed by others as a crossover to 2D behavior [9].
our Bc2 data are virtually identicalquantitativelywith data
on Nb-Ge multilayers [9], except that, in the case of G
the nominal spacer thickness [14] for the 2D-3D crosso
was about 1 nm larger.

Finally, we anticipate the value of comparing th
magnitudeof dissipations for the 3D-coupled multilaye
with data on the weakly coupled 2D onessdSi $ 3 nmd
taken under the “same” conditions. Clearly, one sho
not compare at the same values of field and temperat
due to their quite differentBc2, but even using the sam
reduced values, i.e.,t andByBc2sT d, may introduce some
uncertainty since the superconducting order parame
c , varies differently with field for 2D and 3D system
We propose that appropriate comparisons should k
constant the values of temperature, current,c , and the
perpendicular component of field,Bj cosfj, i.e., the areal
density of vortices in the Nb layers. To test this, we che
for scaling of the dissipation withBj cosfj in our most
weakly coupled multilayersdSi ­ 10 nmd. In Fig. 5,
dissipations are plotted againstBj cosfj at t ­ 0.9, and
the top panel shows comparisons between (i) rotations
field of 3.2 T (solid symbols) which are indistinguishab
for dSi ­ 4, 6, and 10 nm and (ii) the use of much smal
fields applied perpendicular to the layers (open symbo
While case (ii) does depends ondSi, it does not for
dSi $ 6 nm, implying that by any measure the 2D lim
has been reached fordSi $ 6 nm, and that the remaining
discrepancy with (i) must then be due to the parallel fi
affectingc . At these small angles, the parallel compone
of the field,Bkkk, in (i) is ,3.2 T which should reducec
by ≥

c

c0

¥2
­ 1 2

≥ Bkkk

Bckkk

¥2
, (1)

where, from Fig. 4,Bckkk , 6.2 T for t ­ 0.9. In order to
test this idea, the decrease can be simulated atBkkk ­ 0 by
using a higher temperature sincec2 , c

2
0 s1 2 td. Then

we calculate thattx , 0.926 andBkkk ­ 0 should simulate
t ­ 0.9 and Bkkk , 3.2 T. The best match atBkkk ­ 0 is
shown as open squares in Fig. 5 (top) fort ­ 0.923,
which can be considered within experimental error to
the same astx. Thus we verify that Eq. (1) adequate
describescsBd for the 2D multilayers with dSi ­ 6
and 10 nm.

Armed with this result, we can now compare data
3D-coupled multilayers in the region of the new pe
with data on the weakly coupled 2D multilayers.
Fig. 5 (bottom panel), data are shown for the 3D-coup
multilayersdSi ­ 2 nmd at t ­ 0.9 andB ­ 0.41 T. Ex-
5282
ith

D
h-
he
-
ll

e,
er

e

ld
res

er,
.
ep

k

n a
e
r
s).

t

ld
nt

e

n
k

d

FIG. 5. (top) Comparison of dissipation vsBj cosfj at t ­
0.9 between (i) rotations in an applied field of 3.2 T (soli
and (ii) much smaller fields applied perpendicular to the lay
(open). Data are fordSi ­ 4 nm (triangles), 6 nm (diamonds
and 10 nm (circles). Data on thedSi ­ 10 nm multilayer (open
squares) for case (ii) att ­ 0.923 are shown to overlap case
(i) at t ­ 0.9. (bottom) Similar comparison att ­ 0.9 for
rotations in a field of 5.7 T for weakly coupledsdSi ­ 10 nmd
multilayers (solid diamonds) and at 0.41 T for strongly coup
sdSi ­ 2 nmd multilayers in the region of the new peak (op
squares).

cellent agreement is found with the weakest-coupled
multilayersdSi ­ 10 nmd by changing only the field (from
0.41 to 5.7 T). To determine if this is reasonable
quires the equivalent to Eq. (1) for the 3D-coupled m
tilayer. We expect the Abrikosov solution,c2 , c

2
0

s1 2 ByBc2d, to be a good starting point for the 3D cas
although it is strictly valid only for extreme type-II su
perconductors close toBc2, and it does not explicitly con
sider layering effects. Following the analysis, as abo
the match is expected for a field of 3.5 T, which is sma
than the experimentally determined 5.7 T. Given the
certainties incsBd for the 3D case, the ability to accou
for most of the shift in field (of a factor of 14), demon
strated by the fit in Fig. 5, could be taken as evidence
the dissipation at the new peak mimics that of a wea
coupled 2D multilayer with the samec .

In summary, the experimental facts which refle
strongly on the origin and nature of the new peaksNd
are: (1) The peaksN and U have independent origins
or, at the very least, their critical currents depend qu
differently on field, current, anisotropy, and Lorentz forc
(2) it has been difficult to find convincing evidence for t
new peaksNd in samples withdSi $ 3 nm, which based
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on Bc2 are weakly coupled (2D-like); and (3) there
evidence that the dissipation at the new peak mimics
of a weakly coupled 2D multilayer (with the samec).

The result (3) is intriguing: it implies an alternative
ascribing newness to thepeak sNd, by hypothesizing in-
stead adip in dissipation due to a 2D to 3D crossover o
curring as the angle drops from 90±. In this model, the
increased effective pinning provided by the 3D coupli
[13] reduces the dissipation from the weakly coupled
case (although the increased pancake vortex density af

goes to zero does cause a measurable dissipation).
weak interlayer coupling for angles near 90± could, e.g., re-
sult from the very large distances between pancake vort
in adjacent layers. This model can clearly accommod
the different dependences ofN and U on field and cur-
rent, because of their different dimensionalities. Althou
otherwise appealing, at first sight, such a model can
resolve the Lorentz-force dependence shown in Fig. 3
the layers are truly decoupled, it is hard to see what r
the Lorentz force would play. Perhaps, further theore
cal guidance [18] can resolve that aspect of this intrigu
and unexpected phenomenon, since the new peak is
erwise consistent with a crossover from 3D to 2D vort
behavior as the field direction approaches the plane of
layers.
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