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Domain structure of superconducting ferromagnets
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In superconducting ferromagnets the equilibrium domain structure is absent in the Meissner state, but
appears in the spontaneous vortex ph#se mixed state in zero external magnetic fietdough with a period,
which can significantly exceed that in normal ferromagnets. Metastable domain walls are possible even in the
Meissner state. The domain walls create magnetostatic fields near the sample surface, which can be used for the
experimental detection of domain walls.
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Recently there has been a growing interest in materials in-\j2 ° The latter is determined by the magnetic figft
which superconductivity and ferromagnetism coekistA —B—4x7M [the third term in Eq(1)]. The expression Eq

n_umber of unusual phenomena and structures have been pr(ei) includes also the kinetic energy related to the supercon-
dicted and observed, e.g., a spontaneous vortex pHa3et ducting current

the theory mostly addressed macroscopically uniform struc-
tures, whereas ferromagnetic materials, even ideally uniform cd, ( 2775\)

ones, inevitably have a domain structure, which is a ground- js=s—= 7| Vo———

state property of ferromagnets. Thus further progress in 877\ ®o

studying materials with coexisting ferromagnetism and suwhered, is the magnetic-flux quanturg, is the phase of the
perconductivity requires an analysis of the domain Str”Ct“resuperconducting order parameter, and the vector pote@utial

The present work s a first step in this direction. determines the magnetic inductid=V X A. The kinetic

An object of this study is a material, in which the mag- e f rconductin ents is absent in a normal
netic transition occurs earlier, i.e., at a higher temperature? €rgy of superconducting currents 1S abse a norma

than the onset of superconductivity. This was called a sgylerromagnet. .

perconducting ferromagnet,’in contrast to “ferromagnetic I\/.I|n|£n|z.at|on of the energy W'th. respect to the vector po-
(or magneti¢ superconductors,” which have been studiedtential A yields the Maxwell equation

previously® where the superconductivity sets lrefore the 4

magnetic transition. Competition between ferromagnetism _Wf —Vx(B—47M)=VxB. 3
and superconductivity may result in various structures with c’®

the magnetic moment rotating in spatspiral structures,
cryptoferromagnetism, and so )oiThis can also be consid-
ered as a “domain structure,” but with a period determined
by the intrinsic properties of the materials. However, our ﬁxjgz—
goal is the domain structure due to magnetostatic fields gen- 4mN?

erated by nonzero average bulk magnetizamfbn In this
case the domain size depends on the sample size. We sh
consider type-ll superconductivity, which exists in Azﬁx[ﬁx §]+|§:0 (5)
ruthenocuprates®® '

Before analyzing the domain structure it is useful to sum-Here we take into account th&it< M = 0 inside the domains.
marize the magnetic properties of a single-domain superconn contrast to Ref. 7, we neglect the differential susceptibility
ducting ferromagnet. The total free energy of the supercon¢M does not depend on a magnetic fieldshich renormal-

@

Together with the equation

B (4

g”s yields the London equation which determirgzs

ducting ferromagnet can be written’as izes the London penetration depth.
R _ These equations, and the boundary conditions at the
(N BYm fot K (B—4mwM)? 277)\2.2 ! sample boundarycontinuity of the tangential component of
(M,B)=fe+K+ 8w + s @ H and of the normal component Bf), yield the distribution

_ _ N of B andH. This distribution is shown in Fig. 1 for the case
where) is the London penetration depth aBdis the mag- o \i parallel to the sample boundary and for zero external
netic induction. The energle(M,VM) is the exchange en- magnetic field. The magnetic induction and the related mag-
ergy, which depends on the absolute valud/oénd on gra-  netic flux exist only in the layer of a thickness Meissner
dients of M. As a rule? in magnetic materials this is the cyrrents in this layer screen the internal fieldM, similar
largest energy, which determinés The anisotropy energy to screening of the external magnetic field in a nonmagnetic
K(M/M) is smaller and depends on the directionndf We  superconductor.
shall consider a stripe magnetic structure, which is possible Let us consider now the mixed state of the superconduct-
only if K essentially exceeds the magnetostatic energyng ferromagnetic with vortices in the bulk. Since ferromag-
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FIG. 1. Magnetic inductiorB (solid line), magnetic fieldH P ///\%‘
(dashed ling and 47M (dotted ling at the boundary between a ', @
superconducting ferromagnet<€0) and vacuumx>0).
netism does not affect the London equati{dih one expects ﬁ ) H
the same magnetic-induction distribution in the mixed state é Had
as for a nonmagnetic type-ll superconductoes)d the free (©) o(H+4mM)
energy is given by B \ , 7
. . 7/
Fn(M,B)=fc+K+27M?—B-M+Fy(B), (6) 79
/7
where Fy(B) is the free energy of a nonmagnetic type-ll /7 Q;
superconductor, anB is now the magnetic induction aver- 7
aged over the vortex-array cell. The eneigy(B) contains
both the magnetic energg?/8= and the kinetic energy of H
the .superconductlr'lg purrents inside the vortex cell. Deter- g 2. Magnetization curvea) nonmagnetic type-Il supercon-
mining the magnetic field ductor; (b) superconducting ferromagnetsM <Hy; (c) super-

conducting ferromagnet,#M >H.;.

- IF m dFg -

H=47 B =47 B —4aM, @) superconducting ferromagnet is in the mixed state even in
zero external field KI=0). This is thespontaneous vortex

we see that the magnetization curve of a superconductinghasewith nonzero magnetic inductioB=By(47M) in the

ferromagnet is described bp=B,(|H+47M|) where bulk. _ _ _

Bo(H) is the equilibrium magnetization curve for a nonmag- Now let us consider a domain structure in standard
netic type-1l superconductbiFig. 2@)]. Note that in this geometry? a slab of the thicknesd along the anisotropy
relation the magnetic fielti has a different physical mean- easy axiyy and infinite in other direction6Fig. 3. We start

ing from that used in the Meissner state. For the Meissne‘rom a .nolrmal ferromagnet. In th? gbsenge C.)f an external
. Lo - - magnetic field the average magnetic induction inside the slab
state we introducedH=B—4=7M, where the momenM

- " y _ must vanish. Therefor8=0 in a single-domain structure
originates from “molecular” currents responsible for ferro-w%

) . - Fig. 3(@], and there exists a uniform magnetostatic field
magnetism, the superconducting currents being treated as ex- - .
=—47M in the entire sample, an analog of the electro-

ternal currents. In the mixed state, which is considered now,, . """ . . . .
o : ' e s 2 static field in a charged plane capacitor. This results in a high
it is more convenient to define the magnetic fieldras B magnetostatic energyi%/8m~M?2. However, the domain
—4m(M+Mjy), i.e., the definition includes also the diamag- structure with period (I1<d) suppresses this energy in the

netic momentvi ;= (B,— H)/4 of the superconducting cur- domain bulk:i~0 andB=—4xM, except for the area |2
rents circulating around vortex lines in the mixed state. Thusear the sample boundalyig. 3(b)]. But the average induc-

these currents are treated in the same manner as molecuhagn still vanishes, sincéi changes its sign from domain to

currents responsible for fe_rromagneﬂsm. . domain. For the stripe structure one can solve the equations
Figure Zb) shows that in a superconducting ferromagnet

the Meissner stateB=0) exists until H+47M<H, ©f magnetostaticsyxH=0 andV-H=4mpy, exactly”*?
whereHq, = (®o/N\2)In(\&) is the lower critical field in a Herepy=—V-M is the magnetic charge. The magnetostatic
nonmagnetic superconductor agids the coherence length, €nergy per unit volume of the slab is

which determines the vortex core size. Thus ferromagnetism

decreases the lower critical fieltH,=H—47M. If

1 I
_ M?2|2 _ M2—
47M>H,.;, the Meissner state is abséfig. 2(c)], and the Es=0.85M77x 0.85 ’ ®

Id d
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FETETRTI] [Spegepepegs NWATVIN] e i aaass;: TR A FIG. 4. Domain wall in the Meissner stat@ Magnetic induc-

/& N\ ¢ x tion B (solid line), magnetic fieldH (dashed ling and 47M (dotted

line) near the domain wall in the superconducting ferromagfioet.
FIG. 3. Domain structure in normal and superconducting ferro-Magnetic flux lines around the exit of the domain wif thickness
magnets. The thick arrows show directions of the magnetic momené) to the sample surface.

M, the thin lines with arrows are force lines of the magnetostatic ) ) )
field H. The magnetic charges are shown-byand -.(a) A single- the Meissner stateHov;ever, dﬁmami can appe_ar.":j th?
domain structure. In the whole bulk=0 andH = —47M. (b) A spontaneous vortex phase, where the magnetic Induction

stripe domain structure in a normal ferromagnet. The magnetostatﬁihm':'S not vanistB=By(47M). As in a normal ferromagnet,
fields are present in areasl? inside and outside the sample. In the the magnetic flux in domams, ,Wh'ch 1S proporhona} B0
should produce magnetostatic fields in the ardd. Butin a

rest parts of domainsi=0 andB=47M. (c) A superconducting ducting f tth field ller by th
ferromagnet in the spontaneous vortex phase with a rigid vortex UPerconaucting ferromagnet these fields are smalfler by the

array. The magnetostatic fields appear only in arelsoutside the factor Bo(4mM)/4mM. We can tabe this into account intro-
sample. In the bulk of domaind =0 andB=By(47M). ducing the effective magnetization = By(47M) /47 (Simi-

lar to that introduced in Ref. 11 Then the period of the
This energy is less by a factdfd than the magnetostatic domain structure is given by Ed10), where M must be
energy in a single-domain structure. However, the domaineplaced withM. In the limit of large 4rM>H_,, one has
walls increase the energy. The energy of one domain walfy 1 and the effect of superconductivity on the domain

(pgr unit length along thg slais K d, whered is the Wa," structure vanishes. In the opposite limit of smisl] when
thickness and the numerical facterdepends on the detailed ~ . . o
47M—H.,, M vanishes and the periddbecomes infinite,

definition of K and §. Its specification is not essential for the it shouid be in the Meissner staterM <H... Thi |
present analysis. The domain-wall energy per unit volume of*s It should be € Meissner stateril =He;. s cak
culation of | assumes that the penetration of the magneto-

the sample is static field into a superconducting ferromagnet is similar to
1 5 the penetration into a normal ferromagnet, which means that

E.= aKdéxG:aKl—. (9)  the vortex array is not pinned and not rigid with respect to
deformations produced by the penetrating field. We can also

The equilibrium value of the perioldis determined by mini- consider the opposite limit of a very rigid or strongly pinned

mization of the energ¥,, + Eg:° vortex array, when the magnetostatic fields penetrate only
into the layer of thickness. If A<I, the penetration of the

[ aK magnetic flux into a superconductor becomes insignificant.

1= W‘Sd' (10 This increases the magnetic field outside the sample, as well

as the total magnetostatic energy, by a factor of 2, while the
Let us turn back to a superconducting ferromagnet. In theorrespondingly period decreases by a factor af2 [Fig.
Meissner state the magnetic induction must vanish in th&(c)], in analogy with the effect of a superconducting sub-
bulk, which is compatible only with a single-domain struc- strate on a domain size in a ferromagnetic sfibhus avoid-
ture. Thusthe equilibrium domain structure is impossible in ing a detailed analysis of the vortex and field pattern in the
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domains close to the sample border we lose only a numericaglicture corresponds to a 180° wall, a similar picture is ex-
factor of not more than/2. In any case, superconductivity, pected for any domain wall. The jump of the tangential com-
which coexists with ferromagnetism in the same bulk, al-ponent of the momenM at the wall defines the current

ways increases the domain size, in contrast to thaheet, responsible for a jump of the magnetic induction par-
superconductor-ferromagnet bilayer, where superconductiwallel to the wall, whereas a possible jump of the normal

ity shrinks ferromagnetic domair8. component oM (a “charged” domain wall would produce
In this communication we addressed #guilibriumvor- 4 jump of the normal component of the fiefl
tex array and thequilibrium domain structure, which corre- The magnetic flux on two sides of the domain wall creates

spond to an energy minimum. Because of surface barriergagnetostatic fields outside the sample, where the wall
and pinning of vortices and domain waltoercitivity) meta-  meets the sample bounddiig. 4(b)]. The magnetic fluxes,
stable states are possible with practically any density of vorwhich exit from the sample at two sides from the wall, are
tices and domain walls, dependent on the prehistory. Als@qual in magnitude (#M\ per unit length along the wall
domain walls and vortices can be pinning sites for eaclbut opposite in direction. The magnetostatic field from do-
other, as has already been discussed in the literatQr&:>®>  main walls could be used for their experimental detection. At
Metastable domain walls, as topologically stable planar dedistancesr>\ from a line, where the wall exits to the
fects, may exist even in the Meissner state. Domains casample boundary, this field is a dipole field of the order of
appear also because of disorder, or grain structure. The struM\?/r? reaching its maximum~M at r~X\ (about a few
ture of the domain wall can be found by solution of the hundred G for ruthenocuprafes

coupled equations of magnetostatics and London electrody- In summary, this Communication presents an analysis of
namics. We restrict ourselves to the simplest case, when thtbe domain structure in superconducting ferromagnets. There
London penetration depth significantly exceeds the domain is no equilibrium domain structure in a superconducting fer-
wall thicknessé. This means that at the spatial scales of theromagnet in the Meissner state. In the spontaneous vortex
order 8, the domain-wall structure is governed by large en-phase the period of the domain structure may essentially ex-
ergies[the exchange energy and the anisotropy energy, segeed that in the normal ferromagnet. But metastable domain
Eq. (1)] and is not affected by the magnetostatic and kinetiowalls can exist even in the Meissner state. They generate the
energy. On the other hand, at scaled one can find the magnetic flux in layers of thickness which can be revealed

distribution of B andH from the London equation at con- DY magneto-optical methods.
stantM. This is shown for the Bloch domain wathe mag- The author thanks Yu. Barash, I. Felner, and N. Kopnin

netizationM rotates in the plane of the wall and does notfor discussions. The work has been supported by a grant of
produce the magnetostatic chargesFig. 4a). Though our the Israel Academy of Sciences and Humanities.
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