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Inhomogeneous magnetoelastic states and magnetoelastic wave spectrum in a system consisting
of magnetignonmagnetic multilayers
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A study is made of the magnetoelastME) 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 axish 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 collineaf I(@) and angular phases and the ME domain structure are found,
whereM is the magnetization, and 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 nunt§er75.60—d, 75.70—i, 77.84—s
[. INTRODUCTION ferromagnetic films, with the easy magnetization d&MA)

perpendicular to their surfaces, were investigated in Refs. 25

Magnetoelasti¢€ME) interaction determines many proper- and 26. It was shown that the ME wave frequency and group
ties of real magnetic crystals? It strongly affects the qua- velocity vanish for a finite value of a wave vectarand the
sistatic magnetization reversal, domain structure, magnetifiim splits into domains, the existence of which reduces the
resonance, and nonlinear dynamics of magnetics. New physenergy of the demagnetization fields in vacuum. The compe-
cal effects can arise from ME interaction. The surfacetition between the ME and dipole interactions leads to the
Rayleigh®~® Love >!? and Stonel}* waves modified by ME drastic dependence of the wave vector and polarization of a
interaction can be damped out due to the spin wave radiatiopoft ME mode involved in the RPT on the film thicknéss
into the interior of crystal. In a ferromagnetic crystal, the For thick films L>Ly), itis the transverse ME wave with
linear shear volume elastic wave transforms into a surfackllM and the polarization vectgs perpendicular to its sur-
wave if dipole-dipole and ME interactions are taken intoface. This mode condenses into aeNg/pe domain struc-
account? Types of self-localized, ME surface waves in ture. For thin films [ <Lg), it is the transverse ME wave
magnets were studied in Ref. 13, the existence of which isvith k. M andp parallel to the film plane. Herey andLg
determined entirely by ME interaction and nonlinear proper-are Bloch and Nel domain-wall thicknesses, respectively. In
ties of the magnetic media. In bulk systems close to a magthis case a Bloch-type domain structure is realized.
netic reorientational phase transitiORPT) when the mag- An alternative case of a magnetic film with the EMA par-
netic (spin subsystem loses its stability, the energy of theallel to the developed surface and supported by a bulk sub-
ME interaction increases effectively in comparison to otherstrate was recently studied by Bespyatykh and
types of energy, e.g., the magnetic anisotropy energy, anBikshtein?’~2° They considered the specific features of the
gives rises to a considerable deformation of the ME waveME Love wave propagation near the RPT induced by an
spectrum-*~2 decrease in the sound speed, and the appeaexternal magnetic field. It has been demonstrated that at a
ance of a gap for a spin motlethe so-called ME gapThe  magnetic fieldH different from a fieldH, of the phase
considerable decrease in the sound speed and the importdransition in a bulk sample, the frequency and the group ve-
role that nonlinear processes plays close to the RPT makecity of the ME Love wave, propagating along the magne-
magnetic crystals promising materials for use in electronidization vector in the basal film plane, vanish for the wave
devicest’~?° The study of the spectra of ME waves in lim- vector k=kc#0. As a result, the critical Love mode be-
ited specimens of magnetic materials makes it possible toomes unstable and transforms into a ME domain structure
determine the type of soft mode involved in the RPT. In thinlocalized in the film and the substrate close to their interface.
plates it is the flexular ME mode that is proved to be the softn this case, the formation of elastic domains results from the
mode?? In thick magnetic films and multilayers, a ME inter- need of the energy reduce of the long-range elastic strain
action accounts for the MNétype domain structure fields in the nonmagnetic substrate.
formation??32* Near the RPT induced magnetic field, the In this paper, we present a study of ME superstructure
magnetic configurations and ME wave spectra of uniaxiahucleation in a system consisting of magnetic/nonmagnetic
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multilayers. In recent years, inhomogeneous magnetic states y
(domain structuresn magnetic multilayers have been inten- Lin/24 Lo
sively investigated®! The domain structure can be respon-

sible for the giant magnetoresistar&&MR) of the magnetic I

multilayers®? A combination of the considerable dispersion Lo/2
and the high sensitivity of the ME wave spectrum to the I 0

external magnetic field makes such systems promising for
applications to the signal processing. It is commonly

supposet?* that the domain structure existence has its ori- I Lin/2
gin in “magnetic charges” on the layer surfaces. We expect
that for systems involving magnetic/thick nonmagnetic mul- ~Lin/2-Lom

tilayers close to the RPT associated with the spin reorienta-
ME domain siuiure 15 determined by the baiance of the, F1G: 1 Geametry of e problem. AME wave propagates along
energy of the long-range elastic strain fields in the nonmagthe* axis; allé., biié,, Clé,.

netic layers and the energy of domain walls. The ME domain

structure formation reduces the energy of the elastic strain W+ We= W, /2<0. (5)
fields in the nonmagnetic layers, which penetrate the layers

to a depth of the order of the domain structure period. AThe equality sign in Eqg2) and(5) applies in the absence of
boundless reduction in the domain size is hindered by aglastic deformations in a system. By this is meant that the
increase in the energy of the domain walls. In the other lim+otal energy of a ferromagnet can be decreased owing to the
iting case of thin nonmagnetic layers possessing the thickinteraction of the magnetic and elastic subsystems.

ness compared with the penetration depth of the elastic fields Using the second equation of st4®, one can express
into the nonmagnetic material, the system becomes unkhe components of the deformation tensgrin the terms of

formly deformed in the layer planes at the RPT. the magnetization, and can obtain the effective magnetic en-
ergy Eos. The additional ME contribution to th&gg, is
Il. BASIC EQUATIONS negative. Hence, if for some reason a ferromagnet is

Simple ideas may help to understand the phenomenon
ME domain structure formation in structures composed o
alternating magnetic and nonmagnetic layers. Assume th
the elastic deformationg, and the elastic stresses, in the
system are small. In this case the total energy of a ferromaq.m
net is given by®

crtl1amped, this contribution can lead to the homogeneous state
stability and ME superstructure nucleation. A similar situ-
ation should take place for a multilayered structure consist-
Eﬁtlg of magnetic layers sandwiching nonmagnetic spacers.
To be specific, we shall further consider the effect of mag-
ostriction on the domain structure nucleation in a multi-
layered structure composed of rhombic ferromagnet layers
sandwiching elastic nonmagnetic spacers. When the tem-

E:f duW(M,dM/ax; Uy, (1)  perature is lowered, a spontaneous reorientation of the mag-
netization from the& axis of the orthorhombic crystal to &@n
whereM is the magnetization vectow=W,+W,.+W,. axis occurs in theac plane in certain ferromagnets

The contributions taV are the magnetioW,,), magnetoelas- (C0.F&O,) (Ref. 34, ~and rare-earth orthoferrites
tic (W), and elastic\V,) energies. The elastic contribution (TMFeQ,ErFeQ). === °The RPT is due to the varia-

is the quadratic form which is positively definite: tion of the anisotropy constanks, andK, with temperature
T. The RPTs at the temperaturés andT, (T,<T,) corre-
W,.=0. (2 sponding to the beginning and the end of the reorientation

he density of th < . region are second-order ones. Peculiarities of Btk 3%and
The density of the ME energWn, Is linear inu. Rayleigtf wave propagation near the RPT have been studied

Total energy(1) is minimized for the metastable and e refically and experimentally in massive rare-earth ortho-
ground states. Therefore the equilibrium distributions of¢, it

magnetizqtiorﬁl and elastic displacemedtare described by e shall consider a periodic system composed of rhombic
the equations of state, ferromagnet layers of thickneds;,, with the hard axisb

(M xHu)=0, &E/SG=0 ) normal to the basal planeﬁl(éy) near the temperaturg, .
eff ' ' Ferromagnet layers are sandwiched nonmagnetic spacers of
whereﬁeﬁ:—5E/5|\7| is the effective magnetic field. thicknesd.,,, (as shown in Fig. 1 We shall also assume that

Using the second of Eq@) and taking into account that the orthprhqmbic axeélléx andélléz. The total energy of a
W, and W,y are, respectively, quadratic and lineariinwe  System is given by
can get the identity
E=Et+Em- 6
2W,+Wine=0. (4) fm 7 =nm ©

It follows from Egs.(2) and(4) that It is decomposed into the energy of the magnetic laigrs
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a IM oM HDM The al_apve system of equations must be solved. subject to

Eim= dv the conditions that the-;,, components of the elastic stress
Vim tensor, the elastic displacements, the normal component of
energy flux density, the magnetic potential, and the normal

= — —+tWw
2 IX; I A 2

2

M 1 . . .
+B MiMk_?5ik)ui(lf<m)+Eci(lzTnzuui(lzm)ul(Inm) . (7) ~component of magnetic induction are continuous at the
magnetic-nonmagnetic interfaces

and the elastic energy of the nonmagnetic la , . - _

ay g YEIS olm =gl (j=xy,z), @0m=gmm,

1 -
Enm= f dv 5 cimu " ufm” (8) IM/ay=0, WM =y,
Vam (11)
(fm) = g (nm)

where Wa= — (1/2)B,M2— (1/2)B,M2+ (1/4) (b, M W] gy +4mMy =g gy.
+2b,,M2M2+b, M2)/M? is the density of the magnetic
anisotropy energyl;:|D=V‘I' is the demagnetization fieldl Il INTRINSIC DEFORMATIONS OF MAGNETIC
is the demagnetization field potential; B, and ¢ are the AND NONMAGNETIC LAYERS

nonuniform exchange, ME, and elastic constants, respec- o . . .
Intrinsic deformations of magnetic and nonmagnetic lay-
(fm,nm)

tively; and B, , and b;, are the anisotropy constants. The . . .
; ersuy’’ are nonzero even in a uniformly magnetized sys-

indices fm and nm label, respectively, the magnetic and non= . L2
magnetic layers. The symmetry analysis of allowed contribu!€M- To be specific, we shall evaluate the intrinsic deforma-
tions to the ME energy density has been performed by CalleHons of the system in the low-temperature phaseT, . In

and Callefi® in the 1960s and later on by du Tremolet dethis case,MI[|€, and nonzero components of the tensors
Lacheisseri¢ for all crystal symmetries of practical interest u{o™™ are equal to

(also see his book on magnetostricfionHere, for simplic-

ity, the ferromagnet of interest is assumed to be magnetoelas- ulm =y = — 2y (M) = — 2y 00
tically and elastically isotropic. It is one of the simplest non-
trivial model that still exhibits a ME induced microstructure. _ 2BM?Lyy 12
The inherent anharmonicity of the elastic lattice of the ferro- ~ 3(c11—C1)(Limt+Lom
magnet is neglected in E?) since it is ignorable compared
to the effective anharmonicity associated with ME BM?2 ciL
coupling’ For the same reason we ignore the nonlinear de- ulm — - mm
yyo _
pendence of the deformation tensor on the displacement vec- 3(C11—C1) Caa(Lim* Lom)
tor derivatives in magnetic and nonmagnetic layers and con-
sider the expansion of the ME energy up to the linear terms (fm) _ BM?Cyol i, 13
in u{™"™ \We also assume that the elastic properties of the U0 =3¢ 1 (C— €19 (Lymt L) (13

substrate are linear and isotropic and that strain induced by . S .
the lattice mismatch between the film and the substratén this section, we assume for simplicity that magnetic and
brings about the renormalization of the magnetic anisotropyionmagnetic layers have the same elastic mod{f,

constant only. =clii -
The dynamics of a multilayered structure is described by The additional part of the free enerdf associated with
the equations of motion the intrinsic deformations of magnetic and nonmagnetic lay-
ers is given by
(9'\7] 2 i(fm,nm) aa_i(lf(m,nm)
- YRvar (fm,nm) _
at g(M>Her),  p at? X SE— B?M?V ( B (2¢q3+Cip)lnm (M2—M2)
9 C11—Cro 3¢11(C11—C12) (Lm+ L) X
and by Maxwell’s equations in the magnetostatic approxima- Lim )
tion Mz (14)
fm nm
div(HI™+47M)=0, roH!I™=0, whereV is the system volume. The intrinsic deformations
. (o) increase the free energy of the systefit0).
divHp™=0, roHy"=0, (10 It follows from Eq.(14) that the intrinsic deformations of

. magnetic and nonmagnetic layers give rise to renormaliza-
whereH{™ ™=y ¥ (MM are the demagnetization and scat- tion of the anisotropy constang ,. These constants will be
tering fields, respectively¥ (™™™ are the magnetic poten- further assumed to be renormalized. Moreover, nonzero com-
tials inside magnetic and nonmagnetic layers, respectivelyyonents of the intrinsic deformations of magnetic and non-
oMM = s/ 5u{™"™ is the stress tensog>0 is the gyro- magnetic layer§Egs. (12) and (13)] do not contain the de-
magnetic ratio; ang™"™ are the densities of magnetic and formations corresponding to the order parameter and are not
nonmagnetic layers respectively. associated with the RPT.
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IV. A SPECTRUM OF LOW-FREQUENCY on the ME wave spectrum and not take into account all com-
ME EXCITATIONS AND A PHASE DIAGRAM ponents of the nonuniform magnetization and the elastic dis-
OF A MULTILAYERED STRUCTURE placements excefih, andti{™"™. In these approximations

the Fourier components of the magnetization and the elastic

Among the static solutions of syste(@)—(11) both ho- . . . )
mogeneous and inhomogeneous are available. We restrict O%ﬁgl;:;i‘r;ents in the ferromagnetic layé¢sée Fig. 1 can be

study to an analysis of the homogeneous solutions. Energ

6) is minimized for the homogeneous ground states with . .
©) g g M, (k,w)=a; cogq;y) +a, coshg,y) + by sin(g,y)

mm,(K;+K,m2)=0, m,=0, uff™=0, HY’ =0,

(15) + bZ Slnr(qu)v (18)
whereK; = B,— B,~ byt by, and '_52: byx—2by,+ b, are TJl(;m)(k, w)=7y[a;coqq,y)+bysin(qry)]
the effective anisotropy fieldsi=M/M. _
For K,(T)>0, in an infinite crystal there exist four equi- + yal @z costiazy) + by sinh(gzy)], (19)

librium states’® the boundaries of which are the second-

— 2_ 2 2
order phase transitions points: where yp= —i{Q"= B Ky Ta(k®x a1 ) [}/ (kB,B), O

=wlwy, andoy=gM.
K,(T)=0 (a collinear phasd\7llléx) for T<T,, The ms_:er_tlon of Eqs(.18) and(19) into Eq.(9) yields the
characteristic equation far
—K,(T)<sK4(T)<0
[(K*=q] ) — Q%K HOP = B Ky + (kP + 0] )T}
_ KM +K2hpeB=0, (20

K, ’

angular phased,=M \/1

where S{™ = \/c{™/ (™) is the velocity of the transverse
Mo+ M [K1(T)| ) sound in the magnetic layerkm=wy/S™ and hpe
=

K, =B?M?/c{" . Its roots
for  TaisT<Te, 10 gy~ [(VQZ +da Tl 5K+ Q) (2c) 7 K212,
(21)

K,(T)<—KxT) (a collinear phaseM|§,)
with Q. =pMw?x V[ B,K1—Q%]/(apBy).
for  T=T,. The nonuniform distributions of the elastic displacements
gn the nonmagnetic layers Il and llisee Fig. 1 can be

We shall further discuss the stability of the homogeneou :
sought in the forms

ferromagnetic ground state Wi'fﬁlllélléx relative to small
ME perturbations. For this purpose we shall examine the ME(fm) _

wave spectrum of the multilayered structure. We start Witr|1;ﬂIIZ (ki) ={as coshias(y+D/2)]

investigation of the ME waves propagating along the mag- +bssinH qs(y+D/2)]}exp —ikD/2), (22
netic fieldH and having the lowest threshold for the insta-

bility in T and the strongest ME coupling. In this case thetlfﬁ*;)(k,w)={a3 coshgs(y—D/2)]

forming domain walls are not magnetically charged, and the , .

energy of the demagnetization field associated with magnetic +bgsinfqs(y—D/2)Jtexp(i«D/2), (23

charges is missing. with _ \/2_—2(W)'2 (nm)_ _[~(nm); _(nm)
; . A o 3= Vk“°—0/S and § —\/c4(4 1p™). The
Using the harmonic approximation of dxfxx—wt)] for components off and 0 [Eqgs. (18), (19), (22), and (23)]
satisfy the periodicity condition€l7).
Y- Substituting solution$18)—(23) into the boundary condi-
tions (11), which are reduced to the forms

nonuniform partsh andt™"™ of the magnetization and the
elastic displacements respectively, the solutions of the d
namical equationg9)—(11) above will be sought in the

Bloch function form

> > (fm) (nm) ~
m(r, 1) =V, k. (y)exdi(kx+ ky—wt)], clfm) Jgu; = ¢(nm) Ju; Tim) — gy (nm 8mz:0
44 &y 44 ay ’ z z ! 0—,y ’
qmm (7 6) =0 (y)exd i (kx+ ky— wt)],  (17) (24)

where the wave number lies within the first Brillouin zone  the unknown coefficienta; », 3 andb; , 5 and the dispersion
(= mD<k<m/D), andD=Lgn+L,y is the period of the  equation for the ME waves can be found. In the general case
multilayered structure. The functior\asl,vk',((y) and Ugm@ the dispersion equation is rather cumbersome. It simplifies
X(y) are periodic iny with the periodD. substantially fork=0. In this case the ME excitations in

As shown in Ref. 29, near the RPT for ferromagnets withlayers composed of the same material have the same phase
a sufficiently large easy-plane type anisotropit;£4=  and the lowest threshold for the instability Th For k=0,

<p,), we can neglect the effect of the demagnetization fieldhe symmetric &,,3#0b;,3=0) and antisymmetric
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(a1,23=0,b; > 3#0) ME modes are separated. The dispersioni.e., in the periodic structure of thin magnetic and nonmag-
equations for the symmetric and antisymmetric ME modenetic layers, the ME domains are not formed, and Tor

respectively, are given by =T the RPT from the collinear phase to the uniformly
magnetized angular phase takes place.
o Vo oLl tm In the system consisting of the thin ferromagnetiG,{
Fo(w,k)= ea( 1- z) tanh— <L) and thick nonmagneticL(,,>L?/Lgy) layers, the dis-
persion equation of the soft symmetric ME mode fdr (
Y2 %tanhqal_nm}t an'—fm ~LZ/Ly,) assumes the form
7142 2 2
w’=w? Byl Ki(T) + ak?— ek Lim
~tanh Mgl o 5= OmPx K 2 tantkLny2) + ekLym)’
2 2 (30)
L L From Egs.(27) and (30), we find the critical value of the
Fow k)zeﬁ(l_ ﬁ) tanh—q3 nm_ Y2 %t nhqz fm anisotropy constank,c and the critical ME superstructure
o 3 71 2 7 2 periodd, in the forms
9ilim hie L2 LanL
—tan =0, (26) 1c_ €me T, _ “fmbnm
2 K 16 rcf 1+4 ex ﬂ_‘“_c y (31)
wheree=c{f™/ciim . L2 L LL
The value of the anisotrepy constat . =K(T=Ty,), dc=877|__c 1+ f2m anexp( _ Lfm an) _ (32
at which the collinear phasé/(l€,) loses its stability against fm Le aLc

the striction superstructure formation and the period of therhen the transverse wave vectors of a single ferromagnetic
critical symmetric moded.=27/k., can be determined |ayerq,,and the penetration depth of the soft mode into a
from the conditions nonmagnetic layek =q5 * can be written as

ws(ke)=0 and dwg(k)/dK|=x =0, (27) O12= Vlin/L1F3Le/(8Le)], A~dcf2m. (33
with wy(k) being the frequency of the critical symmetric For a givenL;, the valueK,., the critical periodd., and\
mode. decrease as the nonmagnetic layer thickhgssand param-

The two relevant length scales in terms of the elasticeter e increase. When the ferromagnetic layer thickness de-
anisotropy, and ME constants involved in the model can b&reases, the valug, . tends to zero, i.e., ferromagnetic lay-
identified. They are following: the characteristic thicknessesrs become clamped by nonmagnetic ones, and the peyiod
of the ferromagnetic[L.=\a/(eh,,9] and nonmagnetic tends to infinity.

(L1c=C?/L¢y,) layers. The static distribution of the magneti- ~ For thick ferromagnetic (;,>L.) and nonmagnetic
zation and elastic strain in the system depends on the reldLn>L%/Ls,) layers, the dispersion equation of the soft
tions between these parameters and the thicknesses of tRgmmetric ME wave in the long wavelength linkie 1/L¢,

ferromagnetic () and nonmagneticl(,,) layers. assumes the form
Let us analyze the solutions of Eq&7) and (25) above
for the most interesting limiting cases. In the limiting case of wzzsgfm)z Ky(T)— hme+ L 22| k2
thin ferromagnetic I;,<L.) and nonmagnetic L(,y s Nme ¢
<L§/Lfm) layers, the dispersion equation of the lowesft) ) ) KL
H i P a T E€
symmetric mode is given by + _2_[1_ > tanh—l( 2nm)H. (34)
Lfm Lfm
wi=wk? ak?+K(T)— M Using conditiong27) and (34), we obtain
an+ ELfm
- 2L 2L\ M2
« k_2+ hmesz eLfm(an+ I-fm) ' (28) KlC(TZTc):hme[l— ZT C[ 1-(775 c) }
Bx Sﬁ"m)z (Lom™t ELfm)z m m
| . . mlim|
For the typical values of the parameters used in experimental X|1+2exp — L , (35
ctfm

films: M~100 G, a~10  cn?, BM2~10 erglcnt, cyy
~10% erg/ent, p~5glen?, and h,,~10 3, the critical

thicknessL~ 104 9me?l | Lo\ Y
ICKNesSL. .~ cm. de=V4mL.L ‘1+(—) 1+2exp{—( ) }
It follows from Egs.(27) and (28) that the frequency and ¢~ c ™ 16L ¢, LcLfm
the group velocity of the soft mode vanish at 2\ 12
meLlym 7Lim
+ Xpg — , (36)
K1co(T=T1co) = €N/ (Lym+ €Lm), k=0, (29 2Lm Lclm
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FIG. 4. Phase diagram of the system in the pldng, (x1.) for
ltm=200 ande=1. The solid line separates the collindar and
domain(ll) phases.

FIG. 2. Phase diagram of the system in the plahg (<1c);
ltmnam=Lmnm/Lc and x;.=K,./hn are the reduced layer thick-
ness and anisotropy constant, respectively, Ifgr=2000 ande
=1. The solid line separates the collined) and domain(ll)

phases. It follows from Fig. 4 that the DS period increases with
decreasing nonmagnetic layer thicknéss,. Therefore for
- thin nonmagnetic layers. (,,<L},), the RPT from the col-
~alLy, ~12L >2mld, A~d./(27). X S oam™=n .
Q= ttm: - G2 o= e e ol (2m) (37)  linear phase to the uniformly magnetized angular phase takes

place. For thick nonmagnetic layers >L%., the RPT

nm?
For Ly, = const, the valu& ., the critical periodd,, andx  from the collinear phase to the ME superstructure is realized.

decrease as the nonmagnetic layer thickress increase.  The curvel ,,=L7(Lsy,) separating the stability regions of
When the ferromagnetic layer thickness increases, the valuige angular and ME domain phases on thg,(L ) -phase
K1c— hme, i.€., the ferromagnetic layers are nearly free, anddiagram (Fig. 6) can be determined from the condition
the periodd, and\ increase. In the limiting caseg,—»,  Kico=Kic. ForLyy=1 andLp<L., the wave vectok, of
the periodd., and A tends to infinity, and in the long- the soft critical mode tends to zero monotonically. In this
wavelength approximation the ME wave spectrum is considcase the dispersion equati@b) for »=0 is reduced to the
erable deformed. Fdr;,=, the speed of one of the mag- form
nitoacoustic waves vanishes in the RPT point, that is, the

transition to the case of bulk cryst&i?°takes place. K1(T)+ ak?=(ekLiy/2)tanh 1(KL,n/2). (39
Figures 2 and 3 show sections of the phase diagram of th@sing Eq.(38) we find

system under studyl {,,m,x1c) by the planed;,=const

and | ,,,=const, respectively, wher&,,=L,n/L. and I, L¥,= 12L§/Lfm. (39

=L, /L. are the reduced ferromagnetic and nonmagnetic

layer thickness, respectively;.=K;./hnye is the reduced As seen from Fig. 6, foLq, <L, the curvelL, (L) is well
described by Eq(39). For L;y<L., the analytical depen-
denceL (L) is very cumbersome.

anisotropy constant; the dependenceddL . onl,,, andl,
are depicted in Figs. 4 and 5, respectively.

0 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 50 60 70 8 90 100

FIG. 3. Dependence of the reduced critical period of a ME su-
perstructured. /L. on | ¢, for |,,,=2000 ande=1.

FIG. 5. Dependence of the reduced critical period of a ME su-
perstructured. /L. onl,,, for l;,=200 ande=1.
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where K;=Hj—Har+Hao—Hazs and Ky=H,1—2H,,
+H,3 are the effective anisotropy fields.

For K,(T)>0, in an infinite crystal there exist four equi-
librium states, the boundaries of which are the second-order
phase transitions pointé:

Ki(T)=0 (mil& l§,) for T<T,,

—K,(T)<K(T)<O0 (two angular phases

for T;<T<T,, (42
. : : 1
"(‘)fl t i T "'”'1'0 t ""1(’)0 Ki(T)=—KyT) (mlE,,lIIe) for T,<T,

FIG. 6. Phase diagram of the system in the plang () for The orthoferrite dynamics is described by a system of the
e=1. The solid line separates the angulay and domain(ll)  ¢oypled equations for the sublattice magnetization vectors
phases. N N . o

M, andM, and the equations for elasticity
V. SPECTRUM OF ME EXCITATIONS
AND PHASE DIAGRAM OF THE SYSTEM M, lot=—g[M,XHEM,  p"952u"9 9t2= g0, 1 9%,

CONSISTING OF TWO-SUBLATTICE (43
ORTHOFERRITE /NONMAGNETIC MULTILAYERS

. . _subject to the boundary conditions
We shall consider a periodic system composed of rhombic

orthoferrite layers of thicknesk;, with the hard axisb (f)_

(BHéy) normal to the basal plane near the temperaiure iy
Orthoferrite layers are sandwiched nonmagnetic spacers of )
! o o=0l® (i=xy,z2), 0l'=d®
thicknesd.,,,, (as shown in Fig. 1 We shall also assume that iy iy Y.2), 4 i
the orthorhombic axedll€, and¢ll€,. The total energy of a

0 (i=x,y,2), Ixdilgy=0 for y=L,

system is given by Ixallogy=0 for y=0. (44)
1 Here HEf=—F/oM,, is the effective magnetic field andl
E—f dvy 2My EHEmz—Dllme—Dzlsz =1, 2 are the magnetic sublattice indexes.
Vi In an orthoferrite of a sufficient high Neel temperatire
P 1 Hg>Ha, Hy, D. For this case, we note
+a?He— |+ fat et §C§L)mui(ﬁ ufy)
IXi 9%, m<l, 12=1-m?~1. (45)
1
+ L do chﬁfmui(f)ufﬁ}, (40)  In the first approximation in the parameteis,/Hg,
S

H,/Hg, D<1, Egs.(43) become

where Hg and D, are the exchange and Morya-

Dzyaloshinskii ~ fields; fa=Mg[Ha1l2+Haol 2+ (Haqld coe ol He (At
+2H 51212+ H ool /2] andf pe=BM21 1, U are the densi- L1 X1 =097 Dy(1x€ =160 + 2M0|X et
ties of the magnetic anisotropy and ME energy, respectively;

H, and H, are the anisotropy fieldsy is the nonuniform

exchange constantm=(M;+My)/(2Mo) and 1=(My  where O=4d%dt>~V2V?, V,=gJaMyHe=gaHg is the

- |\7|2)/(2M0) are the ferromagnetic and antiferromagneticcharacteristic velocity of spin wave.

vectors, satisfyingn?+ [2=1 andm- [=0: |\7I12are the sub- The spin-wave spectrum of an orthoferrite contains two
: branches. We restrict our consideration to the soft “quasifer-

lattice magnetizations| 11| =|M,|=M,); anda is the lat- - .
tice parameter. rgmagnetlc branch of the spectrum corresponding to the

Once again, for simplicity an orthoferrite is assumed to bevibration of | in the easy planec of an orthoferrite and do
ME and elastically isotropic. Besides, we shall neglect thehot take into account the high-frequency branch correspond-
magnetic anisotropy caused by the Morya-Dzyaloshinskii ining to vibrations involving a departure df from the basis
teraction O,=—D,=D). Energy(40) is minimized for the plane and the relative high activation energyw (
ground state with ~gVHg(Hao+Ha3). Therefore, we assumg =0 every-

where. Then the equations of motion for and u'® are
Mm=D(I&~1&)/He, LIAKi+Ki9)=0, (4D  reduced to the forms

(46)
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BESPYATYKH, DIKSHTEIN, MAL'TZEV, AND NIKITOV PHYSICAL REVIEW B 68, 144421 (2003

L OlL,—= 1,0l =g’He[ (K, + |<2|)2()|X|Z and intrinsic_defc_)rmations may result in elastic multidoma?n
. . state formation in the collinear phase. If the ME domain
+BMo(12=13)guy /ox], (47)  structure period is small compared with the period of the
) 5 5 elastic domains, the latter ones can break into ME domains at
fm d ¢ L0, the RPT. Otherwise a calculation of the inhomogeneous state
C( ),LL 74‘—2 —P 7 U( )+BM =0 . . .
a4 axs oy ez 0 ' will be very complicated, and is beyond the scope of the

(48)  present paper.
For ultrathin magnetic filmgmultilayers, recent experi-
U9=0. .=+ 1—12~1—1%2 ments indicated that the role of epitaxial misfit between films
z — % z— X x!ee : : .
(multilayerg and substrate material for film stress and ME
(49 properties cannot be extrapolated from the respective bulk
Once again, we assume thaf™ = p(m= . behavior (see Refs. 47 and 48 and Refs. 42 and 49 for a
It follows from Egs. (47)—(49) that Eqs.(12—(14) and ~ 'eview. Ultrathin films (multilayers are rigidly bonded by a
(17)—(39) derived in Secs. Il and IV also apply to an ortho- Substrate and are not free to change their length due to mag-

2

2 (92
i 5t ol o

ferrite provided the following substitutions are made: nitostriction. Instead, ME stresses evolve, and additional so-
called surface corrections to the ME coupling have to be
m,—ly, K;—K;/Mg, BM—Hg, wy—gMo, considered. Therefore, bulk ME properties are not applied
for ultrathin magnetic filmgmultilayers, and for calculating
a—2Hga®, M—My. (50)  the anisotropy constari,c and the critical ME superstruc-
ture periodd,, ME data have to be measured for the system
VI. CONCLUSION of interest.

_ It is pertinent to note that for thiCR~>*and ultrathif®>°

We have studied the ME wave spectrum and the ME sumgagnetic films with the EMA perpendicular to its surface,
perstructure nucleation in the system consisting of rhombigome attempts aimed at an identification of the soft mode
magnetic/nonmagnetic multilayers close to the RPT associng eventually of what determines the characteristic size of
ated with the spin reorientation in the magnetic layer planethe ensuing domain structure close to temperature- or
The phase diagram of the system in the spacgnjckness-driven reorientations have been undertaken. Here,
{K1(T).Lim,Lnm} has been constructed, and the stability re-the familiar ideas have been applied under more complicated
gions of ME DS, the existence of which is associated withcjrcumstances. The ME DS formation is expected to occur to
the ME coupling of the magnetization to the lattice deforma-the wide class of the ferromagnetic, ferrimagnetic, and
tion on the layer interfaces, have been determined. antiferromagnetic/nonmagnetic multilayers close to the RPT

In studies of domain structure formation in multilayered jnduced by an external magnetic field and a temperature
systems, we ignore the exchange interaction between magariation and associated with the spin reorentation in the
netic layers. This approximation holds for a system of dieleciagnetic layer plane.
tric multilayers in the case that the nonmagnetic layer thick- |n conclusion, it is well known that a RPT is a particular
ness exceeds several lattice parameters. For the case of {igse of ferroelastitFE) transition. A characteristic feature of
conducting nonmagnetic layers, the exchange interaction beych a PT is the linear relationship between the order param-
tween magnetic layers can be ferromagnetic or antiferromagster and macroscopic lattice deformations. Many features of
netic depending on the nonmagnetic layer thickness. Hencg, FE PT are of a general nature and are independent of the
the results above are appropriate only in the case of suffimicroscopic realization of the order parameters. For ex-
ciently thick nonmagnetic layers as we can neglect the example, striction DS formation in the proper FE films on the
change interaction between magnetic layers. elastic substrate close to the FE PT was studied theoretically

Of special interest are the multilayer structures consistingn Refs. 44—46 and 57. The FE DS was observed in thin
of the conducting layers that demonstrate the G¥MIRhen  fiims of proper FE®®%°The topological PT between a single
the ME formation will cause the GMR to become enhancedynd a multidomain states in FE films, in order to accommo-
because of the spin-dependent scattering of conduction elegate misfit stresses, which appear at the FE PT or exist in the
trons occurring at the domain walls. high-symmetric phase owing to a mismatch between the lat-

The complexity of the multilayer systems is due to twotjce parameters of the FE film and the substrate, was pre-
sources of the strain fields; one being the long-elastic fieldsjicted by Roytburd and co-workéf<€°and observed in Ref.
which appear at the RPT, the other being the intrinsic deforg1. |n view of this, we expect that the results above may be
mations of magnetic and nonmagnetic layésee Sec. Il extended to a study of striction DS formation in ferroelastic/

and the lattice mismatch, which gives rise to so called “mis-nonferroelastic multilayer structures close to the FE PT.
fit stresses,” in the collinear and angular phases. For the RPT

under study, the order parameter is the magnetization com-

ponentM, (or the elastic deformation,,). If the symmetry ACKNOWLEDGMENTS

of the intrinsic and misfit deformations is distinct from the

order parameter symmetry, the effect of the weak lattice mis- This work was supported, in part, by the Russian Foun-
match and intrinsic deformations gives rise to a renormalizadation for Basic ResearqiiRFBR) (Grant Nos. 02-02-16794
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