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We report a theoretical investigation of thermal hysteresis of fourfold anisotropy ferromagnetic �FM� film
exchange coupled to a compensated antiferromagnetic substrate. Thermal hysteresis occurs if the temperature
interval includes the reorientation transition temperature, below which the frustration of the interface exchange
coupling leads to a 90° rotation of the magnetization of the ferromagnetic layer. The temperature width of the
thermal hysteresis is tunable by external magnetic fields of modest magnitude, with values of 43 K for an
external field of 110 Oe and of 14 K for a field of 210 Oe, for a Fe�12 nm� /MnF2�110� bilayer. For a
Fe�3 nm� /FeF2�110� bilayer the width of the thermal hysteresis is 23 K at 110 Oe and 13 K at 300 Oe. We
discuss how the thickness of the iron film affects the field tuning of the thermal hysteresis width, and also how
the thermal loops may be used to identify the nature of the interface exchange energy.
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I. INTRODUCTION

Thermal hysteresis has recently been investigated in a
number of nanostructured magnetic systems, including
alloys,1 multilayers,2–5 thin rare-earth films,6,7 and nanomet-
ric ferromagnetic �FM� particles exchange coupled to anti-
ferromagnetic �AFM� substrates.8 In these structures, there is
a small energy difference between two metastable states,
which leads to thermal bistability.

The thermal hysteresis in Fe/Gd and Co/Gd multilayers
originates in the large differences in the Curie temperatures
and saturation magnetic moments of Fe and Gd and the mag-
netic anisotropy of the Fe layers.2,3 In these systems, the Fe
layers are antiferromagnetically coupled to the Gd layers,
and there are two states that are stable at the same tempera-
ture. At high temperatures, the system is in an Fe-aligned
state �AS�, with the iron spins along the external field and
with the small Gd moments opposite to the external field.
Upon cooling, the thermal average value of the Gd moments
increases, but the system may remain in the Fe-aligned state
even though the net magnetic moment is opposite to the
external field for temperatures below the compensation tem-
perature. The reason for this is that the anisotropy in the Fe
layers is sufficient to keep the spin structure in place. Upon
further cooling, the Fe-aligned state becomes unstable, and
the system reverses to the Gd-aligned state, with the Gd mo-
ments parallel to the applied field and the Fe moments op-
posite to the applied field. A similar effect occurs on heating
the system from low temperatures. The Gd-aligned state is
held stable by the iron anisotropy as the temperature is in-
creased beyond the compensation temperature.2,3 Similar
features are also seen in other transition-metal/rare-earth
metal multilayers with antiferromagnetic interface exchange
coupling.4,5

The thermal hysteresis of thin Dy films6 is due to the
combined effect of the strong temperature dependence of the
magnetization and the hexagonal anisotropy, and surface ef-
fects which produce interesting modifications in the helical

phase in confined geometries. It may be exceptionally large,
covering the whole temperature interval between the Curie
and the Néel temperatures, and can be strongly tuned by an
external field, even though the external field strength �from
0.05 kOe to 1.5 kOe� is much smaller than the typical values
of external field required to induce phase transitions in bulk
Dy. Above a critical film thickness, both the width and the
efficiency of the field tuning of the thermal hysteresis are
large. Both features are due to the nucleation of an alternat-
ing helicity state, comprising helices with opposite chirality
within the film, and leading to an increased moment in the
external field direction, compared with that of a simple heli-
cal state. The alternating helicity �AH� state and helical �H�
state are both stable at the same temperature. As a result,
there are large differences between the isofield magnetization
curves, corresponding to heating �AH state� and cooling �H
state� processes.

Trilayers composed of a Dy film sandwiched between two
films of Fe or Gd have additional features, since by adding
ferromagnetic films on the outside, one can further modify
the effects of an external field on the Dy film.7 New magnetic
states are formed at temperatures close to the Néel tempera-
ture of Dy due to the large Zeeman energy of the ferro-
magnetic layers. Furthermore, Fe is antiferromagnetically
coupled to Dy at the interfaces while Gd is ferromagnetically
coupled to the Dy at the interfaces. This difference in the
nature of the interface exchange energy allows substantial
changes in how the external field interacts with the structure
as a whole, and affects the field tuning of the temperature
width of the thermal hysteresis.

We have recently shown8 that owing to the temperature
change of the interface field, iron dots on an uncompensated
antiferromagnetic surface may exhibit room-temperature
thermal hysteresis, which is tunable by external fields of
moderate strengths �a few kOe�. We considered a tempera-
ture interval bounded by the Néel temperature of the sub-
strate, and we calculated the heating and cooling curves in
the presence of an external field oriented opposite to the
interface exchange field. Starting the heating process with
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the dot aligned along the interface field, there is a switch to a
field-aligned state near the Néel temperature of the substrate.
Upon cooling from this point the field-aligned state is stabi-
lized by the dot’s anisotropy until past the value of tempera-
ture, where the interface field is larger than the external field.
One key point of this system is that the thermal hysteresis
may occur well below the critical temperature of the dot.
Furthermore, the width of the hysteresis loops depends on
the dimensions of the ferromagnetic dot, and can be signifi-
cant for dots elongated in the direction of the interface field.
In this case the shape anisotropy barrier is large and holds
the field-aligned state stable up to very small temperature
values in the cooling branch.

There is an interesting early report on magnetic phase
transitions on compensated ferromagnetic/antiferromagnetic
bilayers, involving the switching of the direction for the easy
axis of the ferromagnetic layer.9 In Fe /FeF2�110� bilayers,
the Fe easy axis was found to switch from the �001� direction
at 300 K, to the �110� direction at 10 K, when the FeF2
substrate is ordered. The � /2 rotation of the Fe spins con-
tributes to lowering the interface exchange energy with the
FeF2 spins near the interface slightly canted.

In this paper we present a theoretical investigation of the
thermal hysteresis of compensated bilayers consisting of a
thin iron film, with an in-plane fourfold anisotropy, exchange
coupled to a compensated antiferromagnetic substrate. We
consider iron films with thicknesses ranging from 3 to 12
nm, exchange coupled to MnF2�110� and FeF2�110� compen-
sated AFM substrates. The point of choosing MnF2�110� and
FeF2�110� substrates is that these are well-known two-
sublattices antiferromagnetic materials, often used as model
systems for the investigation of new magnetic phenomena of
thin films and artificial multilayers.10,11 Furthermore, these
antiferromagnetic materials have intrinsic exchange fields of
similar magnitudes, but have large differences in the aniso-
tropy fields. The anisotropy field of FeF2 is larger than that of
MnF2 by over one order of magnitude. As a result MnF2 is
much softer, in the sense that variations in angular orienta-
tion are allowed over several AF planes. We show below that
this has a relevant impact in the field tuning of the thermal
hysteresis.

The ferromagnetic spins have two perpendicular direc-
tions stabilized by an anisotropy barrier, which is propor-
tional to the thickness of the iron layer. We assume that one
of the in-plane easy directions of the iron layer is parallel to
the uniaxial axis of the antiferromagnetic substrate. For
MnF2�110� and FeF2�110� substrates this means that the
�001� direction is also an easy axis for the iron layer. We
consider a temperature interval bounded by the Néel tem-
perature of the substrate, and we calculate the heating and
cooling curves in the presence of an external field H parallel
to the in-plane �001� direction.

There are two states with unique properties. One such
state is the interface-reoriented state �IRS�, shown in Fig.
1�a�, in which the FM spins are perpendicular to the external
field and the AFM spins are in a transverse canted orienta-
tion, slightly off the �001� direction. In the absence of exter-
nal fields, the IRS forms at low temperature for any value of
the interface exchange field.12,13 We note that the IRS has the
ferromagnetic spins along an easy axis, the �110� direction,

and has extra stability due to the interface exchange energy.
Small values of the external field H leads to small changes in
the magnetic structure of the IRS, with the ferromagnetic
spins oriented at small angles with the �110� direction, and
the interface plane antiferromagnetic spins not symmetrically
oriented with respect to the �001� direction.

The aligned state shown in Fig. 1�b� has the iron spins
along the external field direction, or at small angles with the
external field, and the substrate spins along the AFM easy
axis. The magnetic moment per unit cell in the AFM inter-
face plane is zero and the net exchange coupling between the
FM layer and the substrate is zero. Thus the AS does not
benefit from the energy lowering due to interface exchange.
However, the Zeeman energy of the iron layer and the intrin-
sic magnetic energies �exchange and anisotropy energies� of
both materials have the minimum values. Near the Néel tem-
perature one may find small deviations from the basic pattern
shown in Fig. 1�b�, due to spin flips of one of the AFM
sublattices in the near-interface region. For the pictures in
Fig. 1 we have assumed an antiferromagnetic interaction be-
tween the FM layer and the substrate. However, the phenom-
enology discussed below is equally valid if the interface cou-
pling is ferromagnetic.

The main features of the thermal hysteresis of compen-
sated bilayers may be anticipated from simple arguments.
The Fe layer has two perpendicular directions, the �001� and
the �110� directions, favored by the anisotropy energy. Thus,
there is an anisotropy barrier to be overcome in order to
switch from the IRS to the AS and vice-versa. We consider
starting at low temperatures and heating the system. In the
absence of an external magnetic field, the IRS remains stable
throughout the heating curve, because the �110� direction is
an easy axis of the FM layer. Furthermore, the IRS mini-
mizes the interface exchange energy.12,13 Thus even though
the interface frustration vanishes at the Néel temperature, or
a little after it, when the thermal values of the AFM spins
vanish, there is no reason to have a transition. The cooling
curve starts in the IRS and so remains until low tempera-
tures. Thus in the absence of external field, the sequence of
states along the heating and cooling curves are identical, and
there is no thermal hysteresis.

[1
0

]
1

[001] H

(a)(a) (b)(b)

Interface Reoriented State
(low temperature)

Aligned State
(high temperature)

FIG. 1. �a� Schematic representation of the reoriented state, with
the iron spins along the y easy axis and the interface spins of the
AFM substrate in a transverse canted state; �b� schematic represen-
tation of the field-aligned state, with the spins of the iron film along
the external field direction and the spins of the interface plane of the
AFM substrate in the AFM state.
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However, if an external field is applied along the �001�
direction it favors a transition from the IRS to the AS. In the
heating curve there is a transition driven by the Zeeman en-
ergy of the ferromagnetic layer to the aligned state at tem-
perature T1. The transition temperature T1 depends on the
external field strength, the anisotropy of the FM and AFM
layers, and the thickness of the FM layer. In the AS the
magnetization of the FM layer is along the external field
direction ��001�, which we shall call the z axis� and the AFM
interface spins are in a configuration, which depends on the
nature of the interface coupling �either ferromagnetic cou-
pling or antiferromagnetic coupling�. In this case the cooling
curve starts in the AS and upon cooling one reaches a value
of temperature T2, with T2�T1, where the interface frustra-
tion is strong enough to overcome the ferromagnetic aniso-
tropy energy barrier and the Zeeman energy, and the system
switches back to the IRS. The width of the thermal hysteresis
��T=T1−T2� may thus be tuned by the external field
strength, the anisotropy energy density and the thickness of
the FM layer, the strength of the interface field, and the mag-
netic properties �exchange and anisotropy energies� of the
substrate.

Another interesting feature is that there is a minimum
value of the external field strength to make the IRS unstable
along the heating curve. For an external field above this criti-
cal value there is thermal hysteresis. This threshold value of
the external field, H�, may be estimated starting with the field
strength corresponding to the fourfold anisotropy field of the
FM layer. This would be the value of the external field to
switch the FM layer from the �110� to the �001� direction in
the absence of interface exchange energy. For iron the value
of the threshold field is H�=107.6 Oe.14 The interface ex-
change energy coupling adds stability to the IRS and the
actual field required to switch the IRS is larger than H�, even
though the transition occurs close to the Néel temperature.
Therefore, the threshold value of the external field required
to produce an IRS-AS switch in the heating branch may
depend on whether the interface coupling is antiferromag-
netic or ferromagnetic. If the FM layer is ultrathin the mag-
netic energy may depend on the fine detail of the arrange-
ment of spins in the near-interface region. Thus, as shown in
detail below, one may use the thermal hysteresis of compen-
sated bilayers to learn about the nature, ferromagnetic or
antiferromagnetic, of the interface exchange energy.

In our model system we consider a bilayer with full com-
pensation at a microscopic length scale, in which the mag-
netic structure takes no account of possible relaxation ef-
fects, either from geometrical or other reasons. The magnetic
interactions between the FM layer and the AFM substrate is
represented by an exchange-energy term, coupling interface
spins from the two materials. Both materials are assumed to
have the bulk structure, the AFM interface plane is made of
equal number of spins of opposite sublattices and the mag-
netic interface structure is assumed uniform. The model is
applied to Fe /FeF2�110� and Fe /MnF2�110� systems. It ap-
plies as well to bilayers with other intrinsically compensated
substrates such as NiO�001� or NiO�110�, CoO�001� or
CoO�110�, etc. Furthermore, it also applies to bilayers made
of uncompensated antiferromagnetic substrates, with average
compensation of the interface spin pattern produced by inter-
face roughness.

We note that there have been a number of theoretical stud-
ies of interface phase transitions in FM/AFM structures,
however, none of these examined thermal hysteresis. Some
of these papers will be discussed in Sec. II, but we wish to
point out two relevant papers at this point. A variety of bi-
layers and other structures have been studied,15 with an em-
phasis on simple analytic expressions in special cases. The
effect of the external magnetic field, a critical issue in this
paper, was neglected. An interesting study focusing on spin-
flop transitions in the antiferromagnet produced by very large
magnetic fields has been reported.16 This work neglected the
anisotropy in the ferromagnet, but did indicate a different
method to evaluate the sign of the coupling between the
ferromagnet and antiferromagnet.

II. MODEL

We study compensated bilayers with the stacking pattern
of the Fe /MnF2�110� and Fe /FeF2�110� systems. The AFM
substrate is a stacking of AFM planes containing moments
from the two sublattices. Spins from a given sublattice in the
same plane are considered equivalent, and to each plane we
assign two spin variables. Except for the surface spins, the
coordination number is z=8. Each AFM spin has four
nearest neighbors �NNs� �of the opposite sublattice� in
the same plane, and two nearest neighbors in the two
neighboring planes. The normal to the surface is in the
y-axis direction, the easy directions of the in-plane fourfold
anisotropy of the FM material are along the x axis and
the z axis, and the uniaxial anisotropy of AFM is along
the z axis. The magnetic structure of the substrate is repre-
sented by the angles that each spin makes with the z axis
��n�1� ,�n�2� ,n=1, . . . .NAFM�, and the thermal average value
of the spins ��Sn�1�� , �Sn�2�� ,n=1, . . . ,NAFM� �n�1� and �n�2�
are the angles with respect to the easy axis for spins of sub-
lattices 1 and 2 at the nth plane and NAFM is the number of
�110� planes in the AFM film. The ferromagnetic film with
NFM planes is represented in a similar manner, and the bi-
layer magnetic structure is described in terms of two inter-
acting linear chains, each of which with �NAFM+NFM� spins.

The magnetic energy is given by

E = �
n=FM

K1Sz,n
2 Sx,n

2 − �
n=AFM

KSz,n
2

− �
n

g�BS�n · H� − �
nm

JnmS�n · S�m, �1�

where the first term is the fourfold anisotropy of Fe, the
second term is the uniaxial anisotropy of AFM, the third
term is the Zeeman energy, and the last term is the
exchange energy. For the Fe spins we use S=1, g=2, and
fourfold anisotropy constant K1=3.5�104 J /m3, which
amounts to an anisotropy field of Ha=2K1 /MS=0.4 kOe,
with MS=1.7�106 A /m, and a distance between neighbor-
ing �110� atomic planes of 1.5 Å. Because of the strong
exchange coupling in Fe, the Fe spins are effectively rigidly
coupled to each other. These parameters reproduce the reso-
nance frequency of thin Fe films.17

For the antiferromagnetic materials we have selected the
values of the magnetic parameters so as to reproduce the
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Néel temperatures and the ratios between the magnitude of
the exchange and anisotropy fields.18,19 For FeF2 we have
used S=1, g=2, anisotropy field �Ha=2K /g�BS� of 149
kOe, exchange field �He=8JS /g�B� equal to 434 kOe, and
Néel temperature TN=78 K. For MnF2 we have chosen
S=2.5, g=2, Ha=8.8 kOe, He=540 kOe, and TN=67 K.
The exchange energy coupling the spins across the FM/AFM
interface was assumed to be equal to the exchange energy of
the AFM substrate.

The equilibrium pattern is found by requiring that each
magnetic moment along the chains be parallel to the local
effective field. Thermal effects are taken into account using a
local mean-field approach, where the thermal average mag-
netic moment of each spin, �m� �=g�B�S��, is calculated using

�m� �=g�BSBS�
g�BS�H� ef f�

kBT �, where BS�
g�BS�H� ef f�

kBT � is the Brillouin
function, �¯ � denotes a thermal average, and the effective
field H� ef f is obtained from the spin gradient of the magnetic
energy. The spin orientation in the planes and the thermal
values of the spins are both calculated self-consistently, us-
ing the method developed earlier and applied to the study of
magnetic multilayers and AFM films.18–20

We point out that the calculational method used here as-
sumes temperature-independent anisotropy constants, with
the temperature dependence of the anisotropy energy coming
through the mean-field treatment of the spin magnitudes.
In fact, the temperature dependence of the anisotropy may
be somewhat faster in reality than is indicated by this
method.21,22 This should not be a problem for the ferromag-
net, because the temperatures of interest here are all below
100 K, while the Curie temperature is above 1,000 K. Thus
the expected changes in anisotropy in Fe are relatively small,
in agreement with recent experiments.23 Even if the aniso-
tropy fields in the antiferromagnet decrease more quickly
than expected from the mean-field treatment the general fea-
tures of the behavior should not change substantially. As we
will see, the evidence for this is seen in the fact that the
Fe /FeF2 and the Fe /MnF2 structures have quite similar re-
sults for the width of the thermal hysteresis even though the
anisotropies differ by a factor of about 15.

We start the calculation in the heating branch at low tem-
peratures, where a magnetic configuration close to the IRS is
expected. Thus, for any value of the external field, we ini-
tialize the variables at the IRS. This leads to a rapid conver-
gence of the numeric procedure, in particular, for small val-
ues of the external field. For each subsequent value of the
temperature, throughout both branches of the thermal loop,
the self-consistent procedure is initialized with the magnetic
state corresponding to the equilibrium state of the previous
value of the temperature. Proceeding this way we find the
metastable equilibrium state nearest to the preceding one, as
appropriate to modeling the thermal hysteresis phenomena.

We focus on the effects of varying the external field
strength and the thickness of the FM layer. The number of
AFM planes was chosen so as to allow a full relaxation of
the AFM magnetic structure within the AFM layer, starting
with the transverse canted magnetic pattern at the interface
AFM plane, down to the AFM order, with the AFM spins
along the easy axis, at the free surface of the AFM layer. For
both materials �MnF2 and FeF2� NAFM=20 was enough to

fulfill this condition throughout the thermal loops, for the
chosen values of external field strength and the FM layer
thickness.

The model used in this calculation corresponds to energy
minimization. Such a scheme was used, for instance, by
Koon24 in finding the magnetic hysteresis curves for the FM/
AFM structure. However, it was later shown that this model
was inadequate for these calculations because it did not take
into account an instability that occurs in dynamic calcula-
tions, which focus on the true time evolution of the
structure.25,26 In the present case, however, where we calcu-
late the thermal hysteresis curve, the instability should not
occur because the magnetic structure in the antiferromagnet
is always close to its ground state and does not have the large
deviations seen in the twisted states found in a magnetic
hysteresis experiment.27

III. RESULTS AND DISCUSSIONS

In Fig. 2 we show a typical thermal loop for a
Fe�9 nm� /MnF2�110� bilayer with an external field of
H=190 Oe along the z axis. Starting at T=2 K with the
bilayer in the IRS, the transition to the AS phase occurs at
T=29 K with the FM spins making an average angle of
��F��62° with the z axis. Upon cooling from T=30 K there
is a gradual switch back to the IRS starting at 21 K, closing
the thermal hysteresis loop at T=12 K, corresponding to a
temperature width of 17 K. The deviations of the spins in the
AFM interface plane from the AFM easy axis in both
branches of the thermal loop are smaller than an angle of 15°
and the relaxation of the interface magnetic pattern involves
at most five AFM atomic planes throughout the thermal loop.

Looking at the results shown in Fig. 3 for the
Fe�12 nm� /MnF2�110� bilayer, one finds that there is a large
decrease in the width of the thermal hysteresis with the
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FIG. 2. �a� Component of magnetization along z axis for a
Fe�9 nm� /MnF2�110� bilayer, in units of �B and �b� average angle
of FM spins with the �001� direction for a thermal loop under an
external field H=190 Oe along the z axis. In the spin panels on the
left we show schematically the configuration of spins of FM layer
�gray shaded symbols� and the AFM substrate for selected points in
the heating branch. The panels on the right are for the cooling
branch at the same values of temperature.
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strength of the external field, starting at �T=43 K for
H=110 Oe, and going down to �T=14 K for H=210 Oe.
This corresponds to closed thermal loops, similar to that
shown in Fig. 2. The field dependence of �T originates in the
fact that both the temperatures T1 �for the IRS-AS transition�
and T2 �for the AS-IRS transition� decrease with the magni-
tude of H, however T1 decreases faster. For instance: for
H=110 Oe, T1=62 K and T2=20 K; for H=150 Oe,
T1=43 K and T2=16 K; for H=190 Oe, T1=29 K and
T2=12 K; and for H=200 Oe, T1=26 K and T2=10 Oe.

The decrease in the temperature width of the thermal hys-
teresis with the magnitude of the external field can be under-
stood using a simple argument. If the AFM interface spins
were not stabilized by the FM layer then at the Néel tem-
perature there would be no interface effect, the extra stability
of the IRS coming from the interface energy would vanish,
and a field of H=H� �the FM anisotropy field� would pro-
duce a IRS-AS transition. By increasing the value of the
external field strength beyond H� one should be able to over-
come the total-energy barrier, which holds the IRS stable at a
value of temperature smaller than TN. The larger the value of
the external field strength the lower is the value of T1. This is
the reason for the field dependence of T1, except for the fact
that there is an interface stabilization of the AFM interface
spins and the minimum value of the external magnetic field
to produce the IRS-AS switch is larger than H�. The tem-
perature T2, corresponding to the lower limit of the thermal
hysteresis, is associated with the instability of the AS in the
cooling branch. The energy barrier holding the AS in place
comes from the anisotropy of the FM layer and the Zeeman
energy. From the point of view of the Zeeman energy one
might think that when the external field is made larger it is
possible to hold the AS stable until lower temperatures. On
the other hand the interface exchange energy is smaller in the
IRS. The transition from the AS to the IRS at low tempera-
tures comes as a result of the balance between the anisotropy
energy, Zeeman energy, and the interface exchange energy.
The weaker dependence of T2 on the value of the external
field strength is due to the fact that at low temperatures the
AFM spins have thermal average values near those of satu-
ration, and the field effect on the interface energy is smaller.

Thus by changing the external field one gets small changes
in the value of the temperature T2, for the AS-IRS transition.

The results shown in Fig. 3 for the thinner ferromagnetic
layers, the Fe�3 nm� /MnF2 and the Fe�3 nm� /FeF2 struc-
tures, indicate that the field effect on the width of the thermal
hysteresis is much weaker for the thin Fe films. In both cases
the interface energy is a larger fraction of the total energy of
the bilayer. Therefore the changes produced by the external
field in the values of the transition temperatures T1 and T2,
are smaller than for the Fe�12 nm� /MnF2�110� bilayer. Also,
field tuning of the thermal hysteresis is stronger in
Fe�3 nm� /MnF2 than in Fe�3 nm� /FeF2, because for the
later case there is a much larger contribution of the AFM
anisotropy to the magnetic energy of the bilayer. Thus, the
Zeeman energy is a smaller fraction of the total magnetic
energy.

The IRS is stabilized by the interface exchange energy,
which is proportional to the thermal average value of the
antiferromagnetic spins at the interface. Since the interface
exchange energy becomes small at sufficiently high tempera-
ture, the IRS-AS transition in the heating branch is certain to
occur if the external field is strong enough to overcome the
anisotropy barrier of the ferromagnetic layer. The same is not
true for the AS-IRS transition. By increasing the external
field one may reach a value of H for which the AS-IRS
transition in the cooling branch does not occur. In this case
starting at low temperatures in the IRS, there is a transition
to the AS at some temperature T1, and upon cooling the
bilayer back to the initial value of temperature the system
does not return to the original IRS. In Fig. 4 we show an
example of this case, for a Fe�9 nm� /MnF2�110� bilayer,
subjected to an external field of 220 Oe. As shown in Fig. 4,
starting at low temperatures in the IRS, with the FM spins
making an average angle of ��F��64° with the z axis, and a
low value of the magnetization along the external field direc-
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tion, there is a transition to the AS around T=18 K, and by
heating a little further, one reaches saturation of the magne-
tization in the external field direction around T=21 K. The
Zeeman energy plays a dominant role in the energy balance
and the sequence of magnetic states along the cooling
branch. Starting at T=25 K with the bilayer in the AS, and
the magnetization saturated along the external field, the cool-
ing branch is a sequence of AS, all the way down to very low
temperatures, with the ferromagnetic spins at small angles
with the external field. The average angle of the Fe spins
with the z axis evolves from ��F�=0 at T=21 K and,
by completing the thermal loop, reaches the value of
��F��28° at T=5 K. Notice that the ferromagnetic aniso-
tropy energy is nearly the same in the initial and final states
of the thermal loop. Starting in the IRS at T=5 K in the
heating branch with ��F��64°, the thermal loop ends with
the system in the AS with ��F��28° at T=5 K in the cool-
ing branch. However, the Zeeman energy is large enough to
inhibit the transition to the IRS at low temperatures. We have
found that for larger values of the external field strength the
high-temperature state stays stable till low temperatures and
the thermal loop produces a switch from an initial magnetic
state to another final state. This is a point that might be of
some interest for magnetoelectronic applications, in which
device operation involves heating of the interface between a
ferromagnetic thin film and an antiferromagnetic substrate.

The IRS-AS transition in the heating branch of the ther-
mal loop of an Fe�9 nm� /MnF2�110� bilayer occurs at tem-
peratures of T1=29 K, for an external field of 190 Oe, and at
T1=18 K for an external field strength of 220 Oe. In both
cases T1 is well below the Néel temperature of the MnF2
substrate, and the thermal average value of the antiferromag-
netic spins is near the saturation value at the transition tem-
perature. For the examples considered up to this point, the
energy balance at the transition temperature does not depend
strongly on the nature �ferromagnetic or antiferromagnetic�
of the interface exchange coupling. We have found �results
not shown� that the IRS-AS transition in the heating branch
occurs at roughly the same temperatures for either antiferro-
magnetic or ferromagnetic interface coupling.

By making the Fe layer thinner and reducing the external
field strength, one may upshift the transition temperature T1
to very close to the Néel temperature. In this temperature
limit the magnetic order in the substrate is limited to a few
planes from the interface. The spins in the antiferromagnets
near the interface are stabilized by the interface exchange
energy with the ferromagnetic layer and the external field.
The remaining spin in the antiferromagnet have thermal av-
erage moments, which are close to zero. In essence there is a
liquid moment for the spins in the antiferromagnet just at the
interface when they are small in magnitude and only weakly
stabilized.

Most interestingly, the sign of the interface exchange con-
stant can be inferred from the thermal loops of the thin FM
layers under the action of an external field smaller than the
ferromagnet anisotropy field. In Fig. 5 we show that the ther-
mal loop of an Fe�3 nm� /MnF2�110� bilayer under an exter-
nal field H=104 Oe exhibits thermal hysteresis if the inter-
face exchange energy is ferromagnetic. We also show in Fig.
5 that there is no thermal hysteresis if the interface exchange
energy is antiferromagnetic.

The two cases differ in the arrangements of the interface
spins in the antiferromagnet at elevated temperatures. For
ferromagnetic interface exchange coupling, the net moment
of the substrate spins at the interface plane is slightly larger
than in the case of antiferromagnetic interface exchange cou-
pling. This rather small difference leads to a relevant differ-
ence in the effective exchange field on the ferromagnetic
layer as we will see below.

Near the Néel temperature the net moment of the AFM
spins at the interface plane, points in a direction very close to
the exchange field produced by the ferromagnetic interface
spins. For ferromagnetic �antiferromagnetic� interface ex-
change coupling, the liquid moment of the AFM spins at the
interface plane are nearly parallel �antiparallel� to the direc-
tion of the FM spins. The magnetic order of the substrate
spins is almost entirely due to the exchange field produced
by the interface ferromagnetic spins. However, there is also a
small contribution from the external field. For ferromagnetic
�antiferromagnetic� coupling the spins at the substrate inter-
face plane are thermally stabilized by an effective field with
z component on the order of 105 Oe, the interface exchange
field, plus �minus� the external field of 104 Oe. Thus, for
ferromagnetic interface exchange coupling, the thermal aver-
age value of the AFM interface spins is slightly larger. As a
result, the z-axis component of the liquid moment of the
AFM spins at the interface plane is slightly larger than for
the case of antiferromagnetic interface exchange coupling.

For low temperatures, as shown in Fig. 6, the absolute
value of the z-axis component of the liquid moment 	��SINT�	
of the AFM interface spins has the same value for either
ferromagnetic or antiferromagnetic interface exchange cou-
pling. In both cases 	��SINT�	 turns larger near the Néel tem-
perature, reaching 	��SINT�	=0.29, for ferromagnetic cou-
pling, and 	��SINT�	=0.25 for antiferromagnetic coupling.
The small difference of about 0.04, amounts to 1.6% of the
saturation value of a MnF2 spin. However, the corresponding
difference in the z-axis component of the exchange field on
the ferromagnetic interface spins is not negligible. As shown
in Fig. 6 �right vertical axis�, near the Néel temperature it is
on the order of 1 kOe, favoring the transition to the AS for
ferromagnetic interface coupling. This increase in the effec-
tive field allows the ferromagnetic moments to cross the hard
axis and to be stabilized along the field in the aligned state as
seen in Fig. 5.

(a) (b)

FIG. 5. �Color online� �a� Component of magnetization along z
axis in units of �B and �b� average angle of FM spins with the �001�
direction for a thermal loop of a Fe�3 nm� /MnF2�110� bilayer un-
der an external field H=104 Oe. The continuous line curves and
open symbol curves correspond to FM and AFM interface exchange
energies.
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The above phenomenology relies on rather small differ-
ences in the orientation of the interface spins according to
the nature of the interface exchange energy. For ferromag-
netic interface coupling the transition occurs at a temperature
of 66.2 K, corresponding to 98% of the Néel temperature.
We have also examined the case of FeF2 substrate �results
not shown�. For a Fe�3 nm� /FeF2 bilayer and an external
field of 54 Oe there is an IRS-AS transition at 76.99 K for
ferromagnetic interface coupling and no thermal hysteresis in
the case of antiferromagnetic interface coupling. Again the
transition occurs at approximately 98% of the Néel tempera-
ture, suggesting that one may use thermal hysteresis to in-
vestigate the nature of the interface exchange coupling.

We have found that the range of the external field
strengths that allows one to determine the kind of exchange
interaction at the interface is a narrow field interval just be-
low H�. For external field strengths larger than the anisotropy
field of the ferromagnet, there is thermal hysteresis for both
kinds of coupling. For H much smaller than H�, there is no
thermal hysteresis for either ferromagnetic or antiferromag-
netic coupling. The minimum value of the external field
strength required for thermal hysteresis for ferromagnetic
coupling is slightly smaller than that required in the case
of antiferromagnetic coupling. In the case of the
Fe�3 nm� /MnF2�110� bilayer, for ferromagnetic coupling
there is thermal hysteresis for H larger than 104 Oe and for
antiferromagnetic coupling the minimum value of external
field is 105.5 Oe.

We have also investigated the effect of increasing the FM
anisotropy. For a 50% increase in the anisotropy �from 0.4
kOe, as used in the paper for iron, to 0.6 kOe� the critical
field H� increases from 107.6 Oe �as used in the paper� to

161.4 Oe. In this case we have found that for ferromagnetic
coupling there is thermal hysteresis if the external field
strength is larger than 158 Oe, whereas for antiferromagnetic
coupling the minimum value of external field is 160.5 Oe.

In our present investigation the frustration in the interface
exchange coupling is due to the microscopic structure of the
stacking of AFM planes, leading to an interface plane with
full compensation at a microscopic length scale �equal num-
ber of spins of opposite sublattices are present at the inter-
face plane magnetic unit cell�. This model applies to intrin-
sically compensated FM/AFM bilayers, consisting of two
layers �the ferromagnetic film and the antiferromagnetic sub-
strate� with ideal magnetic structure, identical to that of the
bulk of each material.

The model presented here involves the coupling of a fer-
romagnet to a perfectly compensated antiferromagnetic sur-
face. Clearly, roughness might change the compensation.
This has been investigated theoretically, for example, in
Refs. 28 and 29. One feature that came out of these studies is
that as the system moves away from the compensated struc-
ture, the state illustrated in Fig. 1�a� changes in that the fer-
romagnet spins cant in the direction of one of the sublattices
of the antiferromagnet. In the normal magnetic hysteresis
measurement, this leads to a shifting in the hysteresis curve
so that the hysteresis loop is no longer centered at zero field.
For the thermal hysteresis considered here, it could mean
that the thermal hysteresis curves should depend on the di-
rection of the applied field, i.e., whether the field is applied
parallel to one sublattice of the antiferromagnet or the other.

The present discussion may also apply to systems with
compensation of the interface spin pattern on an average
over interface areas of mesoscopic dimensions. Two interest-
ing examples of current interest are FM/AFM bilayers
with interface energy compensation due to interface
roughness30–32 and vicinal bilayers.33 Field-tunable thermal
hysteresis is likely to occur in these exchange-coupled FM/
AFM bilayers,30–33 provided that the interface magnetic
structure is compensated at a length scale smaller than the
exchange length of the ferromagnetic material.

In summary, we have investigated thermal bistability of
thin iron layers, with thicknesses of a few nanometers, ex-
change coupled to compensated MnF2�110� and FeF2�110�
substrates. At high temperatures the system is in a field-
aligned state, with the iron layer spins along the external
field direction and the net interface exchange energy is zero.
At low temperatures, with the thermal average value of the
substrate spins near saturation, the frustration of the interface
exchange energy leads to a � /2 rotation of the iron layer
spins to the direction perpendicular to the AFM easy axis and
the formation of a liquid magnetic moment in the substrate
interface plane oriented parallel �for ferromagnetic interface
exchange energy� or antiparallel �for antiferromagnetic inter-
face exchange energy� to the magnetization of the iron layer.
The anisotropy barrier separating the high-temperature state,
controlled by the Zeeman energy, and the low-temperature
state, controlled by the interface exchange coupling, leads to
thermal bistability in a temperature interval below the Néel
temperature, which is tunable by external field strengths on
the order of a few hundred Oe.

FIG. 6. �Color online� Absolute value of the net moment of the
interface AFM spins along the z axis and the exchange field on the
FM interface spins along the heating branch of the thermal loop
of a Fe�3 nm� /MnF2�110� bilayer under an external field
H=104 Oe. The open symbol blue curve and the full symbol black
curve correspond to the absolute value of the net moment of the
interface spins for FM and AFM interface exchange energies. The
open symbol red curve �right vertical axis� shows the difference in
the interface exchange field on the FM interface spins between the
FM and AFM coupling cases. The insets represent schematically the
interface spin configurations for �a� FM and �b� AFM interface
coupling.
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Also, the nature of the interface exchange coupling �either
ferromagnetic or antiferromagnetic� may be investigated
from the thermal loops of bilayers made of thin iron layers
and for small values of the external field strength.

We have also shown that for large values of the external
field strength the high-temperature state stays stable through-
out the cooling branch of thermal loop down to low tempera-
tures, and the thermal loop produces a switch from an initial
magnetic state �IRS� to another final state �AS�. We argue
that this may have interest for magnetoelectronics applica-
tions if device operation involves heating of the interface

between a ferromagnetic film and an antiferromagnetic sub-
strate
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