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Exchange coupling with the multiferroic compound BiFeQO; in antiferromagnetic
multidomain films and single-domain crystals
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The exchange coupling observed between a soft ferromagnetic layer and the antiferromagnetic multiferroic
compound BiFeO; (BFO) is investigated. Results obtained on BFO ferroelectric and antiferromagnetic multi-
domain films and monodomain single crystals are compared. A significant interface coupling occurs in the two
systems whose anisotropy however differs significantly. In thin film based heterostructures, the measured
twofold anisotropy of the FM layer imposed by the magnetic field during deposition is well accounted for
using a double macrospin model describing the role of uncompensated spins, pinned or reversible, in the
vicinity of the interface. In contrast, no macroscopic bias is observed in thin films deposited on BFO single
crystals where the anisotropy direction is imposed by the underlying antiferromagnetic structure. This high-
lights the fundamental difference between exchange coupling with a single domain antiferromagnet and with a
much more magnetically disordered multidomain state.
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I. INTRODUCTION

The bifunctionality of some multiferroic materials,!=
which present simultaneous ferroelectric (FE) and magnetic
orders, is a property of a great interest for new potential
devices for spintronics and in magnetic data storage applica-
tions. Indeed, controlling the magnetization of a ferromag-
netic (FM) or an antiferromagnetic (AFM) layer with electric
fields via the so called “magnetoelectric coupling” interac-
tion would allow the conception of electrically writable and
magnetically readable memories.* As ferroelectric materials
are seldom ferromagnetic and more often antiferromagnetic,
addressing a net magnetization with an electric field could be
done combining the magnetoelectric coupling between anti-
ferromagnetism and ferroelectricity with the exchange cou-
pling at the interface between a FM and an AFM-FE multi-
ferroic layer.>” Among all multiferroics, BiFeO; (BFO) is
the only one at room temperature. Its AFM (Ty=643 K in
the bulk®) and FE (T-=1143 K in the bulk®) ordering tem-
peratures are well above room temperature. Since its discov-
ery in 1956,%!° the exchange coupling between a FM and an
AFM has provided an important research activity in magne-
tism along with challenges to the understanding of interfaces
between magnetic materials. Among the experimental signa-
tures associated with magnetic coupling through this inter-
face, the most obvious is a change in the coercivity and a
shift or “bias” of the FM layer’s magnetization hysteresis
loops. An overwhelming literature has emerged in which
various mechanisms for this coupling have been proposed,
debated, and tested (for reviews, see Refs. 11-13). One of
the key aspects of this problem is the relation between do-
mains, domain walls, pinned or reversible uncompensated
spins in the AFM and coercivity or bias in the FM. The first
point addressed in this paper is that of the strength of the
exchange bias field. An exchange bias field exists in CoFeB
or NiFe layers deposited on BFO thin films,”!%!5 but this
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bias was never discussed in heterostructures based on single
crystals, in which a modulated long-range AFM structure
strongly coupled to the polarization, has been evidenced at
room temperature.'® Indeed, one can in principle learn a
great deal about ordering processes in the AFM by observing
the FM magnetization reversal and anisotropy in such
coupled structures. In many exchange coupled crystalline AF
or F systems, the specific directions of the AFM vectors of
the crystal are visible in the exchange coupling properties.
However, this is not always the case and it still remains
unclear whether the AFM arrangement, in these systems, sur-
vives exactly all the way to the interface. This is the second
and main purpose of this paper, in which we compare the
magnetic behavior of heterostructures constituted of a ferro-
magnetic films deposited on BFO in single crystal and as
thin film forms. A significant interface coupling occurs in the
two systems whose anisotropy, however, differs significantly.
In thin film based heterostructures, a twofold anisotropy of
the FM layer is evidenced, which does not depend on the
particular directions of the BFO antiferromagnetic structure.
Interestingly, no macroscopic bias is observed in NiFe films
deposited on BFO crystals where the anisotropy direction is
found to be imposed by the underlying antiferromagnetic
structure. We will also comment on preliminary experiments
revealing the possibility to locally control ferromagnetism
with an electric field using BiFeOs; as the multiferroic
layer®!7 or the electric-field induced modification of the FM
anisotropy using BiFeO; crystals published recently.'®

II. SAMPLE’S PROPERTIES
A. Single-domain BFO crystals

Using a flux technique, high quality millimeter sized BFO
single crystals were synthesized.'” The crystal-bulk like
present a noncentrosymmetric pseudocubic cell with a rhom-
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FIG. 1. (Color online) Orientation and projections of the polar-
ization P and the magnetic moments in single-domain crystals of
BiFeO;. (a) Representation in the pseudocubic system of the (111)
plane containing the three possible (101) cycloid propagation vec-
tors assuming a polarization P along [111] in a single crystalline
platelet of BFO. The magnetic moments are contained in one of the
{121} planes. (b) Sketch of the magnetic moments M (long arrows)
forming a cycloid in the (112) plane; the moments depicted by the
dark or light arrows illustrate the AF coupling from one plane to the
next. Due to the canting, the induced local moment m (shorter and
broader arrows) is zero over a modulation period. (c) On the (010)
plane covered by the ferromagnet, from left to right: For P along
[111] (P(117) and for g parallel to [110] (g[i;o)), the projection of
the canted moment m is modulated along [100]; it is along the
diagonal [101] for g7y and along [001] for g7 Taking into
account all possible orientations of the polarization in the single
crystal among the eight (111) ones, projection of m on the surface
plane modulated along the (100) or (110) directions, imposed by
the propagation vector.

bohedral distortion (¢=3.96 A and «@=89.4°). As grown,
most crystals are FE and AFM single domains.'® They are
also highly resistive and the value of the electric polarization
at saturation Pg=~100 wC/cm? turns out to be the highest
known so far.2 In bulk BFO, the polarization lies along the
(111) directions, allowing for eight possible polarization
variants leading to eight possible ferroelectric domains.
Crystals are FE single domains and the polarization P is
along one of the (111) direction (Fig. 1). Using four-circle
neutron measurements, we demonstrated that the magnetic
configuration is closely linked to the electric state of the
crystals with a strict correspondence between the FE and the
AFM domains.'® It was demonstrated that the AFM structure
is cycloidal G-type: for P parallel to [111], coupled nearest-
neighbor Fe** moments are arranged in a long period (64
nm) cycloid in one of the plane of {121} character (Fig. 1).'
The plane containing the magnetic moments M contains the
electric polarization P and the cycloid propagation vector q.
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The latter, perpendicular to the electric polarization direction,
has three possible orientations: it is along one of the (110)
directions contained in the (111) plane for Py [Fig. 1(a)].
An antiferromagnetic coupling is observed from one {121}
plane to the next. Choosing a propagation vector, g along,

e.g., [110] imposes the magnetic plane (112). A canting of
the Fe** moments results in a local moment m, rotating from
one site to the next and whose average over the cycloidal
modulation vanishes: this peculiar arrangement is sketched
Fig. 1(b). For a single crystal being a FE and AFM single
domain, whatever the direction of the polarization among the
eight possible ones, the weak moment m resulting from the
canting is modulated along the in-plane (110) or (100) direc-
tions [Fig. 1(c)] when projected onto the (010) plane. The
projection of this weak moment m has different strength,
depending on the propagation vector: it is larger for gpjo1j,
included in the (010) plane, than for the two other propaga-
tion vectors making an angle of 45° with the interfacial
plane. In all cases, the top ferromagnetic layer will interact
with a long scale modulated magnetic structure, showing no
global ferromagnetic moment, assuming that the “bulk”
structure is preserved in BFO or FM systems described later.
The orientation of the modulation is that of the projection of
the propagation vector of the AFM ellipsoid.

B. Multidomain BFO thin films

BFO films were epitaxially grown by pulsed laser depo-
sition on (001) SrTiO; (STO) substrates at P=10"> mbar
and T,,,=580 °C. At lower temperature or higher pressure,
Bi,05 precipitates appear while at lower pressure or higher
temperature, Fe,O; forms. Magnetization measurements re-
veal a high magnetic moment for films containing y-Fe,O,
impurities while single-phase films have a very low but not
zero magnetic moment (~0.02uz/f.u.).2!?2 No information
is available on the spatial arrangement of that small amount
of uncompensated moments, reversing at low magnetic field,
in the BFO films. The BFO (001) films present a noncen-
trosymmetric pseudocubic cell with a tetragonal distortion
(a=3.78 A and ¢=4.85 A). A value of the electric polariza-
tion P is inferred from P-E loops measurements and the
saturation polarization estimated to P¢=~100 uC/cm?, like
in crystals. From neutron-diffraction experiments,'® it was
demonstrated that the AFM structure is collinear G-type with
the Fe>* AFM moments located in the {111} easy planes [Fig.
2(a)]. In thin films, the {111} antiferromagnetic planes are
arranged perpendicularly to the ferroelectric polarization P
along the relevant (111) directions; the characteristic propa-
gation vector of the AFM structure remains here parallel to
the electric polarization. Up to now, no consensus has been
achieved to lift the degeneracy between all directions within
the {111} planes that can be considered as effective easy
planes of magnetization. As grown, the BFO thin films where
shown to be in a ferroelectric multidomain state, which also
imposes AFM domains, whose size (of the order of a few
tens of nanometers) increases with the layer thickness.

Let us now discuss on the magnetic structure at the inter-
face between the CoFeB and the BFO films. First, starting
with an a priori uncompensated AF structure in the {111}
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FIG. 2. (Color online) Epitaxial BFO films on (001) SrTiO;
(STO) and projections. (a) Representation in the pseudocubic sys-
tem of the {111} easy magnetization plane of a single AFM domain
in a thin films of BFO. The (111) magnetic planes are perpendicular
to the spontaneous polarization P, depicted here along [111]. No
preferential orientation is expected for the magnetization within the
(111) plane, as sketched by the circular rotative arrow whereas an
antiferromagnetic coupling is imposed from one plane to the next.
(b) Collection of ten possible individual AFM domains. In each
case, the orientations have arbitrary chosen. The dotted arrows de-
pict the projection of the electric polarization on the (001) plane,
always along (110) directions. The black arrows correspond to the
projection of the magnetic moments whose strength is imposed by
the orientation of the spin in the {111} planes. The isolated drawing,
giving rise to twin elliptical-like structures, rotated by 90° one from
another, results from the averaging of the entire set of possible
coupled projections for P and M.

planes, this magnetic structure is compensated when pro-
jected on the (001) interfacial plane. The magnetic moments
can be oriented along any direction of the easy {111} plane,
and their projection on the (001) plane can be along any axis
of the ellipsoid depicted in Fig. 2(b). The later merges a
nonexhaustive set of possible orientations and projections of
P and M. Depending on their orientation within the (111)
plane, the projection of individual moments varies in
strength: it has maxima when M is aligned along (110)-type
directions within {111} planes since the projection of M
makes then an angle of 90° with that of the polarization’s
projection. On the contrary, the projection of M is minimum
along the polarization’s projection. At the scale of an AFM
single domain, the interfacial structure mimics a twofold an-
isotropy axis. At the much larger scale of a ferromagnetic
domain in the CoFeB layer, the magnetic local structure has
to be averaged over several AFM domain configurations.
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Then, taking into account the eight possible orientations of
the polarization along the (111) directions, in the (001)
plane, the projection of the underlying magnetic structure
gives rise to two ellipticlike patterns elongated along (110)
directions at 90° one from another. From a macroscopic
point of view, the top FM layer feels this not fully isotropic
repartition of the compensated interfacial magnetic moments.

C. Comparison with reference to bias and samples details

There are four important differences between BFO in bulk
and thin film form: the single domain or multidomain state,
the cycloidal or collinear G-type AFM structure, the absence
or existence of a ferromagnetic moment and the fixed along
main crystallographic directions or twinned elliptical projec-
tion of the magnetic moments embedded in the AFM struc-
ture onto the interfacial plane. The last points are of major
importance for the exchange bias problem. Indeed, magnetic
properties of the FM film in contact are attributed to a net
magnetization in the AFM close to the interface due to the
presence of pinned, or not, uncompensated spins and related
to all imperfections including domain walls, atomic steps,
interface roughness, and atomic-scale disorder.?*” Nowa-
days, most of the experimental and theoretical studies con-
cerning the exchange bias tend to show that the bias field is
due to a pinned ferromagnetic component in the AFM layer,
close to the interface?®?’ and is related to the formation of
domain walls perpendicular®® or parallel® to the interface in
the AFM layer. It then appears that the exchange bias is not
a purely interfacial property but the domain configuration of
the AFM layer also has to be taken into account. In an at-
tempt to clarify the mechanisms of exchange bias in our
BFO-based structures, we propose here to compare results
obtained on FM deposited on BFO thin films and single crys-
tals. Studying the angular dependence of Hy and H. sheds
some light on the nature of the exchange coupling in the two
systems and the strength of the AFM and FM anisotropies.
Two standard behavior will be kept in mind as references: in
usual polycrystalline systems of FM (without any intrinsic
anisotropy) or AFM, the exchange bias field presents a sinu-
soidal angular dependence with maxima (respectively,
minima) of coercivity and bias along (respectively, perpen-
dicular to) the applied field used to set the bias whereas
epitaxial systems with strong magnetocrystalline anisotropy
often exhibit a complex dependence® with very asymmetric
hysteresis loops.3!-3?

The structures of the present study are of two types. First,
they consist in a 10 nm ferromagnetic layer of polycrystal-
line Permalloy Py sputtered onto the (010) plane of ferro-
electric and antiferromagnetic single-domain BFO crystals,
after a short etching. No quantitative information is available
at small scale about the structural interfacial roughness of the
systems. However, from optical experiments, it can be as-
serted that some micrometric steps exist that spread laterally
over several micrometers separating flat terraces. We do not
have any direct evidence for the existence of the cycloids at
the surface of our BFO crystals before deposition. However,
the direction of the anisotropy that we measure in the FM
layer can be taken as indirect evidence for their survival all

134411-3



LEBEUGLE et al.

the way to the interface.'® We will come back to this point in
the discussion of our results. During the FM layer deposition,
a magnetic field Hy,, of magnitude 200 Oe is applied in the
(010) plane of BFO crystal’s platelet. A thin layer of Au (4
nm) is also sputtered as a protection layer. Second, the other
studied structures consist in a ferromagnetic layer of CoFeB
(7.5 or 5 nm) deposited on BFO(35 nm) or STO(001) films.
Indeed it has been reported recently that BFO films can be
used to induce an exchange bias on adjacent CoFeB layers at
300 K.”'* The amorphous FM CoFeB layers are sputtered in
a separate chamber in a 200 Oe magnetic field H,,,, after a
short plasma cleaning. Neutron reflectivity measurements
showed that the structural interfacial roughness in BFO or
FM heterostructures is about 0.5 nm. This demonstrates that
the etching process performed just before deposition of the
ferromagnet does not significantly damage the surface qual-
ity. However, the etching may alter the magnetic structure of
the BFO close to the surface since it was shown that a 2-nm-
thick magnetic roughness had also to be taken into account
in the vicinity of the interface that contains uncompensated
spins, among which only 1% are pinned.'* A thin layer of Au
(4 nm) is also deposited as a protection layer.

III. EXPERIMENTAL RESULTS AND DISCUSSION:
FILMS VERSUS CRYSTALS

The longitudinal FM magneto-optic Kerr effect (MOKE)
hysteresis loops were measured at room temperature as a
function of the angle between the applied field H and BFO
main axis, in crystals and films based bilayers. The loops
collected for a complete rotation, with 5° steps, were ana-
lyzed in terms of coercivity, bias, and shape. Different orien-
tations have been also used for testing the influence of the
orientation of the deposition field H,,, in reference to the
BFO main axis.

A. Single BFO crystals

Figure 3(a) shows typical FM loops along the easy axis
and along the hard axis of the Py layer. No noticeable shift of
the FM loop is observed evidencing the absence of bias field
in the crystals. Similar results have been obtained with
CoFeB as the ferromagnet. However, because the macro-
scopic exchange bias field is inversely proportional to the
saturation magnetization of the FM layer, we focused on
NiFe which has lower magnetization than CoFeB, thus al-
lowing for a larger sensitivity for testing small bias fields.
Despite this, we measure strictly no bias. However, the loops
are enlarged compared to those measured on similar Py films
deposited in the same runs on floated glass, as a reference
sample. This observation is the signature of a significant ex-
change coupling between the two layers, despite the absence
of macroscopic bias. Figure 3(b) shows the angular depen-
dence of the remanence and switching fields as a function of
the direction of the applied magnetic field H, in polar repre-
sentation. Hy being zero in the entire range of angles in the
Py or BFO crystal system is not represented. Moreover, in
the single crystals, as the coercive field is not always well
defined because of the contribution of the transverse magne-
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FIG. 3. (Color online) (a) Longitudinal ferromagnetic hysteresis
cycle (MOKE) of a Permalloy layer deposited on a single-domain
BFO crystal: along the easy direction (dots) and along the hard
direction (squares). (b) Polar plot of the evolution of M/ Mg and
Hg,,i.en of a Py or single-domain BFO crystal. For readability, values
are added on the circle lines in addition to the usual vertical scale.
The angle is defined between the applied field H and the [100]
direction of BFO. The deposition field I:Idep is represented by the
large arrow.

tization, it is instructive to plot the switching field—defined
as the saturation field—instead of the usual coercive field, as
well as the remanence. In these conditions, the maximum of
the switching field, respectively, minimum of the remanence,
gives the hard axis that is the [001] direction (indeed the
switching of the transverse magnetization occurs when the
magnetic field is applied near the hard axis), whereas the
secondary maximum of H,;.,, respectively, the maximum
of the remanence, gives the easy axis that is the [100] direc-
tion. It is important to note is that the field applied during
deposition H,,, was applied at 20° from the [100], i.e., on
purpose misaligned relative to the major crystallographic di-
rections in the FM or BFO crystal shown in Fig. 3(b). Addi-
tional experiments made on bilayers grown with different
orientations of H,,, lead to the conclusion that in the Py or
BFO crystal (antiferromagnetic monodomain), the coercivity
presents two maxima independent of the deposition field and
that no bias field is measured. On the contrary, the easy axis
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of the reference Py layer on glass is always parallel to that
field applied during deposition Hy,,, as expected. Hence, we
show experimentally that the induced anisotropy in the FM
layer is not related to how the deposition field is aligned but
that the easy axis is always along one of the major axes of
the BFO crystals, [100], [001], or [110].

Now, we discuss the lack of bias and the coercivity re-
sponse in the Py or BFO crystal system. For the BFO single
crystals, the presence of the cycloid makes the magnetization
fully compensated in the interfacial plane (010). If no bias is
expected in perfect compensated systems, it has been re-
ported that a bias can arise when uncompensated and irre-
versible spins exist, whose origin is usually discussed in re-
lation with defects and domains walls. Here, the lack of bias
is fully consistent with the argument “the larger the bias, the
larger the amount of domains walls” since our crystal are in
a single domain state, with no walls. The experimental ob-
servations relative to the coercivity can be discussed taking
into account the presence of compensated free spins with
weak anisotropy leading to no bias but to an enhancement of
the coercive field. The pseudotwofold anisotropy observed in
the angular coercivity response can be attributed to the ex-
change coupling with the magnetic structure sketched in Fig.
1(c). At the interface, the exchange energy between the fer-
romagnet and the projection of the canted moment that de-
scribes the cycloid is locally not zero. Due to the period of
the cycloid of the order of a few exchange lengths of the
Permalloy layer, the ferromagnet is not likely to follow ex-
actly this specific arrangement but the exchange coupling
should induce a wriggling of the ferromagnet’s magnetiza-
tion along the propagation vector of the underlying cycloid
[see Fig. 1(c)]. A ferromagnet’s ripple can be established,
distributed laterally with a periodicity determined by the ex-
change length of the ferromagnet. As usually, the wavelength
of the fluctuations drives the formation of high-order terms
in the effective energies. We argue that the demagnetizing
energy of the heterostructure FM or BFO crystal is smaller
when the ferromagnet’s magnetization is in overall parallel
with the propagation vector of the cycloid whereas it is larger
when perpendicular to it. This results in an induced pseudot-
wofold anisotropy in the ferromagnet, imposed by the propa-
gation vector of the BFO cycloidal structure. The mechanism
of this induced anisotropy has been supported by additional
investigations under the application of an electric field, re-
ported in more details elsewhere.'®

B. Multidomain BFO thin films

As said, exchange bias has already been observed in such
system.”!* From neutron scattering and piezoresponse force
microscopy, it was shown that the macroscopic exchange
bias field in CoFeB or BFO heterostructures scales with the
inverse of the FE or AFM domain size of the BFO films, as
expected from Malozemoff’s model of exchange bias ex-
tended to multiferroics. The observation of uncompensated
spins at the interface by polarized neutron reflectometry
(PNR) correlates with this model.'* Figure 4(a) shows typi-
cal CoFeB loops along the easy and hard axis for a CoFeB
thickness of 7.5 nm. The macroscopic shift Hg of the FM
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FIG. 4. Longitudinal ferromagnetic hysteresis loop (MOKE) of

a CoFeB layer deposited on a BFO or STO film along the easy
(dots) and hard (squares) directions.

loops is one of the signatures of exchange-bias in these bi-
layers; another one is the enlargement of the coercivity H,
by about 70% compared to those measured on reference
CoFeB thin films.

Figure 5(a) shows the angular dependence of the bias and
coercive fields as a function of the direction of the applied
magnetic field H for three orientations of Hy,, in CoFeB/
BFO(001) bilayers. The deposition field has been applied
along major crystallographic directions ([001] and [110]) of
the BFO film and on purpose misaligned by 20° from the
main directions [Fig. 5(a), middle plot]. In this last case, the
thickness of the ferromagnetic layer has been decreased to 5
nm which results in larger bias and coercive fields.'"* The
loops are shifted toward negative magnetic field values by an
exchange field of about —40 Oe for 7.5-nm-thick CoFeB
layers [Fig. 4(a)] and it is increased to —60 Oe for a reduced
thickness of 5 nm, confirming former results indicating an
inverse proportionality relationship between the ferromagnet
thickness and the bias field. In Fig. 5(a), one sees that Hy and
H have extrema along H,,,, irrelevantly of whether this
direction is along a high symmetry or not. At first sight, this
angular dependence looks like a unidirectional induced an-
isotropy in the CoFeB layer along the deposition field. How-
ever, as this can be seen from the details of Fig. 5(a), the
dependence of the bias field is not a pure sinusoid. It exhibits
a rounding and two kinks at 135 and 225° around the depo-
sition field axis. The deviation from a simple sine behavior is
even more obvious for the coercive field that differs from
zero over a large range of angles around H,,,, whereas a
peaked behavior is expected in bilayers showing a typical
unidirectional response.

It is known that in some epitaxial FM or AFM bilayers,
Hp is far from being a simple sine dependence centered on
the field cooling direction, in contrast to what was initially
postulated for polycrystalline samples.”!' One way used to
reproduce the angular behavior of the ferromagnet is to add
phenomenological high-order anisotropy terms in a Stoner-
Wohlfarth-type model, entering the FM energy.’® However,
this approach considers implicitly the AFM as frozen. In or-
der to reproduce the observed angular dependence in CoFeB/
BFO(001) bilayers, we modeled them by taking into account

the CoFeB film’s magnetization (MF), a net magnetization
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FIG. 5. (Color online) (a) Polar plot of the evolution of Hy
(squares) and H (open circles) in a CoFeB/BFO (001) heterostruc-
tures, field grown. The angle is defined between the applied field
and the [100] direction of BFO. For readability, values are added on
the circle lines in addition to the usual vertical scale. The deposition
field ﬁdep is represented by a large arrow. For comparison, the bias
field and the corresponding coercive field when assuming a sine
dependence for the unidirectional exchange coupling are shown by
black solid lines. The wide gray solid lines are the results of the
model described in the text. (b) Magnetization vectors MF ,1\7[” 0,

deposition ﬁdep and applied H fields, angles and anisotropies in the
simulations of CoFeB/BFO(001) bilayers.
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(MBF ©) assigned to the BFO layer, the interfacial exchange
(noted J) between them and one twofold magnetic axis (K,)
ascribed to the BFO layer, along the deposition field axis. No
intrinsic or “hand” added anisotropy is assigned to the FM
layer since it is amorphous. Exchange bias is represented by
a field ppinned along ﬁdep that acts as an additional field on
the magnetization. We assume that this field results from
pinned uncompensated spins, close to the interface between
the BFO and CoFeB films.?*?733 All vectors and angles in-
volved in the modeling are sketched in Fig. 5(b). The orien-
tation of M” is defined by @ that of MBFO by &, whereas H%”

and H are defined by 6y and «,,,, respectively. The equilib-
rium state during magnetization reversal corresponds to a
minimum of the free energy, expressed by the vanishing of
the torque M X H,; where the effective field H,; obeys
Heff=—37(;. The free-energy density [Eq. (1)] is defined as

_’FMBFO

Y, 7 o jpinned
G=-M"-[H+h ]_JW

— K559 cos?(e - Agep) -

(1)

The effective field components Hfff’(xw in the (x,y) direc-
tions acting on the ferromagnet F are given by Eq. (2):

Hjpp = H cos O+ h"""! cos ay,, + 2770 &

. i . J .
HE = H sin O+ 17" sin ay,, + s (2)

One notes that H”""“¢ can introduce a loss of symmetry in
the effective fields. Similarly, the effective fields acting on
the BFO are given by Eq. (3):

BFO
Bro _ “12 2 ) .
H, = V[BF0 (cos € cos™ ay,, +sin & cos ay,, sin ay,,)

+ WCOS 0,

BFO

Bro _ <82 . -2 :
H gy = Y (sin & sin” a,, + cOs & COS @y, SiN ay,,,)

J .
+ Wsm 6. (3)

This “double macrospin” model provides the field depen-
dence of the angle of the two magnetization vectors (0 and &)
by finding the minimum energy orientation of both FM and
AFM. Detailed shapes of hysteresis curves were calculated
and examples are given in Fig. 6. It is possible to reproduce
usual square hysteresis loops for 6y=ay,, without major
overestimation of the coercive field (which is usually ob-
tained when fixing the AFM in a single macrospin approach);
at 45° of the deposition field orientation, the shifted but not
coercive and asymmetric loop of the FM layer is also well
simulated; the hard axis loop is well reproduced as well. The
model successfully reproduces in all deposition field geom-
etries the overall tendency of the bias and coercive fields
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FIG. 6. (Color online) Longitudinal (along the applied field,
continuous line) and transverse (perpendicular to the applied field,
dotted line) hysteresis loops of M* and MBFO as measured (dots)
and simulated (lines). Loops are obtained at 0° (easy axis) at 45°
(intermediate direction) and at 90° (hard axis) from H,,.

[Fig. 5(a)]. A single set of anisotropy and exchange fields
was used for the bilayer’s simulations: for BFO
KSFO/MBFO=13 Oe and the interlayer exchange field
JIMCTB=J MBFO=45 Qe. In these heterostructures,
changing the orientation of ﬁde,, from [110] to [001] only
implied |77""*¢|=40 Oe, whereas a,, evolved from 0 to 45°
in the simulations. To reproduce the larger bias and coercive
fields obtained for a thinner CoFeB, the pinned field acting
on the magnetization is taken as [”""¢|=60 Oe with @y,
equal to 20°.

Let us discuss the implication of strong coupling on the
energy of Eq. (1). If J/K5" is small, &~ a,,, and the fer-
romagnet experiences no induced anisotropy since the AFM
looks like frozen and no high-order anisotropy terms have
been added in the FM energy. Likewise if J/ KgF  is larger
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than 1, € # a,,, and the coupling J is large enough to cause
large canting of the BFO surface magnetization away from
its respective easy axis directions. As shown in Fig. 2(c),
there is no intrinsic magnetic anisotropy in the BFO films
and the twinned elliptical compensated spin arrangement
stemming from the projection of the (111) easy magnetiza-
tion plane onto the (001) interface is not far from isotropic.
Therefore, we assumed the twofold anisotropy in the BFO as
a consequence of the field deposition procedure. Then, the
main features of the ferromagnet hysteresis can be inter-
preted as resulting from AFM spin rotation and an induced
twofoldlike contribution appears in the ferromagnet because
J /K[;F 9 is larger than 1. That is the way the system resolves
the competition between local anisotropies and exchange
coupling. This model does not include partial wall formation
in the depth of the AF, whereas it is sometimes postulated
that the high symmetry exchange anisotropy terms in the
ferromagnet (i.e., its nonsinusoidal dependence relative to
the deposition field orientation) originates from a partial AF
wall parallel to the F or AF interface. Our “double mac-
rospin” approach is therefore much simpler and is consistent
with a model in which irreversible spins, whose directions
can be set by the field initialization procedure, can be lo-
cated, for instance, at the boundaries between the domains.

Usually, the initialization of the AFM in bilayers is done
by a field cooling process through the Néel temperature of
the AFM whose moments can orient in the field of the satu-
rated ferromagnet, along the applied cooling field. Hence,
here, we showed experimentally that the angular behavior of
coercive field and exchange bias (in particular their extrema)
are closely related to the deposition field direction. More-
over, the angular dependence of the exchange bias and the
enhancement of the coercive field had to be related to a
deposition field induced BFO anisotropy. The existence of a
net moment in the BFO even if it is small, probably triggers
the orientation of the BFO magnetic structure. The resulting
magnitude of the coupling may be the limiting factor for
future spintronics applications of the thin films.!> In the crys-
tals, where no net moment exists, the FM anisotropy is likely
to result from the coupling with the underlying magnetic
cycloid in the BFO.

IV. CONCLUSION

In summary, the comparison of the anisotropy of Py films
on BFO monodomain crystals and of CoFeB or BFO multi-
domain films reveals a fundamental difference in the finger-
print of the BFO antiferromagnetic structures. The exchange
coupling resulting from these two systems is of a completely
different nature. In thin film based heterostructures, the mag-
netization is pinned in the vicinity of the bias field direction,
whereas the anisotropy is driven by the AFM domain struc-
ture in single crystals. For multidomain films, our double
macrospin model underlines the key role, in the FM mag-
netic response, of the rotation of the net magnetization in the
BFO out of its anisotropy axis (induced by field deposition).
It also puts forward the role of uncompensated spins, in
agreement with former results on BFO thin films.'*!> In Py
or crystal systems, an induced anisotropy in the FM layer
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along the propagation vector of the cycloidal arrangement of
the antiferromagnetic BFO moments is observed irrelevantly
of the presence and orientation of a field during deposition.
The “bulk” BFO AFM structure is in that case the relevant
parameter determining the FM properties thanks to a large
effective exchange coupling. This is probably due to the
strength of the magnetoelectric interaction inducing a larger
local canting angle. The net moments, arranged in a long-
range cycloid, couple to the ferromagnetic layer to induce a
robust anisotropy. It was shown that an electric field induced

PHYSICAL REVIEW B 81, 134411 (2010)

change in electric polarization is able to toggle the easy di-
rection of the ferromagnet through the magnetoelectric
effect.!834
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