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Onset of flux-bundle migration into superconducting niobium strips

Vincent Jeudy* and Denis Limagne
Groupe de Physique des Solides (UMR 7588 CNRS) Tour 23, Universite´s Paris 7 et Paris 6, 4 Place Jussieu,

75251 Paris Cedex 05, France
~Received 3 May 1999!

Penetration of magnetic flux into type-II superconducting Nb strips is observed by a flux jump readout
technique. To investigate the effect of the geometry, strips of different width are subjected to an increasing
perpendicular magnetic field. We demonstrate that conventional geometrical barrier models cannot account for
the onset of the flux migration into the strip volume. The migration starts for a local magnetic field at the strip
equator higher thanHc1 , allowing the irreversible penetration of the mixed state on the edges. The flux entry
consists of flux bundles, each of them containing several hundreds of flux quanta.@S0163-1829~99!02134-7#
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I. INTRODUCTION

Magnetic properties of type-II superconductors have
cently received a renewed interest, in particular, the effec
the sample geometry on the properties of the mixed sta
being actively investigated. Direct observations of t
magnetic-flux distribution1–3 on the top of flat samples
placed in an increasing perpendicular magnetic field rev
that the flux does not necessarily enter gradually from
sample edges, as suggested by critical state models.4 Indeed,
some magnetic flux can be unfastened from the edges
found in the sample center.

The role of geometry on the magnetization of high d
magnetizing factor samples was first stressed by Clem, H
bener, and Gallus5 and Fortini and Paumier6 for type-I super-
conductors and more recently by Zeldovet al.7 for type-II
superconductors. These authors calculated the energy as
ated with the presence of a normal-state domain in a diam
netic volume. They have shown that over a large range
applied magnetic field, the normal domain energy is at
minimum at the strip center, albeit an edge energy bar
prevents the spontaneous flux migration from the edges.

Nevertheless, for an infinitely long superconducting st
of width Lx and thicknessLy in presence of an applied mag
netic field parallel toLy , the models of Refs. 5, 6, and
propose different configurations of the flux lines penetrat
on the strip edges, prior to the onset of the flux migrati
This modifies the different energy contributions associa
with the normal domain and leads to rather disconnec
predictions concerning the onset of the flux migration in
the volume. For a rectangular diamagnetic cross section
applied magnetic field valueHm corresponding to the onse
of the irreversible flux migration is given7 by Hm

'Hc1A2Ly /Lx while for an elliptical diamagnetic cross se
tion, the migration starts5 for Hm'Hc1Ly /Lx .

To our knowledge, no systematic measurements exis
the migration onset for type-II superconductors. In this p
per, we study the flux penetration into three rectangu
shaped superconducting Nb strips, cut out of the same
and having different widths (Lx). The flux penetration is
detected by a flux jump readout technique. The applied m
netic field corresponding to the flux jump detection onse
measured and compared to theoretical predictions. We s
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that the irreversible installation of a mixed-state flux stru
ture on the strip edges, disregarded in the geometrical m
stability models, has to be considered to account for the
set of the flux migration towards the strip center. T
magnetic field that must be applied to allow the circulati
of a nondissipative pinning current on the strip edges is c
culated in the elliptical diamagnetic cross-section case. A
to the experimental data leads to the determination of
critical pinning current common to the three Nb strips. F
nally, we show that the flux migration consists of flu
bundles containing several hundreds of flux quanta.

II. EXPERIMENTAL

Our superconducting Nb samples are strips with rectan
lar cross section. Three different sizes (900355323 000,
710355316 000, and 390355329 000mm3! were cut out
from the same Goodfellow 99.9% pure and annealed 55-mm-
thick foil. The Nb strips are plunged into a4He bath main-
tained at 4.2 K and subjected to a continuously increas
perpendicular magnetic field at a rate of 33 G/s. The fl
penetration is detected by a fast-pulse acquisition syste8

The strips are placed against a branch ofU-shaped pickup
coil, connected via two transformers to a LeCroy HQV8
based pulse amplifier. A low frequency~10 kHz! cutoff of
the bandwidth prevents the recording of the flux variatio
occurring at the applied magnetic-field sweeping rate: T
reversible flux penetrations into the superconducting st
are therefore not detected. In contrast, the irreversible
penetrations, whose high velocity is only limited by Edd
current damping, are detected in real time by the meas
ment chain with' 1-ms accuracy. Some hundreds of flu
quanta9 have to jump simultaneously to produce pulses
amplitude higher than the electronic noise level. The
tected signal is shaped and compared to a LeCroy MVL4
based discrimination threshold. Each pulse with amplitu
higher than the discrimination threshold produces
transistor-transistor logic signal recorded by a compu
Two successive pulses contribute to two individual count
their occurrence is separated by more than' 10 ms. The full
acquisition system synchronizes the magnetic-field step
9720 ©1999 The American Physical Society
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PRB 60 9721ONSET OF FLUX-BUNDLE MIGRATION INTO . . .
with the opening of a gate during which flux pulses are
tected and counted. Owing to the large inductance of the
creating the magnetic field, the step command is integra
in a continuously varying field whose value rises linea
with the time.

III. ONSET OF THE IRREVERSIBLE FLUX MIGRATION

The integrated number of detected pulses as a functio
the applied magnetic field (Ha) is shown in Fig. 1 for a
discrimination threshold of 21 mV, set just above the el
tronic noise level. The flux jump detection starts for an a
plied magnetic field well above zero for the three sam
sizes. Nevertheless, even if no flux jumps are recorded at
Ha , some flux penetration must occur since the beginning
the sweeping up, due to the quasi-infinite value of the lo
magnetic field on the strip edges. The vortices cut throu
the sharp rims of the strips without complete penetration i
the edges and round off the flux-line curvature. AsHa in-
creases, the mixed-state penetrates irreversibly deeper
the edges. The inset of Fig. 1 details the onset of the
jump detection regime. A small number of flux jumps~10–
30! are first detected and are followed by a massive fl
penetration characterized by a high slope. The applied m
netic fieldHm corresponding to the massive flux penetrati
onset is obtained by a linear extrapolation of the high slo
to zero counts and then compared to the different geom
cal barrier model predictions in Fig. 2. The lower critic
field Hc1 (4.2 K!51410 G has been taken from Ref. 10. T
ratio Hm /Hc1 decreases systematically as the sample w
increases but the experimental points are well below all
theoretically predictions.

A. Geometrical barrier models

Let us discuss the different peculiarities of the geome
cal barrier models. In the Zeldovet al.model,7 one computes
the potential variation associated with the penetration o
single vortex into thin superconducting type-II strips. T
diamagnetic volume is assumed to have a rectangular c
section so that the flux lines penetrating on the strip ed
are straight lines. For a sample of widthLx and thicknessLy
(l!Ly!Lx wherel is the magnetic-field penetration dept!

FIG. 1. Transition curves: cumulated number of detected pu
versus applied magnetic field for three samples of different s
~see text!. These curves were obtained for zero-field-coo
samples.T54.2 K; Discrimination threshold 21 mV; sweepin
rate: 33 G/s. Inset: Magnification featuring the flux jump detect
onset.
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subjected to a perpendicular applied magnetic fieldHa , the
shielding current averaged over the thickness is given by11

Jy~X!5
2cHa

2pLy

X

A12X2
for uXu,12

Ly

Lx
,

where X5
x

Lx/2
. ~1!

The Meissner current exerts a position-dependant Lore
force @Jy(X)f0 /c# on the vortex. The flux penetration star
when the resulting interaction energy compensates the
energy («0Ly) of a vortex. In absence of bulk pinning, th
applied magnetic field has to be increased sufficiently h
for the Lorentz force to reach 2«0 /Ly near the strip edges
(12uXu5Ly /Lx). This is achieved for a local magnetic fiel
value on the edges equal toHc1 and for an applied magneti
field given by

Hm'Hc1A2Ly

Lx
. ~2!

Figure 2 shows that this predictedHm /Hc1 ratio is much
higher than the present experimental results. The discrepa
is reinforced if one takes into account the effect of the b
pinning. A formula similar to Eq.~2! was proposed in Ref
12 for type-I superconductors.Hm was computed for a rect
angular diamagnetic volume assuming that the migrat
starts for a local magnetic field at the strip equator equa
the thermodynamical critical fieldHc . The comparison with
the experimental data shows that if one neglects the roun
of the flux lines on the edges, the ‘‘edge effect’’ on the t
and bottom edges leads to an infinite local magnetic field
to an overestimation of the penetration field.

The rounding of the flux lines on the edges is taken in
account in the Clem, Huebener, and Gallus model.5 The dia-
magnetic volume is assumed to correspond to an ellips
inscribed in the strip’s rectangular cross section. The Gi
free energy against the irreversible penetration of a nor
domain is computed, in the two-dimensional~2D! case by
conformal mapping, taking into account three energy con
butions: ~i! the line energy of the normal domain (DGin)
which increases with the thickness of the diamagnetic el

s
s FIG. 2. Onset of the massive flux penetration. The migrat
magnetic field obtained experimentally~d! is compared with the
predictions of different geometrical metastability models~see text!
and with the case of an ellipsoid inscribed into the rectangular s
cross section.
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9722 PRB 60VINCENT JEUDY AND DENIS LIMAGNE
soid when the vortex is moved from an edge towards
strip center,~ii ! the magnetic energy generated by the d
main outside the superconductor (DGout) which tends to
push the domain outside the sample volume, and~iii ! The
work (Wa) done by the source generating the applied m
netic field when the domain is introduced into the strip v
ume. The corresponding force tends to move the normal
main towards the strip center. The total Gibbs free ene
depends on the geometrical dimensions of the strip, on
value of the applied magnetic field and on the size of
penetrating normal domain. This model, first developed
describe the flux penetration onset into type-I supercond
ors, is extended to the case of the migration of a single v
tex in type-II superconducting strips. The applied magne
field corresponding to the migration onset is given by

Hm5Hc1

Ly

Lx1Ly
S 11

2

ln k

ALxl

Ly
D , ~3!

where l and k are respectively the London penetratio
length and the Ginzburg-Landau parameter. This formul
valid for 2ALxl/Ly!1, i.e., for high values ofLy /Lx . In the
plot l is taken equal to 480 Å~Ref. 13! andk equal to 1.1.
Sincek is neighboring 1.0 for niobium, the position of th
curve is very sensitive to smallk fluctuations. An adjustmen
of the curve through the experimentalHm /Hc1 ratio leads to
k'1.25 which is higher than the value measured in Refs
and 13. A lowerk sets the prediction at a position high
than the experimental measurements. This may be due to
overestimation, in the 2D case, of the magnetic-field ene
outside the superconductor (DGout). It is interesting to note
that if DGout is neglected, the flux penetration starts for
local magnetic-field value at the equatorHeq equal toHc1
~Ref. 14!.

A more general approach was proposed by Fortini a
Paumier6 for type-I superconductors, in which the remainin
diamagnetic volume before flux migration was not chos
arbitrarily. They calculate the free energy associated with
presence of a normal domain in a general-shaped diam
netic volume and neglect the magnetic energy contribu
outside the superconductor. They show that the penetra
of a normal domain is allowed when there is a full pa
joining the sample border and the center where the lo
magnetic field can be equal toHc . As an applied magnetic
field is increased, this condition is first satisfied in the sam
center and then on the sample border. For a rectangu
shaped sample, the flux migration only starts when the in
mediate state growing from the top and from the bottom
the strip edges meets at the strip equator allowing the lo
magnetic field to reachHc . The migration magnetic fieldHm
depends on edge flux structure that remains to be de
mined. In Ref. 15, the shape of the wall separating the d
magnetic volume from the edge flux bearing zones and
migration field are calculated by conformal mapping, the
termediate state edge structure being assimilated to a no
metal. For a comparison with the Nb experimental data,Hc
is substituted byHc1 . As in the two previously describe
geometrical metastability models, the predicted migrat
fields ~see Fig. 2! remain higher than experimental results16
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B. Irreversible installation of the mixed state
on the strip edges

At the onset of flux migration, the demagnetizing factor
the remaining diamagnetic volume must be higher than p
dicted by Ref. 15, i.e., the curvature of the flux lines near
strip equator must be higher than predicted by making
reversible flux penetration assumption. Indeed, for type
superconductors, it is well known that the installation of t
mixed state is not reversible. In the flux creep regime,
flux lines are able to move when the driving force becom
equal to the pinning forceFP5f0Jc /c, wheref0 is the flux
quantum andJc is the nondissipative current flowing throug
the mixed state and shielding the external magnetic field
the perpendicular geometry, the driving force exerted on
flux lines penetrating on the strip edges is not constant o
the flux-line length. As the applied magnetic field is i
creased, the driving force exerted on a flux line near the
and the bottom of the strip is higher than the driving for
exerted near the equator resulting in a deeper flux penetra
towards the strip center near the top and the bottom of
strip. The unpinning condition is easier to reach near
top/bottom than near the strip equator, reinforcing the cur
ture of the flux lines near the strip equator. In the followin
we will assume that at the migration onset, the remain
diamagnetic volume corresponds to an ellipsoid inscribed
the rectangular strip cross section.

The irreversible flux penetrations on the edges a
modify the local magnetic field value that has to be reach
on the strip equator for the flux to start to migrate toward
center. At the onset of the migration, the local magnetic fi
at the strip equator (Heq) must reach (Hc1) plus a magnetic-
field value (Hcp) sufficiently high to install the mixed stat
on the strip edges, i.e., to establish the circulation of a p
ning currentJc between the rectangular and the elliptic
cross section:

Heq5Hc11Hcp . ~4!

Let us calculate the magnetic field which has to
reached on the strip equator so that the mixed state fills
full strip volume outside the inscribed elliptical diamagne
volume. This magnetic field can be calculated from the B
and Savart law. For symmetry reasons, it is directed al
the thickness of the strip. The contribution of each curr
element (Jcds) to the magnetic field component directe
along the thickness is given by

Hy5
Jcds

2pr
sinu, ~5!

wherer is the distance between the current element loca
and the strip equator, and sinu is the magnetic-field projec
tion along the thickness. The current densityJc , assumed to
be constant, is circulated in the opposite direction on b
sides of the strip~see Fig. 3!. Consequently, the magneti
fields generated by those two currents have opposite co
butions. Integration of Eq.~5! over the volume filled by the
mixed state leads to total magnetic field equal to



ex
e
a
e

sit
e

o
a

e
pe

e
in
ra
t t
n
ica

er

ri
s

eld
ple

at
ntral
ag-
the

to
to

cur-
ing
ed
ct
the
ed
in
rs-
the

flux
on
s

ld

es

es-
ir-

ef-
to

etic

-
he
o-
p-
ing
ux
ure
low

he

a

et

he
l

PRB 60 9723ONSET OF FLUX-BUNDLE MIGRATION INTO . . .
Hcp5
LyJc

2p F lnS Lx

Ly
D212 ln 2G ~6!

for Lx@Ly . Figure 4 shows a comparison between the
perimental data and Eq.~6!. Since the three samples hav
been cut from the same thin foil, the value of their critic
current density should be the same. The best fit of the
perimental data leads toJC'1.63106 A/cm2 which is the
only free parameter.

An alternative measurement of the pinning current den
was obtained from a zero-field-cooled dc magnetization m
surement. A strip (1000355315 000mm3), cut out of the
same Nb Goodfellow foil, was cooled down to 4.1 K. T
remove geometrical effects, the external magnetic field w
applied parallel to the strip surface. The magnetization m
surements were performed with a Quantum Design su
conducting quantum interference device~SQUID! magneto-
meter and are shown in Fig. 5. As the external magnetic fi
increases from zero, the initial slope is constant, indicat
that the sample remains fully diamagnetic. For the calib
tion of the SQUID magnetometer, the initial slope was se
21. The curve begins to deviate from the linear depende
when the external magnetic field reaches the lower crit
field Hc1 . The experimental value (Hc1512506250 G) pre-
sents a large error but is similar to the value (Hc1
51413 G) given in Ref. 10. The pinning current was det
mined following the critical state model of C. P. Bean.4 For
an applied magnetic field higher thanHc1 , the magnetic flux
enters inside the sample volume through its border. The c
cal pinning current, assumed to be constant, flows in a

FIG. 3. Current distribution in the strip before the onset of t
irreversible flux migration. The pinning currentJc is flowing on the
edges of the strip, between the rectangular strip cross section
the inscribed diamagnetic ellipsoid.

FIG. 4. Local magnetic field at the strip equator (Hcp) generated
by the circulation of the pinning currentJc . The experimental val-
ues ofHcp are calculated using the values of the applied magn
field corresponding to migration onset (Hm), the demagnetizing
factor of an inscribed ellipsoid and Eq.~4!. The continuous line is
the best fit of Eq.~6! to the experimental points and leads toJc

51.63106 A/cm2.
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perficial layer to ensure the screening of the external fi
from the sample center. The flux density within the sam
decreases linearly from the applied magnetic-field value
surface to zero at the boundary of the Meissner state ce
region. When the applied magnetic field increases, the m
netization decreases until the flux reaches the center of
sample. This appears for an applied magnetic fieldH*
5JcLy and a magnetization value equal toMmin521/2H* .
Figure 5 indicates thatMmin521540 G is obtained forH*
51870 G. Those two independent measurements lead
critical pinning current density values respectively equal
0.543106 A/cm2 and 0.893106 A/cm2.

Despite the crude assumption made about the pinning
rent density, and the arbitrary choice of the demagnetiz
factor, these twoJc values are proximate to the one obtain
by fitting Eq. ~6!. This indicates that, for our samples aspe
ratio, the remaining diamagnetic volume at the onset of
flux migration can be approximated to an ellipsoid inscrib
into the strip rectangular cross section. That is to say,
comparison with the reversible case of Ref. 15, the irreve
ible installation of the mixed state on the edges increases
curvature of the flux lines and advances the onset of the
migration. The few flux jumps detected before the migrati
field ~see Fig. 1! probably reflect collective jumps of vortice
on the strip edges.

At the onset of the flux migration, the local magnetic fie
at the strip equator is higher thanHc1 . As shown in Eq.~6!,
the effect of the installation of the critical state on the edg
is reduced whenLx /Ly decreases. For a largeLx /Ly ratio,
the magnetic field generated on one side of the strip is
sentially determined by the contribution of the currents c
culating on the same side@see Eq.~5!#. In contrast to this,
when the sample aspect ratio is sufficiently reduced, the
fect of the currents circulating on the opposite side tends
be more important and to reduce the value of the magn
field. The negative value ofHcp obtained in Eq.~5! for
Lx /Ly,4.2 shows the limitations of the elliptical diamag
netic volume assumption. A rigorous determination of t
migration field should include the calculation of the flux pr
file and thermodynamical potential evolution during the a
plied magnetic field increase, taking into account the pinn
of vortices. The edge pinning effect on the onset of the fl
migration should be more pronounced for high-temperat
superconductors than for niobium because of their rather
Hc1 value and quite high pinning currents.

nd

ic

FIG. 5. Magnetization curve obtained with a dc SQUID. T
niobium strip (1000355315 000mm3) is subjected to a paralle
magnetic field,T54.1 K. The pinning currentJc is determined via
the critical state model of Bean~Ref. 4!.
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9724 PRB 60VINCENT JEUDY AND DENIS LIMAGNE
IV. SIZE OF THE MIGRATING FLUX BUNDLES

For type-II superconductors it is usually assumed, as
Refs. 5 and 7, that the flux migration from the strip edg
towards the center is achieved by single flux quanta. Ho
ever, flux droplet penetration was observed in NbSe2 ~Ref. 3!
by the Bitter decoration technique as well as in Nb films w
an array of microscopical Hall probes.17

As described previously, the flux jump detection tec
nique is not sensitive to the penetration of single vortic
several hundreds of quanta have to jump simultaneousl
produce pulses whose amplitudes are higher than the e
tronic noise level. The fact that signals are detected, alm
over all the sweeping-up range, demonstrates that the
migration is achieved by the simultaneous jump of a la
number of flux quanta. The average size of a flux bundle
be crudely estimated from the total number of counts
corded during the sweeping up of the magnetic field.
shown on Fig. 6, the number of detected pulses increa
when the detection threshold is reduced. The exponentia
trapolation to zero threshold gives an estimation of the to
number of flux bundlesF which have penetrated the str
during the magnetic field variation.F was determined by
taking the data obtained at 21 mV with samples free
trapped flux ~Fig. 1! and the exponential slopes obtain
from Fig. 6 for samples containing trapped flux. The num
of flux quantaN present in the sample volume is assumed
be a linear function of the applied magnetic field (Ha), i.e.,
N(Ha);Ha2Hm , where Hm is the migration field. The
number of flux quanta having already migrated atHa is
given by

N~Ha!5N~Hc2!
Ha2Hm

Hc22Hm
, ~7!

FIG. 6. Number of detected pulses versus threshold for the t
different strip widths. The applied magnetic field has been swep
to 1000 G. These curves have been obtained with flux trapped
the samples.
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where the number of flux quanta migrated whenHa reaches
Hc2 , N(Hc2)5Hc2LxLz /f0 , is obtained by flux conserva
tion. TheHc2 value~5 2590 G! was taken from Ref. 10. The
number of quanta per flux bundle is then given by

f

f0
5

N~1000 G!

F~Lx!
. ~8!

During the applied magnetic field increase, flux bund
are unfastened from the mixed-state structure present on
strip edges and move towards the strip center. The syst
atic dependency of the bundle size~shown in Table I! on the
sample width indicates that the shape of the volume fil
with the mixed state plays a crucial role in the unfasten
process of the flux bundles. Moreover, recent measurem
to be published in a forthcoming paper show that the size
the flux bundles varies with the sweeping rate of the app
magnetic field, underlining the role of the flux creep rate
the edges.

V. CONCLUSION

The onset of flux migration into superconducting type
Nb strips, subjected to a perpendicular magnetic field, is c
trolled by the installation of a critical state on the edges
the strip, and appears for a local magnetic field at the s
equator higher thanHc1 . This is in contrast to the reversibl
flux installation hypothesis proposed in different geometri
barrier models. The local magnetic field at the strip equa
produced by the pinning currents flowing on the edges of
strip in the case of an elliptical diamagnetic volume w
calculated. A comparison with the experimental determi
tion of the onset of the flux migration allows the determin
tion of the critical current common to three superconduct
strips cut out from the same foil. The flux migration towar
the strip center is in the form of flux bundles containin
several hundreds of quanta, whose size depends on the s
ture of the critical state present on the strip edges.
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bundle (f/f0) for the three strip widths.

Lx (mm) f/f0
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