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Abstract

The present work deals with the exchange anisotropy. Such unidirectional anisotropy arises from the interaction at the interface of a
ferromagnetic (F) and an antiferromagnetic (AF) thin film. The interaction can be modeled as an internal magnetic field H, called the exchange
anisotropy field. The dependence of HE with (F) and (AF) thicknesses as well as with the temperature will be discussed. Different models describing
the interface state will be given; these include the aligned and the off-aligned exchange anisotropy. Some applications of this anisotropy will be
described. The methods for the investigation of this phenomenon will be discussed. Three set-ups will be highlighted.

(i) The hysteresis curve and the shift induced by the exchange anisotropy.

(ii) For the torque curve method, it will be shown how from some features of the torque curve, one may derive the exchange and the planar anisotropy
fields as well as the off-aligned angle .

(iii) For the Ferromagnetic Resonance (FMR) technique, the resonance relations are derived in different situations, the effects of H, and S on the
position of the FMR peaks are inferred. These specific FMR characteristics allow one to derive the parameters pertaining to the exchange anisotropy.
For these methods, different magnetic anisotropies in the (F) thin film are considered and the way to measure the exchange anisotropy field will be
highlighted.

Keywords: Exchange anisotropy; Magnetic anisotropy; Hysteresis curve; Torque curve; Ferromagnetic resonance.

Introduction
origins of the exchange anisotropy and to account for the different

The system under study here consists of a ferromagnetic and an effects observed in the (F)/(AF) bilayers.

antiferromagnetic thin films, labeled as (F)/(AF). The interaction

between the (F) and (AF) magnetic moments, at the interface, gives The exchange anisotropy is defined in Section 2. Also, in or-

rise to a unidirectional anisotropy called exchange anisotropy. This
effect was observed in 1956 in the Co/CoO bilayers by Meiklejohn
and Bean [1]. Other systems have been found to exhibit such a phe-
nomenon which is intensively studied [2-12]. Both theoretical and
experimental works [13-20] were undertaken to get insight on the

@ @ This work is licensed under Creative Commons Attribution 4.0 License |[MCMS.MS.ID.000630.

der to ensure that the magnetic moments of (F) and (AF), at the
interface, are parallel and coupled, so that the interaction is strong
enough to lead to the exchange anisotropy, some preparation con-
ditions or some post-deposition treatments are required [21-25].
These conditions will be discussed in Section 2.
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The interest in this system is motivated by fundamental re-
search as well as for applied research. One of the applications of
this exchange anisotropy in (AF)/(F) is in magnetic recording tech-
nology; it was proposed as a bias in magnetoresistive heads [26]
(see Section 3). The exchange anisotropy is used in some spintronic
devices [27-29] and in permanent magnet materials [29, 30]. The
exchange anisotropy can be modelled as an internal magnetic field
called the exchange anisotropy field, H, (Section 3.1). The H, field is
found to strongly depend on the (F) thickness, t,, on the (AF) thick-
ness t,, and on the temperature T; these variations [31,36] will be
discussed in Section 3.2.

The state of the (F)/(AF) interface is important and has a strong
effect on the magnitude of the exchange anisotropy. Theoretical
models have been proposed to describe the spins at the interface
and to understand the origin of this particular anisotropy. Different
aspects of the interface will be described in Section 4; including the
relationship between the structure and morphology of the interface
and the exchange anisotropy behaviour [37-45]. Also, the aligned
and the off-aligned cases are considered [46-51]. In the former, the
(AF) and the (F) easy axes are parallel; while in the latter the easy
axes of (AF) and (F) are not parallel but make an £ angle between
them; /3 is called the off-aligned angle.

As for the methods used to detect and measure the exchange
anisotropy, the focus is on three methods in the present work: the
hysteresis curve, the torque curve method and the Ferromagnetic
Resonance (FMR). Other techniques have also been used to investi-
gate the exchange anisotropy [52-57]; these methods will be cited
in Section 5.

Note also that the exchange anisotropy has been found and
investigated not only in (AF)/(F) bilayer but also in other systems
[58-71]. Moreover, the phenomenon has been studied in a single
(AF)/(F) bilayer and also when the (F)/(AF) is part of Magnetic
Tunnel Junction (MT]) structure [27,59,60, 63-65]. The latter is a
stacking of (F)/(AF) bilayer and a trilayer consisting of two ferro-
magnetic layers separated a non-magnetic layer, i.e. (AF)/(F)/(non-
magn)/(F). The three experimental methods, discussed here, have
also been used to study the exchange anisotropy field within the
MT]J structure.

The hysteresis curve is the most used and the most popular
method to detect and measure the exchange anisotropy [72-78].
The shifted M vs H loop is an indication of the existence of exchange
anisotropy; the amount of shift being equal to HE. In Section 5.1,
analytical expression will be derived for the saturation and the
switching fields and hence for the magnetization curves. These
fields will be found for the (F) layer characterized by an in-plane
anisotropy, a cubic magnetocrystalline anisotropy and a perpendic-
ular anisotropy. For the off-aligned case, analytical expressions of
the critical fields are found for a particular situation (Section 5.1).

The torque curve method has been used to measure the an-
isotropy constants of a ferromagnetic thin film, in multilayer and
in (F)/(AF) bilayer [79-83]. It will be shown that the torque method
can be used to detect and measure the exchange anisotropy field H,
and also the off-alignment angle 7 (for the off-aligned case). Ana-
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lytical expressions giving H, and P are derived in Section 5.2.

The Ferromagnetic Resonance (FMR) technique is a well-
known method for the investigation of some magnetic properties in
thin film and multilayers [84-86], and also the exchange anisotropy
in (F)/(AF) bilayer [87-104]. The method will be described in Sec-
tion 5.3. It is applied here for the study of the exchange anisotropy
in bilayer (AF)/(F) in different situations. The resonance conditions
are derived for the ferromagnetic layer having an in-plane or an
out-of-plane magnetic anisotropy. For the latter, both the saturated
and the unsaturated states have been considered. It will be shown
how to measure the exchange anisotropy from the analysis of the
FMR spectra.

The Exchange Anisotropy

The bilayer consisting of an antiferromagnetic (noted (AF)) and
a ferromagnetic (F) thin film is shown in Figure 1a. The magnetic
moments of (AF) are parallel to those of (F) at the interface (see
Figure 1b). There is an exchange coupling between the moments
of both layers at the interface. If an external field H is applied to
the system opposite to the (F) moments (see Figure 2), the (AF)
moments are not affected by the H field, because of the strong (AF)
magnetic anisotropy. Then, the interaction, at the interface, be-
tween the (F) and (AF) moments will not allow the (F) magnetic
moments to rotate in the direction of H. Thus, the (F) magnetic mo-
ments prefer to align in the interfacial (AF) moment direction, i.e
from left to right in Figure 2 which becomes an easy direction for
the moments (noted E.D. in Figure 2). On the other hand, the (F)
moments do not prefer the H direction, i.e., the right to left direction
which is thus a hard direction (noted H.D. in Figure 2). Therefore,
the interaction (F)/(AF) has introduced a unidirectional anisotropy,
different from the usual uniaxial anisotropy where, for a given axis,
both directions are equivalent. Here, for the same axis, the left to
right (E.D.) and the right to left (H.D.) directions are not equivalent.
This new unidirectional anisotropy is called exchange anisotropy.
This phenomenon was first observed in the Co/Co0 bilayer [1] (Co
being ferromagnetic and the Co oxide, CoO, is antiferromagnetic).

Note also that the moments at the interface are aligned as
shown in Figure 1b. This can be done by some experimental proce-
dures. One may cite for instance

(i) Applying a magnetic field during the deposition of the two
films

(ii) Annealing the bilayer to a temperature T greater than the Néel
temperature T, of (AF) (where the moments of the (AF) thin
film become randomly oriented) and then cooling the sam-
ple in a magnetic field. These methods will ensure that the
moments at interface will be aligned, parallel to the applied
field. A study was reported about the effect of the magnitude
of the applied magnetic field during the film deposition on the
magnetic properties of Co/FeMn bilayers [21]. The effect of
the configuration and the magnitude of the magnetic field H,
during the elaboration of the samples, on the magnetic prop-
erties of magnetron sputtered NiFe/IrMn was recently studied
[22].
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Figure 1: (a) The (F)/(AF) bilayer. (b) The magnetic moments of (F) and (AF) without applied magnetic field.
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Figure 2: The magnetic moments of (F) and (AF) with applied magnetic field H.

H.D. : hard direction. E.D. : easy direction. The exchange anisotropy field H_.
N )

Earlier, experiments were done concerning the annealing
(without the application of a magnetic field) and the magnetic an-
nealing (with the application of a magnetic field) of a set of NiFe/
FeMn bilayers, at a temperature equal to 350°C (higher than the
Neel temperature T, of FeMn, T, = 220°C). After cooling, for the
straight annealing, the exchange anisotropy disappears, while for
the magnetic annealing, the exchange anisotropy is restored with
the same values as those in the as-deposited samples [23]. There
was a study about the effect of heating and cooling in a magnet-
ic field on the exchange anisotropy of Co/FeMn bilayers [24]. In a
more recent work [25], it was shown that the exchange anisotropy
depends on the direction of the applied field during cooling. Thus,
the application of a magnetic field seems to be necessary to induce
the exchange anisotropy, either during the film deposition or for the
heating and cooling experiment.

The Exchange Anisotropy Field
Definition

One can see that the interaction at the interface which is re-
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sponsible for the exchange anisotropy can be thought as an inter-
nal magnetic field opposite to the external field (see Figure 2). This
field is called exchange anisotropy field and noted H, (Figure 2).
The H, field will then act as the interaction and will maintain the (F)
moments in its direction (the left to right or easy direction).

About the technological application of the exchange anisotropy
field H,, one may cite two of them. As pointed out in the introduc-
tion, it was proposed to be used in the magnetoresistive head (MR
head) [26]. In this MR head used to read the information from a me-
dium, the variation of the electrical resistance R of the ferromagnet-
ic material (the MR head) reproduce exactly the magnetic domains
of the medium. However, if the working point is at H = 0, the signal
(when the head goes from one domain to the other) is small. The
idea was to apply a constant magnetic field H to the head (exchange
bias), the working point will be at H and the signal will be stronger.
The exchange anisotropy field H, may play this constant field on the
head. Another application is the method to avoid the Barkhausen
noise. In a multidomain material, the change in the magnetization
direction is achieved by domain wall motion. If there is a defect in
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the material, it will act as a barrier to the smooth motion of the
domain wall. When H is increased, a jump of the wall occurs which
results in a noise, called the Barkhausen noise, in the output. In or-
der to avoid this noise, it is preferable to work with a single domain
material (the change in the magnetization direction will be by rota-
tion.) by permanently applying a magnetic field to the ferromagnet-
ic material; this can be achieved by the use of the H, field.

The Exchange Anisotropy Field HE Characteristics
Variation With the (F) Thin Film Thickness

It was observed that H, varies as 1/t,. This makes sense, since
the interaction is interfacial; the thinner the film, the more import-
ant is the effect of the surface or the interface. From a very simple
calculation, one can find this variation. Assume that there are N
magnetic moments per unit surface of the interface; let <e> be the
average exchange energy between a moment of (F) and a moment
of (AF). Then the total energy will be NS<e>, where S is the surface
of the interface. The energy per unit volume V (V = S t) of the (F)
thin film would be E = N<e>/t.. In terms of the magnetic field, the
energy (due to H,) per unit volume can be written in magnitude
as E= MH, where M is the saturation magnetization of the (F) thin
film. Equaling the two energies will lead to the simple 1/t, relation

_N<e>
oM,
(1)

One can see, from this very simplistic reasoning, that the 1/t,
variation is found. More elaborated calculations would give this
kind of variation. Experimentally, HE is found to vary as 1/t, how-
ever the experimental value is always smaller than the theoretical
one. This is will be discussed in the next section.

Variation With the (AF) Thin Film Thickness

Experimentally, it was found that H_ is zero below a critical (t, )
C thickness. Beyond (t,.)C, H; increases and levels off to a constant
value as t,, is increased further. Thus, a minimal number of (AF)
atomic planes is needed to establish the exchange coupling be-
tween the (F) and (AF) moments. Once the coupling is set, the H,
value does not change for larger t, . In a study of the NiFe/CrMnPt9
bilayer, it was found that HE starts to have a non vanishing value
for t,, of about 20 nm, increases with t,, and levels off to a constant
value beyond t,, of about 30 nm [31,32]. In the NiFe/NiO bilayer,
the field HE vanishes for a t,, less than about 20 nm, then increases
and reaches a constant value beyond 50 nm [33].

Variation with Temperature

One expects that the exchange coupling between the (F) and
(AF) would disappear and hence HE vanishes when the tempera-
ture T reaches the Neel temperature T of (AF) where the mag-
netic moments will be randomly oriented (the material becoming
paramagnetic for T > T ). However, what is observed is that the ex-
change anisotropy decreases, indeed, with increasing temperature
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and vanishes (HE = 0) at a temperature T = T,, below T, (before the
transition of the (AF) to the paramagnetic state); T, is called the
blocking temperature. For instance, It was found in the NiFe/FeMn
system [33], T, (NiFe/FeMn) = 150°C, while the Curie temperature
of NiFe is T, (NiFe) = 550°C, and the Neel temperature of FeMn is
T, (FeMn) = 225°C. In the Fe, O, /CoO bilayer, with a 30 A thick CoO
[34], it was reported that T, = 240°K, while T, (Co0O) = 450°K. More
recently, it was observed that the blocking temperature value can
be related to the grain size in the (AF) layer [35].

The interface (F)/(AF)

In the static (AF) model, the assumption is that the uncompen-
sated spins in (AF) at the interface are not affected by the applied
field, they are pinned along the (AF) easy direction (Figure 3a). The
existence of these uncompensated spins is attributed to some prop-
erties [36] such as, for instance, the grain size and grain boundaries
as well as the roughness of the interface. As pointed out in the in-
troduction, several models [13,20] have been proposed to describe
the (F)/(AF) interface in order to explain the different behaviors of
the exchange anisotropy observed in this system.

It was observed, for instance, that the theoretical exchange
anisotropy field value is larger than the measured one. This was
attributed, among other factors, to the fact that not all magnetic
moments, at the interface, contribute to the value of H,. The as-
sumption is that there are grains where the magnetic moments are
coupled while in other sites there is no coupling leading to a smaller
interaction and hence a smaller H, value [36].

In fact, the relationship between the exchange anisotropy be-
havior and the structure and morphology of the interface is well es-
tablished [37-42]. The layer deposition order [39,40] as well as the
surface roughness in NiFe/IrMn [40] and in NiFe/NiO [41] affect
the exchange anisotropy value. The surface morphology and the ex-
change anisotropy were studied in NiFe/IrMn bilayer deposited on
a flexible substrate [42]. Also, the interdiffusion is not to be exclud-
ed. In experiments on NiFe/FeMn and NiFe/ & -Fe,0, samples [43],
it was found that for the former, the interface is relatively sharp;
while for the latter, a layer was formed at the interface by inter-
diffusion. This intermediate layer was detected by Ferromagnetic
Resonance (see Section 5.3) and its magnetic properties are found
to be different from NiFe (Permalloy). Incidentally in these NiFe/
o -Fe,0, samples, the measured exchange anisotropy field is weak.
Chemical analysis show that the layer consists of @ -Fe and Fe,0,
due to the diffusion of Fe from NiFe into & -Fe,0, [43].

In another model, it is assumed that a domain wall exists in the
(AF) layer [44,45]. This arises from the fact that the (AF) moments
at the interface may rotate with the (F) magnetic moments because
of a relatively strong exchange coupling between the (F) and the
(AF) moments. However, the (AF) moments try to remain aligned
along the easy direction due to the (AF) anisotropy; this leads to the
creation of a domain wall (see Figure 3b).
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Figure 3: (a) Aligned exchange; (b) domain wall formation in (AF);
(c) off-aligned exchange; £ : off-alignment angle; EA.: Easy Axis.
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As for the relative directions of the easy axes in (F) and (AF),
two situations are found. When the (AF) and the (F) easy axes are
parallel (see Figure 3a), the case is referred to as the ‘aligned’ ex-
change anisotropy. The direction of the exchange field H, is thus
along this common easy axis of the (F) and (AF). Another situation
is termed as the off-aligned exchange anisotropy. In this case, the
easy axis of the (AF) layer (the unidirectional anisotropy axis or the
H_ direction) and the (F) easy axis are not parallel but make a p an-
gle between them; B is called the off-aligned angle (see Figure 3c).
An angular variation [46-50] of H, was experimentally observed
and this off-aligned model can explain such a variation. This case
has been seen in many systems, a § angle equal to 90° (a perpen-
dicular exchange anisotropy) was observed for Fe,0,/Co0 [34] and
for Fe-FeF, [50]. In La0.7Sr0.3Mn0,/NiO bilayer, the authors [51]
observed a transition of the exchange anisotropy from in-plane to
out-of-plane as the substrate is changed. This transition is believed
to be due to the strain induced by the substrate which leads to a
reorientation of the NiO spins at the interface. In some spintronic
devices, the out-of-plane anisotropy is preferred [51].

Methods of Detection and Measure of H,

As pointed out before, the hysteresis curve was used and re-
mains the most common experimental method to detect and mea-

sure the exchange anisotropy. Other techniques have been used
since to investigate the exchange anisotropy. Among these exper-
imental methods, one may cite, for instance, the Brillouin Light
Scattering (BLS) technique [41,52], the Magneto-Optic Kerr Effect
(MOKE) set-up [53,54] and the susceptibility measurements [55-
57]. In this latter work [57], the effect of the easy axis distributions
on the exchange anisotropy field H, was discussed to explain the
difference observed in the H, values when measured by two meth-
ods based on the ac susceptibility and the DC measurements.

In the present work, focus will be on three techniques, starting
from the most popular one, the shifted hysteresis curve, then the
torque curve and finally the Ferromagnetic Resonance. For each of
these techniques, the method will be briefly described and the im-
portant features leading to the detection of the exchange anisotro-
py will be given along with the main relations allowing to measure
the exchange anisotropy field.

Note that the exchange anisotropy is studied in the (F)/(AF)
bilayer alone and also when the (F)/(AF) is part of a multilayer [58-
67] such as the Magnetic Tunnel Junction (MTJ) systems [59,60,63-
65]. The phenomenon is also observed in other systems such as in
hard/soft ferromagnetic bilayers [68] and in nanoparticles [69-71].
The authors [70] observed a shifted hysteresis curve in ferromag-

Citation: A Layadi*. Review of the Exchange Anisotropy and the Methods
MCMS. MS.ID.000630. DOI: 10.33552/MCMS.2024.06.000630

of Investigation. Mod Concept Material Sci. 6(1): 2024.

Page 5 of 13


http://dx.doi.org/10.33552/MCMS.2024.06.000630

Modern Concepts in Material Science Volume 6-Issue 1

netic nanoparticles; the exchange anisotropy is attributed to the
existence of grains with different easy axis directions (the random
anisotropy) which leads to hard and soft areas within the sample.
In ferrite nanoparticles, the authors [71] attribute the exchange an-
isotropy to the coupling between the spins at the ferrimagnetic and
spin glass-like interface.

In the following, the bilayer thin films will be taken in the xOy
plane. The magnetization M of the (F) layer is defined in spherical
coordinates by the angle @ and @ . The applied magnetic field H is
taken to be in the film plane making an angle @, with the x-axis.
The total energy of the system per unit volume can then be written
as

E =—MH sin@ cos(p—g@, )-2zM? sin> §— MH ; sin@cos(—¢)
+K,, sin’ @sin® g+ K sin® 6

(2

The first term in Eq. (2) is the Zeeman term, i.e. the interaction
of M with the applied magnetic field H. The second is the shape an-
isotropy energy for a thin film. The third term is the energy due to
the exchange anisotropy field H,, f being the off-alignment angle

(for the aligned exchange anisotropy, £ = 0). The fourth term is the
in-plane magnetic anisotropy with constant Kup, Kup is taken to
be positive, i.e. the x-axis is the easy direction of the magnetization.
The fifth term is the out-of-plane uniaxial magnetic anisotropy with
constant K, K is positive so that the normal to the film (the z-axis)
is the easy axis (perpendicular anisotropy). Note that the anisot-
ropies described in the last two terms may (or may not) exist in a
given system. Moreover other anisotropies may exist such as the
magneto-crystalline anisotropy energy with an anisotropy axis tilt-
ed from the normal of the film, or the cubic anisotropy which will be
mentioned in some cases in the following analysis.

Hysteresis Curve

The exchange anisotropy is detected when a shifted hysteresis
M vs H curve is obtained; while for a single (F) thin film, the hyster-
esis curve is symmetric with respect to the M axis. The shifted curve
is becoming the signature of the exchange anisotropy. In the follow-
ing, analytical expressions will be given for the hysteresis curve in
some situations.

e 7
Mt
* H
H H
(a)
M
= |
(&)
Figure 4: Magnetization curves, M vs H, for (AF)/(F) bilayers with (a) in-plane and/or cubic magneto-crystalline anisotropies, S =0 (aligned
case) and H applied along the x-axis (¢H =0); (b) perpendicular anisotropy and #; =0; and for in-plane anisotropy, £ = 7/2 (off aligned
anisotropy) and ¢, = 7/2 .
- J
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The shifted M vs H curve can be described in a straightforward
manner. The applied magnetic field is taken to be along the x-axis,
in the forward direction ( ¢, = 0), the direction of the exchange an-
isotropy field H, for the aligned case; then in the reverse direction
(QJH = lz'). One can minimize the total energy (Eq. 2) and find the
equilibrium positions of the magnetization M of the (F) thin film for
each value of H between the saturation fields in the forward and
reverse directions. This has been done; the shifted hysteresis curve
is obtained (see Figure 4).

The switching fields H, and H, depend on the anisotropy pres-
ent in the film. For the in-plane anisotropy only, H, and H, are given
by

H =—(H,+H,)

H, :_(HE_HA)

(3a)
(3b)

Here H, is the in-plane anisotropy field, i.e. H, = ZKup/M. The
curve (see Figure 4a) is shifted by H, and the width of the curve is
equalto 2 H,.

If the cubic magnetocrystalline anisotropy [79] is added, then

H =-H,—(H,+H,) (42)

H,=-H,+(H,+Hy,) (4b)

where H , = 2K /M, K, being the first order cubic anisotropy
constant. The width in this case is equal to 2(H, + H,,), but the shift
of the curve in the H axis is still H, (see Figure 4a).

When there is a perpendicular anisotropy with a constant K
(positive), the corresponding anisotropy field is H, = 2K/M. If (HK
- 4 & M) is positive, then the uniaxial magnetocrystalline anisotro-
py is strong enough to overcome the effect of the shape anisotropy
and the magnetization will be tilted from the plane for low field; M
will be in the film plane beyond the saturation fields in the forward
((PH = 0) and reverse ((PH = ﬂ') directions. These saturation fields
H1 and H2 are now given by

H =-H,+(H,—47M)

H,=-H,—(H,—47M)

(5a)
(5b)

Thus, between H, and H,, the magnetization will rotate from
out-of-plane to the plane directions as H is increased. This will give
a shifted hard axis M-H loop (see Figure 4b). The shift is equal to
HE and the interval between H, and H, is equal to 2(HK - 47Z'M)
- Note that the straight line between H, and H, is given by the equa-
tion.

M,  MH,

M, = +
H,—4zM  H,—4zM

H

(6)

MH is the magnetization component value along the applied
field direction. The crossing of the curve with the H axis (where M,
= 0) is given by H = - H,, the curve is shifted by an amount equal,
once again, to H,. From the slope of the straight line and the magne-
tization at H = 0, one may derive the perpendicular anisotropy field
H, and the magnetization M; of course, these parameters could also
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be inferred from the measure of the saturation fields (Egs. (5a) and

(5b)).

For the off-aligned case, as pointed out before, the phenomenon
was observed when doing magnetization curves for different ap-
plied field directions in the film plane. There are many works where
the misalignment is detected and measured from hysteresis curve-
based methods [72-78]. Note that, contrary to the aligned case
where the equilibrium conditions would give analytical formula of
the switching and saturation fields and hence the magnetization
curve, for the off-aligned case, there are no analytical formula, the
equations have to be numerically solved. However, for § = zz'/ 2 (the
perpendicular coupling) and when the magnetic field is applied at
Oy = ﬂ/z (along the H;, direction) then, one may obtain analytical-
ly, the saturation fields and the magnetization curve. With the same
procedure as before, the saturation fields H, and H, are given by:

H=-H,+H, (7a)

H,=—H,-H, 7h)

A hard axis curve is obtained (see Figure 4b). The shift is, once
again, equal to H; and the interval between H, and H_ is equal to 2
H,, the straight line between H, and H, is given by the equation
M M H,

= H+——E
HA HA

M

H

(8)

Note that in the above relations, the magnetic fields H, and
H, are written as algebraic expressions, they can be positive if the
fields are in the forward direction ((PH = 0) and negative when
they are oriented in the reverse one ((PH = 7f) . On the other hand,
H,, H, and H, are positive quantities, while the cubic anisotropy
constant K, (and H,,) can be positive or negative.

The Torque Method

The torque method is widely used to measure the anisotropy
constants of a ferromagnetic thin film. In this method the applied
magnetic field is rotated in the plane of the film (the present study)
or out of plane. Then the torque exerted on the magnetisation M by
the magnetic field H, T =M A H, is recorded. The torque method
has been used to detect and measure the parameters pertaining to
the exchange anisotropy such as the exchange anisotropy field HE
and the off-alignment angle f (for the off-aligned case) [79,82].

The torque expression has been derived from the total energy
of the system. Note that T = M A H is the torque per unit volume;
in a torque magnetometer, the recorded quantity is the total torque,
so one has to multiply the above quantity by the sample volume V.
The total torque is found as:

T=MV(HE sin((p—ﬂ)+lHA sin2(pj
2 )

More often the maximum torque curve is used to measure the
magnetic anisotropy constants of a thin film. Another interesting
feature that can be used is the slope of the curve at a particular H
value. The slope method has been applied to determine the field
H, and the off-alignment angle B [79-82] as is discussed below. It
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was also used to measure the magnetic coupling in a trilayer system
[83].

The slope of the torque curve is defined as the derivative of the
torque T with respect to the applied field angle @y ; the slope S is
found to be

- MVH cos (g, —qo)I:HE cos(p—-pB)+H, cosZ(p]

H cos(¢, —¢)+H, cos(p—B)+H, cos2p (10)

Now let us discuss how to find the parameters describing the
exchange anisotropy (the field HE and the off-alignment angle )
from the slope which can be experimentally measured.

For a single thin film without exchange anisotropy (H, = 0); the
torque curve (Eq. (9)) is the usual sin2¢ curve expected for a fer-
romagnetic thin film with in-plane anisotropy and with the magnet-
ic field H applied in different directions in the film plane [79]. For
the applied field angle in the -2 interval, the torque T vanishes
at 0,7/2,x,37/2and 27 (ie at nrz/2, where n is an integer.)
[79,81,82]. On the other hand, for (F)/(AF) bilayer with exchange
anisotropy and in the aligned case (ﬂ = O) , the curve given by Eq.
(9) is a distorted sing curve, where T vanishes now at applied
field angle equal to 0,7 and 27 (i.e at nr ) different from the sin-
gle thin film [79]. This shape may be a signature of the presence of
exchange anisotropy. Moreover, for the off-aligned case (ﬁ #* O")
; the torque curve (inferred from Eq. (9)) is shifted compared to
the aligned case (,B = 0) [81,82]. The amount of shift (which will
noted ¢, in the subsequent analysis) is related to the off-aligned
angle B and can be used to experimentally derive the B angle.
This effect of the off-alignment will be discussed in the following.

First, for the aligned case ( p= 0) , then the following relation
giving HE as the function of the slope S(0), atj ¢, = ¢ =0, is found

__S()H

E =~ sy oln) A4
VMH —S(0) (11)

Eq. (11) can be used to measure H, if H, is known. Alternatively,
if H, is unknown, one can still obtain experimental values by mea-
suring the slopes at @, =0and @; = 7 . Once the slopes S(0) and
S(n’) are measured, the field H, is then given by

MVH?[5(0)-5(7)]
~2[S(0)-MVH][S(x)-MVH]

E

(12)

Second, for the off-aligned case (non vanishing ¢, ), one has
then to determine H, and the ¢, angle. Recall that for the aligned
case, the torque vanishes at ¢, =0, T((pH = 0) =0. On the oth-
er hand, for the off-aligned case, T does not vanish at ¢, =0, but
at another angle @, noted here &, ; thus the torque curve in the
off-aligned case is shifted compared to that of the aligned case, the
amount of shiftis &, which can be measured from an experimental
torque curve. With the measure of @, and the slope at &, S (0{0)
, the exchange anisotropy field is given by
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. 2 H 2
H, = {H"Slnzao} + S(a) —H,cos2a,
2 MVH - S(«,)

Knowing HE, one can derive the off aligned angle b by the fol-
lowing relation

H
=q, +sin”'| —2
B=a H

E

(13)

sin2 «a, }
(14)

Note that, if one puts @, =0 (aligned case) in Eq. (13), it will
correctly reduce to Eq. (11) as expected and Eq. (14) gives 8 =0
. One can see that by doing one experimental torque curve, one can
deduce the exchange anisotropy field H, and the B angle (ifitis the
off-aligned case), by measuring the slope at particular points and
the shift of the curve if any.

Note finally, if the in-plane anisotropy field HA is very small
compared to HE and H, then from Eq. (13), one can make some ap-
proximations and gets:

__ S(a)H
 VMH - S(a,)

E

(15)

and Eq. (14) will give B = ¢ (in this case, the measured shift is
equal to the off-alignment angle).

Ferromagnetic Resonance (FMR)

Ferromagnetic Resonance (FMR) is the absorption of electro-
magnetic energy by a ferromagnetic material subject to an external
DC magnetic field H. The material experiences thus the effect of a
constant field H and a time varying (rf or microwave) field h. When
the value of the frequency of h and the magnitude of H satisfy a con-
dition (the resonance condition), an absorption peak is observed
in a FMR experiment. Generally, the derivative of the absorption
power is displayed.

In a FMR experiment, one can fix the frequency and vary the ap-
plied field H or fix the field H and vary the frequency. The resonance
condition between the (angular) frequency 7 and the applied field
H includes some of the intrinsic magnetic properties of the sample
such that the magnetic anisotropy and the magnetogyric ratio & or
the g factor.). Moreover, the linewidth of the peak is related to the
damping.

The FMR technique has been widely used to investigate a va-
riety of phenomena in thin film and magnetic multilayers [84-88],
including the exchange anisotropy in bilayer (AF)/(F) [43,89-106].
In the FMR, the spectrum is characterized by the number, the po-
sition, the linewidth and the intensity of the peaks. These features
may lead to the determination of the different anisotropies present
in the system (including the exchange anisotropy), the g factor and
the damping constant. Note also that one of the advantages of FMR
is that it may single out different regions with different magnetic
properties. If a region, for instance, a layer at the interface, is char-
acterized by different magnetic properties than the whole film, then
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besides the main peak corresponding to the film, an additional peak
may appear in the spectrum which will give the magnetic charac-
teristics of this region; that is how the formation of the layer at the
interface of the NiFe/ « -Fe,0, bilayer was detected and character-
ized [43].

The resonance condition can be derived, within the energy for-
mulation, by the general formula

4

H, cos(f—@)+4xM —H , sin’ ¢)]

Recall that for this case, it is assumed that the magnetization
remains in the film plane (9 = 72'/2) due to the absence of perpen-
dicular anisotropy, the strong shape anisotropy and the fact that the
external magnetic field H and H; are in the film plane. The magneti-
zation angle ¢ is given by the equilibrium position

Hsin(p, —¢)=H, sin(ﬂ—¢)+%HA sin2¢  (18)

For the aligned case, £ =0; if one is using a fixed frequen-
cy-variable H field, then one may measure the resonant field, HR,
for H applied in the forward direction ((DH = 0) , i.e. HR(0), and in
the reverse direction H, (71-) . In this case it is found that the ex-
change anisotropy field is simply given by

H, = H, (7)—H,(0)
2 (19)

Note that for a thin film with uniaxial anisotropy, HR (0) and HR
(7 ) are equivalent. The fact that they are different is an indication
of the existence of exchange anisotropy with the exchange anisotro-
py field given by Eq. (19).

If one is using a fixed H field-a variable frequency set-up, then

I

The exchange anisotropy field is then given by

_ o’ (0)-w’(7)
2y*[2H +4zM —H, |

E

(22)

Second, for the unsaturated case with H,<H< H, (H, and H, are
the saturation fields given by Egs. (5a) and (5b)), the magnetization
is out of the plane, making a ¥ angle with z axis. In this case, the

resonance condition is found to be
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2
[QJ =[H coS(¢’H _(0)+HE cosqo}[H cos((/)H —(p)+HE cos<p+47rM—HK]

7 (16)

Where @ is the resonant (angular) frequency, y is the mag-
netogyric ratio. £, EW and qu, are the second derivatives of the
total energy with respect to the variables @ and ¢ specifying the

2
w 1 )
[_) T M%sin’ 6 (E”EW _EH“’)

equilibrium position of the magnetization. The resonance condi-
tion can then be found from Egs. (2) and (16). For (F) characterized
by an in-plane anisotropy, the relation is given by

[QJ =[H cos(@, —@)+H, cos(B—p)+H, cos2(p][H cos(@, —p)+

(17)

one measure the resonant frequency with H applied at ¢, =0, i.e.
a)(O) andat @, =7 ,ie. a)(ﬂ) . The exchange anisotropy field can
then be derived by

__ 0 (0)-o'(n)
2y [2H +4zM +H |

E

(20)

Note that for the use of Eq. (20), in the FMR experiment, the
applied field H must have the same magnitude for both directions (
o, = 0and @y = 7 and be strong enough to insure the saturation,
i.e. the magnetization M along H (¢ = 0 and ¢ = 7 Thus, from the
mode position in the FMR spectra, one can detect the exchange an-
isotropy and measure the exchange anisotropy field H,.

Another situation is the (F) film with perpendicular anisotropy;
it is assumed that H, is positive and strong enough to pull the mag-
netization towards the z direction and there is no in-plane anisotro-
py- In this case, as discussed in the previous subsection pertaining
to the hysteresis curve, the magnetization M does not lie in the film
plane for all H values. There are two regions.

First, for the saturated case where H is greater than the satura-
tion field, then g = 7;/2 , and the resonance condition is given by

(21)

(2)2 =(H,~47M) ~(H +H,)

4 (23)

The exchange anisotropy field HE can be derived from Eq. (23);
it can be measured through the following relation

2
H, = i\/(HK —4zMY —(9] ~H
! (24)
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In Eq. (24) above, the (+) sign applies for -H,<H<H,, the H val-
ues corresponding to the upper part of the straight line in Fig. 4b
(the positive M values); while the (-) sign is to be used for H,<H<-H,,
the lower part of the straight line (or the negative M values). Recall
that H, and H, are given by Egs. (5a) and (5b).

For the off-aligned case ( £ is not equal to zero), Egs. (19) and
(20) do not hold anymore. One needs to do FMR experiment, with
the field H applied in different directions within the plane and mea-
sure, for the same frequency, the resonant field H, for each @ an-
gle. It is found that the H, vs @y curve for a bilayer (AF)/(F) with
misalignment is shifted with respect to the curve corresponding to
the aligned case with the same H,. For the aligned case, as expect-
ed, the curve goes from a minimum value of H, at Pu = (the easy
direction or the H, direction) to a maximum at ¢; =7 (the hard
direction). For the off-aligned case, it is found that the minimum
resonant field value does not occur at @, =0, but at @, =@, .
The shift (¢Ho) is related to the off aligned angle £ by a relation
which cannot be expressed as an analytical formula for HE (as was
the case in the shifted torque curve) but can be numerically solved
[97]. This is because, as mentioned in the hystersis curve section,
the angles giving the magnetization equilibrium position cannot be
given by analytical formula, Eq. (18) has to be numerically solved.
However, as for the saturation fields, the f = 7T/2 case (the per-
pendicular coupling) and if the applied field is along the H, direc-
tion (goH = 7[/2), then analytical formula can be obtained for the
resonance condition in both saturated and unsaturated cases, and
hence the H, can be obtained by a simple expression. This analysis
is described in the following.

For the saturated case where H is beyond the saturation fields
H, and H, given by Egs. (7a) and (7b), then the resonance condition
is found to be:

2
(ﬂj —[H+H,~H,|[H+H,+4zM —H,]
4 (25)
For a fixed frequency-variable applied magnetic field, then the
exchange anisotropy field is given by
H, (37/2)—H,(7/2)
H, = 2

(26)

where H, (371'/2) and H, (71'/2) are theresonance fields when
H is applied along the ¢, = 7r/2 (90 degrees) and @y 23”/2
(370 degrees) directions respectively.

For a fixed applied field-variable frequency set-p, then the ex-
change anisotropy field is given by

0’ (7/2)-w’(37/2)
£ 2y [2H +4zM -2H ]

(27)

For the unsaturated case with H,<H<H, (H, and H, are the sat-
uration fields given by Egs. (7a) and (7b)), the magnetization is not
along the H,, direction, i.e. @ is not equal to 71'/2. In this case, the
resonance condition is found to be
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2
[(oj _4rM
Y H,
The exchange anisotropy field HE can be derived with the use
of the following relation

2
f H
H o=+ g -2 _py
£ Yy (4nM)

The remark made about the signs in Eq. (24) holds for the signs
appearing in Eq. (29) above; and in the present case, H, and H, are
given by Egs. (7a) and (7b), respectively.

[ 1= (H 1) ]
(28)

(29)

Some remarks can be made about the FMR relations derived
above. Some effects related to the magnetic anisotropy were ad-
dressed to explain some experimental observations. The rotatable
anisotropy was introduced to account for a constant shift in the
resonant field when the magnetic field is applied in different direc-
tions within the plane [91]. As reported in a work about exchange
bias in ferrite nanoparticles [71], the rotatable anisotropy is due to
the spins which are not strongly pinned at the interface; it is equiv-
alent to an internal magnetic field which follows the applied field
direction. The resonance relations have been discussed here for the
system with in-plane anisotropy (the aligned and off-aligned cases)
and for the perpendicular anisotropy. Other kinds of anisotropies
can be considered by adding the corresponding anisotropy ener-
gy in Eq. (2). The cubic magnetocrystalline anisotropy was consid-
ered and its effects on the resonance mode (the resonant condition,
the linewidth and the intensity of the peaks) were discussed and
compared with the in-plane anisotropy case [93,97]. The stress-in-
duced anisotropy was added [100-105]. The titled anisotropy axis
case was worked out [106]; in this situation, the anisotropy axis is
out-of-plane and tilted from the z-axis with an angle 0 ; the effect of
0 on the resonance modes was discussed [106]. The perpendicular
anisotropy discussed here can be thought as a particular case of the
tilted anisotropy axis (by simply putting 0= 0).

Conclusion

The interaction at the interface between a ferromagnetic (F)
and an antiferromagnetic (AF) thin films leads to a unidirectional
anisotropy called exchange anisotropy. The application of a mag-
netic field during the film deposition or during a post deposition
annealing seems to be necessary to induce the interfacial interac-
tion. The effect is equivalent to an internal magnetic field, the ex-
change anisotropy field H;. The H, field varies as the inverse of the
(F) thickness. The phenomenon starts to be observed when the
(AF) thickness, t,,, is greater than a critical (t,,), value and disap-
pears when the temperature reaches a blocking temperature TB
lower than the Neel temperature of (AF). There are some correla-
tions between the H, behavior and the structure, the morphology
and the roughness of the films at the interface. The aligned and the
off-aligned (or misaligned) cases are considered, depending of the
relative directions of the (F) and (AF) easy axes. Three methods for
the detection and measure of H, are reviewed.
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(i) For the magnetization curve, analytical expressions are de-
rived for the saturation and the switching fields leading to
the expected shifted hysteresis curve. This has been done for
in-plane, cubic and perpendicular anisotropies and for a 90°
exchange coupling. The shift is equal to H, while the width of
the curve is related to the magnetic anisotropies present in the
film. In some encountered situations, the magnetization curve
is a hard axis like curve with the shift equal also to H...

(i) For the torque curve, a method based on the curve slope is
presented; it allows one to determine HE from a single curve
by measuring the slope at some points. For the off-aligned
case, the curve is shifted with respect to the aligned case, the
amount of shift is related to the off-alignment angle /3 .

(iii) The resonance ferromagnetic (FMR) is the third technique
described here. The resonance conditions are worked out for
different magnetic anisotropies, and for the saturated and un-
saturated situations. The HE value can be determined with H
applied in two different directions, by measuring the resonant
fields (frequencies) for a fixed frequency-variable field set-up
(a fixed field-variable frequency spectrometer). For each of
these three methods, the pertinent relations are given and the
way to determine H, and f is described. Finally, the exchange
anisotropy phenomenon is studied in the (F)/(AF) bilayer
alone and when it is part of the spin valve structure [(AF)/(F)/
non-magn/(F))] used in the giant magnetoresistance (GMR)
heads, in the magnetic recording technology.
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