
from the one discussed earlier forK � 0 (in the sense that this
length will enter the self-consistency equation in a different
way), the ratio L=L0 still characterizes the suppression of
superconductivity by ferromagnetism. The kinematic con-
straint region occupies a section of the Fermi surface within a
certain sector directed along K � �0;K�. Hence, when
calculating L (and L0), we must limit ourselves to this sector.
As a result, the value ofL0 proves to be smaller than the value
obtained above at K � 0, while the ratio L=L0 is larger. The
dependences ofL=L0 on I for different occupancies are shown
in Fig. 8. Comparing Figs 5 and 8, we see that the situation of
pairing with a finite K is preferable from the point of view of
coexistence of ferromagnetism and superconductivity.

(6) Lee and Kim [13] studied the effect that a change
in magnetization (caused by variations in niobium
concentration) has on the magnetic properties of
Ru1ÿxNbxSr2Eu1:5Ce0:5Cu2Oz samples. As magnetization

decreases with increasing niobium concentration, a diamag-
netic response appears when the sample is cooled in a
magnetic field (the Meissner ±Ochsenfeld effect). This result
has been interpreted as the formation of a spontaneous vortex
structure under growing magnetization [14]. Within the
model examined in the present work, the emergence of a
spontaneous vortex state is due to the appearance of a
nonuniformity �q 6� 0� and is determined by condition (10).
At lower magnetizations, a uniform vortex-free supercon-
ducting state, corresponding to ideal diamagnetism, proves to
be preferable.
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Theory of magnetic contacts
between clean superconductors

Yu S Barash, I V Bobkova, T Kopp

The problem of the coexistence of superconductivity and
ferromagnetism is one of the most interesting in the physics of
condensed matter and over the years has attracted a lot of
attention, beginning with Ginzburg's paper [1]. A special case
is the problem of the coexistence and the mutual effect of
spatially separated and adjacent superconducting and ferro-
magnetic phases. Such a statement of the problem includes
research into contacts between superconductors and mag-
netic substances and, in particular, superconducting contacts
through ferromagnetic interlayers. At present it is a well-
known fact that under certain conditions such contacts
constitute what is known as p-contacts. The possibility of
forming a p-contact due to the magnetic properties of the
interlayer was recognized by theoreticians more than a
quarter of a century ago [2], while the first specific example
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Figure 7. Fermi contours in the case where there is pairing with a finite

momentum: 1, e �ÿ��k� � eF; 2, e ����k� � eF, and 3, e ����k� q� � eF.
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Figure 8. Dependence of the length L=L0 of a part of the Fermi contour

over which e�K=2� k� � e�K=2ÿ k�, on the magnetization I for pairing

with a finite momentum: 1, n � 0:86; 2, n � 1:00, and 3, n � 1:14.
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considered by Buzdin et al. [3] was a completely transparent
superconductor ± ferromagnet ± superconductor junction (an
SFS junction). The physical meaning of the term p-contact
can be explained as follows. The Josephson current j is
proportional to the first derivative of the thermodynamic
potential O with respect to the phase difference w between the
superconductors:

j�w� � e

�h

qO
qw

:

Here, w is the phase difference of the superconducting order
parameters. Thus, the thermodynamic potential reaches its
minimum for a phase difference at which the current vanishes.
In many cases, say in tunneling contacts, the dependence of
the current on phase difference is rather simple:

j�w� � jc sin w :

In accordance with such a dependence and the relationship
between the superconducting current and the thermodynamic
potential, the ground state of the junction with jc > 0 is
realized when the phase difference w � 0. Such a contact is
called a 0-contact. But if jc < 0, the thermodynamic potential
minimum occurs at w � p. In this case, we speak of a
p-contact. Most often the 0-contacts are realized, as happens
in ordinary isotropic superconductors separated by a non-
magnetic interlayer. Although the formation of p-contacts
was first predicted theoretically for superconductors sepa-
rated by a ferromagnetic metal, experimentally such junctions
were first fabricated for ordinary nonmagnetic interlayers in
corner tunneling contacts and in SQUIDs with high-tempera-
ture superconductors [4, 5]. In this case, the formation of a
p-contact is related to the sign-changing nature of the order
parameter in high-temperature superconductors as a function
of the direction of the quasi-particle momentum. p-contacts
with ordinary superconductors and ferromagnetic interlayers
have been fabricated only recently and were actively investi-
gated through experiments [6 ± 9]. Real measurements usually
involve `dirty' superconductors. There are also theoretical
investigations into such systems [10 ± 13]. Contacts between
clean superconductors, which are discussed below, are also of
strong interest. The reason is not only that such contacts can
be fabricated but also that the emerging effects are of general
interest from the viewpoint of physics. The unusual properties
of p-contacts have also attracted much attention in connec-
tion with the possibility of using them in superconducting
electronics [8, 14 ± 17]. We mean, of course, p-SQUIDs [8, 15]
and the elements of quantum computers [16, 17].

The physical mechanism leading to a 0ÿp junction in
transparent contacts through a ferromagnetic interlayer is
based on the proximity effect in the interlayer. The exchange
field in a ferromagnetic metal sandwiched by two super-
conductors induces oscillations against the background of
the exponentially decaying wave function of Cooper pairs
deep into the interlayer. Depending on the thickness of the
ferromagnetic layer, the signs of the wave function of the
Cooper pairs on its opposite boundaries may coincide or
differ. In the first case we have a 0-contact, while in the
second a p-contact. As a result, the critical Josephson
current proves to be an oscillating function of the interlayer
thickness [3]. Oscillatory effects emerge in most problems
associated with the coexistence of superconductivity and
magnetism. The paramagnetic interaction of the quasi-
particle spins and the magnetic (exchange or external) field

brings about a difference in the momenta of the quasi-
particles of equal energy but with oppositely directed spins.
For the electrons forming a Cooper pair this leads to the pair
acquiring a center-of-mass momentum q and, hence, to an
oscillating factor exp �iqR� in the pair's wave function. These
oscillations are similar to the spatial oscillations of the order
parameter in the FFLO (Fulde ±Ferrell ± Larkin ±Ovchinni-
kov) superconducting state brought about by the paramag-
netic interaction of the superconducting electrons with an
external magnetic field [18, 19].

When there is an interlayer of a ferromagnetic insulator or
semiconductor, the proximity effect shows itself much weaker
than for a metal interlayer. It has been demonstrated through
experiments that a ferromagnetic semiconductor creates a
spin-dependent potential barrier for the quasi-particles in
tunneling contacts, with the result that the probabilities of
quasi-particles with spin up and down penetrating through
this barrier differs [20, 21]. The proximity effect is also
negligible for an interlayer of a ferromagnetic metal if there
are tunneling potential barriers at the interlayer's boundaries.
And the question now arises of the properties of the
Josephson current in junctions through magnetic interlayers
in the absence of a proximity effect, with the properties of the
ferromagnetic interlayer being the same as in the case where
the interlayer is surrounded by normal metals.

Assuming that the interlayer thickness is smaller than the
superconducting coherence length, we will describe the
properties of the interlayer within the framework of the
S-matrix approach. When dealing with contacts, we are
speaking of the reflection and transmission amplitudes of
particles with spins up and down. In the case of uniform
magnetization in the interlayer, the spin states parallel and
antiparallel to the magnetization axis are good quantum
numbers, i.e., they are conserved under reflection by or
penetration through the interlayer. Hence, if we select the
z-axis along the magnetization direction, the reflection and
transmission amplitudes are diagonal in the spin space. Let us
first examine the behavior of the Josephson current in
magnetic contacts with low transparencies D" and D#. In the
approximation that is linear in D, the proximity effects have
no influence on the Josephson current, with the result that the
above oscillation effects cannot manifest themselves in the
Josephson current. But will the behavior of the Josephson
current in tunneling magnetic contacts be any different from
that in the nonmagnetic case? The answer to this question is
yes, and it contains an important physical characteristic of the
magnetic interlayer to which the Josephson current is
sensitive.

As is well known, the properties of the interlayer in the
junction are ordinarily characterized by a single quantity in
the expression for the Josephson current Ð that is, the
transparency coefficient of the potential barrier. It turned
out that in the case of a ferromagnetic interlayer the
Josephson current is extremely sensitive to the gauge-
invariant phase difference Y of the amplitudes of reflection
of quasi-particles with spins up and down from the interlayer:
r"�#� � jr"�#�j exp �iY"�#��, where Y � Y" ÿY#. Tokuyasu et
al. [22] and FogelstroÈ m [23] were the first to introduce Y
explicitly in the case of an impenetrable magnetic surface for
the problems relation to the Josephson current through
magnetic interlayers. There is also another parameter
a � �1 characterizing the magnetic interlayer, whose sign
directly determines the sign of the critical Josephson current
[24]. In the nonmagnetic case, a � ÿ1. For a high `purely
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magnetic barrier', when V̂ � hsz, we have a � 1. For the
model of a rectangular magnetic barrier, where V̂ � V� hsz
in the interlayer, we obtain

a � ÿsgn
��

Vÿ p 2
F; x

2
� h

��
Vÿ p 2

F; x

2
ÿ h

��
;

where pF is the Fermi momentum. Thus, the equality a � 1 is
attained if the wave function for quasi-particles with one spin
falls off exponentially within the barrier, while that for
particles with the other spin oscillates. Generally, a can
depend on the direction of the quasi-particle momentum.

The expression for the Josephson current J�T; w� �
Jc�T � sin w flowing through a tunneling ferromagnetic inter-
layer has the form [24]

Jc�T � � ÿaejDj
������������
D"D#

p �
eB; 0�Y�
jDj tanh

eB; 0�Y�
2T

ÿ jDj
2T

�
1ÿ e 2B; 0�Y�

jDj2
�
coshÿ2

eB; 0�Y�
2T

�
; �1�

with eB; 0�Y� �
��D cos �Y=2���. In the limit of a nonmagnetic

interlayer, Y � 0, eB; 0�Y� � jDj, D" � D#, and equation (1)
acquires the form of the standard Ambegaokar ±Baratoff
result. When a � ÿ1 andD" � D#, formula (1) coincides with
the one derived by Chtchelkatchev et al. [25]. In the case of a
magnetic interlayer, the temperature behavior of the critical
Josephson current strongly depends on the magnitude of the
parameterY. WhenY < p=2, the temperature dependence is
close to that describing the conventional behavior of Jc�T �.
Expression (1) contains two terms with opposite signs, so that
for Y > p=2 the current, as a function of temperature, is
alternating. At a certain temperature, the tunnel current
vanishes and there occurs a 0ÿp transition in the contact.
Then, in the case of negative a, a p-contact is realized near Tc,
while at low temperatures a 0-contact is formed.

One can go beyond the tunnel approximation in finding
the Josephson current. This can be done analytically, as in
Refs [24 ± 26]. The corresponding behavior of the critical
current is depicted in Fig. 1.

Since the absolute value of the critical current is usually
measured in experiments, we have used this quantity in the
figure. Clearly, the critical current at the 0ÿp-transition
point does not vanish completely, and the inflection point is
actually a reflection of the abrupt change in the sign of the
critical current. FogelstroÈ m [23] was the first to discover this

behavior (it was done by numerical calculations). A distinct
minimum in the function Jc�T � occurs only for contacts
with low transparency. In tunnel junctions, the minimum
value of the critical current is proportional to the square of
the barrier's transparency, and the current ± phase relation-
ship contains the first and second harmonics of the same
order of magnitude. At the temperature where the term in
the current that is linear in transparency vanishes, the
Josephson current turns out to be proportional to������������
D"D#

p
D" �D#
ÿ �

sin w� aD"D# sin 2w [24].
The physics of the Josephson effect is determined by the

participation of interface Andreev bound states in the
transport of the superconducting current across the contact
[27 ± 29]. In conventional symmetric Josephson junctions, the
entire Josephson current is carried by these states. When
magnetic contacts with uniform magnetization are involved,
the Andreev bound states have a spin polarization that is
either parallel or antiparallel to the magnetization direction.
The corresponding energies of these spin-polarized Andreev
states, which are degenerate for nonmagnetic interlayers,
differ in the case of ferromagnetic interlayers, where Y 6� 0.
The appearance of a 0ÿp transition in magnetic contacts
between clean superconductors can be considered as the result
of competition between the contributions of Andreev bound
states with opposite spin polarizations. These contributions
to the formation of the current ± phase relations are shown
separately in Fig. 2.

When the conditions for a minimum in the critical current
are met, the energies of the Andreev states with oppositely
directed spins have different signs. At zero temperature, only
states with negative energies are occupied, with the result that
only Andreev states with appropriate spin polarizations
contribute to the Josephson current. The contribution of
Andreev states with the other spin polarization increases
with a rise in temperature together with the growth of the
occupation of levels with positive energies. This contribution
becomes important at temperatures on the order of the
bound-state energy and results in a Josephson current
flowing in the opposite direction compared to the case of the
contribution of states with negative energies. The competition
betweenAndreev states with opposite spin polarizations leads
to aminimum in the Josephson current at temperatures lower
than Tc and, hence, to a 0ÿp transition in the contact. It has
proven useful to compare such behavior of the Josephson
current in SFS junctions with that in conventional junctions,
in which at low temperatures the contribution of Andreev
levels with negative energy (which, in addition, are spin-
degenerate) is also predominant. The occupation of Andreev
bound states with positive energies increases with tempera-
ture, which leads to a reduction in the total Josephson current
and, in addition to the temperature dependence of the order
parameter, provides an important contribution to the forma-
tion of the temperature dependence of the current. In contrast
to SFS junctions, the competing current carried by Andreev
states with positive energies never exceeds the contribution of
levels with negative energies in the nonmagnetic cases, and the
two contributions vanish at the transition temperature.

The contributions of Andreev bound states with positive
and negative energies to the Josephson current may be
observed separately in nonequilibrium conditions. In parti-
cular, the nonequilibrium occupation of states that is
stimulated by a microwave field may lead to an enhancement
(reduction) in the contribution to the Josephson current when
this occupation exceeds (is smaller than) the equilibrium
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Figure 1. Critical Josephson current Jc�T � for different values of Y,

normalized to its value Jc�0� at zero temperature. The transparency

coefficients D" � D# � 0:1 and a � ÿ1.

September, 2004 Conferences and symposia 955



population. This significantly disturbs the balance of currents
from positive and negative levels already in the nonmagnetic
case [30 ± 32]. When the positive and negative levels in an SFS
junction have different spin polarizations, the stimulation of
transitions between these levels must be accompanied by spin
flip. Observations of stimulated transitions between levels
with only spin flip would make it possible to identify the
above-noted difference in the spin polarizations of Andreev
states with positive and negative energies, change the
population of these states, and establish their relative role in
the formation of a Josephson current.

Now let us go back to the above-established basic
condition Y > p=2, which must be met for tunneling
p-contacts to exist in SFS systems. The parameter Y is a
characteristic of the ferromagnetic material if the character-
istic length of quasi-particle decay does not exceed the
interlayer width. This is usually the case with interlayers
made of ferromagnetic insulators and semiconductors.
Achieving fairly large values of the parameter Y then
becomes a task for materials science. Simple estimates show
that such values ofY can be achieved under rather restrictive,
and yet realistic, conditions. For instance, if a homogeneous
ferromagnetic insulator is used as the interlayer, the condition
Y > p=2 can be realized only if the exchange field h, the
energy gap eg, and the Fermi energy eF are of the same order
of magnitude. More promising are the conditions under
which Y depends not only on the properties of the
ferromagnetic material of the interlayer but also on the
geometric parameters (on the interlayer thickness, in the
simplest case). Such behavior is characteristic of interlayers
fabricated from ferromagnetic metals with, possibly, poten-
tial barriers. For instance, for the interlayer of a ferromag-
netic material or even more complex structures consisting of
two ferromagnetic layers separated by a nonmagnetic insulat-
ing barrier, we have Y � 2lh=vF. Here l is the total thickness
of the ferromagnetic metallic interlayer. This implies that
Y � p for l � xD=h5 x, provided that D5 h5 eF, viz.
conditions which are often met.

In an FIF interlayer consisting of two layers of a
ferromagnetic metal separated by a nonmagnetic insulating

barrier, the magnetizations that lie in the plane of the layers
may form an angle j with each other, and the Josephson
current is very sensitive to this angle. At j � 0, when the
magnetizations of the two ferromagnetic layers are parallel,
the problem is equivalent to that of a junction with a
uniform magnetization, which we considered earlier. Thus,
the tunneling contact with j � 0 for Y > p=2 is a p-contact.
But if j � p, the magnetizations of the two layers are
antiparallel, and the junction in question will never change
to a p-state, no matter what the temperature and barrier
transparency are [33]. This statement holds even for dirty
superconductors, where the Andreev states are completely
smeared [12, 34]. As a result, for Y > p=2, the 0ÿp
transition in the junction in question proceeds not only
under temperature variations at small values of j, but at a
fixed temperature under misorientation-angle variations as
well [33].

Figure 3 shows the dependence of the critical Josephson
current at T � 0:1Tc on the magnetization-misorientation
angle j for different values of Y and at a junction
transparency D � 0:01.
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Figure 2. Current ± phase relations at different temperatures for the total Josephson current (solid curves) and for separate contributions to the current

from Andreev states with spin up (dashed curves) and spin down (dotted curves). The values of the parameters are D" � D# � 0:05 and Y � 2p=3. The
current is normalized to the magnitude of the critical current in the nonmagnetic caseY � 0 at zero temperature.
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Figure 3. The critical Josephson current as a function of angle j,
normalized to its value at j � 0. In the particular case of parallel

magnetizations, the junction at a given temperature T is in a p-state when
Y > Y��T;D�. The cusp in the curve corresponds to a 0ÿp transition that

occurs at a certain value of the misorientation angle.
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Clearly, there are two distinct regimes for the critical
Josephson current as a function of the misorientation angle.
The two regimes are separated by the characteristic value
Y��T;D� which depends on the temperature and transpar-
ency of the junction. ForY < Y�, the current is a monotonic
function of themisorientation angle and reaches its maximum
value when the magnetizations are antiparallel. At the same
time, forY > Y� the current is not amonotonic function ofj.
It has a distinct minimum at a certain intermediate value of j
(at which the 0ÿp transition takes place), and a maximum at
j � p. When Y � p, the currents at j � 0 and j � p are
equal. The parameter Y� is related to the properties of the
junction at j � 0. In a junction with parallel magnetizations
of the ferromagnetic layers �j � 0� and with Y � Y��T;D�,
the 0ÿp transition can be shown to occur exactly at the
temperature T considered. Hence, for Y > Y��T;D�, the
equilibrium state of the junction with j � 0 at the tempera-
ture T is a p-state, while forY < Y��T;D� it is a 0-state.

The dependence of the Josephson current on the misor-
ientation angle j becomes especially simple in the tunneling
limit. In tunneling quantum-point contacts with the interlayer
under consideration, the Josephson current has the form
J�T;j; w� � J�T;j� sin w, where

J�T;j� � J �p��T � cos2 j
2
� J �a��T � sin2 j

2
: �2�

The quantity J �p��T � � J�T;j � 0� is described by expres-
sion (1), while J �a��T � � J�T;j � p� has the following form

J �a��T � � eDjDj
cos �Y=2� tanh

jDj cos �Y=2�
2T

: �3�

Thus,
��J �p��T ��� and ��J �a��T ��� are the critical currents in

tunneling contacts with parallel and antiparallel orientations
of the exchange fields in a three-layer interface.

Expression (2) describing the dependence of the Joseph-
son current on the magnetization-misorientation angle can be
applied in the tunneling approximation under very broad
assumptions, but cannot be used for highly transparent
junctions. It was first derived on the assumption that no
Andreev bound states emerge in the system, when the
quantities J �p��T � and J �a��T � always have the same sign
and, hence, there is no 0ÿp transition [35]. Expression (2)
shows that under a change in j a 0ÿp transition occurs if
J �p��T � and J �a��T � have opposite signs. Only in this case will
the Josephson current be a nonmonotonic function of j.

A 0ÿp transition triggered by variations in the misor-
ientation angle could be used for switching a junction from
the p-state to the 0-state at a fixed temperature. Indeed, if the
coercive force in one ferromagnetic layer is much larger than
in the other, the mutual orientation of the magnetizations can
be changed by switching on an external magnetic field,
rotating it through a certain angle, and then switching it off.
Here, the value of the field should be selected in such a way
that it can rotate the magnetization of only one ferromagnetic
layer, i.e., the layer with the lower coercive force.
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High-temperature superconductivity today

E G Maksimov

In the present paper, I briefly discuss the main ideas under-
lying the problems covered in the report.

First, on the basis of the existing experimental optical and
angle-resolved photoemission spectroscopic (ARPES) data it
has been shown that a standard phase diagram of high-Tc

superconducting compounds contains a totally inaccurate
representation of the number of carriers along the horizontal
axis. In particular, the optimum number x of carriers in such
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