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The exchange bias at ferromagnetic (FM)/antiferromagnetic (AF) interfaces
strongly depends upon the state of antiferromagnetic layer, which is sensitive
to mechanical stresses due to its strong magnetoelastic coupling. In a given
paper, we consider magnetoelastic effects, which arise at FM/AF interface
due to misfit of lattices and magnetic ordering. We show how magneto-
striction affects mutual orientation of the AF and FM vectors as well as mag-
netic easy-axis direction in thin AF layer. The results obtained can be used for
tailoring of exchange-biased systems.

BesnuuHa OOMIHHOTO IIiIMarHETOBYBAHHA Ha MeXKi mominy depoMarteTur
(®PM)/arTudepomaraetur (A®P) icToTHO 3aNeKUTD Bif cTaHy aHTU(dEpPOMAarHe-
THOTO Iapy, AKWI, 3aBAAKN CUJILHUM MarHeTOIPYsKHIM B3a€MOAiAM, UyTJIN-
BUH IO MeXaHiYHMX HaOpyKeHb. B maHili poOOTi PO3TIIAHYTO MarHeTOIIPY KHi
edeKTH, 110 BUHMKAIOTh Ha MeKi moginy @PM/A®D yepes rpaTHUIIEBY HEBiAIIO-
BifHiCTh i MarHeTHe BIOPAAKYBaHHA. IIpogeMoHCTpOBaHO c1Iocib, B AKMIT Mar-
HETOCTPUKIIiA BIJINBAE Ha B3aeMHY opieHTanito AD- i ®M-sekTopiB i Ha Ha-
IPAMOK JIETKO1 oci B ToHKOoMY A®D-11api. OxepixaHi pesyabTaT MOXKYTH OyTH
BUKOPHCTAHNMU IIPY CTBOPEHHI CCTEM 3 OOMiHHUM ITi IMArHEeTOBYBAHHSIM.

Besnuuza 06MeHHOTO MOAMATHUYMBAHUSA Ha TPaHUIIE paszesa heppoMarieTuk
(®M)/arTudeppomaraeTur (AD) cyIrecTBEHHO 3aBUCUT OT COCTOAHUA AHTU-
(heppOMArHUTHOTO CJIOSA, KOTOPBIN, OJaromapsi CHUJIBHBIM MATHUTOYIIPYTHAM
B3aMMOJENCTBUSAM, UYBCTBUTEJIEH K MEXaHNUYeCKUM HaNpPAKeHuAM. B mramuoi
CTaThe PACCMOTPEHBI MarHUTOyIpyrue s3(pdeKThl, BOSHMUKAIOIINEe HAa TPaHUIEe
pasmena @M /AD uz-3a PeIIETOUYHOTO HECOOTBETCTBUA U MATHUTHOTO YIOPAIO-
yenus. IlokazaHo, KaKkuM 00pa3oM MarHUTOCTPUKIIVA BJIMAET Ha B3aUMHYIO
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opueHTtanuio A®- u ®M-BeKTOPOB 1 Ha HAIIpaBJIEeHNE JIETKOH OCM B TOHKOM
A®-cioe. ITomyueHHbIE PE3YIBTATHI MOTYT OBITH MCIIOJBE30BAHEI IIPU CO3TAHUN
CHCTEM C OOMEHHBIM ITIOAMATHUYNBAHUEM.
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1.INTRODUCTION

Antiferromagnetic (AF) materials are widely used in spintronic devic-
es as auxiliary elements for pinning of ferromagnetic (FM) magnetiza-
tion through the effect of exchange bias (see, e.g.[1]). The possibility to
control the state of coupled AF/FM bilayers requires investigation of
the magnetic mechanisms that could be responsible for bias effect.
Many researchers [2—7] emphasize the important role of the AF do-
main structure in the establishing of the exchange bias. The problem of
AF domains is intimately related with magnetoelastic coupling [8] and
can strongly depend upon the mechanical stress that appears at the
FM/AF interface due to the lattice misfit. Magnetostriction can also
provide additional coupling between FM and AF layers and affect ori-
entation of AF moments in the near-surface region [9, 10]. The widely
studied epitaxial films consisting of FM and nonmagnetic materials
[11-14] show strong correlation between magnetoelastic coupling and
magnetic properties. Analogous and even more striking phenomena
could be expected in the systems, which combine FM with AF that pos-
sesses large magnetostriction.

In the present paper, we show that magnetostriction of AF produces
uniaxial anisotropy in the plane of the adjacent FM layer and, thus,
causes strong surface magnetic anisotropy in AF itself.

2. UNTAXTAL ANISOTROPY OF FERROMAGNET

Epitaxial ferromagnetic film deposited on top of AF inherits the crys-
tallographic structure of the substrate. If the substrate has a certain
anisotropy induced by magnetoelastic strains, this anisotropy in atom-
ic arrangement will be reproduced by the FM layer. Thus, additional
contribution to the magnetic energy of film should be proportional to
magnetoelastic coupling in both FM and AF materials. Phenomenolog-
ical expression for such a type of uniaxial in-plane anisotropy can be
deduced from the magnetoelastic energy of FM, which for a cubic-
symmetry crystal is as follows:

o =b (u

F
L2+ uyyocy + uzzocz)+ 2b, (ocxocyuxy +o,ou, + oczocxuzx) (1)
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Here, u;, are strain tensor components, which we calculate with respect
to the bulk nonmagnetic reference state, bf , are magnetoelastic-
coupling coefficients. Magnetisation vector My of FM is described by
the direction cosines o, k = x, y, z. In the relaxed state of FM/AF sys-
tem, an equilibrium strain u, includes deformations produced by lat-
tice mismatch and spontaneous strain v, induced by magnetic order-
ing in the AF substrate. For a symmetric (001) surface, the misfit-
induced strains are isotropic and can influence only out-of-plane ani-
sotropy of FM. In contrast, magnetostrictive contribution, though
small as compared with the misfit strain, has nontrivial shear compo-
nents, u;, —u, and/or u, which can remove degeneracy between
different in-plane directions. Thus, uniaxial contribution into magne-
tocrystalline energy of FM film takes a form

fF = l KF

ua 2 lua

p; (0 — o) + K,,,p,0,0 (2)

2ual j T x My
with anisotropy constants

K| =b W - u;yF), K, = 2b2FufyF. 3)
Variable p;=+1 distinguishes between the different domains of AF.

A preferable direction of FM magnetisation My, which depends upon
the sign of the coefficients K|, is defined by correlation between self-
striction of the FM and external striction imposed by the AF. If, for
example, magnetostriction of FM in the direction of magnetisation is
positive (elongation, b* < 0), My will tend to align in the direction of
maximal elongation of the AF, i.e., for positive u*f value (elongation),
K isnegative, as can be easily checked from equation (3).

Magnetostriction-induced uniaxial anisotropy (3) competes with the
anisotropy arising from the FM/AF exchange in a thin near-surface
region of thickness £. For a compensated AF surface, this contribution
depends upon the exchange integral between the atoms of FM and AF,

Jr_ar, and susceptibility of AF, yar=1/J oy (Koon’s model, [15]):

o = = AT M XL @

The AF vector Lg describes orientation of spins at the surface of the AF

substrate (which in principle can differ from that in the bulk, as will be
shown later).

To elucidate the effect of both contributions, let us consider a simple

case when one of the in-plane easy axes (say, x) of FM coincides with in-

plane Lg direction and uzf = 0. For the in-plane FM ordering (o, = 0),

we set o, = cosy, o, =siny. Thus, the effective energy is
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1 ) 1
[ = Ky Sin® 20+ DI, + o LT 10082, (5)
F

Constant K, > 0 is magnetocrystalline constant, and we suppose the FM
film to be homogeneously ordered throughout the thickness t5.

Equilibrium value y = y** minimizes effective energy (5), so, it satis-
fies the relations

sin 2y*{K, cos 2y —[K ,p, + %XAFJﬁAF]} =0. (6)
F
K, cos4y* —[2K,p, + téxAFJﬁAF]cos 2y > 0. (7

F

In the absence of FM/AF interaction, FM has two equivalent easy

directions in (001) plane, y'” =0 and y” = n/2. Antiferromagnetic

substrate removes this degeneracy. If exchange coupling is not too
large, &y, vJo ar < Kt , both solutions yi%, satisfy equations (6), but
have different energies, the difference being

/;?f (Wiq) - i;?f (W;q) = Kuapj + % XAFJi—AF‘ (8)
F

It can be easily seen from (8) that the FM/AF exchange coupling makes
favourable the solution with M;LLg (3! = n/2) for any sign of the ex-
change constant Jy_,p. In turn, magnetostriction-induced anisotropy
K ,, can oppose this tendency and can make preferable in-parallel orien-
tation of My and Lg (y;* =0). It should be stressed that these two
mechanisms have different origin and the system can switch from one
easy-axis to another with variation of FM thickness. Exchange mecha-
nism ties together mutual orientation of FM magnetisation and AF
spins in the near-surface layer. This mechanism is important for very
thin films, where factor &/#; is not vanishingly small. Magneto-
striction-related mechanism is a long-range one; it depends upon ori-
entation of AF moments in the bulk, which can be different from Lg.
Moreover, in some AFs widely used in FM/AF systems (e.g., NiO, CoO,
LaFeO;, KCoF;), magnetostriction originates from the strong spatial
dependence of the exchange integral and is insensitive to exact orien-
tation of AF spins. In this very important case, uniaxial anisotropy of
FM is defined mainly by the domain structure of AF.

The role of magnetostriction-induced mechanism can be illustrated
by some experimental examples. Simultaneous observation of the FM
and AF spins in Co/LaFeO;[16] and Co/NiO [17] systems revealed that
FM magnetisation is aligned parallel or antiparallel to the in-plane pro-
jection of the AF axis in contrast to the usually observed perpendicular
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coupling consistent with the Koon’s model [15]. Uniaxial anisotropy is
also detected after deposition of Fe on top of KCoF;[18, 19]. All these
AFs are known to have rather large magnetostriction of the exchange
nature (see Table 1).

Using the values of magnetoelastic constants for ferromagnets (Ta-
ble 2), one can calculate from equation (3) the expected value of uniax-
ial anisotropy in different FM/AF combinations (see Table 3).

As can be seen from Table 3, uniaxial anisotropy in the Fe film con-
stitutes only =10% from the ‘pure’ magnetic anisotropy. Neverthe-
less, this value will last to choose preferable axis of magnetisation as
was clearly observed in the experiments[18, 19].

TABLE 1. Magnetostriction (spontaneous deformations) of typical AFs calcu-
lated from the experimentally observed lattice constants above and below Néel
temperature.

AF | Magnetostriction

NiO -2.6-1073[20]
LaFeO; -4.76-10[21]
KCoF, -2.0-1073[22, 23]

CoO -2-107%[24]

TABLE 2. Magnetoelastic coupling coefficients for FMs[11] (in [erg/cm?]).

Co, f.c.c. ‘ Fe, b.c.c.
b, -9.2.107 -3.43.107
b, 7.7-107 7.83-107

TABLE 3. Magnetic anisotropy of systems [erg/cm®]. K, (2" column) is the 4-
th order magnetocrystalline anisotropy observed in the bulk Fe and Co crys-
tals. Theoretical values of K,, (third column) are calculated from Eq. (3). Ex-
perimental values of K, (the last column) are extracted from measurement of
hysteresis loops (for Co) and ferromagnetic resonance (for Fe).

FM/AF system K, K -
Theory ‘ Experiment
Co/NiO -2.8-10°[26] 2.0-10° 1.8-10°[27]
Co/LaFeO;, 0.387-10° 1.4-10°[16]
Co/Co0O 6.0-10° 1.2-10°[28]
Fe/NiO 8.5-10°[12, 19] 0.9-10°

Fe/KCoF, 0.7-10° 0.8-10°[19]
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More pronounced effect is expected in Co films, which have rather
high magnetostriction and small bulk magnetic anisotropy. Predicted
value of the uniaxial anisotropy is of the same order as K, or even one
order of magnitude larger, than in the case of Co/Co0. It should be
noted that in calculation we started from the bulk values of magnetoe-
lastic coefficients for Fe and Co. In the case of ultrathin Co films, these
values need to be ascertained because of the large potential misfit be-
tween FM and AF lattices (nearly 10%). Depending on the growth
mode, this mismatch can either relax through the formation of disloca-
tions, or produce strong internal stresses in the Co film, which, in
turn, can give rise to a crucial change of the value and even the sign of
magnetoelastic coefficient (see, e.g., Refs.[13, 25]).

3. SURFACE ANISOTROPY OF ANTIFERROMAGNET

It is widely recognised that lattice misfit strongly influences the mag-
netic and magnetoelastic properties of the film (see, e.g. [29]). On the
other hand, epitaxial misfit may equally induce large stress in the sub-
strate (this phenomenon is used to measure stress in the film [11]). In
the case when the substrate is rather thick, stress exerted by the film
relaxes over a small distance Y* in the near-surface layer of AF. For
AFs with large magnetoelastic coupling, this surface stress can pro-
duce an additional magnetic anisotropy, which we will call a surface
anisotropy.

Phenomenological description of this effect is based on the analysis
of the Helmholtz free energy potential G, which includes elastic f, and

magnetoelastic f,f energy of AF using antiferromagnetic vector L and
components of stress tensor 6 as the internal parameters:

G= [ (2 +1)av. (9)

In the simplest case of a cubic crystal, the elastic energy density f,
takes a form

f;:

s
=§[0ix+cjy+ci]+slz[6 6, +0,0,+0

2 2 2
xx " yy yy ~zz zszx] + 2844 [ny + Gyz + sz]’

(10)

where we turned from strains to stresses using the Hooke’s law. Com-
pliances s;, are expressed through the elastic moduli ¢, in a usual way:

Cp FCyy Cip _ 1

- » Sy =
(Cn — Cpp )(Cn + 2C12) Cyy

S =

» 19 =
(cn — Cpp )(cn + 2012)

(11)
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Density of magnetoelastic energy f,,. can be written as

bAF

= fyn +——(0, L2 +0, L +0, L)+ (12)

xxx yy Ty 2272
€11~ Cpp

AF

Lol (LLG +LLo.+LLo )

XY T xy Yy oz yz 2 x T 2x
c44

where b .. are magnetoelastic coupling coefficients of a cubic AF, and
far from the Néel temperature, AF vector can be normalised, so |L|

The first term in (12) describes a possible non-isomorphic contrlbu-
tion, which arises from the space dependence of the exchange interac-
tions, described by a coefficient B(‘,AF . It depends on the specific type of
AF. For example, for a single-domain NiO, it can be expressed as

AF

— 0 2

fexch - R (ny + Gyz + sz )L *
44

In the presence of the FM coverage, the AF substrate exerts a surface
stress ©*" opposite to the surface stress in the FM film 7* :

TAF = jadz = -7F, (13)

z-axis is directed along the film normal and integration is over the AF
thickness. For a (001) cubic surface, T° can be estimated from the mis-
fit value €y as follows:

2
c
F _ . F _ _ %
Tee =Ty, =g (cu + ¢, —JeMF, (14)
1

1

where t; is the FM film thickness. Substituting (13) into free energy
(9), we obtain a contribution from the FM/AF misfit as

G = oes

which could be associated with the surface/interface energy of AF. Ef-
fective constant

rds = L [ ks Lds, (15)
(cll c12) 2 S

K% = 2027c, (1 + 201—2j t, (16)

11

is proportional to the product of magnetoelastic coupling coefficient of
AF and misfit (or effective stress) in the FM layer.

The sign of K QF and, hence, the character of the induced surface an-
isotropy, is defined by the relation between the sign of AF spontaneous
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striction and that of external stress. Let us suppose FM lattice con-
stant is smaller than that of AF (" > 0). Then, AF surface exerts a com-
pressive stress. According to the general Le Chatelier’s principle, AF
vector at the surface will rotate in a way, which reduces the external
influence. In the case of positive striction (AF spontaneously elongates
in spin direction), in-plane orientation of AF spins will be preferable
(K&" >0). It worth to mention that the analogous, magnetoelastic,
mechanism related with the rotation of AF moments in near-surface
region is responsible for the shape-induced magnetic anisotropy in AF
nanoparticles [30].

4. DISCUSSION

The misfit-induced surface anisotropy can produce a noticeable rota-
tion of AF spins in the vicinity of interface region. The most pro-
nounced effect can be expected for NiO, CoO, and LaFeO; AF's, in which
the bulk AF vector makes some angle with (001) surface. Particularly,
in NiO and CoO, the AF spins are ordered in (111) planes (with small
deflection in the case of CoO [31-33]), in which they can be easily ro-
tated. An easy-axis is directed along (211) in NiO and (311) in CoO,
thus, for a cleaved (001) surface, AF moments have nonzero compo-
nent perpendicular to the surface plane, as is observed for NiO crystal
[34, 35].

Depositions of Fe and Co on NiO, and Fe;O, and Co on CoO produce
compressive surface stress in AF (see Table 4).

For NiO and CoO, the magnetoelastic constants blAF are positive (as
deduced from the data [24, 36]), so, as it follows from (15), (16), for all
the mentioned FM/AF combinations, the preferable orientation of AF
vector L is in the interface (001) plane. A compromise between the
strong dipole—dipole anisotropy, which tends to keep AF moments
close to (111) plane, and strain-induced surface anisotropy in (001)
plane is the direction [110]. Therefore, depending on the balance be-

TABLE 4. Bulk lattice parameters (2°¢ column) and calculated interatomic
distances at (001) surface of f.c.c. lattice (3¢ column) for different FM and AF
(in [A]).

| Bulk | (001)Surface
Fe, b.c.c. 2.866 [26] 4.053
Co, f.c.c. 3.544[26] 3.544
Fe;0, 8.398[3] 4.199
NiO 4.177 4.177

CoO 8.508 [3] 4.254
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tween the bulk magnetic anisotropy and the induced surface anisotro-
py (16), AF moments may rotate from the bulk easy direction [110] to
a smaller or larger angle. The effect should be obviously stronger for
Co FM because of the large misfit value.

Experimentally this phenomenon was observed in [17], where depo-
sition of 2 nm Co film on the (001) surface of NiO resulted in the total
reorientation of NiO spins to [110] direction. An observed collinear
alignment of Co and NiO spins in this system arises from both misfit-
induced reorientation of AF moments and magnetostriction-induced
uniaxial anisotropy in the FM layer.

A similar effect was observed in the Fe;0,/CoO multilayers [3],
where an influence of the surface stress is much more pronounced. In
this system, all of the AF Co moments lie along [110] or [110] direc-
tions (depending on the AF domain type). This orientation does not
vary with temperature, magnetic field and thickness of CoO layers.

Misfit-induced anisotropy of AF layer depends upon the internal
stresses ©° in the adjacent ferromagnet, which could relax in the
course of field cycling. Variation of stress, in turn, affects the domain
structure of AF. Therefore, magnetoelastic mechanism can explain
training effect (irreversible changes in configuration of AF domains),
frequently observed in bilayers with multidomain state of AF in the as-
cast sample (see, e.g., Refs. [2, 37]).

In summary, we have studied the effect of magnetostriction on the
properties of FM/AF coupled system. Spontaneous striction, which
appears in antiferromagnet due to the AF ordering, can cause uniaxial
in-plane anisotropy in the ferromagnetic film and set preferential easy
axis of FM either along with or perpendicular to the orientation of AF
vector. Competition between uniaxial anisotropy induced by long-
range magnetostriction and short-range exchange mechanism results
in different orientation of the FM easy-axis depending on the thickness
of FM layer. Lattice misfit between FM and AF is a source of a magnet-
ic surface anisotropy in AF substrate, which can cause rotation of AF
moments in the near-surface region compared with their bulk orienta-
tion.

Authors acknowledge the financial support from the FP7-
SIMTECH.
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