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a b s t r a c t

In this work we report a numerical Monte Carlo study of the behavior of a magnetic nano-disk put
over an antiferromagnetic substrate. Three approaches were considered for describe the substrate:
(1) A stacked antiferromagnetic configuration, (2) an Ising like arrangement and (3) Heisenberg like
spins. For the Heisenberg case we still have considered an easy-plane and an easy-axis symmetry of the
substrate. The hysteresis loop for the nano-disk is obtained by considering the three cases. The
signature of the vortex in the nano-disk appears as small jumps in the hysteresis curve. Exchange bias
effects are observed since the substrate has an easy axis symmetry.

& 2012 Published by Elsevier B.V.

1. Introduction

Magnetic devices have many applications in technology, for
example in magnetic random access memories (MRAMSs), digital
reading heads, position sensors, amperimeters and several others
[1,2]. It is possible that many new applications will be discovered
in the next few years. An important issue in digital recording is
the density of information that can be stored in a device. Several
technological advances have pushed this limit forward since the
105 bit=inch density in the 1970 decade up to 109 bit=inch nowa-
days. The future of the high density recording devices will depend
of our capacity to develop more sensitive sensors and materials
capable of overcome the super-paramagnetic limit [3,4]. That is a
natural limit imposed by thermal fluctuations which determines
how long the magnetization of a ferromagnetic structure survives,
or in other words: The long-range ferromagnetic order vanishes
when the energy due to the anisotropy becomes comparable to
thermal fluctuation energy [5,6]. Some properties of nano-mag-
nets can help to overcome the super-paramagnetic limit by
allowing to create new mechanisms for building sub-micron
magnetic devices [7–9]. One of the most promising candidates
is a vortex structure [10–15] that can develop in quasi-two-
dimensional nano-magnetic systems [16–18]. By a vortex we
mean a special configuration of spins similar to the stream lines

of a circulating flow in a fluid. The magnetic moments precess by
2p on a closed path around the vortex. In a finite system the
competition between the magnetostatic energy and the exchange
interaction is responsible for the formation of a magnetic vortex
[19–21]. The surface effects influence the magnetic properties
[22] in such a way that they become increasingly important as the
particle size decreases [23]. Instead of an ordered ferromagnetic
configuration the ground state of a nano-disk can be a single
vortex or a capacitor-like state [20,21]. In Fig. 1 we show a
schematic view of these configurations. The behavior of a mag-
netic material in the presence of an external magnetic field is
described by its hysteresis curve. One of the most interesting
properties is the remanent magnetization which is a residual
magnetization in the material when the aligning field is reduced
to zero. Of interest are also the coercive and the saturation fields.
They are the fields required for canceling the residual magnetiza-
tion and the field required for forcing all magnetic moments of
the sample to point in the direction of the field respectively. In
1956 Meiklejonh and Bean [24] reported that partially oxidized
Co fine particles exhibited hysteresis loops displaced along the
magnetic field axis. Not long after that they recognized this
behavior was due to exchange coupling between ferromagnetic
(F) and antiferromagnetic (AFM) layers [25]. This phenomenon is
known as exchange bias (EB) effect. The shift is attributed to the
frozen-in global unidirectional anisotropy of the system [26–29].
Since its discovery, the EB effect has been observed in several
different materials [30–35]. Magnetic coupling of FM nano-
particles with an AFM matrix shown to improve the thermal
stability of magnetization of the FM nano-particles [4]. Therefore,
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it allow magnetically stable dots only a few nano-meters in size,
which would surpass the storage-density as set by the magnetic-
storage industry [4].

In this work we use Monte Carlo and spin dynamics to study
the EB effect in FM nano-disks settled over AFM substrates (The
arrangement is shown in Fig. 2.). The hysteresis loop is obtained
by considering three different arrangements of the spins in the
substrate: frozen, Ising like and classical Heisenberg. Those
choices will be made clearer in the following. The signature of
the vortex in the nano-disk appears as small jumps in the
hysteresis curve. The exchange bias is observed since that
the substrate has an easy axis symmetry, in others words, the
substrate has a preferential direction which can be build by
introducing an anisotropy in a given direction.

2. Model

Theoretically we can consider a pseudo-spin Hamiltonian
model to describe a magnetic nano-disk as [36–41]

Hdisk ¼"J
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where J40 is an exchange interaction constant coupling spins S
!

i

and S
!

j at sites i and j and ri,j is the distance between sites at
positions i and j. B is an external magnetic field in the x direction
and D is the strength of a dipole–dipole interaction. For the dipole

interaction we have fixed D=JS2 ¼ 0:2. The sum in the first term
runs over first neighbors, in the second and third terms is over the
entire lattice [21,42]. In this work, when not explicitly defined,
energy and temperature will be given in units of JS2 and kb=JS2

respectively. Here kB is the Boltzmann constant. The physics
behind Hamiltonian (1) can be understood as follows. The
exchange interaction forces the magnetic moments of neighbor-
ing sites to point in the same direction. The dipole interaction is

divided into two terms: ð½ S
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ij) tends to align the magnetic
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ijÞ aligns the magnetic moments along the direc-

tion of the unit vector r̂ ij. The nano-disk vortex configuration sets
a balance that meets the requirement to minimize the energy. The
magnetic moments along the border are aligned along the vector
that unites them, satisfying the condition to minimize the second
term of the dipole and exchange interactions. In the following
sections we will use numerical Monte Carlo and spin dynamics
simulation to study the magnetic behavior of a FM nano-disk over
a AFM substrate. As a matter of comparison we consider firstly
the magnetic behavior of the nano-disk over a paramagnetic (PM)
substrate. The hysteresis loop depends on the nano-disk ground
state. In a nano-disk which has a vortex configuration as ground
state presents a typical loop as be seen in Fig. 4. The vortex
signature is seen as the small steps in the hysteresis curves. The
remanent magnetization is zero. The zero remanent magnetiza-
tion is due the null magnetization of the vortex configuration. The
steps in the hysteresis curves appear as a consequence of the
pinning of the vortex at the lattice sites. When the external
magnetic field is turned on the vortex in the nano-disk start to
move in a direction perpendicular to the field. The vortex
displacement direction depends on its curl direction (see Fig. 5).
Due to this dependence and the linearity with the field strength
we can say that a force acting on the vortex core is F

!
p q
!) B

!
.

Where q
!¼ 7 ẑ for counter clockwise or clockwise vortex curl

direction respectively. Therefore, measurements of the vortex
displacement can determine the vortex chirality. The vortex
energy is smaller when its center coincides with the center of a
plaquette that is formed by four sites in a square lattice (see
Fig. 3). To move from one site to another the magnetic field has to
be augmented so that the vortex can overcome through the
pinning barrier. By considering that the vortex is at the center
of a plaquette we can estimate the steps on the hysteresis loop by
calculating the gain in magnetization when the vortex moves for
a lattice spacing. For an object in the form of a nano-disk we
obtain

Dmx ¼
2
ffiffiffi
2
p

p
1
L
*

0:900
L

: ð2Þ

If we consider squared nano-particle we should obtain Dmx ¼ L"1,
where L is the particle diameter. For L¼10 and L¼20 Eq. (2) gives
Dmx * 0:090 and 0.045 respectively. In our simulations we have
measured Dmx ¼ 0:130 and 0.065 in both cases. Those results are

Fig. 1. Schematic view of two possible spins configurations on a ferromagnetic
nano-disk: a vortex (left hand side) and a capacitor-like state (right hand side).

Fig. 2. This figure shows our simulation setup. The figure at the top is a side view
evidencing the antiferromagnetic spin configuration in the substrate. The figure at
the bottom is a perspective view of the nano-particle over the substrate not
showing the magnetic moments. The nano-disk is put over the (100) face of the
substrate. Interactions between the nano-disk and the substrate consider only first
neighbors. The XY plane is the plane of the substrate. These spins configuration is
called of the uncompensated spins.

Fig. 3. The left figure show BCC lattice as interlaced SC lattices and the right show
as structure of alternating layers.
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qualitatively in agreement with the estimates, indicating that the
pining should disappear in the thermodynamic limit (L-1).

The EB phenomena can be described in terms of the substrate
spin alignment at the interface [29]. Concerning the orientation of
the spins at the interface the surface can be compensated or
uncompensated AFM. Experimentally the main problem in the study
of such phenomenon is the difficulty to determine the exact spin
configuration at the interface. It is customary to assume that the
bulk spin configuration is preserved although it is possible that at
the interface the AFM atoms relax or reconstruct. In a compensated
AFM interface the net spin averaged over a macroscopic length scale
is zero. Therefore, this kind of surface will have zero net magnetiza-
tion. In contrast, if the spin arrangement is such that the surface
magnetization is non-zero, the surface is uncompensated [43–45].
We consider the nano-disk and the substrate as having a body
centered cubic (BCC) structure. The setup for our simulation is
shown in Fig. 2. The nano-disk is put epitaxially over the ð100Þ face
of the BCC substrate. The BCC lattice can be seen as two interlaced
simple cubic (SC) lattices as seen in Fig. 3. The linear size of the
substrate is chosen such that Ls ¼ 2L. Periodic boundary conditions
are assumed in the X and Y directions.

The total Hamiltonian describing the system is

Htotal ¼Hdisk"Jd"s

X
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The spin variables S
!

i and s
!

i refer to the nano-disk and substrate
respectively. The first sum is to be performed over the nearest
neighbors sites between the nano-disk and the substrate at the
interface, the second sum is performed over the nearest neighbors
sites in the substrate where Js40 is the exchange interaction
constant coupling spins s

!
i and s

!
j, finally the third sum is over all

sites in the substrate. Both values J and Js can be experimentally
determined and J4 Js [28]. However, the value of the exchange
bias field depends on the unknown parameter Jd"s that cannot be
experimentally determined and in this work we set 0o Jd"sr Js.

3. Substrate models and results

The numerical calculation is done as follows. The substrate and
the nano-disk initial configurations are chosen at random and the
particle diameter depends on condition given by Eq. (4). The
external magnetic field is turned on at time t¼0 and applied in
the x direction. We note that time unity is to be understood as a
Monte Carlo step (MC step). The magnetic field is increased or
decreased in steps of size DB¼ 0:01 measured in unities of JS=gmB,
where g is the Land!e factor and mB is the Bohr’s magneton. For
each value of the magnetic field 103 time steps are performed in
order to equilibrate the system. When saturation is reached in
one direction the magnetic field is increased or decreased until
the system saturates in the inverse direction. We use in this work
three different types of model to simulate the substrates: (A)
frozen spins, (B) Ising spins and (C) classical Heisenberg spins.
They are defined as follows.

3.1. Frozen

For the frozen substrate we consider that the classical spin
components are sy

i ¼ sz
i ¼ 0, and sx

i ¼ þ1. We chose an

Fig. 4. The figure at the top show a hysteresis loop for a nano-disk which has a
vortex as ground state and the figure at the bottom show the loop when nano-disk
present a capacitor as ground state.

Fig. 5. Schematic representation of the path followed by the vortex under the
action of an external magnetic field. Top and bottom figures are for counter
clockwise and clockwise vortex curl directions respectively.
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antiferromagnetic stacked configuration for the substrate, so that,
it has no dynamics at all. The sum over the substrate becomes a
constant and can be dropped out of Htotal. The term summing over
the interface can be seen as a local magnetic field acting in the þx
direction, introducing an preferential direction in the system.
Thus, the interaction between nano-disk and the substrate can be
replaced by an effective field, Beff ¼ 4Jd"s like a Zeeman interac-
tion applied on the first layer of the nano-disk. As should be
expected the system exhibit the EB effect as shown in Fig. 6 for
two values of the exchange constant Jd"s. Increasing Jd"s implies
in an increasing of the EB effect.

3.2. Ising

An Ising-like substrate is built by choosing the spins compo-
nents as sy

i ¼ sz
i ¼ 0 and sx

i ¼ 71. This can be achieved by introdu-
cing a strong anisotropy in the x direction in the substrate. The
scheme is shown in Fig. 7. Two different configurations are
possible depending on the thickness, Lz

s, of the substrate and the
nano-disk substrate interaction Jd"s. For low values of Lz

s one
observe that a nano-disk domain is imprinted in the substrate
[46]. A cylindrical region beneath the nano-disk will have its
magnetization inverted, following the nano-disk magnetization.
Therefore, the EB effect is not present. By energy considerations
one can show that if Lz

s obey the condition

Ls
z

L
4

Jd"s

4Js
, ð4Þ

the substrate interface is completely uncompensated and there-
fore, the EB effect is observed. In the Fig. 8 the hysteresis loop for
two systems fulfilling this condition is shown.

3.3. Heisenberg

For the Heisenberg substrate we consider the classical spin
vector as s

!
i ¼ ðsx

i ,sy
i ,sz

i Þ satisfying the condition 9 s
!

i9¼ 1. Due to
the continuous degrees of freedom of s

!
n we get a richer structure

than in both earlier cases. We will consider here the situations
where the substrate has two different symmetries (1) an easy
plane (EP) or (2) an easy axis (EA).

3.3.1. Easy plane symmetry
The easy plane model means that the spins in the substrate

lower their energy by lying in the XY plane. In order to reach this
condition we introduce a quadratic anisotropy in the z direction, so
that, the Hamiltonian for such model is written as Hin"plane ¼
HtotalþA

P
subðs

z
i Þ

2 with A40. In this work we use A=J¼ 1:0. The
EB effect is not expected to appears in the EP model since the
substrate has no preferential direction of magnetization for B¼0.
Fig. 9 shows that there is no shift in the hysteresis loop as a function
of the interface exchange interaction. Fig. 10 shows a schematic
representation of the path followed by the magnetization with an
easy-plane substrate. We observe that if the interface interaction is

h
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Jd-s = 0.4

Fig. 6. The hysteresis loop is shown for the frozen substrate to two values of the
exchange constant Jd"s and Js¼0.5.

Fig. 7. Schematic representation of the configuration of the first two layers of

spins for the Ising substrate. An external field, B
!

, is applied in the x direction. The
difference in energy of configurations (a) and (b) shows that the (b) configuration
is more stable.
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Fig. 8. Hysteresis loops for the Ising substrate using two values of the exchange
constant Jd"s . In both cases Ls

z=L4 Jd"s=4Js . We use Ls
z ¼ 2, D¼0.2 and Js¼0.5. The

values for Jd"s are shown in the insets. We use L¼10 and L¼20. If Ls
z=Lo Jd"s=4Js

(not shown) the exchange Bias effect is not observed.
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Fig. 9. Hysteresis loop when the substrate has an easy plane anisotropy. The
signature of the presence of the vortex in the nano-disk is evidenced by the jump
in the hysteresis loop [47]. Here Js¼0.5. We observe that the EB effect is not
present for the chosen values of Jd"s . This should be expected since the vortex is
imprinted in the substrate becoming an uncompensated structure.
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ferromagnetic or anti-ferromagnetic the vortex in the first layer in
the substrate will appears in the same or opposite direction
according with the magnetization of the nano-disk. In Fig. 10, from
left to right, the nano-disk is initially saturated in the "x direction.
As the external field is augmented a vortex appears in the nano-disk.
For strong enough interaction (Jd"s) the vortex is imprinted in the
surface propagating to all layers down in the substrate. The AF
substrate has the property to reduce the nano-disk saturation field.
We can though the substrate as an effective field added to the
external applied field it will increase the interaction at the interface
implying in a decrease of the field necessary to saturate the nano-
disk (see Fig. 9). In Fig. 11 we compare the saturation field between
nano-disks deposited over PM and AFM substrates. A plot of the
saturation field as a function of the dipole strength interaction
shows a linear behavior as seen in Fig. 11.

3.3.2. Easy axis substrate
A substrate with an easy axis can be built by introducing an

anisotropy in the x direction. In this case the Hamiltonian for the
system is written as Heasy"axis ¼Htotal"A

P
subðS

x
i Þ

2. The spins in the
substrate have a Z2 symmetry [48,49], so that, it should behave as
an Ising system in the x direction for A greater than zero. It is easy

to see that the condition

A4
pJd"s

4Ls
z

ð5Þ

has to be fulfilled in order to the EB effect appears. At low values
of A the EB effect does not appears, however, the hysteresis loop
becomes larger with the saturation field increasing in both
direction as seen in Fig. 12. On the other side, if the anisotropy
is given by the condition in Eq. (5) the hysteresis shows the EB

Fig. 10. Schematic representation of the path followed by the magnetization with an easy-plane substrate. Top and bottom figures are for ferro and anti-ferromagnetic
coupling, respectively. In any case the vortex is imprinted in all layers of the substrate.
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Fig. 11. Saturation field in function of dipolar strength of nano-disks deposited
over PM and AFM substrates.

Fig. 12. Hysteresis loop for several anisotropy strength.
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effect as seen in Fig. 13. Beside the conditions for EB pointed
above we must be sure that the substrate remains in an anti-
ferromagnetic arrangement for any field value. For a fixed field
this condition will depend on A and Js. Now, by fixing the
anisotropy, A, using the criterium stated in Eq. (5) we can find
the behavior of the substrate configuration as a function of Js. In
Fig. 14 we show the B"Js phase diagram for the easy axis case. We
observe three possible configurations for the substrate: antiferro-
magnetic (AFM), spin flop (SF) and saturated (S). The boundaries
of the diagram can be obtained by comparing the energy in the
three different configurations and in our simulations we found
that the point separating the three phases is Jt

S ¼ 0:59. The
maximum field applied Bmax that does not change the state of
the substrate (AF) to the saturated (S) or spin-flop (SP) phases is
obtained as

Bmax ¼
K
mBg

1"
1
Ls

z

" #
, ð6Þ

where K is the exchange stiffness and can be written as

K ¼
nvSJsS

2

a
, ð7Þ

where nvS is the number of first neighbors of the substrate, a is the
lattice parameter and S the spin modulus. In this work we using

mB ¼ 1, g¼1, a¼1 and S¼1, thus,

Bmax ¼ nvSJs 1"
1

Ls
z

" #
: ð8Þ

In a BCC lattice, nvS ¼ 8, then

Bmax ¼ 8Js 1"
1
Ls

z

" #
: ð9Þ

Finally to Ls
z ¼ 2, we have

Bmax ¼ 4Js: ð10Þ

Our theoretical results agree with the simulation results as is
shown in Fig. 14.

4. Final remarks, conclusions, and perspectives

We have used Monte Carlo simulations to study the magnetic
behavior of a nano-disk put over an antiferromagnetic surface.
Three different arrangements for the substrate were considered:
(1) a stacked antiferromagnetic configuration, (2) an Ising like
arrangement and (3) Heisenberg like spins. For the Heisenberg
case we still considered an easy-plane and an easy-axis symmetry
of the substrate. As expected the exchange bias effect appearing
in the nano-disk depends on the symmetry of the substrate. In
Fig. 15 we show a plot of the exchange bias field as a function of
the interaction strength between the nano-disk and the substrate
that resumes our results.

It is interesting to observe that the curves for the frozen, Ising
and easy axis models coincide, inside the error bars. Using a linear
regression we have obtained the exchange bias field BEB as
function of Jd"s for the three models as

BEB ¼ 1:300ð1ÞJd"s"0:010ð1Þ: ð11Þ

This behavior does not dependent on the substrate thickness, Lz
s,

since the condition (4) is satisfied. To a typical experimental value
J¼ 10 meV the magnitude of the exchange bias field of our results
is on the order of 10 Teslas. This value is greater than the
experimental values by a factor 10 or more. We believe that this
result is due to thickness of the nano-disk. Some preliminary
results show that the BEB decrease with increasing nano-disk
thickness as in thin films [50]. This is probably due to the
substrate effective field influence becomes smaller. However,
more systematic simulations need to be carry out in order to
get a quantitative understanding of that. Although BEB does not
depend on the easy axis anisotropy, A, since A4Amin, the hyster-
esis loop may present a deformation for high values of Jd"s.

Fig. 13. Schematic representation of the path followed by the magnetization with
an easy-axis substrate and low anisotropy constant. (a), (b), (c), and (d) positions
at hysteresis loop are shown in Fig. 12.

Fig. 14. Diagram showing the phases of the substrate, antiferromagnetic (AF),
saturated (S) and spin-flop (SF) in function of Js. The black lines with symbols
correspond to simulation results and red lines without symbols the analytical
results. We use Jd"s ¼ 0:1.

Jd-s

0.1 0.2 0.3 0.4
0

0.1

0.2

0.3

0.4

0.5

BEB
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Heisenberg

Fig. 15. Exchange bias for the three models: frozen, Ising and easy axis Heisen-
berg. We use Js¼0.5.
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