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Abstract. Reentrant superconducting behavior of the critical
supercurrent temperature dependencies has been observed for
the Nb ±Cu/Ni ±Nb Josephson SFS (superconductor ± ferro-
magnet ± superconductor) junctions. The Ic�T� oscillations
detected are associated with a crossover of the SFS junctions
from `0'- to `p'-state that is related to a special feature of
superconducting pair flow through a ferromagnet (spatial
oscillations of induced superconducting order parameter in
presence of the exchange field). A triangular array of the
junctions in the p-state shows evidence for a phase shift of p on
the Ic�H� dependence. We have argued advantages of the SFS
p-junction use for the quantum bit implementation based on the
superconducting loop with quantum Josephson junctions.
While designs proposed previously are based on magnetically
frustrated superconducting loops, we discuss the advantages
offered by the p-junctions in obtaining naturally degenerate
two-level systems.

1. Introduction

In recent years considerable attention has been given to
possible realization of `p-contacts', i.e. weakly coupled
junctions formed in superconducting and superfluid sys-
tems which demonstrate p-shift of macroscopic phase
difference in the ground state [1 ± 6]. A brief review of
experimental and theoretical works devoted to the study of
Josephson structures with spontaneous p-shift of the phase
difference is given in Ref. [7]. Among such structures one
should mention bicrystals [3] and `s ± d' contacts [4, 8] based
on high-temperature superconductors with assumed `non-
trivial' (d-wave) symmetry of the order parameter, meso-
scopic superconductor ± normal metal ± superconductor
(SNS) junctions controlled by current along the N layer
[5], and finally, superconductor ± ferromagnet ± supercon-
ductor (SFS) junctions [2, 9]. Experimental studies of
Josephson thin-film SFS junctions have been taken up [7]
with the aim to use the p-states in superconducting logic
elements for quantum computing [10] and digital super-
conducting logics [11]. In this paper we present the
experimental evidence for the p-junction behavior of single
Josephson SFS junctions and triangular two-dimensional
arrays of SFS junctions and give the brief theoretical
consideration of the phenomena.

2. Proximity effect in the SF system

As in the case of a superconductor ± normal metal (SN)
interface, superconducting pairs in an SF structure can
penetrate to the ferromagnetic F layer through a certain
depth denoted here as xF1, inducing a superconducting order
parameter. The decay of the order parameter in the
ferromagnetic layer increases as the exchange energy Eex

rises, since exchange interactions try to arrange electron
spins in a certain direction, i.e. to destroy superconducting
pairs formed by electrons with opposite spins. When the
Curie temperature, Tm, of the ferromagnet greatly exceeds
the critical temperature, Tc, of the superconductor, only
exchange interaction can be considered as the depairing
factor in the dirty ferromagnet. In this case the decay length
of the superconducting order parameter in the ferromagnet
can be estimated by substituting the exchange energy Eex

instead of kBT to the conventional expression for the pair
coherence length in a dirty normal metal

xF1 �
�hD

Eex

� �1=2

� �hD

kBTm

� �1=2

; �1�

where kB is the Boltzmann constant, D is the diffusion
coefficient for electrons in the ferromagnet. As distinct from
the SN system, where the coherence length xN responsible for
the decay of the order parameter in the N layer is real, the
coherence length xF in a ferromagnet is complex. This means
that in the ferromagnet close to the SF interface, oscillations
of the induced superconducting order parameter related to
the imaginary part xF2 of the coherence length should arise
together with the decay determined by the length xF1. The
order parameter (superconducting wave function) can be
expressed in these terms as follows:

CF�x� � CF0 exp ÿ x

xF

� �

� CF0 exp ÿ x

xF1

� �
exp ÿi x

xF2

� �
: �2�

Here CF0 is the order parameter in the ferromagnet near the
SF interface and x is the coordinate in the direction
perpendicular to the interface. The wavelength of the order
parameter oscillations is 2pxF2. In the diffusive limit for
Eex 4 kBT, the values of xF1 and xF2 are equal and described
by (1), which is valid [12] in the case of weak spin-orbit
scattering in the ferromagnet. Then the complex coherence
length can be written as

xF �
�hD

2iEex

� �1=2

: �3�

We discuss a physical origin of the oscillating and sign-
reversal order parameter CF in the ferromagnetic super-
conductor before the consideration of the case of small
exchange energies Eex � kBT. This phenomenon, predicted
by Larkin andOvchinnikov [13] and by Fulde and Ferrel [14],
is related to arising of Cooper pairs with nonzero total
momentum in presence of the exchange field. The bulk
superconductors with the order parameter in this state
(usually referred to as the LOFF state) have never been
observed so far. However, as it will be shown below, the
quite realisable modification of the LOFF state is the
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oscillating order parameter near the SF interface, which is
predicted in Refs [9, 15, 16]. A simple physical picture of an
arising of nonzero total pair momentum in the ferromagnet
was proposed in Ref. [12]. The energy of each electron in a
pair changes due to the exchange interaction as the Cooper
pair transfers through the SF interface to the ferromagnet.
The electron with the spin parallel to the exchange field
should decrease its energy by Eex, while the other electron
should increase its energy by the same value. The conserva-
tion of the total electron energy occurs due to the correspond-
ing changes in their momenta:

j��hk0�2=2mÿ ��hk�2=2mj � Eex :

As a result, the total momentum of the pair,Q, is not zero and
of the order of 2Eex=vF (where vF is the electron Fermi
velocity in the ferromagnet). This contribution to the order
parameter is determined by the additional multiplier
exp�iQx=�h�. Within the approach used one should consider
both the pairs where an electron with the spin parallel to the
exchange field has momentum k (then the total pair
momentum must be equal to Q) and the pairs where the
electron with the same spin direction has the momentum ÿk.
In the latter case the pair has the total momentum ÿQ. The
combination of the two possibilities gives the following order
parameter:

CF�x� � CF0
exp iQx=�h� � � exp�ÿiQx=�h�

2

� CF0 cos
Qx

�h

� �
: �4�

In the diffusive limit the order parameter oscillations are
superimposed on the decay arising due to pair breaking by
impurities in the presence of the exchange field.

Let us consider now the case of a weak exchange energy
Eex � kBT, when the thermal and exchange energy make
comparable contribution to the pair decay process. The
general expression for the complex coherence length is
following:

xF �
�hD

2�pkBT� iEex�
� �1=2

: �5�

Extracting the real and imaginary parts from this expressionÿ
for this purpose it is convenient to write

pkBT� iEex �
�����������������������������
�pkBT�2 � E2

ex

q
� exp i arctan

Eex

pkBT

� �� �
;

we obtain

xF1;2 �
������������������������������������������������������

�hD

��pkBT�2 � E2
ex�1=2 � pkBT

s
: �6�

This expression transforms to (1) at Eex 4 kBT and to the
well-known expression for the coherence length in normal
metal at Eex � 0. Note that in the case of Eex � kBT the decay
length xF1 increases with decreasing temperature, whereas the
oscillation wavelength 2pxF2 decreases. This allows us to
observe the crossover of the SFS junction to the p-state as
temperature decreases.

3. p-state of the Josephson SFS junction

Since the oscillating order parameter alternates in the ferro-
magnet it is expected to have the different signs on super-
conducting banks of the SFS sandwich, when the thickness dF
of the ferromagnetic layer is close to the half-wave of the
oscillations pxF2, i.e. the phase difference across the junction
should be equal to p in the absence of any external fields or
currents (that does not contradict to the stationary Josephson
equation). The Josephson p-junction was first proposed in [1]
and detailed for an SFS structure in [2].

To reveal possible distributions of the order parameter in
a F layer of a Josephson SFS junction, we have calculated the
Ginzburg ±Landau (GL) free energy for the ordinary 0- and
p-contacts and solved linearized Ginzburg ±Landau equa-
tions for the order parameter in the F layer.When the axis x is
perpendicular to the SF interface, and the origin of the
coordinates is in the center of the F layer, the solution for
the order parameter CF�x� takes on the form

CF�x� � CF0

(
a exp�ÿ�x� dF=2�=xF1� cos��x� dF=2�=xF2�

exp�ÿ2dF=xF1� cos2�dF=xF2� ÿ 1

� b exp��xÿ dF=2�=xF1� cos��xÿ dF=2�=xF2�
exp�ÿ2dF=xF1� cos2�dF=xF2� ÿ 1

)
; �7�

a � exp�ij� exp�ÿdF=xF1� cos�dF=xF2� ÿ 1 ;

b � exp�ÿdF=xF1� cos�dF=xF2� ÿ exp�ij� ;

wherej is the phase difference across the SFS junction,CF0 is
the absolute value of the GL order parameter at the SF
interfaces, andCF�ÿd=2� � CF0;CF�d=2� � CF0 exp ij.

There are two possible states with the phase difference
j � 0 and j � p, which correspond to zero current flow
through the junction. We refer them to as `0'- and `p'-states.
In conventional Josephson junctions the ground state
corresponds to j � 0, since the energy of this state is lower
than that forj � p . However, belowwewill show that due to
the oscillations of the order parameter in the SFS junction,
determined by (7), the minimum energy can occur at j � p .
In this case the sign of the order parameter changes over the
junction. To determine which state is more favorable at given
dF and xF1;2 we should calculate the GL free energy of the
junction. We carried out these calculations in the simplest
case Eex 4 kBT, when xF1 � xF2. But the results obtained are
valid qualitatively for other ratios between Eex and kBT. In
the next Section we will return to the interesting case of
kBT � Eex to discuss the crossover from the 0- to p-state,
which is induced by decreasing the temperature. In the
diffusive case at Eex 4 kBT the SFS junction free energy
takes on the form:

FGL �
�ÿdF=2
ÿdF=2

CF
2 � dCF

dx

� �2
" #

dx : �8�

Substituting the solution (7) for xF1 � xF2 in the above
relation we found the following expression for the free energy
of the 0-state:

F0
GL � ÿ

exp�ÿd�fd cos d� 2�2ÿ exp�ÿd� cos d sin d�g
�1� exp�ÿd� cos d�2 ;

�9�

and respectively for the p-state
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F
�p�
GL �

exp�ÿd�fd cos d� 2�2ÿ exp�ÿd� cos d sin d�g
�1ÿ exp�ÿd� cos d�2 ;

�10�

where d � dF=2pxF2.
Figure 1 shows the distributions of the order parameter in

the ferromagnetic layer of an SFS junction, calculated
using (7) for various ratios d of the thickness dF to the
oscillation period 2pxF2. The inset shows the dependencies
of the GL free energies for the 0- and p-states on the ratio
dF=2pxF2 in the SFS junction, calculated by (9) and (10). One
can see that the p-state becomes more stable at dF ' pxF2, but
then it is changed again by the 0-state as dF approaches the
integer period of oscillations. The dashed line in Fig.1
indicates the distribution of the order parameter for the 0-
state at dF � pxF2, when the energy of the state is higher than
that of the p-state. As is seen from the figure, the averaged
square of the order parameter gradient for the 0-state is higher
than that for the p-state.

The crossover to the p-state should manifest itself as an
anomalous oscillating F layer thickness dependencies of the
critical temperature Tc of SF multilayers [15, 16] and the
critical current of Josephson SFS sandwiches [9]. Experiments
on Tc�dF� for multilayer structures Nb/Gd [17], Nb/Fe [18],
V/Fe [19], and Pb/Fe [20] are not conclusive (see discussion in
Ref. [20]), that is related in particular to the fact that various
samples are required to study the dependencies on the

thickness. The proposed method based on the crossover to
the p-state caused by temperature decrease allows us to avoid
this difficulty.

4. Reentrant temperature dependence of critical
current in an SFS junction: the crossover from
0-state to p-state

The experimental studies of Josephson characteristics of SFS
junctions [7, 21, 22] were carried out by us on thin-film
sandwiches Nb ±Cu1ÿzNiz ±Nb, with z about 0:5 and the
Curie temperature, Tm, of the copper ± nickel layer in the
range 20 ± 150 K. The weak ferromagnetism of the Cu/Ni
alloy was important for preparing homogeneous and con-
tinuous interlayers with a thickness comparable with the
decay length xF1 of the order of dozens nanometers.
Conventional ferromagnetic metals (Co, Fe, Ni) can hardly
be used for fabrication of the sufficiently uniform F layers,
because the pair decay length in this case is close to 1 nm. The
use of ferromagnetic alloys with low Curie temperatures
allowed us to increase the pair decay length by an order,
which made possible flowing of supercurrents through F
layers of 20 ± 30 nm in thickness, prepared with the rough-
ness of 2 ± 3 nm. Another important result of the application
of the alloys with low Tm is the achievement of the Eex � kBT
limit, which allows us to observe the crossover of the
Josephson SFS junction to p-state at decreased temperature.

Figure 2a shows the schematic cross-section of a thin-film
Nb ±Cu1ÿzNiz ±Nb sandwich. The bottom Nb electrode
100 mm wide and 110 nm thick, was fabricated by dc
magnetron sputtering with subsequent photolithography
and chemical etching. The deposition of copper ± nickel film
was carried out by rf sputtering after ion etching of the
niobium surface (targets of various contents with z varying
from 0.4 to 0.57 were used). Then the insulating layer with
50� 50 mm2 `window' determining the junction area was
prepared by lift-off photolithography. We used 170 nm thick
SiO film as insulator, which was deposited by vacuum
evaporation. The fabrication procedure was accomplished
by dc magnetron sputtering of the upper niobium electrode,
80 mm wide and 240 nm thick, after preliminary ion cleaning
of the surface of the copper ± nickel layer. The upper electrode
patterning was made by lift-off photolithography. The
junction normal resistance Rn did not exceed 10ÿ5 O, so the
transport characteristics of the junctions were measured by a
picovoltmeter based on a rf SQUID with sensitivity better
than 10ÿ11 V.

The onset of ferromagnetism for Cu1ÿzNiz alloy is around
z � 0:44. Upon crossing to the ferromagnetic regime of the F
layer the junction critical currents dropped sharply but I ±V
characteristics and magnetic field dependencies Ic�H� (H in
the plane of the junction) were still similar [7, 22] to those for
standard Josephson SNS junctions. The Ic�H� patterns for
`fresh' or well demagnetized samples were described by the
Fraunhofer relation with high accuracy, which indicates the
fact of high uniformity of the thickness and the magnetic
properties of the F layer along the junction. The latter seems
to be caused by averaging of a small-scale structure of
magnetic domains in the F layer resulting in highly uniform
current flow through the ferromagnetic layer with zero net
magnetization. The main peak of the Fraunhofer pattern was
found shifted when samples were heated above Tc (but
below Tm) and a small magnetic field was briefly applied
leading to nonuniformity of the domain structure and
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Figure 1. Spatial distribution of the superconducting order parameter in

the F layer of the Josephson SFS sandwich, calculated at various ratios

dF=2pxF2: for dF=2pxF2 � 1=2p and 1 (curves 1 and 3) the energy

minimum corresponds to 0-state, while for dF=2pxF2 � 1=2 and 3=2
(curves 2 and 4) the energy minimum yields p-state. For comparison the

dashed line indicates the curve for 0-state at dF=2pxF2 � 1=2, whose

energy is higher than that of p-state depicted by curve 2. The inset shows

the calculations of the Ginzburg ±Landau energy for 0- and p-states.
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residual macroscopic magnetic induction [7]. In non-magne-
tized samples, which will be considered below, the residual
magnetic induction was not observed in the whole tempera-
ture range 1.2 ± 9 K, the latter was indicated by zero field
position of the main peak of the Fraunhofer pattern [21, 22].

Figure 2 shows experimentally measured (b) and calcu-
lated (c) dependencies Ic�T� at various thickness dF of the
sandwich ferromagnetic interlayer from Cu0:48Ni0:52 alloys
with parameters close to the crossover from the 0- to p-state.
Within the narrow range of thickness variation (4 nm for the
averaged thickness of the F layer) the shape of the curves
changed from that of typical for SNS junction (which rises
sharply with positive curvature as temperature decreases) to
the reentrant oscillating dependence vanishing at T � Tcr '
2 K, which had not been observed earlier in experiments with
Josephson junctions. Such behavior should result from the
crossover to the p-state at T < Tcr. In the crossover point, the

critical current Ic�T� is formally equal to zero and then should
become negative. Since in real experiments we could measure
only positive values of the critical current, the dependence
Ic�T� has a sharp cusp atT � Tcr that is the negative branch of
the curve reflected to the positive region. To investigate
quantitatively this effect, we extended a theory [16], which
was initially used for large thickness of F layers in SFS
junctions, to the case of arbitrary thickness and small
exchange energy Eex � kBTc. Apart from it we considered
barriers at SF interfaces, which are inevitably arisen due to
splitting of spin subbands caused by exchange interactions.
Since the thin-film SFS sandwich corresponds to the diffusive
limit, we used the formalism of quasiclassical Usadel
equations [23], where the Josephson junction critical current
was determined by summation over Matsubura frequencies
on � pT�2n� 1� of the corresponding spectrum of super-
currents Js�on�. The spectrum is expressed via Usadel
function F��on� with the typical spatial scale xon

�
�D=2�on � iEex��1=2 of changes of superconducting proper-
ties in the ferromagnet.

Usadel equation for the F layer is following [15, 16]

�hD

2

d

dx
G�x; eo� d

dx
F�x; eo� ÿ F�x; eo� d

dx
G�x; eo�� �

� eoF�x; eo� ; �11�
G2�x; eo� � F�x; eo�eF�x; eo� � 1 ; �12�

where eo � on � iEex and eF�x;on� � F��x;ÿon�.
The superconducting current Js through SFS junctions is

expressed as

Js�j� � ieN�0�DpT
X1
ÿ1

F
d

dx
eFÿ eF d

dx
F

� �
: �13�

To find the solution for theGreen's functionsF�x; eo�,G�x; eo�
in the F layer, we took into account the potential barrier at SF
interfaces, using the boundary conditions obtained in [24] for
the SN case. According to [24], the interface barrier is
described by the parameter

Gb � 2

3

lF
dF

xDb

1ÿDb

� �ÿ1
;

where lF is the electron mean free path in the F layer,Db is the
barrier transmission coefficient for electrons. The parameter
Gb determines the ratio of the resistance of the interface to
that of the F layer. In the practically interesting case Gb 4 1,
the functions F�x; eo� are small and the Usadel equations can
be linearized and solved analytically. As a result, we obtained
the sinusoidal current ± phase relation and the following
expression for the critical current:

Ic � 2pT
eRN

1

Gb
Re

X
on>0

D2
0

�o2
n � D2

0�b sinh2b

" #
; �14�

b � dF
2xon

� dF

��������������������
on � iEex

2�hD

r
: �15�

Here D0 is the order parameter in the bulk superconductor,
RN is the normal resistance of the SFS junction. This
approximation is valid for sufficiently high temperatures
when pT=Tc 4 1=Gb. In this case the temperature depen-
dence of Ic is not sensitive to the value of Gb and only the
magnitude of characteristic voltage IcRN changes as this
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Figure 2. (a) Schematic picture of the cross-section of the SFS sandwich;

(b) temperature dependencies of the critical current in Nb ±Cu0:48Ni0:52 ±

Nb sandwiches with thickness of the F layer varied from 23 to 27 nm;

(c) calculations of the temperature dependencies of the critical current in

the SFS junctions atEex � 0:8pTc and various values of the ratio dF=2px
�,

where x� � ��hD=2pkBTc�1=2.
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parameter rises. Numerical calculations based on this model
at various values of dF=2px

� (where x� � ��hD=2pkBTc�1=2 and
Gb � 10 are shown in Fig. 2c. They are in qualitative
agreement with the experimental data and by and large
confirm the simple model of the 0 ± p crossover induced by
decreasing the temperature, which is presented in Section 2.
To compare them with the experimental data we reflected
negative branches of dependencies Ic�T� to the positive
region. Thus, the Josephson coupling energy can really
change the sign as temperature decreases for the case of
Eex � kBT and dF � pxF2.

5. Triangular arrays of SFS junctions.
Direct observation of the p-shift

Several experimental phase-sensitive methods for detecting
the p-state crossover were suggested. The original signature of
the p-state is the appearance of a spontaneous magnetic flux
of half-flux quantum in a superconducting loop containing a
p-contact. Josephson p-junction was first predicted in Ref. [1]
and it was shown [1] that the state with a spontaneous flux
could be realized in such a one-contact interferometer only if
2pLIc 4F0, where L is the loop inductance and Ic is the
contact critical current. The other limit, 2pLIc 5F0, can be
used to observe the shift of the external flux dependence of the
transport critical current IM�F� for a two-contact interferom-
eter including Josephson 0- and p-junctions. The presence of
the phase difference of p across the p-junction results in the
circulating supercurrent close to the critical one and the extra
phase shift of p=2 in both 0- and p-junctions, hence the
necessary additional p phase incursion appears in the super-
conducting loop. So the critical transport current IM through
this interferometer (two-contact SQUID) is equal to zero in
the absence of any external magnetic flux and reaches the
maximum IM � 2Ic when the external magnetic flux is equal
to F0=2. In the latter case it is the external magnetic flux that
induces the additional phase shift of 2pF=F0 � p which
compensates the spontaneous p-shift over the p-junction.
Thus the `0 ± p interferometer' initially is in a fully frustrated
state. Fabrication of 0- and p-junctions with close Josephson
parameters was a rather difficult technical problem in our
case. Therefore we used thin-film periodical arrays with three
identical SFS junctions per cell. The two-cell array, shown in
Fig. 3, is believed to be the most simple and plain structure to
study the intrinsically frustrated arrays. TheCu0:46Ni0:54 alloy
with Tm about 100 K was used as an F layer in the SFS
contacts. The junctions with dF � 19 nm showed the cross-
over to the p-state at Tcr � 2:2 K (see Fig. 4). Above this
temperature (0-state) the IM�H� pattern was the same as the
one predicted [25, 26] for a two-cell interferometer. Periodical
maximal peaks were observed at external fields correspond-
ing to an integer number of the flux quanta per cell, i.e. integer
frustration parameters f � F=F0. The small peaks at half-
integer frustration parameters corresponded to the quantiza-
tion on the contour of the net structure which is twice the cell
square. Below the Tcr (in the p-state) the IM�H� pattern was
found to be shifted exactly by half a period. Without
considering the quantization process for the doubled cell
square (that resulted in the appearance of the small peaks),
the behavior of this p-junction interferometer resembled that
of the 0 ± p SQUID described above. At f � 0 and other
integer values of f there was a current close to the junctions
critical current flowing in the outer loop of the array. The
current induced the extra phase shift 2� p=2 in each cell and

compensated the odd number of the p-shifts in each cell. The
maximal array transport supercurrent was close to zero,
because the array was initially in the spontaneous fully
frustrated state. The external magnetic flux equal to half-
integer quanta per cell produced the necessary phase shift of p
in each cell in the absence of any circular currents in the

10 mm

Substrate Nb élm SFS contact

p-contact

Current

Voltage

Figure 3. Real (top) and schematic (bottom) picture of the network with

five SFS junctions Nb ±Cu0:46Ni0:54 ±Nb (dF � 19 nm), which was used in

the phase-sensitive experiments.
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Figure 4. Dependence of the critical transport current of the structure

depicted in Fig. 3 on the applied magnetic field at temperature above (a)

and below (b) Tcr.
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structure, therefore IM reached maxima only at half-integer
frustration parameters. The IM�T� dependence at H � 0,
shown in Fig. 5, is similar to the Ic�T� dependence for single
junctions and demonstrates the sharp cusp at the temperature
Tcr of the SFS junctions crossover to the p-state. However,
one should take into account that while the high-temperature
branch corresponds to the temperature dependence of the
doubled critical current for the single junction, the low-
temperature branch corresponds to the small peak amplitude
dependence on temperature. Fig. 5b shows themaximal peaks
positions before and after the crossover and demonstrates
how abrupt it is.

6. Conclusions

In this work, the peculiarities of the Josephson behavior of
SFS sandwiches and superconducting 2D arrays based on
these SFS junctions were experimentally and theoretically
studied. It was found that the thin-film Nb ±Cu1ÿzNiz ±Nb
sandwiches at definite values of Ni concentrations close to
50% and at specific values of the ferromagnet layer thickness,
dF, revealed the crossover to the Josephson p-state with
decreasing temperature. These SFS sandwiches showed the
reentrant oscillating behavior of temperature dependence of
the critical current with vanishing amplitude at T � Tcr. The
crossover to the p-state also manifested itself in the half-
period shift of the external magnetic field dependence of the
transport critical current in the triangular SFS arrays. This
shift is associated with the appearance of spontaneous
supercurrents in the array even in case of zero external field,
with the ground state degenerated with respect to the two
possible current flow directions. In conventional Josephson
arrays such a state can be observed only by imposing the
frustrating external field equal to a half-integer number of

magnetic quanta per cell. Self-frustrated superconducting
networks with p-junctions may be used for the realization of
the superconducting quantum bit (qubit) as the basic element
of hypothetical `quantum computer', which produces calcula-
tions using quantum algorithms. Originally, the suggested
superconducting `phase' qubits [27] were based on magnetic-
field frustrated superconducting networks. In this case it is
necessary to imply half a quantum of the magnetic flux to
create a degenerated two-level coherent quantum system,
requested for the realization of the qubit. This system is not
isolated from interference with environment and is estimated
to have shorter coherence time with respect to the qubit using
a p-junction [10]. Another possible application of a p-junction
is related to the development of superconducting digital
`complementary' electronics where a p-junction is used as a
superconducting phase inverter [11].
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Figure 5. (a) Temperature dependence of the critical transport current for

the structure depicted in Fig. 3 in the absence of magnetic field; (b)

temperature dependence (jump) of the position of themaximal peak on the

curves IM�H�, corresponding to the two limiting temperatures noted in

Fig. 4.
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