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Exchange-Induced Anisotropies at Ferromagnetic-Antiferromagnetic Interfaces above
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The exchange bias and magnetic anisotropies in a Co layer on a single-crystalline FeF2 film have
been determined between 30 and 300 K. By postulating that the coupling between the ferromagnet and
the antiferromagnet persists above the Néel temperature (TN) we develop a model that quantitatively
describes the exchange bias and the anisotropies over the whole temperature range, both above and
below TN . Using only the measured low temperature exchange bias and a distribution of blocking
temperatures we explain (i) the temperature dependence of the bias, (ii) the magnitude of the
anisotropies, (iii) the opposite sign of the first and second order anisotropies, (iv) the observed 1=T
and 1=T3 temperature dependencies of the first and second order uniaxial anisotropies above TN , and (v)
the decrease of the anisotropies below TN .
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random field interactions [9], or magnetic frustration a range of blocking temperatures describes quantitatively
The interaction at an interface between an antiferro-
magnet and a ferromagnet gives rise to exchange bias,
which manifests itself as a shift of the ferromagnetic
hysteresis loop. Even though this effect was discovered
almost half a century ago [1], there are ongoing contro-
versies about the underlying mechanism [2,3]. The con-
tinued interest in this phenomenon is also augmented by
its widespread use in magnetic technology for establish-
ing a reference magnetization direction [4].

Besides the shift of the hysteresis loop, the coupling at
the ferromagnet/antiferromagnet interface generally also
gives rise to an enhancement of the coercivity [2]. This
suggests that the interface interaction introduces aniso-
tropies above and beyond the unidirectional anisotropy
responsible for the exchange bias. The coercivity en-
hancement has recently attracted increased attention
since, ultimately, both the coercivity and the exchange
bias contain information about the fundamental coupling
mechanism between the ferromagnet and the antiferro-
magnet. Most well-controlled experiments have been per-
formed in layered exchange bias systems and it has been
observed that the ferromagnetic and the antiferromag-
netic layer thicknesses determine the magnitude of the
coercivity enhancement [5,6] as well as its temperature
dependence [7].

Several theoretical models have been proposed to ex-
plain the observed coercive behavior. These models
include spin-flop coupling where the magnetization di-
rection of the ferromagnet aligns preferentially perpen-
dicular to the antiferromagnetic anisotropy axis [8],
0031-9007=03=90(25)=257201(4)$20.00 
[7], which lead to domain wall pinning, or reversible
and irreversible changes in the antiferromagnetic domain
structure [10]. In particular, in the latter framework,
temperature-dependent effects in the coercivity have
been explained by thermal instabilities of the antiferro-
magnetic state similar to superparamagnetism [11]. It
should be pointed out that all the proposed models so
far deal only with the properties of exchange bias systems
below the Néel temperature of the antiferromagnet. It has
been observed previously, however, that exchange bias
systems with single-crystalline FeF2 as the antiferromag-
net show a coercivity enhancement with a peak at the
blocking temperature (coinciding in this case with the
Néel temperature TN � 78 K), which extends well above
the bulk ordering temperature of FeF2 [12–15].

Here we present measurements of a Co film grown on a
single-crystalline FeF2 film. Easy-axis magnetization
loops reproduce the previously observed exchange bias
below TN and the peak of the coercivity enhancement at
the Néel temperature [12–15]. Because coercivity is a
complex phenomenon that can depend on the functional
form of the energy (i.e., shape and intrinsic anisotropies),
temperature, defects, etc., we focus here on anisotropies
extracted from the hard-axis hysteresis loops and verified
with Brillouin light scattering. We then show that the
observed temperature dependence of the first and second
order uniaxial anisotropies above TN can be explained
with a simple model based on interactions of the ferro-
magnet with locally ordered regions within the antifer-
romagnet. A slight generalization of the model to include
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the unidirectional anisotropy and the uniaxial anisotro-
pies over the whole temperature range.

The FeF2=Co bilayer sample was grown on a single
crystal MgF2 (110) substrate via molecular beam epitaxy
[15,16]. A 68-nm thick FeF2 layer was first deposited on
the substrate at 297 �C, followed by an 18 nm Co layer
grown at 125 �C, which was capped by a 5 nm MgF2
layer, grown at room temperature, to prevent oxidation of
the Co film. A structural characterization of the Co film
showed it to be polycrystalline with little or no texturing.
The Curie temperature for an 18 nm Co film is expected
to be close to that of bulk Co [17].

The hysteresis loops were measured in the transverse
magneto-optic Kerr effect (MOKE) configuration [18]
with the sample mounted on the cold finger of a cryostat
placed between the poles of an electromagnet. This ar-
rangement enabled Brillouin spectra and MOKE mea-
surements to be recorded under identical conditions.

In Fig. 1 we show easy- and hard-axis loops at four
representative temperatures T (300, 95, 69, and 29 K),
after cooling the sample with a 2 kOe field applied along
the c axis of the single-crystalline FeF2 antiferromag-
netic layer. This cooling field direction corresponds to the
easy axis of the Co layer. The easy-axis loops (right
column) reproduce the results in earlier reports showing
a maximum in the coercivity at TN and the gradual
appearance of the exchange bias below TN [12–15]. The
hard-axis loops (left column), which were measured with
the field applied in plane but perpendicular to the cooling
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FIG. 1 (color online). Hysteresis loops with the field applied
perpendicular (hard axis) and parallel (easy axis) to the FeF2 c
axis at various temperatures. The lines for the hard-axis data
are fits using a coherent rotation model and the energy expres-
sion from Eq. (1), while the lines for the easy axis data are just
guides to the eye.
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field, also show significant changes down to TN but
change little below this temperature. We show below
that although the hard-axis loops do not change shape
below TN the interplay between exchange bias and an-
isotropy leads to a decrease in the magnitude of the
anisotropies as T is lowered below TN .

The hard-axis hysteresis loops were fit with a coherent
rotation model to the energy density (divided by the
saturation magnetization MF)

E=MF ��H cos�
� 
H� �HE cos�
�

� �K1=MF�cos
2�
� � �K2=MF�cos

4�
�; (1)

where H is the applied field, 
 and 
H are the (in-plane)
angles the magnetization of the Co layer and the applied
field subtend with the FeF2 c axis, respectively, HE is the
exchange bias, and K1 and K2 are, respectively, first and
second order uniaxial anisotropies of the ferromagnet.
The hard-axis loops were fitted with the uniaxial aniso-
tropies as free parameters and HE determined from the
easy-axis loops. As can be seen from the excellent fits to
the data in Fig. 1, the energy given by Eq. (1) provides a
very good description of the hysteresis loops. It should be
noted that the anisotropy values extracted from the hard
axis qualitatively reproduce the coercivity trends of the
easy-axis loops. However, the coercivities extracted from
the coherent rotation model for the easy-axis loops are a
factor of 2 larger, probably an indication that the easy-
axis magnetization reversal mechanism is not a simple
coherent rotation.

In Fig. 2 we have plotted (symbols) the parameters
extracted from the fits to the hysteresis loops. Worthy
of note are (i) the strong temperature dependence of
the anisotropies above TN (much larger than for pure
Co), (ii) the change in the evolution of the anisotropies
near TN (if the anisotropies were induced by a thermal
-0.6

-0.4

-0.2

0.0

0.2

0 50 100 150 200 250 300

F
it

 P
ar

am
et

er
s 

(k
O

e)

Temperature (K)

78        20

ρ

  T
B
(K)

FIG. 2 (color online). Parameters extracted from fitting the
hysteresis curves (symbols); HE (�), K1=MF (�), and K2=MF
(�). The full lines are the model calculations using Eq. (8). The
inset shows the distribution of blocking temperatures used for
the calculations.
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expansion mismatch, there appears to be little reason for
the change in behavior at TN), and (iii) the opposite sign
of K1 and K2.

In order to ascertain that Eq. (1) is indeed the ‘‘correct’’
energy expression (and not just one of many expressions
that might reproduce the data), we have performed
Brillouin scattering experiments. Our experimental
Brillouin data are in good agreement with the frequencies
calculated based on Eq. (1) and the parameters in Fig. 2.
This confirms that our chosen energy expression provides
a self-consistent description of both the static and dy-
namic properties of our exchange coupled system both
above and below TN .

The temperature dependence of the anisotropies of the
Co film can be understood, by assuming that the ferro-
magnet is still coupled to the antiferromagnet above its
bulk Néel temperature. This is a reasonable assumption
given that the net exchange interaction at the antiferro-
magnetic/ferromagnetic interface could cause local order-
ing at the surface of the antiferromagnet, in the same way
that an external field causes a ferromagnet to order at a
temperature greater than its Curie temperature. It has
been recently shown theoretically that such a coupling
would lead to a significant coercivity enhancement well
above TN [19]. Furthermore, there is also experimental
evidence for ordering of the antiferromagnet above its
bulk Néel temperature when it is exchange coupled to
another magnetically ordered system [20].

The interface coupling energy per unit area in an
exchange bias system between a ferromagnet (F) and an
antiferromagnet (AF) can be written as

Eex � �hJMFMAF cos�

0�iint; (2)

where J is the strength of the coupling, 
0 is the angle
between the ferromagnetic magnetization and the anti-
ferromagnetic sublattice orientation, and the brackets
denote an average over the interface (i.e., over both sub-
lattices). As a result of the large single-ion magnetic
anisotropy in FeF2, we assume that the sublattice magne-
tization in the AF has only two possible orientations, viz.,
along the FeF2 c axis. Consequently 
0 in Eq. (2) becomes
equivalent to 
 in Eq. (1). If we assume a homogeneous
magnetization in the ferromagnet, implicit in the coherent
rotation model, then Eq. (2), can be simplified to

Eex � �Jint cos�
�; (3)

with Jint � MFhJMAFiint. Jint can be nonzero even for a
nominally compensated antiferromagnet interface, either
because the ferromagnet couples preferentially to one of
the AF sublattices via uncompensated spins (so that
hMAFiint � 0) or if the coupling constant is different for
each sublattice site. This latter case may be particularly
significant for FeF2 [110] surfaces where the two Fe sub-
lattices are inequivalent: one sublattice has its F ions in
the plane, the other perpendicular to the plane [21]. We
postulate that, even above TN , the same functional form
257201-3
for the coupling between the ferromagnet and the ordered
interfacial antiferromagnetic spins is maintained.

Following the approach of Ref. [19], the free energy,
based on the interfacial energy in Eq. (3), can be eval-
uated. If we assume that at high temperatures the two
possible orientations are in thermal equilibrium, their
population levels are given by

f
 �
e
�T0=T� cos�
�

e�T0=T� cos�
� � e��T0=T� cos�
�
; (4)

where T0 � JintA=kB and A is the interface area of the AF
domain. The interface free energy thus becomes

Fint � �Jint cos�
��f
� � f��

� �Jint cos�
� tanh
�
T0

T
cos�
�

�
: (5)

Well below TN , where, for a field cooled sample f� � 1
and f� � 0, we recover the usual expression for the
unidirectional exchange bias at T � 0 with HE�0� �
�Jint=dMF, where d is the thickness of the ferromagnetic
film. Above TN , where the AF domains are thermally
activated, a high temperature expansion of Eq. (5) leads
to the free energy

Fint � �
T0

T
Jintcos

2�
� �
1

3

�
T0

T

�
3
Jintcos

4�
�: (6)

We note that the accuracy of the expansion, keeping only
up to T�3 terms, is 10% at T0 and improves at higher T. A
comparison of Eqs. (1) and (6) allows us to identify

K1=MF ��HE�0�
T0

T
and (7a)

K2=MF ��
HE�0�

3

�
T0

T

�
3
: (7b)

The model thus correctly predicts both sign and magni-
tude of K1 and K2 shown in Fig. 2. Furthermore, K1 and
K2 should exhibit a 1=T and 1=T3 dependence, respec-
tively. Taking HE � 0:6 kOe, as determined from the
lowest temperature easy-axis loops, and choosing T0 �
68 K indeed provides a good description of the anisotro-
pies and their T dependence above TN .

The high temperature dependence described above is
valid if all the AF domains are free to reorient and reach
their thermal equilibrium distribution during the mea-
surement time. The temperature at which they no longer
reach their equilibrium is known as the blocking tem-
perature TB. At this temperature exchange bias sets in and
it has been shown by Fulcomer and Charap that a distri-
bution of TB ’s can provide the correct temperature de-
pendence of HE [11]. TB depends on the anisotropy energy
of each antiferromagnetic domain and hence, similar to
T0, is proportional to the interface area of each domain.
Using reasonable values of the material parameters of our
film it can be estimated that 1=3< T0=TB < 3.

Thus, at a given temperature T, AF domains with
TB < T contribute only to the anisotropies while domains
257201-3
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with TB > T contribute only to the bias. For a distribution
��TB� of blocking temperatures we expect the exchange
bias and the anisotropies to be given by

HE�T� �HE�0�

�
1�

Z T

0
��TB�dTB

�
; (8a)

K1�T�=MF �
HE�0�

T

Z T

0
T0��TB�dTB; and (8b)

K2�T�=MF ��
HE�0�

3T3

Z T

0
T3
0��TB�dTB: (8c)

To carry out the last two integrals we have chosen
T0=TB � 1:1; larger values improve the agreement for
K1 but make the agreement for K2 worse.

It turns out that the distribution of blocking tempera-
tures (�) is not critical. We have tested numerous distri-
butions:, e.g., � � const in the range 35< T0 < 78 K and
zero outside this range, a quadratically increasing density
with its cut off at 78 K and two linearly increasing
distributions both with a maximum at 78 K but starting
at 0 and 20 K, respectively. The latter choice, shown in the
inset to Fig. 2, produces marginally better agreement and
results in the full lines in Fig. 2.

We emphasize the assumptions entering the model that
lead to the full lines in Fig. 2: (i) an interface interaction
independent of temperature, (ii) all values are scaled to
the measured low temperature exchange bias, (iii) a dis-
tribution of ‘‘blocking’’ temperatures, and (iv) a fit pa-
rameter relating the blocking temperature to T0. Given
these very simple premises, the agreement between
the experimental results and the model predictions are
remarkable.

Although it is difficult to assess the applicability of the
present model to all previously studied F/AF systems,
there are some discernible consequences in the case of
previously studied twinned (110) FeF2 samples. The first
order anisotropies from the two twins should lead to an
average, isotropic term (which can be ignored), while the
second order anisotropies should have the functional form
K2 / �sin4�
� � cos4�
�
 and, because the sign of K2 is
opposite to that of K1, the easy axis should be 45� to the c
axes. The latter assertion is known to be correct in the
case of Fe on FeF2 [14] and Co on FeF2 and FexZn1�xF2
[15]. Furthermore, since K2 <K1, the coercivity en-
hancement at TN should be smaller for twinned or poly-
crystalline samples, which is again in agreement with
earlier measurements [14,15]. Similarly we would expect
the induced anisotropies to be smaller and, conversely, the
coercivity enhancement to be reduced for nonuniaxial
antiferromagnets, such as CoO or FeMn.

In summary, we have shown that large magnetic ani-
sotropies are induced in a ferromagnetic film deposited
on an antiferromagnetic substrate even well above the
Néel temperature of the antiferromagnet. We interpret
our results as due to the short-range order induced in
the antiferromagnet by the ferromagnet. Above TN our
model explains the magnitude, sign, and temperature
257201-4
dependence of the first and second order anisotropies
using only the measured maximum exchange bias and a
single blocking temperature. Below TN a distribution of
blocking temperatures is needed to explain both the ani-
sotropies and the exchange bias. The good agreement
between the model predictions and the experimental re-
sults provides strong evidence that the underlying as-
sumptions of the model are indeed correct.
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