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Central Peak Position in Magnetization Loops of High-Tc Superconductors
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Exact analytical results are obtained for the magnetization of a superconducting thin strip with
general behaviorJcsBd of the critical current density. We show that within the critical-state model
the magnetization as a function of applied field,Ba, has an extremum located exactly atBa ­ 0.
This result is in excellent agreement with presented experimental data for a YBa2Cu3O72d thin film.
After introducing granularity by patterning the film, the central peak becomes shifted to positive field
Bcp . 0, on the descending field branch of the loop. Our results show that a positiveBcp is a definite
signature of granularity in superconductors. [S0031-9007(99)08821-3]

PACS numbers: 74.25.Ha, 74.76.Bz, 74.80.Bj
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The investigation of magnetic hysteresis loops (MHLs
is a widely used tool to characterize superconductin
samples, and, in particular, to estimate the critical curre
density and its dependence on magnetic field. An eve
present feature of the MHLs is a peak in the magnetizati
located at an applied fieldBcp near zero. The central
peak is formed due to a field dependence of the critic
current density,JcsBd, monotonously decreasing at sma
fields. When the sample is a long cylindrical bod
placed in a parallel applied field, the peak position ca
be calculated analytically within the critical-state mode
for severalJcsBd dependences [1]. One always finds o
the descending field branch thatBcp , 0, and similarly
Bcp . 0 on the ascending branch of large-field loops. I
simple terms, the shift is a consequence of the local fl
density,B, lagging behind the applied field.

Also experimentally there are abundant observations
negativeBcp on the descending field branch. Howeve
in some cases one findsBcp very close to zero or even
shifted to the positive side so that the peak occurs befo
the remanent state is reached [2–6]. The explanations
this behavior are controversial. On one hand, a decreas
sample thickness is known from experiment to shift th
peak towardBcp ­ 0 [7,8]. This is also in agreement
with recent numerical results obtained for the critical-sta
model withB-dependentJc [8,9]. However, the numerical
calculations have not predicted sufficiently large shifts
bring the peak to the anomalous side of the loop.

A different explanation of the shift inBcp was sug-
gested for granular materials [10], where a demagn
tization effect of the grains can be important. Th
magnetization of a granular superconductor is determin
by both intragrain and intergrain currents. The latte
represent large-size current loops, and can give a ma
contribution to the magnetic moment. These intergra
currents are essentially determined by the magnetic fie
just at the grain boundaries. Those local fields are,
turn, strongly influenced by the intragrain currents, an
can varyaheadof the localB expected without granular-
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ity. As a result, the central peak is encountered earl
in the MHL. Models allowing quantitative MHL calcu-
lations with account of the grain-induced demagnetizati
effect [4,11] successfully reproduced the peak atBcp . 0.

Although the significant influence of both sampl
shape and sample granularity on the MHL is genera
recognized, the interplay between them has never be
addressed. In particular, it is not known if a positiv
Bcp is accessible for thin enough samples, or ifBcp . 0
on the descending field branch is a definite signature
sample granularity. The present Letter aims to answer t
question. We show first analytically that forany JcsBd
the central peak is located exactly atBcp ­ 0 for a thin
uniform strip, a result we also confirm by experimen
The key role of granularity is then demonstrated b
measurements on an artificially granular thin film, whe
we findBcp . 0.

Consider a long thin superconducting strip with edg
located atx ­ 6w, the y axis pointing along the strip,
and the z axis normal to the strip plane (see Fig. 1
The magnetic field,Ba, is applied along thez axis, so
screening currents flow in they direction. Throughout
the paper,B is thez component of magnetic induction in
the strip plane. The sheet current is defined asJsxd ­R

jsx, zd dz, wherejsx, zd is the current density and the
integration is performed over the strip thickness,d ø w.

From the Biot-Savart law for the strip geometry, th
flux density is given by [12]

Bsxd 2 Ba ­ 2
m0

2p

Z w

2w

Jsud du
x 2 u

. (1)

Assuming that the strip is in a fully penetrated state, i.e
the current density is everywhere equal to the critical on
Jsxd ­ sgnsxdJcfBsxdg. This state can be reached afte
applying a very large field, and then reducing it to som
much smaller value. The field distribution then satisfie
the following integral equation:

Bsxd 2 Ba ­ 2
m0

p

Z w

0

JcfBsudg
x2 2 u2 u du . (2)
© 1999 The American Physical Society 2947
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FIG. 1. Superconducting strip in an applied magnetic field

In the remanent state,Ba ­ 0, the flux density profile
Bsxd has an interesting symmetry. This is seen b
changing the integration variable in Eq. (2) fromu to
y ­

p
w2 2 u2. We then obtain

Bsxd 2 Ba ­
m0

p

Z w

0

JcfBs
p

w2 2 y2 dg
w2 2 x2 2 y2 y dy . (3)

Substitutingx by
p

w2 2 x2 into Eq. (2), one obtains a
similar equation forBs

p
w2 2 x2 d:

Bs
p

w2 2 x2 d 2 Ba ­ 2
m0

p

Z w

0

JcfBsudg
w2 2 x2 2 u2 u du .

(4)

By comparing Eqs. (3) and (4) atBa ­ 0, we conclude
that

Bsxd ­ 2Bs
p

w2 2 x2 d (5)

is generally valid if Jc depends only on the absolute
value of the magnetic induction,JcsjBjd. This symmetry
is immediately evident for the caseJc ­ const, i.e., the
Bean model, when Eq. (2) reduces to

Bsxd ­ Ba 1 Bc ln

p
w2 2 x2

x
, Bc ­

m0Jc

p
. (6)

In a similar way, one can prove also another symmet
relation valid atBa ­ 0, namely,

D sxd ­ D s
p

w2 2 x2 d , (7)

whereD sxd ­ ≠Bsxdy≠Ba.
Consider now the magnetic moment per unit length

the strip,M ­ 2
Rw

0 Jsxdx dx. DifferentiatingM with re-
spect toBa and taking into account thatBsxd changes sign
at x ­ wp ­ wy

p
2, one has after splitting the integra

into two parts

≠M
≠Ba

­ 2

√Z wp

0
2

Z w

wp

!
≠JcfjBsxdjg

≠jBj
D sxdx dx . (8)

Then, replacing in the second integralx by
p

w2 2 x2 and
using Eq. (5), we come to

≠M
≠Ba

­ 0 at Ba ­ 0 . (9)

Consequently, on a major MHL the magnetic moment h
an extremum in the remanent state forany JcsBd depen-
2948
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FIG. 2. Central part of descending branches of the MH
for different JcsBd dependences, JcyJc0 ­ F sjBjyBc0d.
(1) F sbd ­ s1 1 2.5b2de2b2y4; (2) F sbd ­ s1 1 0.25bd21;
(3) F sbd ­ e2by2. Here,Bc0 ­ m0Jc0yp, M0 ­ w2Jc0.

dence. This is illustrated in Fig. 2, showing the centr
part of MHLs obtained by an iterative numerical solutio
of Eq. (2) for threeJcsBd dependences. TheMsBad ex-
tremum depends on the type ofJcsBd dependence. It is
a maximum for a decreasingJcsBd, and a minimum if
JcsBd has a pronounced second peak, the so-called fish
behavior.

Two YBa2Cu3O72d (YBCO) epitaxial thin films were
chosen for a comparative study: (A) a uniform film o
regular shape and (B) a film with artificial granularity
Sample (A) was prepared by laser ablation on a Mg
substrate [13]. The thickness was 200 nm, and the sam
was patterned by chemical etching into a rectangular sha
of dimensions0.66 3 1.4 mm2. The homogeneity of the
sample was tested by magneto-optical imaging, where
showed complete absence of any visible defects [14].

Sample (B) was laser ablated to a 150 nm thickness
a LaAlO3 substrate. The film was patterned by means
electron beam lithography into a hexagonal close-pack
lattice of disks with2r ­ 50 mm diameter. The disks
are touching each other at the circumferences in ord
to enable the flow of interdisk currents. The width o
the contact region ise ­ 3.5 mm (see Fig. 3). The su-
perconducting disks can be considered as grains and
connections between them as intergrain junctions. T
overall size of the sample was4 3 4 mm2, comprising
ø8000 disks. The transition temperature after the pa
terning process is 83 K.

The magnetization measurements were performed
ing a vibrating sample magnetometer (VSM) PAR Mod
155 with computerized control and data processing. T
magnetic field is generated by a conventional electroma
net with Ba,max 6 2 T. The field was applied parallel to
the c axis, which is perpendicular to the film plane. Th
magnetization loops were always measured after ze
field cooling of the sample. The maximum applied fiel
for all measurements was significantly higher than th
field giving a fully penetrated state, as verified by th
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FIG. 3. Polarization image of the sample (B) with artificia
granularity. The black disks are superconducting and have
diameter of2r ­ 50 mm. The width of the contact region
between the disks ise ­ 3.5 mm.

magneto-optical method. To focus on our main issu
only the data measured on the descending field bran
of the MHLs nearBa ­ 0 are presented.

Figure 4 shows the central part of the MHLs for th
uniform film (A). The measurements were carried o
over a wide range of temperatures in order to pro
different JcsBd dependences. There is evidently he
a pronounced central peak at all temperatures. With
the experimental resolution, the position of the peak
located at zero applied field. The observation that t
peak remains atBa ­ 0 over the entire temperature rang
is in full agreement with our general analytical result.

Note that the result was derived for an infinite stri
fully penetrated by the magnetic field. In a thin sampl
in contrast to long cylinders, the flux fronts move in
response to a changing applied field at an exponen
rate [12]. Therefore, a fully remagnetized state is reach
quickly after reversing the direction of a field sweep
and our experimental conditions are consistent with t
assumptions made in the theory. The only exception

FIG. 4. Central part of descending branches of the MHL fo
a thin YBCO strip for different temperatures. The peak i
magnetization is located always at zero applied field.
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the finite length of the strip. However, our results sho
that it is not a crucial factor for the peak position.

The MHLs for the sample (B) with artificial granularity
are shown in Fig. 5. The central peak displays he
different behavior as compared to the uniform film (A
For all temperaturesBcp . 0 on the descending field
branch. The shift of the central peak becomes more a
more pronounced with decreasing temperature reach
Bcp ­ 140 mT atT ­ 5 K.

In this sample, the “grains” and their interconnection
are of the same material, and, hence, have equal crit
current density. Because of the patterning, the spatia
averaged intergrain current densityJtr

c is less than the
current density,J

gr
c , of the superconducting materia

itself. For the hexagonal pattern (see Fig. 3) one h
Jtr

c ­ hJ
gr
c , where h depends on the direction ofJtr

c ,
within the limits ey2r , h , e

p
3r. Furthermore, the

magnetic momentMgr due to intragrain currents and
momentMtr due to intergrain currents are related as

MgryMtr ­ sJgr
c yJtr

c d sryRd ø 2r2yeR ,

where R is the overall size of the sample. In the
present case, this ratio is1y6, showing that the intergrain
contribution to the total magnetic moment is dominan
A considerable grain-induced demagnetization effect
therefore expected for this sample. Its granularity, bei
the only essential difference from the uniform film, is th
only possible origin of the observed shift toBcp . 0.

The superconducting Bi-2223 tapes are known to ha
a granular microstructure and the two contributions to t
magnetic moment are of comparable magnitude [4]. T
grain demagnetization effect has been suggested as
explanation for the observed shift of the peak toBcp . 0

FIG. 5. Central part of the descending branch of MHLs fo
the sample (B) with artificial granularity. The solid line
indicates position of the magnetization peak which is locat
at positive fields at all of the temperatures.
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FIG. 6. A schematic drawing illustrating the main conclusio
of the paper. Long samples in parallel magnetic field show th
peak on the descending field branch of MHL at a negative fiel
As the sample height decreases the peak is shifted towards z
It is exact zero in the limiting case of a uniform thin strip. A
granular thin strip has the peak at positive fields.

on the descending MHL branch in these materials [3–6
Our present results give strong support to this physic
picture.

In conclusion, we arrive at the following genera
scenario concerning the central peak position (see Fig.
Long samples in parallel magnetic field show in the
MHLs a central peak at a negative applied field, i.e
after passing through the remanent state on the descend
field branch. As the sample thickness decreases the p
position is shifted towards zero. It is located exactl
at Bcp ­ 0, in the limiting case of a uniform strip of
infinitesimal thickness. Granularity always leads to
shift of Bcp in the positive direction on the descending
field branch. Thus, for a granular thin strip the peak
located at a positive field, i.e., before the remanent sta
is reached. The origin of this effect is that granularit
induces demagnetization fields which strongly modify th
intergranular currents via theirB dependence.
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