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Inhomogeneous magnetoelastic states and magnetoelastic wave spectrum in a system consisti
of magneticÕnonmagnetic multilayers

Yu. I. Bespyatykh, I. E. Dikshtein, V. P. Mal’tzev, and S. A. Nikitov*
Institute of Radioengineering and Electronics, Russian Academy of Sciences,

1 Vvedensky Square, Fryazino, Moscow Region 141190, Russia
~Received 8 June 2002; revised manuscript received 7 April 2003; published 17 October 2003!

A study is made of the magnetoelastic~ME! wave spectrum and ME superstructure nucleation in a system
consisting of magnetic/nonmagnetic multilayers. A case of rhombic ferromagnetic layers with the hard mag-

netization axisbW perpendicular to the layer surface is considered. We show that close to the phase transition
associated with the spin reorientation in the layer plane, a ME wave with a horizontal polarization, propagating
parallel to the layer plane, becomes unstable. The shear ME wave frequency and group velocity vanish for a
finite value of a wave vector, and the wave becomes frozen, forming a ME domain structure localized near the
layer interfaces. Existence of a new modulated phase is associated with a ME coupling of the magnetization to
lattice deformation on the layer interfaces. The spectra of the surface ME in the homogeneous and modulated
phases are calculated. Depending on the magnetic and nonmagnetic layer thickness and temperature, the

stability regions of homogeneous collinear (MW iaW ) and angular phases and the ME domain structure are found,

where MW is the magnetization, andaW is the easy orthorhombic axis direction. The calculation is extended
to study the ME wave propagation in the systems consisting of two-sublattice orthoferrite/nonmagnetic
multilayers.

DOI: 10.1103/PhysRevB.68.144421 PACS number~s!: 75.60.2d, 75.70.2i, 77.84.2s
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I. INTRODUCTION

Magnetoelastic~ME! interaction determines many prope
ties of real magnetic crystals.1–4 It strongly affects the qua
sistatic magnetization reversal, domain structure, magn
resonance, and nonlinear dynamics of magnetics. New ph
cal effects can arise from ME interaction. The surfa
Rayleigh,5–8 Love,9,10 and Stonely11 waves modified by ME
interaction can be damped out due to the spin wave radia
into the interior of crystal. In a ferromagnetic crystal, t
linear shear volume elastic wave transforms into a surf
wave if dipole-dipole and ME interactions are taken in
account.12 Types of self-localized, ME surface waves
magnets were studied in Ref. 13, the existence of whic
determined entirely by ME interaction and nonlinear prop
ties of the magnetic media. In bulk systems close to a m
netic reorientational phase transition~RPT! when the mag-
netic ~spin! subsystem loses its stability, the energy of t
ME interaction increases effectively in comparison to oth
types of energy, e.g., the magnetic anisotropy energy,
gives rises to a considerable deformation of the ME wa
spectrum,14–20 decrease in the sound speed, and the app
ance of a gap for a spin mode21 ~the so-called ME gap!. The
considerable decrease in the sound speed and the impo
role that nonlinear processes plays close to the RPT m
magnetic crystals promising materials for use in electro
devices.17–20 The study of the spectra of ME waves in lim
ited specimens of magnetic materials makes it possible
determine the type of soft mode involved in the RPT. In th
plates it is the flexular ME mode that is proved to be the s
mode.22 In thick magnetic films and multilayers, a ME inte
action accounts for the Ne´el-type domain structure
formation.2,23,24 Near the RPT induced magnetic field, th
magnetic configurations and ME wave spectra of uniax
0163-1829/2003/68~14!/144421~10!/$20.00 68 1444
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ferromagnetic films, with the easy magnetization axis~EMA!
perpendicular to their surfaces, were investigated in Refs
and 26. It was shown that the ME wave frequency and gro
velocity vanish for a finite value of a wave vectorkW , and the
film splits into domains, the existence of which reduces
energy of the demagnetization fields in vacuum. The com
tition between the ME and dipole interactions leads to
drastic dependence of the wave vector and polarization
soft ME mode involved in the RPT on the film thicknessL.
For thick films (L.LN), it is the transverse ME wave with
kW iMW and the polarization vectorpW perpendicular to its sur-
face. This mode condenses into a Ne´el-type domain struc-
ture. For thin films (L,LB), it is the transverse ME wave
with kW'MW andpW parallel to the film plane. HereLN andLB
are Bloch and Ne´el domain-wall thicknesses, respectively.
this case a Bloch-type domain structure is realized.

An alternative case of a magnetic film with the EMA pa
allel to the developed surface and supported by a bulk s
strate was recently studied by Bespyatykh a
Dikshtein.27–29 They considered the specific features of t
ME Love wave propagation near the RPT induced by
external magnetic field. It has been demonstrated that
magnetic fieldHC different from a fieldHA of the phase
transition in a bulk sample, the frequency and the group
locity of the ME Love wave, propagating along the magn
tization vector in the basal film plane, vanish for the wa
vector k5kCÞ0. As a result, the critical Love mode be
comes unstable and transforms into a ME domain struc
localized in the film and the substrate close to their interfa
In this case, the formation of elastic domains results from
need of the energy reduce of the long-range elastic st
fields in the nonmagnetic substrate.

In this paper, we present a study of ME superstruct
nucleation in a system consisting of magnetic/nonmagn
©2003 The American Physical Society21-1
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multilayers. In recent years, inhomogeneous magnetic st
~domain structures! in magnetic multilayers have been inte
sively investigated.30,31The domain structure can be respo
sible for the giant magnetoresistance~GMR! of the magnetic
multilayers.32 A combination of the considerable dispersio
and the high sensitivity of the ME wave spectrum to t
external magnetic field makes such systems promising
applications to the signal processing. It is common
supposed30,31 that the domain structure existence has its o
gin in ‘‘magnetic charges’’ on the layer surfaces. We exp
that for systems involving magnetic/thick nonmagnetic m
tilayers close to the RPT associated with the spin reorie
tion in the layer plane, a ME domain structure is formed. T
ME domain structure is determined by the balance of
energy of the long-range elastic strain fields in the nonm
netic layers and the energy of domain walls. The ME dom
structure formation reduces the energy of the elastic st
fields in the nonmagnetic layers, which penetrate the lay
to a depth of the order of the domain structure period
boundless reduction in the domain size is hindered by
increase in the energy of the domain walls. In the other l
iting case of thin nonmagnetic layers possessing the th
ness compared with the penetration depth of the elastic fi
into the nonmagnetic material, the system becomes
formly deformed in the layer planes at the RPT.

II. BASIC EQUATIONS

Simple ideas may help to understand the phenomeno
ME domain structure formation in structures composed
alternating magnetic and nonmagnetic layers. Assume
the elastic deformationsuik and the elastic stressess ik in the
system are small. In this case the total energy of a ferrom
net is given by33

E5E dvW~MW ,]MW /]xi ,uik!, ~1!

whereMW is the magnetization vector,W5Wm1Wme1We .
The contributions toW are the magnetic (Wm), magnetoelas-
tic (Wme), and elastic (We) energies. The elastic contributio
is the quadratic form which is positively definite:

We>0. ~2!

The density of the ME energyWme is linear inuik .
Total energy ~1! is minimized for the metastable an

ground states. Therefore the equilibrium distributions
magnetizationMW and elastic displacementuW are described by
the equations of state,

~MW 3HW eff!50, dE/duW 50, ~3!

whereHW eff52dE/dMW is the effective magnetic field.
Using the second of Eqs.~3! and taking into account tha

We andWme are, respectively, quadratic and linear inuW , we
can get the identity

2We1Wme50. ~4!

It follows from Eqs.~2! and ~4! that
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We1Wme5Wme/2<0. ~5!

The equality sign in Eqs.~2! and~5! applies in the absence o
elastic deformations in a system. By this is meant that
total energy of a ferromagnet can be decreased owing to
interaction of the magnetic and elastic subsystems.

Using the second equation of state~3!, one can express
the components of the deformation tensoruik in the terms of
the magnetization, and can obtain the effective magnetic
ergy Eeff . The additional ME contribution to theEeff , is
negative. Hence, if for some reason a ferromagnet
clamped, this contribution can lead to the homogeneous s
instability and ME superstructure nucleation. A similar sit
ation should take place for a multilayered structure cons
ing of magnetic layers sandwiching nonmagnetic spacers

To be specific, we shall further consider the effect of ma
nitostriction on the domain structure nucleation in a mu
layered structure composed of rhombic ferromagnet lay
sandwiching elastic nonmagnetic spacers. When the t
perature is lowered, a spontaneous reorientation of the m
netization from thecW axis of the orthorhombic crystal to anaW
axis occurs in the ac plane in certain ferromagnet
(Co,Fe3O4) ~Ref. 34!, and rare-earth orthoferrite
(TmFeO3,ErFeO3).35,36,16,37–39The RPT is due to the varia
tion of the anisotropy constantsK1 andK2 with temperature
T. The RPTs at the temperaturesT1 andT2 (T1,T2) corre-
sponding to the beginning and the end of the reorienta
region are second-order ones. Peculiarities of bulk16,37–39and
Rayleigh8 wave propagation near the RPT have been stud
theoretically and experimentally in massive rare-earth ort
ferrites.

We shall consider a periodic system composed of rhom
ferromagnet layers of thicknessL fm with the hard axisbW

normal to the basal plane (bW ieW y) near the temperatureT1 .
Ferromagnet layers are sandwiched nonmagnetic space
thicknessLnm ~as shown in Fig. 1!. We shall also assume tha
the orthorhombic axesaW ieW x andcW ieW z . The total energy of a
system is given by

E5Efm1Enm. ~6!

It is decomposed into the energy of the magnetic layersEfm ,

FIG. 1. Geometry of the problem. A ME wave propagates alo

the x axis; aW ieW x , bW ieW y , cW ieW z .
1-2
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Efm5E
Vfm

dvFa

2

]MW

]xi

]MW

]xi
1wA2

HW DMW

2

1BS MiMk2
M2

3
d ikDuik

~ fm!1
1

2
ciklm

~ fm! uik
~ fm!ulm

~ fm!G , ~7!

and the elastic energy of the nonmagnetic layersEnm,

Enm5E
Vnm

dv
1

2
ciklm

~nm!uik
~nm!ulm

~nm! , ~8!

where wA52(1/2)bzMz
22(1/2)bxMx

21(1/4)(bxxMx
4

12bxzMx
2Mz

21bzzMz
4)/M2 is the density of the magneti

anisotropy energy;HW D5¹C is the demagnetization field;C
is the demagnetization field potential;a, B, and ĉ are the
nonuniform exchange, ME, and elastic constants, resp
tively; and bx,z and bik are the anisotropy constants. Th
indices fm and nm label, respectively, the magnetic and n
magnetic layers. The symmetry analysis of allowed contri
tions to the ME energy density has been performed by Ca
and Callen40 in the 1960s and later on by du Tremolet
Lacheisserie41 for all crystal symmetries of practical intere
~also see his book on magnetostriction42!. Here, for simplic-
ity, the ferromagnet of interest is assumed to be magnetoe
tically and elastically isotropic. It is one of the simplest no
trivial model that still exhibits a ME induced microstructur
The inherent anharmonicity of the elastic lattice of the fer
magnet is neglected in Eq.~7! since it is ignorable compare
to the effective anharmonicity associated with M
coupling.17 For the same reason we ignore the nonlinear
pendence of the deformation tensor on the displacement
tor derivatives in magnetic and nonmagnetic layers and c
sider the expansion of the ME energy up to the linear te
in uik

(fm,nm) . We also assume that the elastic properties of
substrate are linear and isotropic and that strain induced
the lattice mismatch between the film and the subst
brings about the renormalization of the magnetic anisotr
constant only.

The dynamics of a multilayered structure is described
the equations of motion

]MW

]t
52g~MW 3HW eff!, r~ fm,nm!

]2ui
~ fm,nm!

]t2 5
]s ik

~ fm,nm!

]xk
,

~9!

and by Maxwell’s equations in the magnetostatic approxim
tion

div~HW D
~ fm!14pMW !50, rotHW D

~ fm!50,

div HW D
~nm!50, rotHW D

~nm!50, ~10!

whereHW D
(fm,nm)5¹C (fm,nm) are the demagnetization and sca

tering fields, respectively;C (fm,nm) are the magnetic poten
tials inside magnetic and nonmagnetic layers, respectiv
s ik

(fm,nm)5dE/duik
(fm,nm) is the stress tensor;g.0 is the gyro-

magnetic ratio; andr (fm,nm) are the densities of magnetic an
nonmagnetic layers respectively.
14442
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The above system of equations must be solved subjec
the conditions that thes jy components of the elastic stres
tensor, the elastic displacements, the normal componen
energy flux density, the magnetic potential, and the norm
component of magnetic induction are continuous at
magnetic-nonmagnetic interfaces

s jy
~ fm!5s jy

~nm! ~ j 5x,y,z!, uW ~ fm!5uW ~nm!,

]MW /]y50, C~ fm!5C~nm!,
~11!

]C~ fm!/]y14pM y5]C~nm!/]y.

III. INTRINSIC DEFORMATIONS OF MAGNETIC
AND NONMAGNETIC LAYERS

Intrinsic deformations of magnetic and nonmagnetic la
ersuik0

(fm,nm) are nonzero even in a uniformly magnetized sy
tem. To be specific, we shall evaluate the intrinsic deform
tions of the system in the low-temperature phaseT<T1 . In
this case,MW ieW x and nonzero components of the tenso
uik0

(fm,nm) are equal to

uxx0
~ fm!5uxx0

~nm!522uzz0
~ fm!522uzz0

~nm!

52
2BM2L fm

3~c112c12!~L fm1Lnm!
, ~12!

uyy0
~ fm!5

BM2

3~c112c12!
F12

c12Lnm

c11~L fm1Lnm!G ,
uyy0

~ fm!5
BM2c12L fm

3c11~c112c12!~L fm1Lnm!
. ~13!

In this section, we assume for simplicity that magnetic a
nonmagnetic layers have the same elastic moduliciklm

fm

5ciklm
nm .
The additional part of the free energydE associated with

the intrinsic deformations of magnetic and nonmagnetic l
ers is given by

dE5
B2M2V

c112c12
F S 12

~2c111c12!Lnm

3c11~c112c12!~L fm1Lnm! D ~M22Mx
2!

1
L fm

L fm1Lnm
Mz

2G , ~14!

where V is the system volume. The intrinsic deformatio
increase the free energy of the system (dE.0).

It follows from Eq. ~14! that the intrinsic deformations o
magnetic and nonmagnetic layers give rise to renormal
tion of the anisotropy constantsbx,z . These constants will be
further assumed to be renormalized. Moreover, nonzero c
ponents of the intrinsic deformations of magnetic and n
magnetic layers@Eqs. ~12! and ~13!# do not contain the de-
formations corresponding to the order parameter and are
associated with the RPT.
1-3
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IV. A SPECTRUM OF LOW-FREQUENCY
ME EXCITATIONS AND A PHASE DIAGRAM

OF A MULTILAYERED STRUCTURE

Among the static solutions of system~9!–~11! both ho-
mogeneous and inhomogeneous are available. We restric
study to an analysis of the homogeneous solutions. En
~6! is minimized for the homogeneous ground states with

mxmz~K11K2mz
2!50, my50, uik

~ fm!50, HD
~ f !50,

~15!

where K15bx2bz2bxx1bxz and K25bxx22bxz1bzz are
the effective anisotropy fields,mW 5MW /M .

For K2(T).0, in an infinite crystal there exist four equ
librium states,43 the boundaries of which are the secon
order phase transitions points:

K1~T!>0 ~a collinear phaseMW ieW x! for T<T1 ,

2K2~T!<K1~T!<0

S angular phasesMx5MA12
uK1~T!u

K2
,

Mz56MAuK1~T!u
K2

D
for T1<T<T2 , ~16!

K1~T!<2K2~T! ~a collinear phaseMW ieW z!

for T>T2 .

We shall further discuss the stability of the homogene
ferromagnetic ground state withMW iaW ieW x relative to small
ME perturbations. For this purpose we shall examine the
wave spectrum of the multilayered structure. We start w
investigation of the ME waves propagating along the m
netic field HW and having the lowest threshold for the inst
bility in T and the strongest ME coupling. In this case t
forming domain walls are not magnetically charged, and
energy of the demagnetization field associated with magn
charges is missing.

Using the harmonic approximation of exp@i(kx2vt)# for
nonuniform partsm̃W andũW (fm,nm) of the magnetization and th
elastic displacements respectively, the solutions of the
namical equations~9!–~11! above will be sought in the
Bloch function form

m̃W ~rW,t !5VW v,k,k~y!exp@ i ~kx1ky2vt !#,

ũW ~ fm,nm!~rW,t !5UW v,k,k
~ fm,nm!~y!exp@ i ~kx1ky2vt !#, ~17!

where the wave numberk lies within the first Brillouin zone
(2p/D<k<p/D), and D5L fm1Lnm is the period of the
multilayered structure. The functionsVW v,k,k(y) andUW v,k,k

(fm,nm)

3(y) are periodic iny with the periodD.
As shown in Ref. 29, near the RPT for ferromagnets w

a sufficiently large easy-plane type anisotropy (K1<4p
<bx), we can neglect the effect of the demagnetization fi
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on the ME wave spectrum and not take into account all co
ponents of the nonuniform magnetization and the elastic
placements exceptm̃z and ũz

(fm,nm) . In these approximations
the Fourier components of the magnetization and the ela
displacements in the ferromagnetic layer I~see Fig. 1! can be
written as

m̃Iz~k,v!5a1 cos~q1y!1a2 cosh~q2y!1b1 sin~q1y!

1b2 sinh~q2y!, ~18!

ũIz
~ fm!~k,v!5g1@a1 cos~q1y!1b1 sin~q1y!#

1g2@a2 cosh~q2y!1b2 sinh~q2y!#, ~19!

where g1,252 i $V22bx@K11a(k26q1,2
2 )#%/(kbxB), V

5v/vM , andvM5gM.
The insertion of Eqs.~18! and~19! into Eq. ~9! yields the

characteristic equation forq

@~k26q1,2
2 !2V2kfm

2 #$V22bx@K11a~k26q1,2
2 !#%

1k2hmebx50, ~20!

where St
(fm)5Ac44

(fm)/r (fm) is the velocity of the transvers
sound in the magnetic layer,kfm5vM /St

(fm) and hme

5B2M2/c44
(fm) . Its roots

q1,25@~AQ1
2 14a21hmec44

~ fm!2k26Q2!/~2c44
~ fm!!7k2#1/2,

~21!

with Q65r (fm)v26c44
(fm)@bxK12V2#/(abx).

The nonuniform distributions of the elastic displaceme
in the nonmagnetic layers II and III~see Fig. 1! can be
sought in the forms

ũIIz
~ fm!~k,v!5$a3 cosh@q3~y1D/2!#

1b3 sinh@q3~y1D/2!#%exp~2 ikD/2!, ~22!

ũIIIz
~ fm!~k,v!5$a3 cosh@q3~y2D/2!#

1b3 sinh@q3~y2D/2!#%exp~ ikD/2!, ~23!

with q35Ak22v2/St
(nm)2 and St

(nm)5Ac44
(nm)/r (nm). The

components ofmW and uW @Eqs. ~18!, ~19!, ~22!, and ~23!#
satisfy the periodicity conditions~17!.

Substituting solutions~18!–~23! into the boundary condi-
tions ~11!, which are reduced to the forms

c44
~ fm!

]ũz
~ fm!

]y
5c44

~nm!
]ũz

~nm!

]y
, ũz

~ fm!5ũz
~nm! ,

]m̃z

]y
50,

~24!

the unknown coefficientsa1,2,3 andb1,2,3 and the dispersion
equation for the ME waves can be found. In the general c
the dispersion equation is rather cumbersome. It simpli
substantially fork50. In this case the ME excitations i
layers composed of the same material have the same p
and the lowest threshold for the instability inT. For k50,
the symmetric (a1,2,3Þ0,b1,2,350) and antisymmetric
1-4
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(a1,2,350,b1,2,3Þ0) ME modes are separated. The dispers
equations for the symmetric and antisymmetric ME mo
respectively, are given by

Fs~v,k!5Fe q1

q3
S 12

g2

g1
D tanh

q2L fm

2

2
g2

g1

q1

q2
tanh

q3Lnm

2 G tan
q1L fm

2

2tanh
q2L fm

2
tanh

q3Lnm

2
50, ~25!

Fa~v,k!5e
q1

q3
S 12

g2

g1
D tanh

q3Lnm

2
2

g2

g1

q1

q2
tanh

q2L fm

2

2tan
q1L fm

2
50, ~26!

wheree5c44
(fm)/c44

(nm) .
The value of the anisotropy constantK1c5K1(T5T1c),

at which the collinear phase (MW ieW x) loses its stability agains
the striction superstructure formation and the period of
critical symmetric modedc52p/kc , can be determined
from the conditions

vs~kc!50 and dvs~k!/dkuk5kc
50, ~27!

with vs(k) being the frequency of the critical symmetr
mode.

The two relevant length scales in terms of the elas
anisotropy, and ME constants involved in the model can
identified. They are following: the characteristic thickness
of the ferromagnetic@Lc[Aa/(ehme)# and nonmagnetic
(L1c[c2/L fm) layers. The static distribution of the magne
zation and elastic strain in the system depends on the
tions between these parameters and the thicknesses o
ferromagnetic (L fm) and nonmagnetic (Lnm) layers.

Let us analyze the solutions of Eqs.~27! and ~25! above
for the most interesting limiting cases. In the limiting case
thin ferromagnetic (L fm!Lc) and nonmagnetic (Lnm

!Lc
2/L fm) layers, the dispersion equation of the lowest~soft!

symmetric mode is given by

vs
25vM

2 k2Fak21K1~T!2
ehmeL fm

Lnm1eL fm
G

3F k2

bx
1

hmevM
2

St
~nm!2

eL fm~Lnm1L fm!

~Lnm1eL fm!2 G21

. ~28!

For the typical values of the parameters used in experime
films: M;100 G, a;10211 cm2, BM2;107 erg/cm3, c44
;1012 erg/cm3, r;5 g/cm3, and hme;1023, the critical
thicknessLc;1024 cm.

It follows from Eqs.~27! and~28! that the frequency and
the group velocity of the soft mode vanish at

K1c0~T5T1c0!5ehmeL fm /~Lnm1eL fm!, kc50, ~29!
14442
n
,

e

,
e
s

la-
the

f

tal

i.e., in the periodic structure of thin magnetic and nonma
netic layers, the ME domains are not formed, and forT
5T1c0 the RPT from the collinear phase to the uniform
magnetized angular phase takes place.

In the system consisting of the thin ferromagnetic (L fm

!Lc) and thick nonmagnetic (Lnm@Lc
2/L fm) layers, the dis-

persion equation of the soft symmetric ME mode fork
;Lc

2/L fm) assumes the form

vs
25vM

2 bxFK1~T!1ak22
ehmekLfm

2 tanh~kLnm/2!1ekLfm
G .

~30!

From Eqs.~27! and ~30!, we find the critical value of the
anisotropy constantK1C and the critical ME superstructur
perioddc in the forms

K1c5
ehme

16

L fm
2

Lc
2 F114 expS 2

L fmLnm

4Lc
2 D G , ~31!

dc58p
Lc

2

L fm
F11

L fmLnm

2Lc
2 expS 2

L fmLnm

4Lc
2 D G . ~32!

Then the transverse wave vectors of a single ferromagn
layer q1,2 and the penetration depth of the soft mode into
nonmagnetic layerl5q3

21 can be written as

q1,25AL fm /Lc
2@173L fm /~8Lc!#, l;dc/2p. ~33!

For a givenL fm the valueK1c , the critical perioddc , andl
decrease as the nonmagnetic layer thicknessLnm and param-
eter e increase. When the ferromagnetic layer thickness
creases, the valueK1c tends to zero, i.e., ferromagnetic lay
ers become clamped by nonmagnetic ones, and the periodc
tends to infinity.

For thick ferromagnetic (L fm@Lc) and nonmagnetic
(Lnm@Lc

2/L fm) layers, the dispersion equation of the so
symmetric ME wave in the long wavelength limitk@1/L fm
assumes the form

vs
25St

~ fm!2H FK1~T!2hme

hme
1Lc

2k2Gk2

1
p2

L fm
2 F12

2pe

kLfm
tanh21S kLnm

2 D G J . ~34!

Using conditions~27! and ~34!, we obtain

K1c~T5Tc!5hmeH 12
2pLc

L fm
FF12S pe2Lc

L fm
D 1/2G

3F112 expF2S pLnm
2

LcL fm
D 1/2G GJ , ~35!

dc5A4pLcL fmH 11S 9pe2Lc

16L fm
D 1/2F112 expF2S pLnm

2

LcL fm
D 1/2G G

1
peLnm

2L fm
expF2S pLnm

2

LcL fm
D 1/2GJ , ~36!
1-5
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q1'p/L fm , q2'1/2Lc@2p/dc l'dc /~2p!.
~37!

For L fm5const, the valueK1c , the critical perioddc , andl
decrease as the nonmagnetic layer thicknessLnm increase.
When the ferromagnetic layer thickness increases, the v
K1c→hme, i.e., the ferromagnetic layers are nearly free, a
the perioddc and l increase. In the limiting caseL fm→`,
the period dc and l tends to infinity, and in the long
wavelength approximation the ME wave spectrum is cons
erable deformed. ForL fm5`, the speed of one of the mag
nitoacoustic waves vanishes in the RPT point, that is,
transition to the case of bulk crystal15–20 takes place.

Figures 2 and 3 show sections of the phase diagram o
system under study (l nm,l fm ,k1c) by the planesl fm5const
and l nm5const, respectively, wherel nm5Lnm/Lc and l fm
5L fm /Lc are the reduced ferromagnetic and nonmagn
layer thickness, respectively,k1c5K1c /hme is the reduced
anisotropy constant; the dependences ofdc /Lc on l nm andl fm
are depicted in Figs. 4 and 5, respectively.

FIG. 2. Phase diagram of the system in the plane (l f m ,k1c);
l f m,nm5L f m,nm /Lc andk1c5K1c /hme are the reduced layer thick
ness and anisotropy constant, respectively, forl nm52000 ande
51. The solid line separates the collinear~I! and domain~II !
phases.

FIG. 3. Dependence of the reduced critical period of a ME
perstructuredc /Lc on l f m for l nm52000 ande51.
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It follows from Fig. 4 that the DS period increases wi
decreasing nonmagnetic layer thicknessLnm. Therefore for
thin nonmagnetic layers (Lnm,Lnm* ), the RPT from the col-
linear phase to the uniformly magnetized angular phase ta
place. For thick nonmagnetic layers (Lnm.Lnm* , the RPT
from the collinear phase to the ME superstructure is realiz
The curveLnm5Lnm* (L fm) separating the stability regions o
the angular and ME domain phases on the (L fm ,Lnm)-phase
diagram ~Fig. 6! can be determined from the conditio
K1c05K1c . For Lnm>1 andL fm,Lc , the wave vectorkc of
the soft critical mode tends to zero monotonically. In th
case the dispersion equation~25! for v50 is reduced to the
form

K1~T!1ak2>~ekLfm/2!tanh21~kLnm/2!. ~38!

Using Eq.~38! we find

Lnm* 512Lc
2/L fm . ~39!

As seen from Fig. 6, forL fm,Lc the curveLnm* (L fm) is well
described by Eq.~39!. For L fm,Lc , the analytical depen-
denceLnm* (L fm) is very cumbersome.

-

FIG. 4. Phase diagram of the system in the plane (l nm ,k1c) for
l f m5200 ande51. The solid line separates the collinear~I! and
domain~II ! phases.

FIG. 5. Dependence of the reduced critical period of a ME
perstructuredc /Lc on l nm for l f m5200 ande51.
1-6
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V. SPECTRUM OF ME EXCITATIONS
AND PHASE DIAGRAM OF THE SYSTEM

CONSISTING OF TWO-SUBLATTICE
ORTHOFERRITE ÕNONMAGNETIC MULTILAYERS

We shall consider a periodic system composed of rhom
orthoferrite layers of thicknessL fm with the hard axisbW

(bW ieW y) normal to the basal plane near the temperatureT1 .
Orthoferrite layers are sandwiched nonmagnetic spacer
thicknessLnm ~as shown in Fig. 1!. We shall also assume tha
the orthorhombic axesaW ieW x andcW ieW z . The total energy of a
system is given by

E5E
Vf

dvH 2M0F1

2
HEm22D1l xmz2D2l zmx

1a2HE

] lW

]xi

] lW

]xi
G1 f A1 f me1

1

2
ciklm

~ f ! uik
~ f !ulm

~ f !J
1E

Vs

dv
1

2
ciklm

~s! uik
~s!ulm

~s! , ~40!

where HE and D1,2 are the exchange and Morya
Dzyaloshinskii fields; f A5M0@HA1l x

21HA2l z
21(Ha1l x

4

12Ha2l x
2l z

21Ha3l z
4)/2# and f me5BM0

2l i l kuik
( f ) are the densi-

ties of the magnetic anisotropy and ME energy, respectiv
HA and Ha are the anisotropy fields;a is the nonuniform
exchange constant;mW 5(MW 11MW 2)/(2M0) and lW5(MW 1

2MW 2)/(2M0) are the ferromagnetic and antiferromagne
vectors, satisfyingmW 21 lW251 andmW • lW50; MW 1,2 are the sub-
lattice magnetizations (uMW 1u5uMW 2u5M0); and a is the lat-
tice parameter.

Once again, for simplicity an orthoferrite is assumed to
ME and elastically isotropic. Besides, we shall neglect
magnetic anisotropy caused by the Morya-Dzyaloshinskii
teraction (D252D15D). Energy~40! is minimized for the
ground state with

mW 5D~ l zeW x2 l xeW z!/HE , l xl z~K11K2l x
2!50, ~41!

FIG. 6. Phase diagram of the system in the plane (l f m ,l nm) for
e51. The solid line separates the angular~I! and domain~II !
phases.
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where K15HA12HA21Ha22Ha3 and K25Ha122Ha2
1Ha3 are the effective anisotropy fields.

For K2(T).0, in an infinite crystal there exist four equ
librium states, the boundaries of which are the second-o
phase transitions points:37

K1~T!>0 ~mW ieW x , lWieW z! for T<T1 ,

2K2~T!<K1~T!<0 ~ two angular phases!

for T1<T<T2 , ~42!

K1~T!<2K2~T! ~mW ieW z , lWieW x! for T2<T,

The orthoferrite dynamics is described by a system of
coupled equations for the sublattice magnetization vec
MW 1 andMW 2 and the equations for elasticity

]MW n /]t52g@MW n3Hn
eff#, r~ f ,s!]2ui

~ f ,s!/]t25]s ik /]xk ,
~43!

subject to the boundary conditions

s iy
~ f !50 ~ i 5x,y,z!, lW3] lW/]y50 for y5L,

s iy
~ f !5s iy

~s! ~ i 5x,y,z!, uW i
~ f !5uW i

~s! ,

lW3] lW/]y50 for y50. ~44!

Here HW n
eff52]F/]MW n is the effective magnetic field andn

51, 2 are the magnetic sublattice indexes.
In an orthoferrite of a sufficient high Neel temperature16

HE@HA , Ha , D. For this case, we note

m! l , l 2512m2'1. ~45!

In the first approximation in the parametersHA /HE ,
Ha /HE , D!1, Eqs.~43! become

h lW3 lW5g2FD2l y~ l xeW z2 l zeW x!1
HE

2M0

lW3
]~ f A1 f me!

] lW
G ,

~46!

where h[]2/]t22Vs
2¹2, Vs5gAaM0HE[gaHE is the

characteristic velocity of spin wave.
The spin-wave spectrum of an orthoferrite contains t

branches. We restrict our consideration to the soft ‘‘quasi
romagnetic’’ branch of the spectrum corresponding to
vibration of lW in the easy planeac of an orthoferrite and do
not take into account the high-frequency branch correspo
ing to vibrations involving a departure oflW from the basis
plane and the relative high activation energy (v
;gAHE(HA21Ha3). Therefore, we assumel y50 every-
where. Then the equations of motion forl x and uz

( f ,s) are
reduced to the forms
1-7
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l xh l z2 l zh l x5g2HE@~K11K2l x
2!l xl z

1BM0~ l z
22 l x

2!]uz
~ f !/]x#, ~47!

Fc44
~ fm!mS ]2

]x2 1
]2

]y2D2r
]2

]t2Guz
~ f !1BM0

2 ]~ l xl z!

]z
50,

~48!

Fc44
~nm!S ]2

]x2 1
]2

]y2D2r
]2

]t2Guz
~s!50, l z5A12 l x

2'12 l x
2/2.

~49!

Once again, we assume thatr (fm)5r (nm)5r.
It follows from Eqs. ~47!–~49! that Eqs.~12!–~14! and

~17!–~39! derived in Secs. III and IV also apply to an orth
ferrite provided the following substitutions are made:

mz→ l x , K1→K1 /M0 , bxM→HE , vM→gM0 ,

a→2HEa2, M→M0 . ~50!

VI. CONCLUSION

We have studied the ME wave spectrum and the ME
perstructure nucleation in the system consisting of rhom
magnetic/nonmagnetic multilayers close to the RPT ass
ated with the spin reorientation in the magnetic layer pla
The phase diagram of the system in the sp
$K1(T),L fm ,Lnm% has been constructed, and the stability
gions of ME DS, the existence of which is associated w
the ME coupling of the magnetization to the lattice deform
tion on the layer interfaces, have been determined.

In studies of domain structure formation in multilayer
systems, we ignore the exchange interaction between m
netic layers. This approximation holds for a system of diel
tric multilayers in the case that the nonmagnetic layer thi
ness exceeds several lattice parameters. For the case o
conducting nonmagnetic layers, the exchange interaction
tween magnetic layers can be ferromagnetic or antiferrom
netic depending on the nonmagnetic layer thickness. He
the results above are appropriate only in the case of s
ciently thick nonmagnetic layers as we can neglect the
change interaction between magnetic layers.

Of special interest are the multilayer structures consis
of the conducting layers that demonstrate the GMR.32 Then
the ME formation will cause the GMR to become enhanc
because of the spin-dependent scattering of conduction e
trons occurring at the domain walls.

The complexity of the multilayer systems is due to tw
sources of the strain fields; one being the long-elastic fie
which appear at the RPT, the other being the intrinsic de
mations of magnetic and nonmagnetic layers~see Sec. III!
and the lattice mismatch, which gives rise to so called ‘‘m
fit stresses,’’ in the collinear and angular phases. For the R
under study, the order parameter is the magnetization c
ponentMz ~or the elastic deformationuxz). If the symmetry
of the intrinsic and misfit deformations is distinct from th
order parameter symmetry, the effect of the weak lattice m
match and intrinsic deformations gives rise to a renormal
tion of the anisotropy constants. A strong lattice misma
14442
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e
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and intrinsic deformations may result in elastic multidoma
state formation in the collinear phase. If the ME doma
structure period is small compared with the period of t
elastic domains, the latter ones can break into ME domain
the RPT. Otherwise a calculation of the inhomogeneous s
will be very complicated, and is beyond the scope of t
present paper.

For ultrathin magnetic films~multilayers!, recent experi-
ments indicated that the role of epitaxial misfit between fil
~multilayers! and substrate material for film stress and M
properties cannot be extrapolated from the respective b
behavior ~see Refs. 47 and 48 and Refs. 42 and 49 fo
review!. Ultrathin films~multilayers! are rigidly bonded by a
substrate and are not free to change their length due to m
nitostriction. Instead, ME stresses evolve, and additional
called surface corrections to the ME coupling have to
considered. Therefore, bulk ME properties are not app
for ultrathin magnetic films~multilayers!, and for calculating
the anisotropy constantK1C and the critical ME superstruc
ture perioddc , ME data have to be measured for the syst
of interest.

It is pertinent to note that for thick50–54 and ultrathin55,56

magnetic films with the EMA perpendicular to its surfac
some attempts aimed at an identification of the soft mo
and eventually of what determines the characteristic size
the ensuing domain structure close to temperature-
thickness-driven reorientations have been undertaken. H
the familiar ideas have been applied under more complica
circumstances. The ME DS formation is expected to occu
the wide class of the ferromagnetic, ferrimagnetic, a
antiferromagnetic/nonmagnetic multilayers close to the R
induced by an external magnetic field and a tempera
variation and associated with the spin reorentation in
magnetic layer plane.

In conclusion, it is well known that a RPT is a particul
case of ferroelastic~FE! transition. A characteristic feature o
such a PT is the linear relationship between the order par
eter and macroscopic lattice deformations. Many feature
a FE PT are of a general nature and are independent o
microscopic realization of the order parameters. For
ample, striction DS formation in the proper FE films on t
elastic substrate close to the FE PT was studied theoretic
in Refs. 44–46 and 57. The FE DS was observed in t
films of proper FE.58,59The topological PT between a sing
and a multidomain states in FE films, in order to accomm
date misfit stresses, which appear at the FE PT or exist in
high-symmetric phase owing to a mismatch between the
tice parameters of the FE film and the substrate, was
dicted by Roytburd and co-workers44,60and observed in Ref
61. In view of this, we expect that the results above may
extended to a study of striction DS formation in ferroelast
nonferroelastic multilayer structures close to the FE PT.
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