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Domain-wall superconductivity in hybrid superconductor-ferromagnet structures
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On the basis of a phenomenological Ginzburg-Landau approach we investigate the problem of order param-
eter nucleation in hybrid superconductor-ferromagnet systems with a domain structure in an applied external
magnetic field. Both isolated domain boundaries and periodic domain structures in ferromagnetic layers are
considered. We study the interplay between superconductivity localized at the domain walls and far from the
walls and show that such an interplay determines a peculiar field dependence of the critical temperatureTc .
For a periodic domain structure the behavior of the upper critical field of superconductivity nucleation nearTc

is strongly influenced by the overlapping of the superconducting nuclei localized over different domains.
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I. INTRODUCTION

The problem of the coexistence of superconducting
magnetic orderings has been studied for several decades~see,
e.g., Refs. 1 and 2 for reviews!. One can separate two bas
mechanisms responsible for the interaction of supercond
ing order parameter with magnetic moments in the ferrom
netic state:~i! the electromagnetic mechanism~interaction of
Cooper pairs with magnetic field induced by magnetic m
ments!, which was first discussed by Ginzburg3 in 1956, and
~ii ! the exchange interaction of magnetic moments with e
trons in Cooper pairs. The revival of interest in the fund
mental questions of magnetism and superconductivity co
istence has been stimulated, in particular, by rec
investigations of hybrid superconductor-ferromagnet~S/F!
systems. Such thin-film structures consist of a ferromagn
insulator film and superconducting film deposited on it.
similar situation can be obtained with a metallic ferromag
when a superconducting film is evaporated on the buffer
ide layer in order to avoid a proximity effect. The superco
ducting properties of such structures have attracted a gr
ing interest due to the large potential for applications.
particular, such hybrid S/F systems have been intensiv
investigated in connection with the problem of controll
flux pinning. Enhancement of the depinning critical curre
density j c has been observed experimentally for superc
ducting films with arrays of submicron magnetic dots,4–6

antidots,7 and for S/F bilayers with domain structure in fe
romagnetic films.8 A theory of vortex structures and pinnin
in S/F systems at rather low magnetic fields~in the London
approximation! has been developed in Refs. 9–18.

A nonhomogeneous magnetic field distribution induc
by the domain structure in a ferromagnetic layer influen
strongly the conditions of the superconducting order para
eter nucleation, and, as a consequence, hybrid S/F sys
reveal a nontrivial phase diagram in an external applied m
netic fieldH ~see, e.g., Refs. 19–21!. In this paper we focus
on a theoretical study of this phase diagram on the basi
the phenomenological Ginzburg-Landau~GL! model. We as-
sume that the electromagnetic mechanism mentioned a
plays a dominant role and neglect the exchange interac
0163-1829/2003/68~18!/184508~7!/$20.00 68 1845
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which is obviously suppressed provided superconducting
ferromagnetic layers are well separated by an insulating
rier. We also assume that the domain walls are well pinn
and do not take account of changes in the domain struc
with an increase inH. It should be noted that we conside
ferromagnetic films with high coercivity„e.g., perpendicular
magnetic materials for magneto-optical recording with co
civity about 1 kOe@e.g., multilayered systems Co/Pt~Ref.
22!#…. The magnetic field induced in the superconductor
weakened by the insulating layer and can be less than
coercivity field of the ferromagnet that allows us to negle
the magnetic reversal effect in domains. Still the magnitu
of the field can be rather large to observe the effects
cussed in the paper.

The distribution of the magnetic field induced by the d
main structure is determined by the ratio of two leng
scales: the thickness of the ferromagnetic film,D, and the
distance between the domain walls,w. Hereafter we neglec
a finite width of the domain wall—i.e., consider this width
be much less than both the nucleus localization len
~which is of the order of the superconducting coheren
length! and the ferromagnetic film thickness. Provided t
ferromagnetic film is rather thick (D@w), the magnetic field
in a thin superconducting film is almost homogeneous o
the domain and suppresses the critical temperature of su
conductivity nucleation. In this case with the decrease in
temperature the superconductivity must first appear
above the domain wall~see Refs. 23 and 24! due to a mecha-
nism analogous to the one responsible for the surface su
conductivity belowHc3 ~see Ref. 25!. Thus, in this limit the
domain walls stimulate the nucleation of the superconduc
order parameter. Note that the same effect should appea
two-dimensional magnetic field distributions induced, e.
by magnetic dots and results in the dependence of the u
critical field on the angular momentum of the supercondu
ing nucleus wave function~see Refs. 26–28!.

For a thin ferromagnetic film (D!w) the magnetic field
decays with an increase in the distance from the domain w
and almost vanishes inside the domain. In the absence o
external field such a domain wall should locally weaken
perconductivity as was discussed in Ref. 9. The superc
©2003 The American Physical Society08-1
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A. YU. ALADYSHKIN et al. PHYSICAL REVIEW B 68, 184508 ~2003!
ducting nucleus in this case should appear far from the
main wall. As we switch on an external magnetic field, w
can control the position of the superconducting nucleus, s
pressing the order parameter inside the domains. Thus
phase diagram of the S/F bilayer is generally determined
the interplay between the superconductivity nucleated at
domain walls and in between these walls. For small-per
domain structures~when w is comparable with the nucleu
size! this simple physical picture based on consideration
isolated superconducting nuclei should be modified, tak
account of the interaction between the superconducting
clei localized above different domain walls.

Our further consideration is based on the linearized
equation for the order parameterC:

2S ¹1
2p i

F0
AD 2

C5
1

j2~T!
C. ~1!

HereA(r ) is the vector potential,B(r )5¹3A(r ), F0 is the
flux quantum,j(T)5j0 /A12T/Tc0 is the coherence length
andTc0 is the critical temperature of the bulk superconduc
at B50. Note that in Eq.~1! we neglect the corrections t
the vector potential, caused by the supercurrents~which
would result in terms nonlinear in the order parameter a
plitude!. For superconducting films with thicknessd much
smaller than the coherence length the role of the para
component of the magnetic field is negligibly small. Thu
we can take account only of the magnetic field componenBz
perpendicular to the film surface and also neglect the dep
dence of the order parameter onz. For the sake of simplicity
we restrict ourselves to consideration of the one-dimensio
caseBz(x)5H1b(x), whereH is a uniform external mag
netic field andb(x) is thez component of the field induce
by the magnetizationM5M (x)z0 ~see Fig. 1!.

Choosing the gaugeA5A(x)y0, one can easily see tha
the momentum along they axis is conserved; hence we ca
find the solution of the Schro¨dinger-like equation~1! in the
form C(r )5 f k(x)exp(2iky), where functionf k(x) should
be determined from a solution of the one-dimensional pr
lem:

2
d2f k

dx2
1S 2p

F0
A~x!2kD 2

f k5
1

j2~T!
f k . ~2!

Nontrivial solutions of Eq.~2! exist only for a discrete se
of temperaturesTn(k). The superconducting critical tem
perature Tc should be defined as the highest val
max$Tn(k)%, corresponding to the lowest ‘‘energy leve

FIG. 1. Superconductor-ferromagnet~S/F! bilayer.
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1/j2(T) of the Schro¨dinger-like equation~2!. Note that a
similar problem of the energy spectrumE(k) of two-
dimensional electronic gas in periodic magnetic field profi
has been analyzed for zero external magnetic fieldH50 in
Ref. 29 for extremely largeH values30 and for a steplike
magnetic profile.31

II. SUPERCONDUCTIVITY NUCLEATION AT A DOMAIN
WALL: AN ISOLATED ORDER PARAMETER

NUCLEUS

Let us start from consideration of a superconduct
nucleus at a single domain wall taking the magnetizationM
near the wall in the formM5M sgn(x)z0 ~we assume tha
the domain wall width is much less than the superconduc
coherence length!.

A. Domain wall in a thick ferromagnetic film: Steplike
magnetic field profile

As was mentioned above, for a rather thick ferromagne
film (D@w) the expression for the distribution of magnet
field near the surface readsBz54pM sgn(x)1H, whereH
is an external applied magnetic field. We choose the gaug
the form A5(4pM uxu1Hx)y0. At high temperatures the
superconductivity far from the domain wall can be com
pletely suppressed due to the orbital effect. On the contr
near the boundary the superconducting nucleus can be
energetically favorable due to a mechanism analogous to
one responsible for the existence of theHc3 critical field for
a superconducting nucleus near the superconductor-insu
interface~see, e.g., Ref. 25!. Thus, a change of the magnet
zation direction which occurs at a domain boundary is
sponsible for a partial decrease of the orbital effect wh
provides conditions for the formation of localized superco
ducting nuclei at the domain walls at high temperatu
~above the critical temperature far from the walls!. Such a
localized nucleus can appear only if we take account of
proximity effect—i.e., consider Cooper pairs to exist on bo
sides of the domain boundary. Such systems can revea
teresting behavior in an external magnetic field. An exter
magnetic field applied to the sample results in a partial co
pensation of the field above one of the domains. As a res
the critical temperature of the superconductor can dep
nonmonotoneously on the applied magnetic field. Both
critical temperature of superconductivity nucleation far fro
the domain wall and the critical temperature of the format
of localized superconductivity at the wall should increase
to an external field value equal to the magnetic induct
induced by the ferromagnetic moment.

It is convenient to rewrite Eq.~2! in the following dimen-
sionless form:

2
]2f k

]t2
1~ utu1ht2t0!2f k5E fk , ~3!

where t5x/L, t05kL, L25F0 /(2pB0), h5H/B0 , E
5(Tc02T)/DTc

orb , the valueDTc
orb5Tc0j0

2/L2 character-
izes the shift of critical temperature due to the orbital mec
8-2
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DOMAIN-WALL SUPERCONDUCTIVITY IN HYBRID . . . PHYSICAL REVIEW B 68, 184508 ~2003!
nism, andB0 is the maximum absolute value of the fieldb
~in this subsectionB054pM ).

For the caseut0u→` a superconducting nucleus will ap
pear far from the domain boundary at a certainTc

` . In this
limit the lowest eigenvalueE5u12uhuu of Eq. ~3! and,
hence, the critical temperature is not disturbed by the p
ence of the domain boundary. On the contrary, for finitet0
values the superconducting nuclei to the left and to the r
from the domain wall cannot be considered separately du
the proximity effect. Provided the lowest energy level in t
resulting potential well in Eq.~3! is minimal for a certain
finite t0 coordinate, we get a superconducting nucleus loc
ized at the domain boundary for temperatures aboveTc

` . The
mechanism resulting in the appearance of such a local
nucleus is analogous to the one responsible for the exist
of surface superconductivity at the superconductor-insul
boundary for magnetic fieldsHc2,H,Hc3. Indeed, forh
50 the potential wellV(t) in Schrödinger equation~3! is
symmetric@V(t)5V(2t)# and the eigenvalue problem~3!
can be considered only fort.0 with the boundary condition
f k8(t50)50. For this particular case the energy minimu
corresponds tot0

25Emin50.59010~Ref. 25!. An increase in
theh value will obviously result in an increasing asymmet
of the well V(t) and, thus, in the suppression of superco
ductivity localized at the domain wall. Equation~3! can be
solved exactly in terms of Weber functions~see Refs. 25 and
32!:

f k5C1WS A11ht2
t0

A11h
,

E

11hD , t.0, ~4!

f k5C2WS 2A12ht2
t0

A12h
,

E

12hD , t,0. ~5!

Here C1 and C2 are constants, and the Weber functi
W(s,«) is the solution of the following equation:

2
]2W

]s2
1s2W5«W, ~6!

with the boundary conditionW(s→1`,«)→0. Matching
these solutions att50 we obtain

A11hWs
8S 2

t0

A11h
,

E

11hD
WS 2

t0

A11h
,

E

11hD
52

A12hWs
8S 2

t0

A12h
,

E

12hD
WS 2

t0

A12h
,

E

12hD
. ~7!

This equation can be solved numerically which allows
to obtain the functionE(t0 ,h). The resulting dependence o
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the critical temperature of superconductivity nucleation
parameterh is shown in Fig. 2. One can see that the exter
field suppresses the localized superconducting nuclei and
superconductivity localized at the domain wall exists only
a relatively weak applied field. As we increase an exter
field the superconducting nucleus shifts away from the
main wall towards the region where the absolute value of
total magnetic field is minimal. For 0<uhu<1 the curve
E(h) calculated numerically can be fitted by the followin
simple expression:

E~h!.S Emin2
1

2Dh41S 1

2
22EminDh21Emin . ~8!

B. Domain wall in a thin ferromagnetic film

In this subsection we proceed with consideration of a
other limiting caseD!w and consider the problem of supe
conductivity nucleation in the field of an isolated doma
wall in a thin ferromagnetic film: Bz(x,z50)
54M tan21(D/x)1H. Obviously, for rather weak externa
magnetic fieldsH,B0 ~in this subsection the maximum
value of the domain-wall field atz50 is given by the ex-
pressionB052pM ) the superconducting order paramet
nucleates in the region near the pointx0 whereBz(x0)50.
Provided the localization length, of the superconducting
nucleus is much smaller than the characteristic length s
of magnetic field distribution, we can expand vector poten
as

A~x!.A~x0!1
1

2
Bz8~x0!~x2x0!2.

Such a local approximation is valid if the following cond
tions are fulfilled:

UBz9~x0!

Bz8~x0!
,U!1 and ,!x0 . ~9!

FIG. 2. The temperature dependence of the critical magn
field for a S/F system with a thick ferromagnetic layer. The so
~dashed! line corresponds to the superconductivity nucleation at
domain boundary~far from the domain boundary!.
8-3
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A. YU. ALADYSHKIN et al. PHYSICAL REVIEW B 68, 184508 ~2003!
Introducing a new coordinatet5(x2x0)/, we obtain the
dimensionless equation

2
d2f

dt2
1~ t22Q!2f 5e f , ~10!

,5A3 F0

puBz8~x0!u
5DA3 F0

4pMD2sin2~H/4M !
, ~11!

e5
,2

j0
2 S 12

T

Tc0
D , ~12!

Q5A3 F0

pBz8~x0!
S k2

2p

F0
A~x0! D . ~13!

The lowest eigenvalue of Eq.~10!, e0.0.904, is achieved
at Q.0.437. For the critical temperatureTc of superconduc-
tivity nucleation we obtain

Tc02Tc

DTc
orb

5
e0

p S F0

2B0D2D 1/3

sin4/3S puHu
2B0

D . ~14!

This expression is valid when

Usin1/3~H/4M !

cos~H/4M !
U! 4pMD2

F0
. ~15!

Note that close toTc0 the upper critical field has an un
usual temperature dependence:}(Tc02T)3/4.

As we increase an external magnetic fieldH the position
of superconducting nucleus shifts from infinity to the doma
wall at x50. For rather large fieldsH the nucleus appears t
be localized at the domain wall. Thus, the behavior of
nucleus coordinate in an external field is an opposite to
one considered in the Sec. II A. The critical temperature
high-field H limit is given by the expression

Tc2Tc0

DTc
orb

512uHu/B0 . ~16!

The simple asymptotical formulas given above are in go
agreement with our numerical simulations of Eq.~2! ~see
Fig. 3!.

For numerical analysis of the localized states
Schrödinger-like equation~2! with an external magnetic field
we approximated it on a equidistant grid and obtained
eigenfunctionsf k(x) and eigenvalues 1/j2(T) by the diago-
nalization method of the tridiagonal difference scheme. T
typical behavior of the ground-state wave function is sho
in Fig. 4.

III. NUCLEATION OF SUPERCONDUCTIVITY FOR A
PERIODIC DOMAIN STRUCTURE

In this section we consider the effect of interaction
Cooper pair wave functions nucleated at different dom
walls. Surely such an interaction is important only for te
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peratures close toTc0 (j(T).w); otherwise for a rather
large domain sizew@j(T) the overlapping of superconduc
ing nuclei above different domain walls is exponentia
small. For the sake of simplicity we consider here the c
w!D and take the steplike distribution of magnetic fiel
induced by the domain structure with perioda52w:b(x)
5B0sgn(x), for uxu,w andb(x1na)5b(x), wheren is an
integer. The corresponding vector potential can be chose
the formA(x)5B0uxu for uxu,w andA(x1na)5A(x).

In the absence of an external field the general solution
Eq. ~2! meets the Bloch theorem:

f kq~x1a!5 f kq~x!eiqa, ~17!

whereq is a quasimomentum. The nodeless wave function
the ground state corresponds to the valueq50 and is an
even function ofx, and thus we obtainf k8(0)5 f k8(w)50. So
we conclude that the solution at zero external field is ide

FIG. 3. The temperature dependence of the upper critical fi
for a domain wall in a S/F system with a thin ferromagnetic lay
for B0D2/F0525 ~solid line!. The dashed line corresponds to th
analytical expression~14! at low fields; the dotted line correspond
to the high-field asymptotics~16!.

FIG. 4. The typical behavior of the ground-state wave funct
for a domain wall in a S/F system with a thin ferromagnetic lay
~solid line!. The magnetic field profile is shown by the dashed lin
The parameters areB0D2/F0525 andH/B050.24.
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DOMAIN-WALL SUPERCONDUCTIVITY IN HYBRID . . . PHYSICAL REVIEW B 68, 184508 ~2003!
cal to the one describing the superconductivity nucleation
a superconducting film of thicknessw in uniform magnetic
field B0. Following Ref. 25 we can obtain the ground-sta
wave functions and energyE5(Tc02Tc)/DTc

orb as a func-
tion of momentumk. The behavior of the resulting depen
dence ofE(k) strongly depends on the parameterw/L. Two
different regimes could be realized: for small values
w/L,2.5 there is only one minimum ofE(k) at k
5w/(2L2), which corresponds to superconductivity nuc
ation above the domain center. For larger values ofw/L one
obtains two minima with equal energiesE at k1

min and
k2

min (k1
min1k2

min5w/L2). For w/L@1 the coordinates o
these minimak1

min andk2
min and minimum energyE approach

the values corresponding to the ones for isolated dom
walls ~see Section II A!. Depending on thek-momentum
value the superconducting nuclei appear either above
walls atx5na ~for k1

min) or at x5w1na ~for k2
min). Thus,

the nuclei at neighboring domain walls do not interact with
the linearized GL theory. The dependence of the critical te
perature on the fieldB0 in a periodic domain structure i
described by the formula

12Tc /Tc05
4j0

2

w2
FS pB0w2

2F0
D ,

where the functionF(z) coincides with that for a supercon
ducting film in the uniform magnetic fieldB0 which is plot-
ted, e.g., in Ref. 25. For a finite domain thicknessw the
critical temperatureTc(B0) appears to be larger than the o
for a single domain wall. This difference inTc becomes
rather large for small valuesz5pB0w2/2F0 when the
nucleus is not localized near the domain boundary. For la
z values one can obtainF(z)→z/1.69, which corresponds t
the dependenceTc(B0) for a nucleus at a single domain wa

If we apply an external magnetic fieldH, the Bloch theo-
rem is no longer valid and the solutionf k(x) appears to be
localized. The energy levelE(k) becomes a periodic func
tion of the momentumk: E(k14pHw/F0)5E(k). The be-
havior of the upper critical field and structure of superco
ducting nuclei are controlled by the parameterw/L. The
results of our calculations carried out using the same num
cal scheme as in Section II B are shown in Fig. 5.

For large valuesw/L the phase transition line is ver
close to the one found in the Section II A, except for t
small temperature region close toTc0 :DT;4Tc0j0

2/w2. Out-
side this narrow temperature interval~and for H,B0) the
wave function is localized at the domain walls~see Fig. 6!.

The coordinates of these localized nuclei shift atma as
we change the momentum at 4pHwm/F0 (m is an integer!.
Let us note that for rather weak magnetic fieldsH,B0 we
observed a very peculiar behavior of the order parameter
a discrete set of field values given by the conditionk2

min

2k1
min54pHwm/F0: the ground-state wave functionf k(x)

has a two-peak structure~see Fig. 7!. This fact is a natural
consequence of the equivalence of the momentak and k8
5k14pHwm/F0 and the resulting resonant interaction
nuclei localized at domain walls separated by the dista
w(2m21).
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For not very large valuesw/L,2.0 the critical tempera-
ture becomes a monotonic function of the external magn
field because of the strong overlapping of wave functio
corresponding to different domains. Therefore, the wa
function is no longer localized in a single domain~see Fig.
8!. However, even in this case we still observe a change
the slope of the phase transition line~see the dashed line in
Fig. 5!.

The behavior of the upper critical field discussed above
not specific for steplike field distributions. To demonstra
this fact we studied the superconductivity nucleation for
field profileBz(x)5B0cos(2px/a)1H. The phase diagram on
the planeH-T appears to be qualitatively similar to the on
shown in Fig. 5. The critical temperature is a monoton
function of the external magnetic field fora/L,4.5. For
large parametersa/L@1 and H,B0 the behavior of the
critical temperature can be analyzed analytically followi
the approach used in Section II B. The characteristic size

FIG. 5. The temperature dependence of the upper critical fi
for a periodic domain structure in a S/F system with a thick fer
magnetic layer forpB0w2/F055 ~solid line! and pB0w2/F051
~dashed line!.

FIG. 6. The behavior of the ground-state wave function~solid
line! localized at a domain wall in a periodic domain system. T
magnetic field profile is shown by the dashed line. The parame
arepB0w2/F055 andH/B050.095.
8-5
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A. YU. ALADYSHKIN et al. PHYSICAL REVIEW B 68, 184508 ~2003!
superconducting nucleus and the critical temperature of
perconductivity nucleation are given by the expressions

,5aA@3
F0

2p2B0a2S 12
H2

B0
2 D 21/6

,

S 12
Tc

Tc0
D5e0

j0
2

a2
A3 2p2B0a2

F0
S 12

H2

B0
2 D . ~18!

The validity range of this approximate description is defin
by the conditions

S H/B0

12H2/B0
2D 2/3

!S 2p2B0a2

F0
D 1/3

, S 2p2B0a2

F0
D 1/3

@1.

IV. CONCLUSIONS

To summarize, we investigated the conditions of nuc
ation of localized superconductivity at the domain boun
aries in hybrid S/F systems. The appearance of these lo
ized superconducting nuclei should result in a broadening
the superconducting transition probed, e.g., by the resisti
measurements. We predict different regimes for the temp
ture dependence of the upper critical field nearTc . The
crossover between these regimes could be easily seen i
periments. In fact, the beginning of the resistivity decre
with the temperature decrease would correspond to
domain-wall superconductivity, while its complete disa
pearance would signal the bulk superconductivity. An ex
nal magnetic field would shrink the region of the doma
wall superconductivity. Let us discuss some estimates of
physical parameters for systems where the nucleation of
perconductivity at domain boundaries could be observed.
can take, for example, the parameters of Nb (Tc;9 K and
dHc2 /dT;0.5 kOe/K) and typical values of magnetizatio
for ferromagnetic insulators, 4pM;1 –10 kOe. The result-

FIG. 7. The two-peak structure of the ground-state wave fu
tion ~solid line! for a periodic domain system. The magnetic fie
profile is shown by the dashed line. The parameters
pB0w2/F055 andH/B050.16.
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ing increase in the critical temperature above a domain w
is quite strong:dTc;1 –3 K. The thickness of a supercon
ducting film must be much smaller than the distance betw
domains and ideal conditions correspond to a thickness
the order of several coherence lengths. So we conclude
the effects discussed above may be easily observed
could be quite important. Note that the behavior observed
Ref. 21 for S/F bilayers with bubble domains in a ferroma
netic film is qualitatively similar to our predictions. Gene
ally the temperature behavior of the critical field in S/F stru
tures can be very rich~see Figs. 2, 3, and 5! and it is strongly
dependent on the domain structure and method of dete
nation of the critical field. Careful measurements of the
sistive and magnetic transition~including the measurement
of the transition broadening! on the samples with a control
lable domain structure would be very useful for the interp
tation of the phase diagram and could give important inf
mation on the domain-wall superconductivity.

Note in conclusion that the existence of localized sup
conducting channels near the domain walls in S/F hete
structures can provide an interesting possibility to realiz
switching behavior provided we can move the ferromagne
domain wall. The superconducting channel in this ca
should follow the motion of the domain wall, which provide
a possibility to control the conductance between cert
static leads.

ACKNOWLEDGMENTS

We would like to thank Dr. I. A. Shereshevskii for fruitfu
discussions and F. M. Peeters for correspondence and v
able comments. This work was supported, in part, by
Russian Foundation for Basic Research, Grant No. 03-
16774, Russian Academy of Sciences under the Prog
‘‘Quantum Macrophysics,’’ Russian State Grant No. MD
141.2003.02, University of Nizhny Novgorod under the pr
gram BRHE and ‘‘Physics of Solid State Nanostructure
ESF ‘‘Vortex’’ Program, and Materials Theory Institute at th
Argonne National Laboratory.

FIG. 8. The behavior of the ground-state wave function in
periodic domain structure forpB0w2/F051 and H/B050.025
~solid line!. The magnetic field profile is shown by the dashed lin
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