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Abstract

The asymmetric magnetization reversal in exchange-biased ferromagnetic
(FM)/antiferromagnetic (AFM) bilayers is studied by the Monte Carlo method.
Based on the calculations for both the random and regular configurations of
dilution in the AFM layer, it is revealed that the asymmetry is closely related
to the domain structure in the AFM layer. The coherent rotation of the
magnetization in the FM layer is proven to be the dominant process for the
appearance of the asymmetric magnetization reversal. A set of hysteresis loops
is obtained for various angles between the external field and the anisotropic
direction and for different thicknesses of the FM layer. The numerical results
are in good agreement with the recent experimental measurements. In addition,
the temperature dependence of the asymmetry is also studied. For a given angle,
there is a maximum asymmetry at a certain temperature. Our results indicate
that the asymmetry uniquely originates from the unidirectional anisotropy, and
its magnitude is determined by the competition between the unidirectional
anisotropy and the uniaxial anisotropy.

1. Introduction

For a coupled bilayer composed of a ferromagnetic (FM) layer and an antiferromagnetic (AFM)
layer, due to the existence of interfacial exchange couplings, some interesting properties have
appeared. The most important effect is the shift of its hysteresis loop along an external magnetic
field H from H = 0 when the whole system is cooled below the Néel temperature Ty of
the AFM layer. This phenomenon is known as the exchange bias, and has attracted intense
attention because of its wide applications in high-density magnetic recording media and spin
valve devices. Though it was discovered by Meiklejohn and Bean [1] more than 50 years ago,
there has been no satisfactory understanding yet of the microscopic mechanism of the effect.

I Author to whom any correspondence should be addressed.

0953-8984/07/236225+10$30.00 © 2007 IOP Publishing Ltd  Printed in the UK 1


http://dx.doi.org/10.1088/0953-8984/19/23/236225
mailto:gjin@nju.edu.cn
http://stacks.iop.org/JPhysCM/19/236225

J. Phys.: Condens. Matter 19 (2007) 236225 J Chen et al

Recently, an important problem in exchange-biased systems is the explanation of the asym-
metry in the magnetization reversal. The reversal asymmetry of a hysteresis loop was first
discovered in Fe/FeF, [2], then it was also observed in other exchange-biased systems. Some
researchers have interpreted it as different magnetization mechanisms for each branch of the
hysteresis loop. For example, it was reported that the coherent rotation of the magnetization is
the main mechanism for the descending branch of the loop, whereas for the ascending branch
the mechanism changes to the domain wall nucleation and propagation [2, 3]. The opposite
possibility was also suggested, that the coherent magnetization rotation takes place on the as-
cending branch of the loop, but domain walls nucleate on the descending branch [4-7]. The
origin of the asymmetric reversal is still a debated issue. The FM anisotropy in high order may
be responsible for the origin of the asymmetric reversal [8—10]. Within the framework of the
domain state model, Beckmann ez al [11] proposed that the angle between the external field and
the FM or AFM easy axis strongly affects the asymmetry of the magnetization reversal, and dif-
ferent angles result in different reversal processes, e.g., a coherent rotation on both branches of a
hysteresis loop or a nonuniform reversal on the ascending branch. Some other researchers con-
sidered the training effect [12, 13]. In a recently published paper, based on the excellent experi-
mental results and the modified Stoner—Wohlfarth model, Camarero et al [14] suggested that the
asymmetric magnetization reversal strongly depends on the competition between the unidirec-
tional anisotropy caused by the interface coupling and the uniaxial anisotropy of the FM layer.

The exchange bias is an interfacial effect. However, the lack of detailed knowledge of the
interface makes the problem very complicated. So far, a systematic study of the asymmetric
magnetization reversal is still absent, especially concerning the role of the AFM layer, such as
its microstructures, anisotropy, and temperature dependence. Under this situation, numerical
study provides a useful tool for solving the problem. In this paper, the Monte Carlo method
is adopted to investigate the mechanism behind the magnetization reversal asymmetry from a
microscopic point of view. Comparing with the preceding work by Beckmann et al [11], we
further consider the magnetization reversal asymmetry from different domain structures of the
AFM layer, the thickness variation of the FM layer, and especially the effect of temperature.

The paper is organized as follows: section 2 is about the model and method. Presented in
section 3 are the simulation results for the dependence of asymmetry on the thickness of the FM
layer and the temperature, as well as a reasonable interpretation for the reversed mechanism.
Finally, a summary is given in section 4.

2. Model and method

It is well known that the domain state model [15] has been used successfully to explain
some aspects relating to the exchange bias, such as the thickness dependence, the temperature
dependence and the training effect. However, there are some discrepancies in the asymmetry
reversal between the simulation results based on the domain state model [11] and the
experimental results [14]. This may be caused by the difference of the domain structures in
the AFM layer between the simulations and the experiments. Therefore, in order to interpret
the experimental results, the domain state model needs to be improved by considering the
possible distribution of nonmagnetic sites in the AFM layer for the simulations. Concretely, we
consider an IrMn alloy system here. It is interesting to note that the strength of the Ir—~Mn or
Ir-Ir bonds is weaker than that of the Mn—Mn bonds [16]. Therefore, the Ir-Mn and Ir-Ir bonds
in the system are assumed to be in a broken state and these broken bonds can be replaced by
the nonmagnetic defects. There are two possibilities for distributing the nonmagnetic defects
in the AFM layer; one is random and the other is regular. The simulation results will show the
difference between the random distribution and the regular distribution.
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The system consists of Ngpy FM monolayers and Napv AFM monolayers, where Ny and
Napm are positive integers. Nonmagnetic defects are distributed randomly or regularly in the
AFM layer. In our calculations, we choose the concentration of nonmagnetic sites p = 0.25
for both the random and regular dilutions. In the case of the random dilution, nonmagnetic
sites are distributed randomly in the two sublattices. But in the case of the regular dilution,
there are many ways to distribute nonmagnetic sites. A simple and possible structure is used
here. In each AFM monolayer, the sites of one sublattice are fully occupied by the magnetic
atoms, and the sites of the other sublattice are occupied by the magnetic and nonmagnetic atoms
alternately. For two neighbouring monolayers, the nonmagnetic atoms are located in different
sublattices. For such a geometric arrangement, the magnetization of the whole AFM layer is
zero and provides a partial compensated interface.

In order to obtain the possible domain structures in the AFM layer, a large enough system
must be taken. Here we adopt the rather large lattice size 128 x 128 in the layer plane for the
random distribution, while for the regular distribution the lattice size 64 x 64 is enough. The
layer plane is denoted by the y and z coordinates. The periodic boundary conditions are applied
to the y and z directions and the free boundary condition in the x direction. To investigate the
spin structure and the magnetization process of this bilayer system, the classical Heisenberg
model is used for a simple cubic lattice. The exchange interactions of the AFM layer are
considered up to the next-nearest neighbours. Because of the broken nearest-neighbouring
bonds, the interactions between the next-nearest neighbours play a role to stabilize the long-
range order. It is observed in our simulations that the asymmetry is decreased a little when
there are no next-nearest-neighbouring interactions.

The model Hamiltonian is

‘H = Hem + Harm + Hint, (D

where Hpm, Harm, and Hint describe the spin configurations of the FM layer, AFM layer and
the interface coupling between the FM and AFM layers, respectively. They are

Hem = —Jem ZSi -S; - X:(sz,»zz +d,. S} + S; - H), (2)
(i) i

Harm = — 1 Zéiéj(fi co;—J Zéiék(fi <O — Zéi(kz(fizz +o0;-H), (€))
(i.J) (i,k) i

and
HINT=—JINTZGjSi°Oj, 4)

(i.j)

where S; and o; represent spins at the i th site of the FM and AFM layers, respectively. The first
term in equation (2) is the exchange interaction in the FM layer with the exchange constant Jgys.
The other part in the bracket of equation (2) is the contribution from the uniaxial anisotropy
and the Zeeman energy caused by an external field. We take the z-axis as its easy axis with an
anisotropy constant d, and the x-axis as its hard axis with a shape anisotropy constant d,. The
first two terms in equation (3) are the exchange interaction of the AFM layer with the nearest-
neighbouring exchange constant J; and the next-nearest-neighbouring exchange constant J;.
€; = 0 (1) represents a nonmagnetic (magnetic) site. The third term in equation (3) is the
uniaxial anisotropy with the z-axis as its easy axis, where k; is the anisotropy constant. The
fourth term is the Zeeman energy of the AFM layer. Equation (4) is the interaction energy at
the interface of the FM and the AFM layer with the exchange constant JiNt.

For the simple cubic lattice and the parameters chosen, the simulation results give the
reduced Curie temperature 7c = 2.9 and Néel temperature Ty = 1.5, where the temperatures
are scaled by Jgm/kg. To reproduce the experimental measurements of a field-cooled system,
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Figure 1. Hysteresis loops of the magnetizations M| (solid circles) and M (open circles) versus
external field at different angles « in the case of randomly distributed nonmagnetic sites with
NAFM =3 and NFM =1.

we start from a random configuration at the temperature 7 = 2.6, which is between T¢ and
Tn, and follow the quasicontinuous cooling process down to the measurement temperatures
of the system with the magnetic field Hcgp = 0.3Jpv and a constant temperature step
AT = —0.05. We employ the Monte Carlo method [17] with single-spin flips and the
heat bath algorithm. During the simulations, the parameters used are Jint = Jrm/2, J1 =
—Jem/2, o = |1/2,d, = 0.05Jpm, dy = —0.2Jpm, and k, = Jpm. The hysteresis loops for
the magnetizations parallel and perpendicular to external fields are measured by starting from
H = 0.2Jpy down to —0.2Jgy and then rising again up to the initial value with a constant step
AH = 0.008Jpy. For a complete hysteresis loop we perform typically 40 000 Monte Carlo
steps and the results are averaged by repeating the runs for five different random numbers.

3. Results and discussion

Because an asymmetric magnetization can only be observed when the external field is not
collinear with the easy axis of the AFM layer or the cooling field, it is essential to study the
angle dependence of the asymmetry. Figures 1 and 2 give the simulation results of the M) and
M | hysteresis loops under the random and regular distributions of nonmagnetic sites. M and
M | represent the magnetizations parallel and perpendicular to the external field, respectively.
Both the M) and M, loops exhibit the pronounced asymmetry. In figure 1, it is clear that
the exchange bias and coercivity of the M| loops decrease with increasing angle o. More
interestingly, the descending and ascending branches of the M| loops evolve from two different
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Figure 2. Hysteresis loops of the magnetizations M (solid circles) and M, (open circles) at
different angles in the case of regularly distributed nonmagnetic sites with the same AFM thickness,
Narm = 3, but two different FM thicknesses, Npy = 1 (left column) and 2 (right column).

directions to the same direction at a certain angle. Moreover, even when the external field is
perpendicular to the unidirectional anisotropy, the coercivity can still be observed, which is
consistent with the experiments [18, 19]. Compared to the results of Beckmann et al [11],
we observe a maximum asymmetric reversal at 72°, while their results show a maximum
asymmetric reversal at 60°. The reason is that there is a smaller exchange bias at p = 0.25 than
p = 0.6. From our simulations, it is found that the different concentrations of nonmagnetic
sites lead to different domain structures and the asymmetry is strongly influenced by the change
of the AFM domain structures. From the simulation results shown in figure 2, an important fact
is that a larger exchange bias occurs in the regular distribution than in the random distribution.
This is comparable in order of magnitude to the experimental results [14]. Correspondingly,
the evolution of the M| hysteresis loop is only along the same direction, and the magnetization
rotates reversibly with increasing the angle. By comparing figure 1 with 2, it is obvious
that the characteristics of magnetizations are strongly influenced by different AFM domain
structures. The simulation results indicate that the random distribution is in good agreement
with the previous simulations [11], while the regular distribution is closer to the existing
experiments [14]. To judge this statement, it could be suggested to perform new experiments
on samples with precisely random distribution of nonmagnetic sites.

In order to further study the relationship between reversal mechanism and domain
structure, we analyse the different reversal mechanisms of the random and regular distributions
at first. We choose the angle at which the maximum asymmetry appears, where 72° is for the
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Figure 3. Two snapshots of the FM spin configurations at the FM/AFM interface at 72° for the
random distribution of nonmagnetic sites, corresponding to the descending (a) and ascending (b)
branches of the magnetization loop, respectively.
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Figure 4. Two snapshots of the FM spin configurations at the FM/AFM interface at 18° for the
regular distribution of nonmagnetic sites, corresponding to the descending (a) and ascending (b)
branches of the magnetization loop, respectively.

random distribution and 18° for the regular distribution. Figures 3 and 4 give the FM spin
configurations at the FM/AFM interface for two different angles. Two snapshots of the spin
configurations correspond to two peaks of M, respectively. From figure 3, it can be seen
that the reversal process is mainly the coherent rotation at the descending branch, while at the
ascending branch a nearly 180° FM domain wall is formed as shown in figure 3(b), which
indicates that the reversal mechanism is mainly the domain wall nucleation and propagation.
For the regular distribution, both branches verify the coherent rotation, as shown in figure 4.
The different reversal mechanisms may be caused by the different domain structures of
the random and regular distributions. It is known that domain walls are always easy to form
on the nonmagnetic sites. For the random distribution, the AFM layer is frozen into a domain
state. This domain structure results in an inhomogeneous pinning on the FM layer. Due to the
unidirectional nature of the AFM pinning field, on the ascending branch the field causing the
reversal of the FM layer comes from the competition between the inhomogeneous interfacial
pinning and the uniaxial anisotropy, which leads to the domain wall nucleation and propagation,
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while on the descending branch they are in the same direction, strengthening the FM rotation. It
is clear that the main mechanism is the coherent rotation. For the regular dilution, domain walls
are distributed uniformly on average. A homogeneous pinning on the FM layer is provided
by the AFM domain. Thus, the reversal process of the FM layer is the coherent rotation.
Here, it becomes obvious that the distributions of the nonmagnetic sites will change the spin
microstructures of the AFM layer, which give rise to different domain structures and different
reversal processes, but they are not relevant for the appearance of the asymmetry. It could be
trusted that the coherent rotation is the main reversal process.

A parameter & is used to denote the angle and thickness dependence of the asymmetry [14],
and is defined by the gap between the absolute values of two peaks of an M, loop. Figure 5
systematically shows the angle and thickness dependence of exchange bias, coercivity, and
asymmetry. It can be found that the asymmetry effect is restricted in the range of some
angles. Above a certain angle, only the reversible transition is shown, and the asymmetry
disappears. This angle is named the critical angle. With increasing FM thickness, the critical
angle increases, as shown in figure 5 for Npy = 1 and 2. In fact, when the thickness increases,
the ratio of the uniaxial anisotropy and unidirectional anisotropy increases. Therefore, the
asymmetry and the critical angle also increase. This shows the same tendency as in the
experimental measurements [14], except a smaller magnitude. The reason for a smaller
magnitude can be almost recognized as the difference between the simulated systems and the
realistic systems, such as various system parameters and material structures.

The temperature dependence of the reversal asymmetry is very important, since the
magnetic devices are always operated in surroundings of variable temperatures [20]. However,
there have seldom been theories considering the temperature dependence till now. The Monte
Carlo method provides a good approach to study this problem. Figure 6 shows the M) and
M | hysteresis loops simulated at different temperatures. From the M hysteresis loops, it is
obvious that the exchange bias decreases monotonically, while the coercivity increases first and
then decreases with increasing temperature. As for M , it reverses only along one direction in
the low-temperature range; with further increase of the temperature the directions of the two

7



J. Phys.: Condens. Matter 19 (2007) 236225 J Chen et al

04 ' J;-——"""""‘!—' I

0.2
0.0 g
02
0.4
0.4

— 02}

=02
0.4
0.4
0.2F

0.0 i

-0.2 C :“‘}‘-/ 1 BJ ] Figure 6. Hysteresis loops of the

04 oo’ * 7=0.5] el ©T=0.6] magnetization M| (solid circles) and M
* * L * * L (open circles) at different temperatures. The

-0.15 0.00 0.15 -0.15 0.00 0.15 angle between the external field and FM

H easy axis is 27°.

branches become opposite. This temperature effect can be interpreted by the model adopted
by Beckmann et al [11]. The field applied to the FM layer comprises three parts, namely, the
anisotropic field along the easy axis of the FM layer (Ha = 2d,m M), the exchange field of
the AFM layer along the bias direction (Hx = Jintapm), and the external field (H). The
three fields are superposed to form a total effective field influencing the magnetization process.
The anisotropic field depends on the projection of the reduced FM magnetization m py;, and
points in two different directions on either branch of a hysteresis loop. The exchange field is
determined by the z-component of the reduced AFM magnetization m apv. It is reasonable to
assume that m ,spy decreases with increasing temperature more quickly than m gy does. At low
temperatures, the magnitude of the exchange field is larger than that of the anisotropic field. The
component of the effective field perpendicular to the external field points to the same direction
on both branches. Therefore, M reverses only in one direction. Once the magnitude of the
exchange field is smaller than that of the anisotropic field at high temperatures, the component
points in two different directions, and then M reverses along the opposite directions.

The simulation results for the behaviour of the bias field, coercivity and asymmetry varied
with temperature are presented in figure 7 at two different angles. The exchange bias decreases
slowly with increasing temperature. At a certain temperature, which is generally called the
block temperature, the exchange bias drops to zero. The coercivity increases gradually with
increasing temperature, and a peak appears near the block temperature; after this the coercivity
decreases until reaching a stable value. These simulation results are in good agreement with the
experimental measurements for the FeF,/Fe bilayer [21] and theoretical results [22]. A simple
analysis can be given as that at low temperatures, the AFM layer is nearly ordered, the FM
magnetization drags fewer AFM spins, thus the pinning of the AFM layer only contributes
to the exchange bias, while the coercivity approaches the value of the free FM layer; as
the temperature increases, the FM magnetization is able to drag more and more AFM spins,
enhancing the coercivity; above the block temperature, the AFM layer is random and does not
affect the FM rotation, then the coercivity reduces. It can be seen that the asymmetry increases
at low temperatures but decreases at high temperatures and there is a peak below the block
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temperature. At the block temperature, the asymmetry disappears. It can be interpreted as
before by the superposition of the three fields, namely Hu, Hx, and H. As the temperature
increases, Hx and Ha decrease. When Hx = Hy, the effective field perpendicular to the
external field is Hx — Ha = 0. Thus, Mg takes the minimum value and & reaches the
maximum value. It is obvious that the competition between the unidirectional anisotropy and
the uniaxial anisotropy causes the change of the asymmetry. This result is consistent with the
theoretical calculations [10]. In fact, the asymmetry disappears at the block temperature, which
confirms our consideration that the asymmetry, just like the exchange bias, originates from the
unidirectional anisotropy.

4. Summary

We have studied the asymmetric magnetization reversal in ferromagnetic/antiferromagnetic
bilayers by the Monte Carlo method in a multifaceted way. Firstly, we have investigated
the influence of domain structures in the AFM layer on the asymmetry. In contrast to the
previous simulations, the different concentrations of defects have been adopted to display
the size effect of domains. Our simulation results demonstrate that the defects in the AFM
layer favour domain formation and the domain structures are crucial for the existence of the
unidirectional anisotropy. In this case the reversal asymmetry is solely determined by the
unidirectional anisotropy because the uniaxial anisotropy is fixed in the FM layer. Secondly,
by using two different configurations for dilution in the AFM layer, the mechanism for the
asymmetry has been clarified. It is proven that the change of the AFM domain structures
causes different reversal mechanisms, especially the coherent rotation or the domain wall
nucleation and propagation. But the emergence of asymmetry is not relevant to the domain
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wall nucleation and propagation. The coherent rotation is still the unique mechanism for the
asymmetry. Thirdly, for the different FM thicknesses, we have systematically investigated
the relation between the asymmetric magnetization reversal and the angle of the external field
with the FM anisotropic direction. We have confirmed that with increasing uniaxial anisotropy
both the critical angle and asymmetry increase. Finally, we have investigated the temperature
effect on the asymmetry. When the exchange bias diminishes with increasing temperature, the
asymmetry disappears accordingly. This simultaneous tendency implies that the asymmetry is
the essential character of exchange bias systems. The simulation results also show that there
is a peak during the increase of the temperature, which is caused by the competition between
the unidirectional anisotropy and the uniaxial anisotropy. According to the theoretical results
obtained, we can conclude that by tuning the FM and AFM anisotropies, the temperature,
the exchange coupling, and the angle of the external field with the anisotropic direction, it is
hopeful to control the magnitudes of the coercivity, the exchange bias and the asymmetry for
designing magnetic devices.
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