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The local flux profile and the critical current are studied using an array

of Hall sensors in a ferromagnetic-superconducting bilayer which consists of

niobium film covering ferromagnetic Co/Pt multilayer with perpendicular

magnetic anisotropy. The results indicate about threefold enhancement of

the flux pinning in niobium layer caused by the isolated magnetic domains

which are created during the magnetization reversal of the Co/Pt multilayer.

The geometrical barrier is absent, and the critical current is strongly peaked

in close vicinity to the sample center, suggesting that the critical state differs

from that predicted by the Bean model.

PACS numbers: 74.25.Ha, 74.25.Qt, 74.78.Db, 74.78.Fk

1. Introduction

The practical application of the superconducting (SC) films requires a high
critical current density, which, in turn, depends on the pinning properties of the
SC layers. Recently, it has been proposed theoretically that the flux pinning may
be enhanced in a ferromagnet-superconductor (FM/SC) multilayer by magnetic
domains which exist in the FM layer with perpendicular magnetic anisotropy [1].
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Several experimental studies confirmed that this type of pinning enhancement
occurs, both in multilayers and in the FM/SC bilayers (FSBs) [2–6]. In particular,
we have studied the FSBs consisting of Nb film deposited on the top of Co/Pt
multilayer, and we found that the pinning is enhanced exclusively in the final
stages of the magnetic reversal process of the FM layer. The effect is caused by
the isolated bubble domains, which remain uninverted in the magnetic reversal
process [6].

These studies probed either the transport critical current, or the global mag-
netization using the SQUID magnetometer. However, in a thin SC strip the critical
current, Jc, may be strongly nonuniform, depending both on the distance from the
sample edge, x, and on the external magnetic field, H. To evaluate the dependence
Jc(x,H) it is useful to measure the real flux distribution using the local magnetic
field probe. In this work we measure the flux distribution in the FSB using the
miniature Hall sensors placed on the top of the SC layer, while the pinning is
adjusted by the magnetization of the FM layer.

2. Experiment

The FSBs were sputtered at room temperature on Si substrate as described
in Ref. [6]. The structure, shown in Fig. 1a, consisted of 10 nm buffer layer of Pt,
followed by 5 repeats of Co(0.4 nm)/Pt(1 nm) multilayer, 3 nm buffer layer of
amorphous Si (to avoid the proximity effect), and 78 nm of Nb capped with a
3 nm of Si for protection. Niobium film had a superconducting transition temper-
ature Tc = 8.8 K, the penetration depth λ(0) ≈ 95 nm, and the coherence length
ξ(0) ≈ 35 nm [6]. Perpendicular magnetic anisotropy of the Co/Pt multilayer
is evidenced by the rectangular shape of the hysteresis loop measured in SQUID
magnetometer at T = 10 K (Fig. 1b). We describe the magnetic reversal process
by the parameter s, which is equal to 1 (0) when all the magnetic moments of
the FM layer are “up” (“down”) and the magnetization at saturation is equal

M s(−Ms). At any other state with the magnetization M, s = 1
2

(
M
Ms

+ 1
)
. We

introduce also subscripts to s to distinguish processes of reversal, that is s+ (s−)
process is the one starting from s = 1 (s = 0). Figure 1c shows the magnetic
force microscopy (MFM) image taken in the final stage of the magnetic reversal
process, s+ = 0.2. The dendrite-shaped, uninverted domains, about 0.5 µm wide,
are visible. The domain structure remains stable after the external field is turned
off. As described in Ref. [6] these domains provide the largest enhancement of
pinning in these FSBs.

The samples for the Hall sensor measurements were cut into 200 µm wide
strips from a larger piece of film by first drawing a line on Si substrate with
a diamond scrapper, and breaking sample along that line. An array of eleven
GaAs/AlGaAs Hall sensors, situated 20 µm apart, was positioned across the SC
strip (see the inset to Fig. 2).
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Fig. 1. (a) Schematic cross-section of the FSB structure. (b) Hysteresis loop of the

Co/Pt multilayer at T = 10 K. Open points show two magnetization states at which

data in Fig. 3 are taken, s− = 0.72 and s+ = 0.33. (c) MFM image taken at room

temperature for s+ = 0.2. The image size is 100× 100 µm.

Fig. 2. The flux distribution for the intrinsic pinning (s+ > 0.93), taken at T = 7 K:

(a) HLOC(H) versus H for several Hall sensors situated at a distance x from the sample

edge. (b) B = HLOC + H as a function of x for several values of H. The inset shows

the arrangement of Hall sensors on the sample.

The measurements were performed as follows. First, at T > Tc large neg-
ative (or positive) magnetic field was applied to magnetize the FM layer up to
s− = 0 (s+ = 1). Next, the magnetic field was reversed and increased up to the
magnitude HEXP (−HEXP) to obtain some other value of s− (s+). Finally, the
field was turned off and the sample was cooled below Tc. The local magnetic field
above the SC layer, HLOC, was measured using all sensors simultaneously as the
external magnetic field, H, was cycled between –80 Oe and 80 Oe.
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3. Results

We first examine the flux distribution when the FM layer is magnetized up
to s+ > 0.93, i.e. the magnetic domain pinning is absent and the flux pinning is
intrinsic (Fig. 2). Part (a) shows the dependence of HLOC(H) when H is increased
from zero value (zero-field cooled state), for several Hall sensors situated at a
distance x from the sample edge. Part (b) shows the magnetic induction, B =
HLOC + H, as a function of x for several values of H. Both figures indicate
that the magnetic field starts to penetrate the sample from the edge. This gives
evidence of the absence of the geometrical barrier, which is sometimes detected
in type II superconductors [7]. The profiles B(x) shown in (b) for higher fields
are not exactly linear. The linear profiles are predicted by the Bean model of the
critical state in the SC slab with Jc = const. [8]. In the thin film geometry the
deviations from linearity may occur [9]. Alternatively, the deviations may indicate
that Jc is not constant, and should be more accurately described by the universal
Kim model [10].

Fig. 3. Maps of HLOC(H, x) measured at T = 7 K for three s-values: (a) intrinsic

pinning, s+ > 0.9, (b) s− = 0.72, and (c) s+ = 0.33.
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Figure 3 shows maps of HLOC(H, x) for three s-values. The graph (a) is
for intrinsic pinning, s+ > 0.9. The graphs (b) and (c) are for s− = 0.72 and
s+ = 0.33, respectively, when the FM layer is in the final stages of the magnetic
reversal and contains a maze of dendrite-shaped domains as shown in Fig. 1c. Two
effects are evident. First, the magnitude of HLOC at the maximum is enhanced
by almost 3 times in comparison with intrinsic pinning. Secondly, the maxima of
HLOC, which are close to H = 0 in (a), are shifted to positive (negative) H for
s+ (s−) reversal process. This indicates that the enhancement of HLOC is strongly
asymmetric with respect to the relative orientation between the residual domains
and the external magnetic field. This is expected since the domain dipole mo-
ment m interacts with the vortex magnetic field B, and introduces a contribution
to the vortex energy, E = −mB. Therefore, the positive domains (m > 0) which
appear in the s+ reversal process, enhance the pinning for positive H and negative
domains (m < 0) in the s− process produce the pinning for negative H.

Fig. 4. The map of Jy(H, x) ∼dB/dx. B(H, x) is measured at T = 7 K for s+ = 0.16.

Finally, we evaluate the profile of the critical current, Jc(H,x), by calculating
the gradient of the local magnetic induction along x, Jy(x) ∼dB/dx. Figure 4
shows one example of Jc(H, x) map, measured for s+ = 0.16. Jc is very nonuniform
across the sample, it has sharp maxima and minima in the close vicinity of the
sample center where it changes the sign. This type of the profile is inconsistent
with the Bean model of the critical state [8], and suggests that the universal Kim
model is more appropriate [10].

4. Conclusions

The profiles of the local magnetic field and the critical current were measured
in the FSB structure which consists of Nb layer on the top of Co/Pt multilayer. The
local magnetic field in the SC layer is enhanced by the isolated magnetic domains
created in the FM layer by almost 3 times in comparison to the intrinsic pinning.
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The geometrical barrier is absent in these FSBs. It is found that the critical
current is strongly peaked in a close vicinity to the sample center, suggesting that
the critical state differs from that predicted by the Bean model.
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