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Magnetoelastic mechanism of long-range magnetic ordering in magneticÕnonmagnetic multilayers
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The observed correlation in antiferromagnetic~AFM! ordering across a nonmagnetic spacer is interpreted in
the framework of the phenomenological model. It is shown that the magnetostriction of one magnetically
ordered layer produces a strain field of the same symmetry in the next magnetic layer via the spacer. Such an
induced anisotropy favors a correlated orientation of the magnetic moments in all the layers. The value of the
induced anisotropy is proportional to the magnetostriction constant and it exponentially decreases with an
increase of the spacer thickness. A corresponding short-range interaction gives rise to an ordering of the AFM
layers throughout the film thickness and reveals itself in a linewidth of neutron diffraction spectra. Theoretical
predictions are in satisfactory agreement with the available experimental data.
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I. INTRODUCTION

The phenomenon of interlayer coupling in artificial
grown superlattices consisting of alternating magnetic
nonmagnetic layers is a matter of great concern from bo
fundamental and theoretical point of view. In metal-bas
multilayers~ML’s ! the magnetic ordering is transferred ov
the nonmagnetic spacer due to the presence of long-ra
RKKY interactions. A different situation arises in semico
ductors with low carrier density, especially in the ML’s ma
of antiferromagnetic~AFM! materials. Of special interes
among these systems are the AFM multilayers produced
the basis of Mn chalcogenides and zinc-blende II-VI se
conductors and also the~111! EuTe/PbTe system with a
rather thin~up to 10–15 monolayers! nonmagnetic spacer.

The MnTe-based films grown by molecular beam epita
have been widely studied experimentally.1–11 The Mn chal-
cohenides alloyed with nonmagnetic II-VI compounds~e.g.,
CdTe, ZnTe, ZnSe, etc.! crystallize into zinc-blende structur
and give a peculiar example of a frustrated fcc antiferrom
net with the Mn-Mn exchange coupling limited to a fe
nearest coordination spheres.1,12 On the contrary, epitaxia
films of MnTe– and MnTe-based ML’s show long-rang
AFM-III type ordering that is inspired by the large strain
produced by the mismatch between the lattice paramete
the substrate and film and also of the magnetic and nonm
netic layers. However, in the ML structure the AFM orderi
is usually locked inside the MnTe layer. While the corre
tion length inside the layer ranges to 1000 Å in the fi
plane,1 no interlayer correlation was detected for a nonm
netic spacer width larger than 15 monolayers. So it was q
surprising when the elastic neutron scattering measurem
of the ML’s of different composition@MnTe/CdTe~Refs. 2
and 4! and~Refs. 6–10!# MnTe/ZnTe revealed the coherenc
in AFM spin ordering that extended across multiple~up to
seven! bilayers through the relatively thick~up to 30 Å! non-
magnetic spacer. In the canted structures in MnTe/CdTe fi
with an ultrathin nonmagnetic spacer~the nonmagnetic/AFM
ratio being 2:7, 2:10, 4:9, 6:10! the correlation concerned no
only the orientation and pitch of the AFM helices in neig
boring MnTe layers, but also the phase of the helix.4 In Refs.
7–9 the same correlation was observed in the MnTe/Z
structure with an AFM/nonmagnetic monolayer ratio
0163-1829/2001/64~5!/054404~7!/$20.00 64 0544
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20:m and 10:m (m54210) in a wide temperature interva
The crucial enhancement of the correlation length was
served in the Cl-doped MnTe/ZnTe ML.10 The transfer of the
magnetic excitations through the nonmagnetic buffer
duced from the magnon spectra for MnTe/ZnTe multilay6

also indicates the presence of strong interlayer coupling
all experiments mentioned the estimated coherence le
across the layers was greater than 30 Å.

A very similar effect of the unusually strong interlaye
coupling over the nonmagnetic spacer was observed in
~111! EuTe/PbTe ML.13–17For this system the AFM ordering
was still detected even for a spacer thickness of 55 Å .14 The
AFM-II type structure of EuTe consists of alternating ferr
magnetically ordered~111! planes which are coupled antife
romagnetically to each other. In the case of an even num
of sheets in the EuTe layer, the layer is pure AFM, wher
for an odd number of sheets it is effectively ferrimagnet
The experiments14 have shown the most pronounced corr
lation for the case of a four-sheet~pure AFM! EuTe layer, for
which the dipolar mechanism of the interlayer coupli
should be excluded.

The reason for so long a range of magnetic correlat
across the nonmagnetic spacer is still unclear. The supe
change interactions between Mn and exchange interact
between Eu21 spins are short range and could not cover
30 Å distance. Also, the magnetic interactions could not
transferred by the RKKY mechanism, because the nonm
netic Te-based semiconductors~CdTe, ZnTe, PbTe! possess
too few carriers compared with the metals.4,14,16

The possible explanation for the phenomena discus
may be based on the magnetoelastic mechanism. Mn
based compounds show a considerable magnetostric
~shear strain attains 0.3%! observed at the Ne´el point.3,5 The
AFM structure of the MnTe-based and EuTe/PbTe ML’s c
be realized in the form of different orientational domai
characterized by mutually noncollinear AFM vectors. So o
entational degeneracy of the AFM state and strong magn
elastic interactions make it possible to consider the lo
range elastic forces as being responsible for the correlatio
spin ordering in neighboring magnetic layers.18

In the present paper I develop the phenomenolog
model that interprets the interlayer magnetic coupling acr
the nonmagnetic spacers in semiconductor ML’s as resul
from the magnetoelastic interactions.
©2001 The American Physical Society04-1
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II. MAGNETIC STRUCTURE OF THE BULK EPILAYER

The crystal structure of the thick~1 mm) MnTe film is described by theF4̄3m space group. The magnetic structure is rath
complicated and corresponds to a pure AFM-III structure.1 The phase transition into the AFM structure is described wit
six-armed stark8 ~in Kovalev’s notation20.! The corresponding magnetic and magnetoelastic contribution to the free e
density is given by

f me5
1
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whereM (qi), i 51, 2, 3, are the magnetic order paramete
corresponding to different arms of thek8 star. The vectors
q15(2p/a,0,p/a), q25(p/a,2p/a,0), q35(0,p/a,2p/a)
may be associated with the direction in which the unit cel
multiplied in the course of AFM phase transitions. Thr
other equivalent arms that generate so-called translati
domains are omitted. The strain tensor componentsui j are
attributed to the cubic crystal axes. In the magnetic ener
hold only the second-order magnetic anisotropy constanb,
andl1,2 are responsible for the magnetoelastic interactio

AFM ordering in the bulk sample can occur in the form
either collinear~as in MnTe/ZnTe! or canted~Keffer! ~as in
MnTe/CdTe! AFM-III structure.1 The order parameter of th
collinear structure is one of theM (qi) component. Corre-
spondingly, the structure can be materialized in the six ty
of orientational domains, related to three differentqi and two
possible components ofM vector. In the canted structur
both M components are equally represented, e.g.,Mx(q1)
5M y(q1), and three types of the orientational domains co
be observed.

In the multilayered structure the effect of lattice distorti
on the magnetic and nonmagnetic layers partially remo
the degeneracy of the domain structure. If the film axis
oriented along thez direction, then in the paramagnetic pha
~over the Ne´el point! the equilibrium strain tensor of th
magnetic layers has tetragonal symmetry,

uxx
0 5uyy

0 5e1 , uzz
0 5e2 , ~2!

and the anisotropy energy is renormalized as follows:

f an5
1

2
@b14l1~e22e1!#@Mx

2~q1!1M y
2~q1!#

1
1

2
@b22l1~e22e1!#@M y

2~q2!1Mz
2~q2!1Mz

2~q3!

1Mx
2~q3!#1l2~e12e2!@M y

2~q2!2Mz
2~q2!1Mx

2~q3!

2Mz
2~q3!#, ~3!

The valuese1,2 are the misfit strains in and perpendicular
the film plane, respectively.

From Eq. ~3! it follows that for the AFM–III collinear
structure the number of equivalent orientational domain
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reduced to 2 and for AFM-III canted structure to 1 ifl1(e2
2e1),0 and, correspondingly, to 4 and 2 in the oppos
case. Hereafter we will consider the first case withl1(e2
2e1),0, which corresponds to the two-times-degenera
collinear structure with multiplication of the unit cell in thez
direction andMx(q1)5M0 , M y(q1)5Mz(q1)50 ~A-type
domain! or M y(q1)5M0 , Mx(q1)5Mz(q1)50 ~B-type do-
main!. The other cases can be treated in a similar way.

III. FORMATION OF THE DOMAIN STRUCTURE INSIDE
THE AFM LAYER

AFM ordering results in the appearance of addition
strains in the magnetic layers,u(ms), that are different in the
different orientational AFM domains. As a result of the rath
large value of the magnetoelastic constants, this degene
influences greatly the formation of the domain structure
the whole sample. To describe the formation of the dom
structure in a single AFM layer we should take into accou
the fact that in equilibrium the average macroscopic stra
^uxx

(ms)&, ^uyy
(ms)&, and ^uxy

(ms)& ~brackets mean averaging ove
the xy plane! should vanish. This can be accounted for
introducing the following term into the free energy densit

f stray5
1

2
@a1^uxx

(ms)2uyy
(ms)&214a2^uxy

(ms)&2#, ~4!

where the coefficientsa1,2 in neglect of small surface effect
can be expressed through the shear elastic moduli of
cubic phase:a15c112c12, a25c44. This energy is analo-
gous to the stray~magnetostatic! energy in ferromagnets. I
originates from the compatibility conditions between t
phases with different spontaneous strains~in our case, these
are the AFM and nonmagnetic layers!. Calculation of this
expression is given in the Appendix. The domain distributi
in the xy plane can be then found from the minimization
a free energy density per layer thickness:

F layer5E E
S
dxdy~ f me1 f e!1S fstray, ~5!
4-2
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MAGNETOELASTIC MECHANISM OF LONG-RANGE . . . PHYSICAL REVIEW B 64 054404
where the stray energy is given by Eq.~4!, averaging, and
integration is implied over the surface of the layer,S. The
term

f me5l2M0
2@uxx

(ms)2uyy
(ms)#r~x,y! ~6!

is the principal contribution to the magnetoelastic energy~1!
with account of two types of orientational domainsA andB;
M0, as was already mentioned, is the value of sublat
magnetization. In Eq.~6! I have introduced an Ising-typ
variable that specifies the type of domain:

r~x,y!5H 1, in the A domain,

21, in the B domain.

The elastic energy of the sample is expressed in a stan
way:

f e5
1

2
ui j ci jkl ukl , ~7!

wherec9 is the tensor of elastic moduli corresponding to t
cubic crystal symmetry.

From minimization of Eq.~5! it follows that A and B
domains should be distributed in thexy plane with an equa
probability. The size of the domains,R, can be estimated
from the balance of the interface~AFM/nonmagnetic phase!
energy and the energy of the domain boundaries. The in
face energy grows linearly withR, while the domain bound-
ary contribution decreases as 1/R, so there is an optima
shape-dependent sizeRopt. A rough evaluation21 gives Ropt
}a/2u(ms)}1000 Å ~wherea}6.3 Å is the lattice param-
eter!, which correlates with the experimental data1,3,4 which
reveal the presence of the temperature-dependent AFM
main structure in the thick MnTe epilayers, the size of t
domains being of the order of 1000 Å.

In the ML the size of the AFM domain can be also infl
enced by the distribution of the microstresses produced in
course of film growth. In this caseu(ms) should be substituted
by the characteristic misfit strainu(misfit) that can reach up to
6%.1 In this case the domain size is diminished down
50 Å.

IV. INTERACTION THROUGH THE NONMAGNETIC
SPACER

From the general point of view, an interlayer couplin
may be explained as follows. In a perfect lattice the magn
layers are elastically conjugated with the adjacent nonm
netic spacers due to compatibility conditions. So magne
striction of one magnetically ordered layer produces a st
field of the same symmetry in the next magnetic layer via
spacer. Such an induced anisotropy favors a parallel orie
tion of the magnetic moments in all layers. In fact, if th
neighboring AFM layers fit in the same domain type, t
nonmagnetic spacer, sandwiched in between, will unde
the same stress~tension or compression! from both sides. In
the case when the AFM layers belong to different dom
types, the nonmagnetic spacer will undergo tension from
side and compressive stress from the other one. Thus, in
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first case the magnetostriction causes homogeneous whi
the second case inhomogeneous strains. It seems reaso
to assume that the configuration with a homogeneous st
distribution is more favorable.

The value of the induced stress and strain field is ob
ously proportional to the magnetostriction constant and
should decrease with an increase of the spacer thickness
calculate this field and interaction energy between the dif
ent AFM layers, let us consider the following model.

~i! We assume that the tensor of the elastic moduli of
ML film is homogeneous~nonhomogeneity of the elasti
modula arises from nonlinear elastic effects and, far from
points of structural phase transitions, can be neglected!.

~ii ! We consider the region in the form of az-oriented
cylinder with the radiusR/2 in the xy plane. With the as-
sumption thatR corresponds to the domain size in thexy
plane, the AFM structure is homogeneous~monodomain! in-
side the layer.

~iii ! We suppose that a local magnetic order has b
already established.

So the question that we are going to answer is, are
adjacent AFM layers ordered in the same way~say,A andA
domains! or in a different way (A and B domains!? To an-
swer this question, one should start from the following e
pression for the free energy of the described cylinder:

F5E dVH f e1(
n

f me
(n)unJ , ~8!

where elastic energyf e is given by Eq.~7!. Periodical alter-
ation of the magnetic and nonmagnetic layers is described
a form function

un~z!5H 1, Dn2d/2,z,Dn1d/2,

21, Dn1d/2,z,D~n11!2d/2,
~9!

whereD is the period of the structure,d is the thickness of
the AFM layer,n51, . . . ,N is the number of bilayers, andN
is the whole number of the bilayers in the film. The expre
sion for magnetoelastic energy is analogous to Eq.~6!:

f me
(n)5l2M0

2@uxx
(ms)2uyy

(ms)#rn , ~10!

where the Ising variable

rn5H 1, if thenth layer is of the A type,

21, if thenth layer is of the B type,

depends upon the number of AFM layers.
Standard equilibrium conditions for the elastic med

have a form22

dF

du
50, ~11!

whereu is a shift vector. Equation~11! for the equilibrium
continuous functionsu(r ) can be easily solved with the hel
of a Fourrier transformation; the corresponding compone
u(k) are found as follows:
4-3
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HELEN GOMONAY PHYSICAL REVIEW B 64 054404
u~k!5ıl2M0
2Ĝ~k!S kx

2ky

0
D (

n
rnun~k!, ~12!

where Ĝ21(k)5c9kk is a dynamic matrix, andun(k) is a
Fourier transform ofun(z). Substituting Eq.~12! into Eq.
~8!, one obtains the following expression for the equilibriu
elastic energy contribution for a given magnetic ordering

F52V
l2

2M0
4~T!

2c44
F S d

DN (
m

rmD 2

1
R

2ND (
0,n,m

I nrn1mrmG , ~13!

whereV is the crystal volume, andc44 is the shear modulus
Expression~13! contains positive interaction constants

I n5KexpS 2
2j1Dn

R D sinh2S j1d

R D 5c1113c44

8c11
.0, ~14!

wherej55.13 is the first zero of the Bessel functionJ2, and
K53.331023 is a numerical constant.@In the expression
~13! I have assumed that the elastic properties of the fi
with the initially cubic lattice are isotropic, i.e.,c112c12
52c44.# The first term in Eq.~13! arises from the homoge
neous strains, the second one reflects the constraints imp
by the compatibility conditions for the elastic strains@conti-
nuity of the shift vectoru(r )]. The main conclusion that ca
be drawn from Eq.~13! is the following. If in thenth and
mth layers the AFM structure is the same~bothA-A or both
B-B domains!, thenrmrn51, and the corresponding term i
Eq. ~13! would be negative and thus would reduce the
ergy. In the opposite case of different domainsrmrn521,
and the corresponding contribution will be positive~so in
this case the energy increases!. The value of the interaction
constant~14! exponentially decreases with the width of th
nonmagnetic spacer, so the main contribution to Eq.~13!
arises from the adjacent AFM layers. Because of the p
tiveness of this constant, ‘‘ferromagnetic’’ ordering of th
AFM domains is more favorable. So magnetoelastic inter
tions establish the correlation between the AFM structure
different layers.

V. DISTRIBUTION OF THE AFM DOMAINS OVER
DIFFERENT MAGNETIC LAYERS

The model developed above shows the presence of
elastically induced long-range ordering@first term in Eq.
~13!# and short-range correlation@second term in Eq.~13!#
between the orientation of the AFM vectors in the differe
magnetic layers separated by the nonmagnetic spacer. Q
titatively long-range order is characterized by the order
rameterr ~thermodynamic average ofrn , ^rn&T), and short-
range order is characterized by the correlation functionGm

5^rnrn1m&T2^rn&T
2 ; both values can be calculated with th

use of the well-known24 results for the one-dimensional~1D!
Ising model with energy density~per bilayer volume!
05440
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m

rm2J(
m

rmrm11 , ~15!

where the effective mean field results from the first~long-
range! term in Eq.~13!,

Heff5
l2

2M0
4~T!

2c44

d2

D2
r, ~16!

and I have neglected all but the greatest interaction coe
cient in the second sum in Eq.~13!:

J5
l2

2M0
4~T!

2c44

R

2D
I 1 . ~17!

The effective field~16! stabilizes the long-range ordering o
the AFM domains, and corresponding parameter is given
plicitly by the equation

r5tanh
Heff~r!

T
, ~18!

whereT is the temperature. The correlation function can
calculated using the matrix technique~see Ref. 24 for de-
tails!. The ultimate expression in the limit of largeN→` is
the following:

Gm5
2r2~12r2!sinh~2J/T!

e22J/T12r2sinh~2J/T!
1

~12r2!vm

e22J/T12r2sinh~2J/T!
,

~19!

wherer is defined by Eq.~18! and

v5
r21coth~2J/T!

12r2
2

A112e2J/Tr2sinh~2J/T!

~12r2!sinh~2J/T!
.

~20!

At low temperature,r→1, J/T→`, and Gm tends to 0,
which reflects the tendency to long-range ordering with in
nite correlation length. The short-range contribution to t
correlation length is important at high temperature, wh
J/T!1. For this region

Gm5~J/T!m, ~21!

where I supposed thatr!1. The Fourrier image ofGm ,

D~q!5(
m

Gmexp~ ımqD!

5
12~J/T!cos~qD!

11J/T22~J/T!cos~qD!
'

12J/T

12J/T1J/T~qD!2
,

~22!

gives rise to a Lorentz-shape dependence versus wave v
q. It can be associated directly with the neutron diffracti
spectrum. The corresponding correlation length which ch
acterizes the Lorentz-peak width is found from analysis
the denominator in Eq.~22!:
4-4
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k5DA J/T

12J/T
. ~23!

If we substitute Eqs.~14! and~17! into Eq.~23! and suppose
that the nonmagnetic spacer is much thinner than the A
one, (D2d)!D,d, then,

k}ADR
M0

2~T!

AT
expS 2

j1~D2d!

R D . ~24!

So the correlation length exponentially decays with the wi
of the nonmagnetic spacer and decreases with temper
growth due to the magnetostriction decrease@factor M0(T)]
and thermal fluctuations~denominatorAT).

VI. DISCUSSION

The results of the previous sections make it possible
deduce that~1! the superlattices with intermediately thic
nonmagnetic spacer should show the long-range orderin
the AFM domains in the direction of the film normal. Th
effect should reveal itself in a system of magnetic Bra
peaks corresponding to the superlattice period.~2! The cor-
relation length, i.e., the characteristic distance at which
AFM layers belong to the same domain type, exponentia
decays with nonmagnetic spacer width.~3! Close to the Ne´el
point, the long-range ordering should vanish, and the
mains of both types should be equally represented not o
in the xy plane, but also in thez direction.

The appropriateness of this model may be analyzed on
basis of neutron diffraction data for MnTe/ZnTe~Refs. 7,8,
and 10! and ~111! EuTe/PbTe~Refs. 13–15!. The scans of
the neutron scattering intensity at the~0,1,1/2! AFM reflec-
tions for (MnTe)10(ZnTe)5 and (MnTe)20(ZnTe)4 ~Ref. 8!
reveal a fundamental magnetic peak along with harmo
sidebands. At 10 K the main peak is rather narrow and
separation between the peaks corresponds to the superl
periodD, which points to the presence of long-range ord
ing in the growth direction. The width of the principal pea
decreases exponentially versus the nonmagnetic spacer w
as can be seen from Fig. 1. This figure shows the experim
tal data taken at 10 K~Refs. 7 and 8! for the
(MnTe)10(ZnTe)x ~circles! and (MnTe)20(ZnTe)x ~squares!
along with the theoretical curves calculated from Eq.~24!
with R556 Å for (MnTe)10(ZnTe)x and R528 Å for
(MnTe)20(ZnTe)x . The adjustment parameterR may be
treated, as was mentioned above, as a domain size in thxy
plane. The small value ofR is in agreement with an ex
tremely small thickness of the domain wallsx0 separating
the different AFM domains. The magnitude ofx0 is usually
evaluated as the square root of the exchange to the in-p
anisotropy ratio. The exchange constant as deduced from
Néel temperature8 ~75 K! is }4.13a2 MJ/m ~wherea is the
lattice constant!; the in-plane strain-induced anisotropy, a
cording to Eq. ~3!, is }lM0

2(e22e1)52.4 MJ/m3. @The
magnetoelastic constant was calculated aslM0

2}2c44u
(ms)

555 MJ/m3 from a typical magnitude of the shear modul
2c445182 MJ/m3 ~see Ref. 25! and that of spontaneou
magnetostriction for the MnTe epilayeru(ms)50.3% ~see
05440
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Ref. 1!; e22e155% is associated with the misfit strain.# So
rather close values of the exchange and anisotropy cons
give rise to an atomically sharp domain wall with thickne
x0}1.3a}8 Å.

Another peculiar feature—the dependence ofR on the
thickness of the AFM slab—correlates with the rough eva
ation made in Sec. III. Really, the magnetostriction val
inside the AFM layer depends upon the ratio between
AFM and nonmagnetic parts. The larger the AFM layer, t
greater the strain and, correspondingly, the in-plane dom
sizeR diminishes.

Extrapolation of the obtainedk vs (D2d) dependences
toward small~below 2 ML! and large~over 10 ML! values of
the nonmagnetic spacer width shows that for an extrem
small spacer (d→D) the correlation length becomes comp
rable with the sample thickness@nearly 0.4 mm for
(MnTe)20(ZnTe)x ML’s and 0.13mm for (MnTe)10(ZnTe)x
ML’s #. This means almost perfect long-range orderin
which can be associated with the presence of the ela
mean fieldHeff @see Eq.~16!#. In the limit of a large spacer
the correlation length falls down to 11 Å fo
(MnTe)20(ZnTe)x and to 42 Å for (MnTe)10(ZnTe)x ,

FIG. 1. Correlation length vs nonmagnetic spacer width
MnTe/ZnTe multilayers atT510 K plotted in logarithmic scale.
Taken from the scan of the magnetic peak~1, 0, 0.5! along @001#
~Ref. 8!. Circles correspond to 10 monolayers of MnTe, squares
20 monolayers. Solid lines: theoretical approximation~see text for
details!.
4-5
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which means no correlation for a spacer 12 and greater
thick.

The analysis of the diffraction data for MnTe/ZnTe tak
at different temperatures7,8,10exhibits a spreading of the prin
cipal peak with the temperature growth in accordance w
the fluctuation-induced decay of the correlation@see Eq.
~24!#. Close to the Ne´el temperature this peak is entire
replaced by a new set of symmetrically shifted satellites t
are located approximately midway between the superlat
harmonics. The imprints of the ‘‘double-period’’ peaks c
be traced even at 10 K. These satellites may be attribute
randomly distributed domains of both types, the position
the peaks being associated with the presence of ‘‘supers
tural domain walls,’’ i.e., the pairs of neighboring bilaye
containing domains of opposite~A and B! type.

Demolition of long-range ordering at low temperature
associated with the rotation of all spins in an AFM layer ov
the hard magnetization axis. In this region the simple
model developed in Sec. V should be completed in view
the necessity for spins to overcome the potential barrier. R
orous calculations are out of scope of this paper, and I
strict myself to an approximate evaluation of the charac
istic temperature for the break of the AFM domain structu
The potential barrier established by the in-plane anisotrop
of the order of 2.4 MJ/m3 ~see the discussion above!, which
corresponds to 44 K, and this value correlates well with
temperature at which the intensities of the main peak
‘‘double-period’’ satellites became equal.8

Neutron diffraction data on~111! EuTe~4!/PbTe~12! ML
~Refs. 13–15! taken at 4.2 K~the Néel temperature is 9.6 K!
also show a set of pronounced peaks corresponding to l
range correlation in AFM ordering in the growth directio
This correlation is still preserved even if the sample w
cooled down in an external magnetic field (,0.5 T! applied
in the film plane in the@11̄0# direction.14,16 We can assume
that the higher magnetic field produces additional magn
striction and thus inhibits weak interlayer coupling and d
stroys the long-range ordering across the film.25

The model developed suggests a possible, magnetoela
mechanism of interlayer coupling that supposedly can be
only one for the case of perfect interfaces, intermediate~4–8
ML ! spacer thicknesses, and low-impurity (,1017 cm23)
and carrier concentration. Small thicknesses of 1–2 ML
enough to ensure exchange interactions, impurities provi
kind of superexchange through hydrogenic states, as
shown in Ref. 26, and interface roughness reduces mism
stresses and may serve as a source of ferromagnetic ch
that result in long-range dipole-dipole interactions betwe
the layers.

VII. SUMMARY AND CONCLUSIONS

~i! Long-range magnetoelastic interactions between m
netic and nonmagnetic phases result in the appearanc
domain structure in the film plane.

~ii ! The observed interlayer coupling via the nonmagne
spacer can be due to long-range elastic interactions. T
interactions tend to align AFM moments in different laye
in parallel.
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~iii ! Interlayer correlation reveals itself in the thinning
the magnetic peaks with a decrease of temperature and
magnetic spacer width. Temperature-induced demolition
the interlayer coupling gives rise to the occurrence of d
mains of different types, which is observed as additio
magnetic peaks shifted from the ideal~0, 1, 1/2! position.
These predictions are in good agreement with the availa
experimental data.

~iv! The model developed with a slight modification ca
be applied for a description of the phase and pitch correla
in canted AFM structures in MnTe/CdTe ML’s and also
AFM-II ~111!EuTe/PbTe ML’s. The same mechanism c
also be responsible for the transport of spin excitations
served in Ref. 6.
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APPENDIX: CALCULATION OF THE STRAY ENERGY

Let us consider an AFM layer constrained between t
nonmagnetic layers. Above the Ne´el temperature the struc
ture is relaxed and can be treated as nonstressed and
strained. Spontaneous strainsû that occur below the Ne´el
temperature should satisfy the compatibility conditions at
AFM/nonmagnetic interface, which can be written as fo
lows:

N3û~rS!3N50, ~A1!

whereN is an interface normal. The equilibrium strain ca
be represented as a sum of self-magnetostrictionû(ms)(r ) ~in
principle, inhomogeneous one!, which satisfies the compat
ibility conditions incû(ms)[2rotrotû(ms)(r )50 and extra
strain û(add)(r ):

û~r !5û(ms)~r !1û(add)~r !. ~A2!

The last term in Eq.~A2! can be treated as an addition
strain field induced by the ‘‘interface incompatibilit
charges’’

ĥ~r !52d8@~r2rS!N#N3û(ms)~rS!3N, ~A3!

where d is Dirac’s delta function, and the prime means
derivative versus an argument. The functionû(add)(r ) can be
found explicitly from the equation

incû(add)~r !5ĥ~r ! ~A4!

as follows~for details see Ref. 27!:
4-6
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û(add)~r !5
1

4pEV
dV8

ĥ~r 8!21̂ Tr ĥ~r 8!

u~r2rS!u

5
1

4pES
dS

~N,r2rS!

u~r2rS!u3
q̂~rS!, ~A5!

where

q̂[û(ms)1N^ N Tr û(ms)2N^ ~ û(ms)N!2~ û(ms)N! ^ N.

The strainsû(add)(r ) produce the ‘‘twinning’’ stresses

ŝ5c9 û(add), ~A6!

analogous to a demagnetization field in ferromagnets. In
~A6!, c9 is the tensor of the elastic moduli. The correspond
twinning ~stray! energy takes the form

Fstray5
1

4pEV
dVE

S
dS

~N,r2rS!

u~r2rS!u3
û(ms)~r !c9 q̂~rS!. ~A7!
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The main contribution to the stray energy arises from
macrostresses related to a homogeneous part of theû(ms)(r )
strains,^û(ms)(r )&, averaged over the layer volume.28 For a
z-oriented layer this gives rise to the expression

Fstray5VH 1

2
c11@^uxx

(ms)&21^uyy
(ms)&2#1c12̂ uxx

(ms)&^uyy
(ms)&

12c44̂ uxy
(ms)&2J . ~A8!

Neglecting the isomorphic magnetostrictionuxx
(ms)1uyy

(ms)

which does not contribute to the formation of domain stru
ture, and with account of the crystal symmetry, Eq.~A8!
gives rise to Eq.~4!. It should be stressed that as in magn
tism, the stray energy related to the averaged strains is
portional to the volume of the sample and thus cannot
neglected for any sample size.
.

.
er,

F.

m

ce
ions
h

mo-
etic

s’’

l-

,

Rev.

rin-
1T. M. Giebultowicz, P. Klosowski, N. Samarth, H. Luo, and J.
Furdyna, Phys. Rev. B48, 12 817~1993!.

2T. M. Giebultowicz, W. Faschinger, V. Nunez, P. Klosowski,
Bauer, H. Sitter, and J. K. Furdyna, J. Cryst. Growth138, 877
~1994!.

3W. Szuszkiewicz, B. Hennion, M. Jouanne, J. F. Morhange,
Dynowska, E. Janik, and T. Wojtowicz, J. Magn. Magn. Mat
196-197, 425 ~1999!.

4V. Nunez, T. M. Giebultowicz, W. Faschinger, G. Bauer, H. Sitt
and J. K. Furdyna, J. Magn. Magn. Mater.140-144, 633 ~1995!.

5P. Klosowski, T. M. Giebultowicz, J. J. Rhyne, N. Samarth,
Luo, and J. K. Furdyna, J. Appl. Phys.70, 6221~1991!.

6W. Szuszkiewicz, B. Hennion, E. Dynowska, E. Janik, T. Wojto
icz, and M. Zielinski, in Proceedings of XXVIII Internationa
School on the Physics of Semiconducting Compounds, Ust
Jaszowiec, Poland, 1999, p. 101.

7J. J. Rhyne, J. Lin, J. K. Furdyna, and T. M. Giebultowicz,
Magn. Magn. Mater.177-181, 1195~1998!.

8J. Lin, J. J. Rhyne, J. K. Furdyna, and T. M. Giebultowicz,
Appl. Phys.83, 6554~1998!.

9W. Szuszkiewicz~private communication!.
10L. E. Stumpe, J. J. Rhyne, H. Kaiser, S. Lee, U. Bindley, and J

Furdyna, J. Appl. Phys.87, 6460~2000!.
11N. Samarth, P. Klosowski, H. Luo, T. M. Giebultowicz, J. K

Furdyna, J. J. Rhyne, B. E. Larson, and N. Otsuka, Phys. Re
44, 4701~1991!.

12B. E. Larson, K. C. Hass, and H. Ehrenreich, Phys. Rev. B37,
4137 ~1988!.

13T. M. Giebultowicz, V. Nunez, G. Springholz, G. Bauer, J. Che
M. S. Dresselhaus, and J. K. Furdyna, J. Appl. Phys.76, 6291
~1994!.

14T. M. Giebultowicz, V. Nunez, G. Springholz, G. Bauer, J. Che
M. S. Dresselhaus, and J. K. Furdyna, J. Magn. Magn. Ma
140-144, 635 ~1995!.
.
.

,

.

n-

.

.

.

B

,

,
r.

15H. Kepa, T. M. Giebultowicz, K. I. Goldman, V. Nunez, C. F
Majkrzak, G. Springholz, and G. Bauer, J. Appl. Phys.81, 5373
~1997!.

16H. Kepa, K. I. Goldman, T. M. Giebultowicz, C. F. Majkrzak, G
Springholz, H. Krenn, S. Holl, F. Schinagl, and G. Bau
Physica E~Amsterdam! 2, 399 ~1998!.

17K. I. Goldman, G. Springholz, H. Kepa, T. M. Giebultowicz, C.
Majkrzak, and G. Bauer, Physica B241-243, 710 ~1998!.

18Long-range ordering in two-dimensional AFM resulting fro
magnetoelastic interactions was described in Ref. 19.

19B. A. Ivanov and E. V. Tartakovskaya, Pis’ma Zh. E´ksp. Teor. Fiz.
63, 792 ~1996! @JETP Lett.63, 835 ~1996!#.

20O. V. Kovalev, inRepresentation of the Crystallographic Spa
Groups. Irreducible Representations, Induced Representat
and Co-representations, edited by H. T. Stokes and D.M. Hatc
~GB Science, 1993!, p. 390.

21This means that we need one full dislocation to match the ho
geneously strained AFM layer with the nonstrained nonmagn
one at lengthR.

22For a detailed description of the so-called ‘‘method of inclusion
see Ref. 23.

23A. G. Khachaturyan,Theory of Structural Transformations in So
ids ~Wiley, New York, 1983!.

24J. M. Ziman,Models of Disorder~Cambridge University Press
Cambridge, England, 1979!.

25M. P. Maheswaranathan, R. J. Sladek, and U. Debska, Phys.
B 31, 5212~1985!.

26T. M. Rusin, Phys. Rev. B58, 2107~1998!.
27C. Teodosiu,Elastic Models of Crystal Defects~Springer-Verlag,

Berlin, 1982!, p. 352.
28Microstresses related to the inhomogeneous part ofû(ms) are lo-
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