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Reentrant ac Magnetic Susceptibility in Josephson-Junction Arrays
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We have measured the complex ac magnetic susceptibility of unshunted Josephson-junction
as a function of temperatureT , amplitude of the excitation fieldhac, and external magnetic fieldHdc.
For small hac Meissner screening occurs. For largerhac, however, the screening is reentrant inT .
This reentrance is not thermodynamic but dynamic and arises from the paramagnetic contributi
multijunction loops. This result gives an alternative explanation of the paramagnetic Meissner e
observed in granular superconductors. Experimental results are in agreement with a simplified m
based on a single loop containing four junctions. [S0031-9007(97)03358-9]

PACS numbers: 74.50.+r, 74.25.Ha, 74.80.Bj
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A paramagnetic Meissner effect (PME) has been m
sured in Bi-based high-TC granular superconductors [1,2
This effect has been attributed to the presence ofp junc-
tions between the grains. In these junctions, the Coo
pair acquires a phase shiftp across the junction, giving
rise to Josephson currents which arenegativerelative to
conventional junctions [3]. Such a phase shift might
sult from magnetic impurities between the grains or no
s-wave pairing symmetry [4,5].

This Letter reports the appearance of a strong param
netic contribution to the complex ac magnetic susceptib
ity of niobium Josephson junction arrays. Since our arra
are made of conventional junctions, our result shows t
PME can occur without the presence ofp junctions. In
our experiment, the paramagnetic contribution appears
reentrant behavior of the ac suceptibility,xac, at low tem-
perature. The in-phase component of the first harmo
x

0
1, which is a measure of the screening current, first

creases in modulus as the temperature is lowered from
critical temperatureTC, then decreases at a lower tempe
ture. The out-of-phase component,x

00
1 , is correlated with

x
0
1, showing increasing losses as the screening decre

at low temperature (see Fig. 1) [6]. Moreover, we fin
that numerical simulations of the simplified case of a fo
junction loop exhibit paramagnetic susceptibility in som
ranges of excitation field and temperature, accounting v
satisfactorily for our experimental results.

Our arrays have square geometry and consist of
shunted Nb-AlOX -Nb tunnel junctions (see Fig. 2). Th
lattice spacing isa ­ 46 mm; from the dimensions of the
films, we estimate that the inductance of each loop is ab
L ­ 64 pH. The critical current density of the junction
is about600 Aycm2 at 4.2 K, and the junction area is5 3

5 mm2. We performed measurements ofxac as a function
of the temperatureT (1.5 , T , 15 K), the amplitude of
the excitation fieldhac (0.5 mOe, hac , 10 Oe), and the
external dc fieldHdc (0 , Hdc , 700 Oe) parallel to the
plane of the sample. We use a homemade susceptom
in a screening configuration [13]. The susceptomete
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positioned inside a double wallm-metal shield, screening
the sample from the Earth’s magnetic field.

Data for x
0
1 and x

00
1 as a function of temperature ar

shown in Fig. 1. For small values ofhac, the behavior
of both components ofxac is quite similar to that found
in superconducting samples [14], i.e.,x

0
1 becomes more

negative at lower temperatures, indicating stronger sup
conductivity through the Meissner effect, andx

00
1 peaks,

indicating a maximum in the losses, around the critic
temperatureTC. Remarkably, however, for values ofhac

larger than about 50 mOe, the in-phase component,x
0
1,

is reentrant. x
00
1 is correlated with the reentrance ob

served inx
0
1, showing increasing losses as the screeni

decreases, indicating an apparent weakening of superc
ductivity at low temperatures. The minimum inx

0
1 appears

at T . 7.0 K.
The ac response of two-dimensional arrays has be

a powerful tool in studying phase transitions [15]. It i
tempting to identify the reentrance with a phase transitio
For example, the array might become ordered atT . 9 K
[16], and then become disordered again atT . 7.0 K.
Such reentrance was predicted to occur in disordered arr

FIG. 1. x
0
1 and x

00
1 as a function ofT for different values

of hac with Hdc ­ 0. The curves forx 00
1 have been vertically

offset for clarity.
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FIG. 2. Sketch of a small section of a sample. The cros
are the niobium islands. The junctions are in the overlap reg
between these islands.

in a perpendicular magnetic field, but experiments a
more recent theory question this prediction [17]. T
array studied here is, however, very strongly coupl
with a ratio of the coupling energy to the temperatu
F0ICy2pkT . 260 at T ­ 7.0 K, whereF0 is the mag-
netic flux quantum. A reentrant phase transition theref
seems unlikely. As an alternative, we examine the dyna
ics of the screening currents.

In order to investigate the origin of the reentrance,
exploited a feature of our array design. Figure 2 sho
that a magnetic field applied parallel to the plane
the substrate will suppress the critical current of ea
junction by causing flux to penetrate each junction witho
introducing any flux into the unit cells (or plaquettes) of t
array. (A perpendicular field introduces flux in the “hole
in each unit cell.) Thus, a parallel magnetic field allows
to vary IC independently from temperature or the appli
perpendicular field.

Figure 3 shows the results of measurements ofxac as
the parallel field (and thus the critical current) is varie
The minimum inx

0
1 is shifted to lower temperatures b

this, consistent with the weakening of the critical curre
and thus of the maximum screening current. Furtherm
we find thatx 0

1 (4.2 K) shows the same Fraunhofer d

FIG. 3. x
0
1 and x

00
1 vs T for hac ­ 144 mOe and different

values ofHdc. The curves forx 00
1 have been vertically offse

for clarity.
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pendence onHdc as the critical currentIC of the junctions
forming the array, giving further proof that only the critica
current is varied in this experiment.

Although a complete explanation for the reentranc
undoubtedly requires that the full array be considered,
have found that a simple model based on one unit c
of the array—a loop including four junctions—gives
good semiquantitative description of the reentrance.
similar model (consisting of a single-junction loop) ha
been previously used by Aulettaet al. [18] to suggest
a possible explanation of the PME in highTC granular
superconductors [1,2], by simulating the field-cooled d
magnetic susceptibility.

In a single loop,

FTOT ­ FEXT 1 LI , (1)

where I is the circulating current in the loop andFTOT
and FEXT are the total flux and the flux related to th
applied magnetic field, respectively. The junctions a
modeled by taking into account their capacitanceCJ and
their quasiparticle resistanceRJ . Therefore, the currentI
is given by

I ­ IC singi 1
F0

2pRJ

dgi

dt
1

CJF0

2p

d2gi

dt2 , (2)

wheregi is the superconducting phase difference acro
the ith junction andIC is the critical current of each junc-
tion. In the case of four junctions, the fluxoid quantizatio
condition, which relates eachgi to the external flux, is

gi ­
p

2
n 2

p

2
FTOT

F0
, (3)

wheren is an integer and, by symmetry, we assumeg1 ­
g2 ­ g3 ­ g4 ­ gi . In the case of an oscillating externa
magnetic field,HEXT ­ hac cossvtd, the magnetization
M ­ LIym0a2, where m0 is the vacuum permeability,
may be expanded as a Fourier series,

Mstd ­ hac

X̀
n­0

fx 0
n cossnvtd 1 x 00

n sinsnvtdg . (4)

In the model, the temperature dependent parame
is the critical current of the junctions. We used th
approximation [19]

ICsTd ­ ICs0d
p

1 2 TyTC tanhf1.54TC

p
s1 2 TyTCdyT g .

(5)

We have performed numerical simulations based
Eqs. (1)–(5) and calculated the zero field-cooledx1 as
a function ofT for different amplitudes ofhac. Figure 4
shows a plot of these results.

The simulatedx
0
1 is qualitatively very similar to the

experimental data, showing reentrance at low tempe
ture. The shape ofx 0

1 depends on the parameterbLsT d ­
2pICsTdLyF0, which is proportional to the number of
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FIG. 4. Simulation of x1 vs T for FEXTyF0 ­ 7 and
bLs4.2 Kd ­ 30. x

0
1 is indicated by open squares andx

00
1 by

solid circles.

flux quanta that can be screened by the critical curr
in the junctions. For our array,bLs4.2 Kd ­ 30. The
curve FTOT vs FEXT is very hysteretic, showing multi-
ple branches (see Fig. 5). At each temperature, the bra
that intersects the lineFTOT ­ 0 corresponds to diamag
netic states. For all the other branches, their intersec
with the lineFTOT ­ FEXT corresponds to the boundar

FIG. 5. Simulated total flux versus external flux at differe
temperatures.
nt

ch

on

t

between paramagnetic states (positivex
0
1) and diamagnetic

states (negativex 0
1). In Fig. 5 the shaded areas correspon

to diamagnetic states (FTOT , FEXT) and the clear ar-
eas to paramagnetic states (FTOT . FEXT). The value of
xac is given by an average among all the states that
system traverses in one cycle of the ac drive. Therefo
xac will be paramagnetic or diamagnetic, depending on t
segments of the hysteretic curve which are spanned du
the cycle.

The shape of the curve changes with temperature, a
shown in Fig. 5. The crossover from paramagnetic to d
magnetic behavior can be understood by looking at sim
lations showingFTOT vs FEXT at different temperatures.
At the temperature valuesT ­ 5 K and T ­ 7.6 K, the
appearance of the second and third branches, respectiv
add a paramagnetic contribution to the average value
x

0
1, thus explaining the sharp changes ofx

0
1 vs T shown

in Fig. 4.
The response of the array presents no sharp transiti

because it is the result of an average response from all
loops, and also depends on the profile of the field pen
tration in the whole array [20–24]. Moreover, in orde
to completely account for the measuredxac we should
also consider the additive diamagnetic response of the
islands.

Our simplified description of the system qualitativel
accounts for all the experimental observations. The re
trance inx

0
1 is due to the paramagnetic contribution o

the multijunction loops. When the dimensionless rat
m0haca2yLIC is large enough, the system switches to th
next branch ofFEXT vsFTOT curve (see Fig. 5), leading to
a paramagnetic component of the response, which redu
the overall diamagnetic response. Similarly, each time
system switches from one branch to the other, an ene
of the orderF2

0yL is dissipated, so that extra dissipatio
results when the system switches from a single-branch t
multibranch solution, i.e., when the solution becomes hy
teretic. This argument explains the increased dissipati
proportional tox 00, measured at low temperature. More
over, the values ofx 0

1 andx
00
1 for a fixedhac are approxi-

mately constant belowT . 3 K (see Fig. 1), in agreemen
with the fact thatIC is approximately constant (saturatin
to its maximum value) in that range of temperature.

In our experiment, this reentrance appears for values
hac higher than about 50 mOe, in good agreement w
our estimated value ofLICym0a2 ­ 3.7 Aym ­ 47 mOe.
We conclude that the reentrance is associated with
dynamic mechanism and not a thermodynamic one.

Reentrant susceptibility has not been observed
granular superconductors, which are very similar to J
sephson junction arrays [19,25–28]. However, granu
superconductors have a distribution of critical curren
and loop sizes, and thus a distribution ofbLs. Therefore,
for some fixed value ofhac, some loops will remain dia-
magnetic while others will become paramagnetic at d
ferent temperatures. This is a possible explanation for
4627
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well-known intergrain plateau, a region of approximate
constant value ofx 0

1 often measured in granular supercon
ductors [14]. In fact, typical values ofbL in granular high
TC superconductors are in the range 5–200 [29]. The
fore, the phenomena related to the reentrance we h
observed in Josephson junction arrays, wherebL ­ 30,
should exist in granular systems.

Our experimental result shows that the multijunctio
loop model can also explain the PME effect observed
some field-cooled highTC superconductors, in agreemen
with the simulations by Aulettaet al. [18]. Experiments
show that PME occurs when some weak links have a s
ficiently large critical current, therefore the effect occu
above a corresponding minimum value ofbL. This may
indicate that when PME occurs, the curveFEXT vs FTOT
corresponding to some of the weak link loops is ve
hysteretic. When the samples are zero field cooled a
then measured at small fields, most of the loops will
in states corresponding to the diamagnetic branch cro
ing FTOT ­ 0 and no paramagnetic response can be m
sured. When the samples are field cooled in small fiel
flux quanta get trapped in the loops, corresponding to sta
in upper overlapping branches. These branches are p
magnetic at small values of field, and become diamagne
at higher field. This explains the measured crossover fr
paramagnetic to diamagnetic response by increasing
field. Further increase of the dc field will eventually sub
stantially reduce the critical current of the weak links, the
only the diamagnetic response of the grains will contribu
to the measured value of susceptibility. Further investig
tions of this possible explanation for the observed PME
high TC superconductors requires a characterization of
samples and an estimation of the averagebL. We also note
that PME has been recently measured in niobium dis
[30]. Analogously to our result, this experiment confirm
that PME also arises from trapped flux and that it is n
necessarily related tod-wave symmetry.
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