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On the basis of a phenomenological Ginzburg-Landau approach we investigate the problem of triplet order
parameter nucleation in a ferromagnetic superconductor with a domain structure in an applied external mag-
netic field. The critical temperature of the superconductivity nucleation is shown to increase near the domain
boundaries and to have a peculiar field dependence. Our results are also applied to a description of the
superconductivity localized near the domain wallSk+ heterostructures.
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The problem of the coexistence of superconducting and For spin singlet superconducting pairing the conditions
magnetic orderings has been studied for several decades for the formation of a superconducting nucleus localized at
e.g., Refs. 1, and 2 for revigwOne can distinguish two the domain wall were studied in Ref. 13. Here we focus on
basic mechanisms responsible for the interaction of a supethe quite different case of triplet pairing which is not de-
conducting order parameter with magnetic moments in thetroyed by the exchange field. Still the exchange interaction
ferromagnetic state(i) the electromagnetic mechanigin- plays an important role even in this scenario: Cooper pairs
teraction of Cooper pairs with magnetic field induced bywith spin orientations parallel to the magnetization should be
magnetic momenjswhich was first discussed by Ginzbéirg energetically more favorable than those with opposite spin
in 1956, and(ii) the exchange interaction of magnetic mo- orientations. As for the orbital effedthe electromagnetic
ments with electrons in Cooper pairs. The revival of interesfnechanisny its influence on the superconducting ordering
in the fundamental questions of magnetism and the coexisgtrongly depends on the specific domain structure inside the
ence of superconductivity has been stimulated by the recef@MPple. We restrict ourselves to the most typical situation
discovery of ferromagnetic superconductors YGRefs. ~When the distance between domain walls is much less than
4,5 and URhGeRef. 6 where superconductivity appears in the sample_ dimension in the _WaII plane. This choice allows
the presence of a large exchange field which obviously exs to consider the magnetic induction generated by the fer-

cludes singlet superconducting pairing. Note that in WGe :Tc:gr?sgnetlc moment to be almost uniform inside the do-

the superconductivity and ferromagnetism disappear simulta- In recent years hybri@/F systems have attracted a grow-

neo_usly_wnh a pressure increase. Such a behavior was eﬁig interest due to their large potential for applications. In
plained in Refs. 7 and 8 in the framework of the theory ofyiq connection note that, without taking account of the ex-
s!nglet supercond.uctlwty mediated by electron F”teraCt'Orbhange interaction, the phase diagram of our system should
via a localized spin. However, the subsequent discovery obe analogous to that of a thin-film structure consisting of a
superconductivity in URhGe below 0.3 K in ferromagnetic ferromagnetic insulator filmfwith a magnetization perpen-
phases which have a Curie temperattre- 9.5 K made the  djcular to the plane and a thickness much larger than the
singlet scenario of superconductivity rather improbabledistance between domain walland the superconducting
Therefore, we will assume a case of triplet ferromagnetidilm deposited on it. A similar situation can be obtained with
superconductivity. a metallic ferromagnet when a superconducting film is
The concrete structure of the unconventional order paramevaporated on the buffer oxide layer in order to avoid a prox-
eter in these systems is a subject of intensive discussitins imity effect. In both cases, with a decrease of the temperature
and, thus, we can conclude that the problem of the choice dhe superconductivity must first appear just above the do-
a reliable microscopic model for these compounds is stillmain wall. Our case is somewhere complementary to the
unresolved. Nevertheless, a number of questions importasituation discussed in Ref. 14, where t8d hybrid struc-
for experimentalistqin particular, the basic features of a ture with in plane magnetization was been considered. For
magnetic field—temperature phase diagraan be analyzed such a system the domain wall produces a local field irsthe
even in the absence of such a microscopic theory, if we stattiyer, which locally weakens the superconductivity.
from the Ginzburg-Landau approach. The presence of do- At high temperatures the superconductivity inside the do-
mains is inherent to all ferromagnets of macroscopical sizesnains can be completely suppressed due to the orbital effect.
and as the superconductivity appears in the ferromagnetiConversely, near the boundary the superconducting nucleus
phase it is important to study the influence of the domains oman be still energetically favorable due to a mechanism
the superconducting characteristics of ferromagnetic supeenalogous to the one responsible for the existencél gf
conductors. In this paper we use phenomenological theorgritical field for superconducting nucleus near the
for an analysis of the effect of the domains on the criticalsuperconductor-insulator interfadsee, for example, Ref.
temperature of superconducting nucleation. 15). Thus a change of the magnetization direction which oc-
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curs at a domain boundary is responsible for a partial detength. Hereafter we choose the gauge in the fon
crease of the orbital effect which provides conditions for the=y(47M |x|+HX). The linearized GL equations read
formation of localized superconducting nuclei at domain
walls at high temperature@bove the critical temperature Kl(D§+ D) 7. +K;Din.—a.n.=0. 2
inside the domains Such a localized nucleus can appear
only if we take account of the proximity effect, i.e., consider ~The momenta along theandy axes are conserved and
that Cooper pairs with a given spin orientation exist on bothone can search for the solution of E@) in the form 7.
sides of the domain boundary. Obviously, the effect of the=exp(k,z+ik,y)¥.(x), where the function¥. should be
exchange field mentioned above should suppress the forméund from a solution of the following one-dimensional
tion of these localized structures, since it produces a shift ifproblem:
the critical temperature for Cooper pairs with different spin
orientations with respect to the magnetic moment. Such sys- o 2
tems can reveal an interesting behavior in an external mag- Ke—= Kk WL Ky

dx
netic field. An external magnetic field applied to our sample
(for simplicity, here we consider only a field applied parallel o 2
to the ferromagnetic momentesults in a partial compensa- X | ky— —— (4mMxf(x)+Hx) | V.. + a ATEF ()P .
tion of magnetic induction in one of the domains. As a result, o
the critical temperature of the superconductor can depend
nonmonotonically on the applied magnetic field. Both the =ax(To= DV &)
cr@tical temperature of 'ghe superconducting nucleation'inside Provideda =, =a, the equation for? _ can be ob-
this domain and the critical temperature of the formation of,

localized ductivity should i ¢ " trained from the one fo¥ . if we changex— —x andH—
ocalized superconduclivity snould incréase up 1o an external y ", s we can consider only the solution of the equation

;g?oxwiuﬁe?gurﬁlc)rt‘r?etr]r]te magnetic induction induced by thefor V¥, which has a nontrivial decaying solution for a set of
ghet ' discrete temperature1§+=T:(ky,kz,H,M). Changing the

Let us choose the coordinate system with Is par- sign ofH, one can obtain a set of eigenvalues of the equation
allel to thea direction (magnetic ea isx||b, y|c (see ' _
Irection (magnet sy axisxb, ylc ( for the order parameter componewt_: T =T,T(ky,kz,

the notations for crystal axes of Ugén Refs. 4, 5. We . . - A
assume that within Ginzburg-Landé@L) theory the super- —H.M). The highest eigenvalud =ma{T",T"] corre-
conducting state can be described by two components of t onds to the critical temperature .Of the sqpercopductmg or-
order parameter; and 7, , corresponding to Cooper pair er parameter nucleation. It is obvious thatis maximal for

the momentunk,=0; hence hereafter we omit the term pro-

spin orientations parallel and antiparallel to thdirection. . 5 ; . .
These two components of the order parameter can be vieweBortional tok; in Eq. (3). It is convenient to rewrite E¢3)

for instance, as corresponding to two different one-IN the dimensionless form
dimensional irreducible representations of the symmetry 2y
i Jd
group of the crystal. Close to the nucleation temperature the + +(tH() +ht—tg)2W , — 7H() W, =EW, , (4)

fourth-order terms in the GL functional can be neglected, ot2
which allows us to introduce the GL free energy density in 5 )
the formF=F_+F ., where where t=x/L, to=¢ok,/(87“ML), L= {K;/Ki¢o/

(87°M), h=H/(4m7M), 7=ATIATP, E=(T,—T)/
B ’ ) ’ » ATS™  and the value\ T2 =87?M VKK, /(ad,) charac-
Fo=afn:|"+KyDyn:[*+Ka|Dy7|*+ Kol Dyne '(1) terizes the shift of critical temperature due to the orbital
mechanism. For the ca$g|— > a superconducting nucleus
will appear either in the left or right half-space far from the
D=V-2m@iAl¢g, a.=a.(T-T,FATZM,/M), and  domain boundary. In this limit the lowest eigenvalie
the valueATS* characterizes the shift of critical temperature = min[—7+|1+h|,7+|1—h|] of Eq. (4) and, hence, the criti-
due to the exchange mechanisine., for a magnetizatiov cal temperature are not disturbed by the presence of the do-
chosen in thez direction To+ATE" is the transition tem- main boundary. This critical temperatuil'é@“'k corresponds
perature without orbital effectThus we take account of both to the order parameter nucleation and to the formation of a
mechanisms responsible for the interaction of the order pavortex state inside the domains. Conversely, for fibjteal-
rameter with in magnetizationi) first, the orbital effect of ues the superconducting nuclei in different half-spaces can-
the magnetic inductior(electromagnetic mechanigmand not be considered separately due to the proximity effect. Pro-
(i) second, the shift of the superconducting critical temperavided the lowest energy level in the resulting potential well
ture due to the exchange interaction of the Cooper pair spim Eq. (4) is minimal for a certain finitet, coordinate, we
with the ferromagnetic moment. For an external magnetiobtain a superconducting nucleus localized at the domain
field H applied in thez direction the total magnetic induction boundary for temperatures aboVg"'¥. The mechanism re-
can be written as followsB=H+4xM. For a single mag- sulting in the appearance of such localized nucleus is analo-
netic domain we take the magnetizatibh in the form M gous to the one responsible for the existence of the surface
=zMf(x), wheref(x)=sgn) (we assume that the domain superconductivity at the superconductor/insulator boundary
wall width is much less than the superconducting coherencér magnetic fieldsH.,<<H<H;. Indeed, forr=0 andh
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=0 the potential welV(x) in the Schrdinger equatiofEq. ty, E—r

(4)] is symmetric[ V(x) =V(—x)] and the eigenvalue prob- ¥,=BW| —y1—-ht— —1-n) t<0. (6)
lem [Eg. (4)])can be considered only for the right half-space Vi-—h

t>0 with the boundary conditiont’, (t=0)=0. For this
particular case the energy minimum correspondstfyo Here A and B are constants, and the Weber function
=Ennin=0.59010%° An increase in théh and 7 values will  W(s,e) is the solution of the equation

obviously result in an increasing asymmetry of the well
V(x), and, thus, in the suppression of localized superconduc-

2
tivity. Equation(4) can be solved exactly in terms of Weber _ "W +2W=sW )
functions(see Refs. 15,16 952 ’
to E+ T . .y .
v, =AWl V1+ht— , . t>0, 5 with the boundary conditioW(s— +,e)—0. Matching
i Ji+h'1+h ® these solutions d@t=0 we obtain:
|
, to E+r , to E—-7
e M= T e ®
ty, E+7 ty, E—r1 '
W| — ——,— W| — ,
Ji+h'1l+h 1-h'1=h

This equation can be solved numerically, which allows ustively weak applied field. Note that for the case-0 [see
to obtain the functiorE(tg,h, 7). The resulting dependence Fig. 1(a)] we obtain the phase diagram of superconducting
of the critical temperature of superconductivity nucleation onfilm on a ferromagnet with a domain wall.
parameter$ and 7 is shown in Fig. 1. One can see that both  Finally we would like to discuss some estimates of the
the external fieldh) and the exchange interactiom)(sup-  physical parameters for the systems where the nucleation of
press the localized superconducting nuclei, and the supercoBuperconductivity at domain boundaries could be observable.
ductivity localized on the domain wall exists only at a rela- Taking a magnetization of #M ~2 kOe and a slope of the
temperature dependence of the upper critical field of
dH.,/dT~40 kOe/K for the case of UGE"® we obtain
AT9"®~0.05 K. Thus, at zero external magnetic field the
increase in the temperature of superconductivity nucleation
at domain boundaries may be of the order&df,~0.02 K
~0.05 T.. This estimate gives us a quite measurable tem-
perature interval. The parameters for URh@®ef. 6 are of
same order of magnitude. F&F heterostructures we can
take, for example, the parameters Nb (T.~9 K and
dH.,/dT~0.5 kOe/K) and typical values of magnetization
for ferromagnetic insulators of M ~1—10 kOe. The re-
sulting increase in the critical temperature above a domain
wall is quite strong:sT.~1-3 K. The thickness of a super-
conducting film must be much smaller than the distance be-
tween domains, and ideal conditions correspond to the thick-
ness of the order of several coherence lengths. So we
conclude that the effects discussed above may be easily ob-
served and could be quite important.

To summarize, we investigated the conditions for the ex-

FIG. 1. (a)—(c) Critical external field(h) of the superconductiv- ISténce of localized triplet superconductivity at domain
ity nucleation as a function of the temperatug@:for the parameter Poundaries in ferromagnetic superconductors. The appear-
7=0, (b) for the parameter=0.2, and(c) for the parameterr ~ ance of these localized superconducting nuclei should result
=0.4. (d) Critical temperature of the superconductivity nucleation in @ broadening of the superconducting transition probed by
as a function of the exchange interactithe parameter) for h  the resistivity measurements. In fact, the beginning of the
=0. The solid(dashedl lines correspond to superconducting nucle- resistivity decrease with the temperature decrease would cor-
ation at the domain boundariésside the domains respond to the domain-wall superconductivity, while its com-
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plete disappearance would signal the bulk superconductivitythis case should follow the motion of the domain wall, which
An external magnetic field would shrink the region of provides the possibility to control the conductance between
domain-wall superconductivity. The experimental observacertain static leads.

tion of the H, T) diagram discussed above for UGand

URhGe could provide arguments in favor of unconventional

pairing in these compounds, and permit one to determine the We thank C. Meyers, V. P. Mineev, J.-P. Brison, and J.
important parameter, describing the ratio of exchange and Flouquet for useful discussions. This work was supported, in
orbital effects. Note, in conclusion, that the existence of lopart, by the Program of the Russian Academy of Sciences
calized superconducting channels near the domain walls ifQuantum Macrophysics,” ESF “Vortex” Program and The-
S/F heterostructures can provide the interesting possibility toretical Institute at the Argonne National Laboratory. A.S.M.
realize a switching behavior, provided we can move the feris grateful to the members of the Condensed Matter Theory
romagnetic domain wall. The superconducting channel irGroup at University Bordeaux I, for their kind hospitality.
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