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Angular dependence of the critical currents in Mo77Ge23 /Ge multilayers
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We examine the critical current densities of superconducting/insulating Mo77Ge23/Ge multilayers in
magnetic fields applied at arbitrary angles with respect to the superconducting layers. In these measure-
ments, we demonstrate the existence of a threshold field, below which the critical current is governed
only by the perpendicular component of the applied field. Also, we observe that there exists a critical
angle that divides two different regimes of vortex pinning. Finally, we relate these results to existing
theories of vortices in layered superconductors.

INTRQDUCTION

Since the discovery of the high-temperature supercon-
ductors, there has been renewed interest in layered super-
conductors, especially their vortex state properties. In
this paper, we present a study of the angular dependence
of the critical currents J, in superconducting/insulating
(S/I) amorphous Mo77Ge23/Ge multilayers in an applied
magnetic field. These multilayers are an effective model
system to study vortices in layered superconductors,
since the coupling strength between the superconducting
planes can be varied easily by simply changing the Ge
thickness. Our samples range from barely coupled
quasi-two-dimensional superconductors to highly cou-
pled, slightly anisotropic bulk superconductors.

From our study, we find two characteristic features of
the angular dependence of J, in such layered systems.
First, there exists a threshold field below which the criti-
cal current is governed only by the perpendicular com-
ponent of the magnetic field. Second, there also exists a
critical angle that delimits two different regimes in the
vortex pinning. We will discuss these results within the
framework of existing theories of vortices in layered
structures.

EXPERIMENTS

Thin-film multilayers of amorphous Mo~7Gez3/Ge
were deposited by multitarget magnetron sputtering on
amorphous Si3N4/Si substrates. ' The thickness d, of the
superconducting Mo77Ge23 layers was maintained con-

0
stant and equal to 60 A. The insulating Ge thickness d;
was varied from 125 A down to 15 A. The multilayers
contained a total of ten superconducting layers. From
previous work, we know that these multilayers have a
well-defined layered structure with a sharp S/I inter-
face. The critical temperature, for all the samples, was
5.4 K.

The bulk properties of amorphous superconducting
M077Ge23 are well known. Its penetration depth is 7700
A at 0 K and its coherence length 55 A. Due to the
amorphous nature of the superconductor, pinning is
moderate, with J,=10 A/cm at low temperatures and

high fields.
The multilayers were patterned by reactive ion etching

into structures of length 2.54 mm and width 20 pm suit-
able for four-point electrical measurement. The critical
current was measured using a dc voltage criterion of 5
pV. The corresponding current density was calculated
using the total Mo77Ge23 thickness only, since amorphous
Ge is not conducting. A magnetic field was applied per-
pendicular to the current, and the angle y it made with
the layers (q&=0 being parallel) was varied from —90' to
+90'. The magnitude of the field ranged from 40 Oe up
to 6 kOe. By comparison, the lower and upper critical
fields H, &

and H, 2 for bulk Mo77Ge23 are 15 Oe and 35
kOe, respectively, at 4.2 K. All the measurements
presented have been made at 4.2 K unless otherwise
specified. A summary of the material parameters of the
samples is given in Table I. The mass ratio M/m for
sample MG35/10b was determined from conductivity
measurements: The fluctuation conductivity was fit to
the Lawrence-Doniach model, from which we extracted
the anisotropy ratio. For the other samples, M/m was
obtained by extrapolation from the MG35/10b value us-

ing the difference in insulator thicknesses and the mea-
sured Josephson coupling length of 8 A in amorphous
Ge. The perpendicular coherence length gj was then de-
duced from the mass ratio, assuming that the parallel
coherence length is the same as that of bulk Mo77Ge23.
55 A at zero temperature and 117 A at 4.2 K [using a
temperature dependence (1—T/T, )

'~ ]. From these
estimates, we can infer the degree of coupling in each
sample. These are compared in the bottom row of the
table.

We have also evaluated the London penetration depth
for currents Aowing within the film plane using the bulk
value A,o= 7700 A at 0 K and its evaluation at 4.2 K using
a ( I —T/T, )

' temperature dependence. Since Ao is

larger than the sample thickness d„ the actual penetra-
tion depth is the so-called perpendicular penetration
depth: A.j =A,o/d, . Due to the layered structure, an addi-
tional correction is introduced to account for the elec-
trons being distributed in the whole sample volume. We
then obtain At=(lo/d, )Q(d, +d;)/d, . The other pa-
rameters given in Table I will be discussed later.
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TABLE I. Summary of the material parameters of the samples.

Sample

d
d.

1

MG 125/10b

125 A
60 A

1850 A

MG35/10

35 A
60 A
950 A

MG25/10b

25 A
60 A
850 A

MG15/10

15 A
60 A

750 A

M/m 16 1.5

gj (at 4.2 K)

A,, (at 4.2 K)

H„~~ (at 4.2 K)

HTh (at 4.2 K)

68.8 pm

28 A

96.0 pm

1.2 kG

-0.8 G

52 A

102.0 pm

2.8 kG

-2 kG

96 A

108.0 pm

3.6 kG

-3 kG

OOK
4.2 K

60'
40'

57'
36'

14' 24'

decoupled
layers

Josephson
coupled
layers

Josephson
coupled
layers

d; (gj
&d, +d,

Anisotropic G-L
superconductor or

g~) d;+d,

RESULTS

The critical currents observed for the four different
samples are presented in Figs. 1-4. The critical current
density J, is plotted as a function of the perpendicular
component of the applied field, Hp p H, sing. For
most cases, the data were taken by varying p at fixed H, .
By contrast, the curves labeled J(H, j ) show J, as a func-

tion of the magnitude of H, when H, was applied only
perpendicular to the multilayers, i.e., for y=n/2 In g. o-.
ing from Fig. 1 to Fig. 4, one sees how J, changes as a
function of Hp p

as the insulating thickness is decreased,
and correspondingly, the coupling increased.

In Fig. 1 the data for the largest insulating thickness
(d;=125 A) are plotted. The inset shows the angular
dependence of J, at different fields, from 55 Oe to 5 kOe.
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FIG. 1. Critical current density J, as a function of the per-
pendicular component H~,~ of the applied magnetic field for
sample MG125/10b. Inset: J, as a function of the angle y be-
tween the applied field and the sample layers.
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FIG. 2. Critical current density J, as a function of the per-
pendicular component H~,~ of the applied magnetic field for
sample MG35/10.
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FIG. 3. Critical current density J, as a function of the per-
pendicular component H„„~ of the applied magnetic field for
sample MG25/10b.

There is a sharp increase in J, when the magnetic field
approaches the parallel direction. The plot of J, versus

Hp p
is more revealing: %'hen plotted this way, al 1 the

curves collapse onto a single universal curve, showing
that J, depends only on Hp„„. This is expected for su-
perconducting layers with no Josephson coupling, i.e.,
M/m = oo. In this case, the parallel component of the
magnetic field is unscreened and 20 pancake vortices
form in each superconducting layer. Only the relatively
weak magnetic interaction remains and tends to align the
pancake vortices along the perpendicular direction.
Moreover, J(H, j) and J,(H „)are identical, as they
should be.

Such complete universal behavior is no longer observed
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FIG. 4. Critical current density J, as a function of the per-
pendicular component Hp p of the applied magnetic field for
sample MG15/10.

in the other samples where the Ge thickness is reduced to
35, 25, and 15 A. In these samples, universal behavior is
observed only at low fields, and in this regime
J,(Hz„z)=J(H, ~). For example, in Fig. 2 the data for
H, =70 and 200 Oe fall on a universal curve, whereas the
data for H, «0. 8 kOe are displaced to lower values of J,
at a given H „.A similar trend is seen in Figs. 3 and 4.
In all cases, the displaced curves bend over and join the
J(H, ~) curve at H~„~=H„ i.e., when y=n. /2, as they
should. The threshold fields HTh above which the data
begin to deviate from universal behavior given by J(H, ~),
are listed in the table. As can be seen, HTh depends on
d, , increasing as d; decreases and the interlayer coupling
increases. We return to the interpretation of HTh below.

Looking at the field dependence of J(H,~), a common
trend for all the samples is observed. The magnitude of
J(H, ~) differs slightly from one sample to the other (it is

the biggest for MG35/10 and the smallest for MG15/10)
reflecting possibly small differences in the pinning in the
individual layers or some intrinsic dependence on anisot-
ropy. In any event, the field dependence is the same.
Three regimes can be distinguished which may be ap-
proximately characterized by J, ~ H " in each, but cor-
responding to different values of n. Referring for exam-
ple to Fig. 1, at the highest fields, n =2—3, crossing over
to n = 1 as the field decreases. The crossover field
H=300 Oe corresponds to a vortex lattice parameter
a& =(40/B)' of the order of 2500 A. The third regime
where n =0 arises at the lowest fields, H (2 Oe.

The existence of a regime in which J, is proportional
to H raises the question whether or not this is an ar-
tifact of the measurement: At low fields, the constant
voltage criterion used to determine J, might be too big,
causing the sample to be biased in the flux-flow regime, in
which case changes in the flux-flow resistivity R ff H
might cause perceived changes in J, . We have eliminated
this possibility by measuring the flux-flow resistivity at
higher fields and extrapolating back to these small fields.
The corresponding current necessary to produce a volt-
age of 5 pV is negligible compared to the measured criti-
cal current. Therefore the crossover observed at H =300
Oe reflects a change in pinning.

From single-filrn measurements, we know that at high
fields above 1 kG, the pinning of vortices is collective and
that the two-dimensional theory of collective pinning
proposed by Larkin and Ovchinnikov should apply, at
least qualitatively. However, as H, is reduced, we expect
the vortices increasingly to become pinned individually.
The crossover should occur when R, =ao. We can
roughly estimate the corresponding magnetic field: From
Ref. 9 we get R, = (aoc66/BJ, )'~ where c66 is the vortex
lattice shear modulus. Using the evaluation of c«similar
to the one performed in Ref. 8 for a single film and taking
the observed high-field dependence of J, in MG125/10b,
we obtain a crossover field of the order of 300 Oe. This is
consistent with the observed field at which n changes
from 2 —3 to 1. On the other hand, n =1 corresponds to
a field-dependent pinning force for individual vortices,
the origin of which are not obvious.

The crossover to the third regime as the field is further
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decreased can be understood unambiguously and does not
reflect a change in pinning. It is a consequence of the
self-field of the applied current. The high current passing
through the sample (several mA) produces its own mag-
netic field that can dominate the total field. This self-field
at the edge of the film is given by B,=(polj
2nia) ln(2io/1, ), where I is the applied current, d, the
sample thickness, and w its width. For our samples, at
the highest critical current, I=2 mA, this gives H, =2
Oe, which is what is observed experimentally. The ob-
served critical current remains constant for H, (2 Oe.
The dependence of B, on I and w was also checked on a
wider sample. The crossover to single pinning of vortices
should occur at lower fields. Indeed ao=A, corresponds
to a field of 0.5 Oe for sample MG 125/10b, for instance.

Due to this self-field effect and the fact that demagneti-
zation effects are important in our geometry, we would
not expect to observe the lock-in of vortices ' in these
films as y~0, even if the anisotropy were high enough in
principle.

Let us consider now the field dependence of J, for the
coupled samples when H, )HTh. For MG35/10, start-
ing from the perpendicular direction (large H&«~), J, ini-

tially remains constant or even decreases as H,~ de-

creases, corresponding to H, deviating from the perpen-
dicular direction. J, then once again scales as H „,but
its value is displaced from J(H, i), as we have already
noted.

When the insulating thickness is decreased to 25 A
(sample MG25/10b, Fig. 3), we still observe a constant J,
starting from the perpendicular direction; but, at large
deviations, scaling with H, is no longer observed. For
MG15/10 where d;=15 A, the angular dependence is
much more complicated, and it is clear that Hp is no
longer a sufficient variable to characterize the data.

To gain some insight into the nature of this minimum
in J,(H~,z ), we have determined from the data the actu-
al angle y at which the minimum arises for any given

H, (see for example Fig. 2). It is plotted in Fig. 5 as a
function of the applied magnetic field for the sample
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FIG. 5. y~ as a function of the applied magnetic field for
sample MG35/10. Also plotted are the calculated values of yo
and yk.

MG35/10. We see that p has a constant value y =48'
independent of H, . This constant value is, however, tem-

perature dependent. It increases when the temperature is
lowered: at 1.5 K, y =70'. The same kind of behavior is
observed in sample MG25/10b in which the insulating
thickness is reduced to 25 A (see Fig. 3). However when

the insulating thickness is further decreased to 15 A
(sample MG 15/10), J,(H,~ ) does not exhibit a
minimum and y is no longer defined.

From the above considerations, we see that these ex-
periments lead to two important generalizations. First,
there exists a threshold field below which J, depends only
on H~„. This is a common characteristic of all the cou-

pled samples. Second, there exists a field independent an-

gle yr at which J,(H~~) is minimized. As we now

show, these results can be correlated with specific aspects
of structures in layered superconductors.

INTERPRETATION

When the superconducting layers of a multilayer are
sufficiently well coupled, the superconducting coherence
length in the perpendicular direction exceeds the periodi-
city of the multilayer. Then the superconductor can be
treated as a whole and described within the frame work
of the Ginzburg-Landau theory, introducing a mass ten-
sor to account for the anisotropy. " Sample MG15/10
falls into this category.

In the other limit where the superconducting layers are
widely separated, the superconducting order parameter is
confined to the superconducting layers. Pancake vortices
form ' in these layers. The magnetic interaction from
one plane to the other tends to align these two-
dimensional (2D) vortices according to the perpendicular
component of the applied field, but no currents flow from
layer to layer. Hence, the parallel component remains
unscreened. Sample MG125/10b is in this limit. The
critical current density depends on H „only. Bismuth
based high-temperature superconductors are probably
also in this category, because the same kind of behavior
for J,(H «) is indeed observed. ' '

Between these two limits, for small but non-negligible
Josephson coupling, a discrete layered approach is more
appropriate: the Lawrence-Doniach model' should then
be used to describe the system. The phase di8'erence of
the superconducting order parameter between layers
varies on the Josephson length scale r =d v Mjm,
where d is the periodicity of the layered structure. For
example, r =380 A in M.G35/10 and 190 A in

MG25/10b. When the applied field is tilted, different
kinds of vortices may occur depending on the angle be-
tween the magnetic field and the layers. ' Three
difterent regimes occur which are governed by the dis-
tance 1=d tg(~ /2 —

q&) separating two coupled pancake
vortices on adjacent layers.

For very slight tilts, 1 &('~~ and the 3D London theory
applies. For larger tilts, g~~ &1 &r;, and the 3D London
theory is valid only at distances greater than 1; the
domain between

g~~
and 1 is referred to as the 2D core.

Finally, when 1 & r. , a Josephson string forms connecting
the 2D cores: The vortices have a staircase-shaped struc-
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ture and are called kinked vortices.
There are two characteristic angles separating these

three regimes: yo, given by tg (~/2 —yo) =(~~Id, and y&,
given by tg (n'/2 y—i, )=r~/d =&Mlm. In each of
these regimes, the structure of the vortices is sufficiently
different that different regimes of behavior are to be ex-
pected. In particular, for the line energy of a single vor-
tex, deviations from the London model become more
significant for y (yo.

These two new angles, yo and y&, are compared with
our empirically determined y in Fig. 5. It is clear that
the minimum in J,(H,~) is associated with yo. This
means that there is a change in pinning when the 2D vor-
tex cores from adjacent layers are separated by more than
a coherence length.

We now turn to one possible explicit interpretation of
the minimum observed in J, vs H „„.It is known that
edge pinning occurs in our samples. It is intuitively ob-
vious that edge pinning will depend on the angle of the
field with respect to the superconducting layers.

Edge pinning can be understood using the concept of
image vortices. 3D-like Abrikosov vortices encounter the
Bean-Livingston surface barrier' that prevents them
from entering the sample when the applied magnetic field
is smaller than H, =H, . But in our layered films, disklike
vortices may enter the sample at much lower fields.
Mints and Shapiro' have calculated the energy of a vor-
tex disk as a function of the distance the disk penetrates
into the sample. Above a certain applied field H& =H,

&

(H„i for our sample configuration), the free energy has a
maximum beyond which it decreases to become negative
with a minimum at a distance x from the surface. The
authors suggest that disklike vortices enter the sample by
thermal activation and reside randomly in the vicinity of
a plane defined by x =x from the edge. A process of
this general sort may occur in our samples where H&

probably does not exceed a few tenths of Oersted. Taking
for example sample MG35/10 at 1 kG, we obtain a bar-
rier energy on the order of 1 K, which, at 4.2 K, can be
overcome by thermal agitation. We also calculate
x =100 pm. This is larger than the sample width,
demonstrating the need for a more complete theory.
Clearly both surfaces would have to be considered to ob-
tain a more reasonable result for our case. The omitted
Josephson coupling effect should also be included.

Additional insight into edge barriers as the possible
origin of the minimum in J, can be obtained as follows.
Consider a vortex aligned along the applied field formed
from a line of coupled 2D pancake vortices. Each pan-
cake vortex feels an edge barrier. For H, perpendicular
to the 61m, the vortex is parallel to the edge and each
pancake vortex feels an identical edge barrier, i.e., a kind
of surface or coupled edge barrier. For H, tipped at an
angle, some vortices penetrate the edge of the film and
enter the bulk of the film. These vortices still feel an edge
barrier, but it is greatly reduced in strength because only
those pancake vortices near the point of penetration are
near enough to the edge to feel a strong edge barrier.
Thus there is some critical angle beyond which the edge
barrier losses effectiveness.

In the less coupled sample, with d,. =35 A, at angles

smaller than y, the critical current starts to scale with
the perpendicular component of the magnetic field. This
is in agreement with the existence of kinked vortices:
The Josephson vortices are strongly pinned in the insulat-
ing layers and all the dissipation arises from the pancake
vortices moving within the superconducting layers. In
our experimental configuration, the force acting on the
Josephson vortices (i.e., the strings) is directed perpendic-
ular to the layers, whereas for the 2D vortices it remains
in the superconducting planes.

When the Ge thickness is decreased to 25 A, sample
MG25/10b, edge pinning is probably still present when
the magnetic 6eld is applied perpendicular to the layers.
It becomes less efficient when the field is tilted and disap-
pears at yo in the same way as in MG35/10. However
the scaling with the perpendicular component of the field

at lower angles does not occur in MG25/10b We .note
here that the insulating thickness is smaller than the per-
pendicular coherence length, which means that the
Josephson vortex is not confined to the insulator layer. It
is no longer completely locked in the insulator. Its move-
ment may cause some additional field-dependent dissipa-
tion.

For the sample MG15/10 (Fig. 4), it is obvious that the
perpendicular component of the magnetic 6eld is no
longer a good parameter. This sample can be considered
as an anisotropic Ginzburg-Landau superconductor: No
pancake vortices nor kinked vortices are likely to form.

Let us return now to the threshold field HTh below
which J, remains equal to J„„.The physical origin of
this field can be understood if we recall that our films are
thin compared to the superconducting penetration depth
so that the lower critical field for the parallel direction

H„~~ is enhanced due to finite film thickness effects. The
calculation of H„~~ for a thin film includes an infinite row
of image vortices on each side of the film. ' For our cou-
pled multilayer samples, we must take into account the
anisotropy so that

2+o 1 1
H ln

~go &M/m d,'

where 4o is the flux quantum, M /m is the mass ratio, d,
the total thickness of the film, and gi the perpendicular
coherence length. gi must be replaced by the insulating
thickness d, if the latter is smaller.

The calculated values for H„~~ are given in Table I.
The plot of Hr„versus H„~~(d) in Fig. 6 gives clear evi-

dence that HTh and H„~~ are related. A fit of the data
leads to HTh 0 75H& ]~(. The reduction of HTh below

H„~~ is likely due in this picture to the angular depen-
dence of H„.

We can then interpret the results for the coupled sam-
ples as fo1lows: When the magnetic field has a magnitude
smaller than H„(y), the parallel component of the mag-
netic field cannot enter the sample; the vortex structure is
hence determined by the perpendicular component of the
field only, so that J,(H, q&) depends on H and is the
same as J,(H, y=O).

A related question arises in the presence of such a high
critical field H„~~.. Does this critical field also prevent the
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CONCLUSION

0
0
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FIG. 6. Threshold field HTh as a function of the calculated
lower critical field H, &~z for samples MG35/10, MG25!10b,
and MG15/10.

"parallel" parts of the kinked vortices from forming until
the parallel component of the applied field has reached
H, &~~? For two independent vortex lattices, one given by
the parallel component of the applied field, the other one
by its perpendicular component, such a behavior could
occur. In our films, however, this is not the case. None
of our measurements of J, plotted as a function of the
parallel component of the applied field H, sing show a
change of behavior when H, siny=H„l. Thus, in our
samples, the vortices do not form independent parallel
and perpendicular lattices. Indeed, Bulaevskii, Ledvij,
and Logan predict that such combined vortices should
occur only when A, &r~, which is not the case for all of
our samples.

We have measured Mo77Gez3/Ge multilayers with

diferent Ge thicknesses. For widely separated supercon-
ducting layers, the critical current depends only on the
perpendicular component of the magnetic field. This can
be explained by neglecting the Josephson coupling be-

tween the layers: pancake vortices form according to the
perpendicular component of the field, while the parallel
one remains unscreened.

For smaller insulating thicknesses (d, & 35 A}, Joseph-
son coupling is important. There exists a threshold field

HTh below which only the perpendicular component of
the applied magnetic field enters the sample. This thresh-
old field, HTh, is related to the small sample thickness
and to anisotropy. We have established a correlation be-
tween this threshold critical field and H„~~.

We have also established the existence of a field-

independent critical angle p at which J,(H ~) is

minimum and changes its behavior as a function of angle.
It appears correlated with yo, the angle at which 2D vor-
tices from diferent layers are separated by one coherence
length. y disappears when the insulating Ge thickness
of the sample has been reduced to 15 A. Our results are
consistent with expectations based on the existence of
edge pinning.
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