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The impact of a variation of anisotropy constants on the resulting coercivity and exchange bias has
been analyzed modeling the total energy density in thin layered ferromagnetic/antiferromagnetic
in-plane systems. For a broad range of fourfold, uniaxial, and unidirectional anisotropies, our
results illustrate that the exchange bias can grow significantly for a sample rotation off the cooling
field direction, while for other combinations of anisotropies, a positive exchange bias can be found
near or even in the cooling field direction. These findings allow identification of anisotropies based
on superconducting quantum interference device or magneto-optical Kerr effect measurements as
well as tailoring desired angular dependencies for magnetoelectronic applications. © 2011

American Institute of Physics. [doi:10.1063/1.3575170]

. INTRODUCTION

A magnetic system composed of an antiferromagnetic
(AFM) and a ferromagnetic (FM) layer can exhibit a shift of
the hysteresis loop along the field axis, the so-called
exchange bias (EB).I_3 This effect can be observed when the
system is cooled below the Néel temperature of the AFM in
an external magnetic field.

The EB can, along with other magnetic anisotropies,
influence the measured angular dependence of the coercivity.
An established optical method for quantitatively determining
magnetic anisotropies by measurements of anisotropy con-
stants is, for example, Brillouin light scattering.* However,
as has been shown in a previous article for samples without
exchange bias,” measurements of the coercivity by means of
the magneto-optic Kerr effect (MOKE) also enable the deter-
mination of the anisotropy constants of a magnetic sample.
Thus, in this article we provide an overview of the effects of
changes in the fourfold, uniaxial, and unidirectional aniso-
tropy constants of magnetic layers on angular dependent
coercivity and exchange bias. This comprehensive study pro-
vides the possibility of an estimate of a sample’s anisotropies
based on the results of MOKE or superconducting quantum
interference device measurements. On the other hand, it also
gives the possibility to tailor desired angular dependencies of
exchange bias and coercivity by choosing materials or geo-
metries with the respective anisotropies for specific applica-
tions. Finally, it provides a novel explanation for the positive
exchange bias and the theoretical base which has frequently
been discussed in the literature.”® This effect has been
attributed to a parallel coupling of FM and AFM moments at
the interface due to large cooling fields,”"" antiferromag-
netic coupling at the interface,"*™'> a mainly antiferromag-
netic parallel domain wall which is “unwinding” before zero
field,'® spin-glass-like particles formed spontaneously at the
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interface,'” or to reversible changes in the interfacial pinning
by the antiferromagnet causing an asymmetric magnetization
reversal.'® What is proposed here, however, is the simple
possibility to obtain positive exchange bias in a special EB
system without the need to consider directly any effects on
an atomic scale.

Il. MODELING ANISOTROPIES

In our systematic study, we use a simple model describ-
ing the coherent rotation of a magnetic moment or macro-
spin. It allows the determination of coercive fields from
magnetic anisotropies.

In the recent literature, exchange bias systems with poly-
crystalline layers are mostly examined.'* > However, epitax-
ial or textured samples may exhibit interesting and sometimes
quite unexpected findings. In the system Fe/MnF,(110) with
a twinned antiferromagnet, e.g., an asymmetric hysteresis
loop has been found at low temperatures.23_27 Asymmetric
magnetization reversal has also been found in Fe/FeF,(110)
with twinned AFM.?*! Simulations assuming a twinned
antiferromagnet by introducing two easy axes in the AFM
perpendicular to each other also led to asymmetric hysteresis
loops.*” On the other hand, systems with uniaxial and four-
fold anisotropy, like Co/CoO(110), may exhibit an exchange
of the hard and the easy axis in a temperature regime around
the blocking temperature®® and thus lead to interesting effects
in the transition region.

Due to the importance in fundamental research of such
systems with uniaxial and fourfold anisotropy, combined
with an exchange bias, our study focuses on this special type
of magnetic system. Thus, the following expression for the
free energy density of the FM layer is used:

Fani(9) :K‘(ﬁ) cos’(¢) sin’(¢p) sin*(0) +K‘(‘2) cos’(¢) sin’(0)
+K{" cos(§ — dip) sin(0) (1)

© 2011 American Institute of Physics

Downloaded 03 Feb 2012 to 10.0.105.171. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3575170
http://dx.doi.org/10.1063/1.3575170
http://dx.doi.org/10.1063/1.3575170

083923-2 A. Ehrmann née Tillmanns and T. Blachowicz
Coercwlty
W Ku(Z) = -25,000 erg/om’
- K“(A) = +75,000 erg/cm3
:“;:'
> K1
Ee] 1}
S, — -10,000 erg/cm3
° — -25,000 erg/cm3
L ] —— -50,000 ergicm®
— -75,000 erg/cm3
0 90 180
Sample angle [°]
Coercivity
K"(Z) = 0 erg/cm3
- K”“" = +75,000 erg/cm’
:‘é’
. Q)
g KII
= —— -10,000 ergicm®
T —— -25,000 erg/cm’
—— -50,000 erg/cm3
—— -75,000 ergicm®
0 45 90 180
Sample angle [°]
Coercivity
K”‘Z’ = +25.000
- K, = +75.000
£l ]
. M)
£ Ku
S, w// —— -10.000
g —— -25.000
—— -50.000
\‘v/ —— -75.000

0 45 90 135 180
Sample angle [°]

J. Appl. Phys. 109, 083923 (2011)

Exchange Bias

K”‘Z’ = -25,000 erg/cm®
- -,—————\__/_—\—’/— K”“) = +75,000 erg/cm®
.‘é‘
; K
8 —— -10,000 erglcm®
-~ —— -25,000 erg/cm®
i 1 —— -50,000 ergicm®
— -75,000 erg/cm3
0 45 90 135 180
Sample angle [°]
Exchange Bias
,__\\/\w O oergen
_ K, = +75,000 erglem’
12} L 4
5
1)
'é KII
< F 4 —— -10,000 erg/cm®
T —— -25,000 erg/cm”®
i | -50,000 erg/cm3
—— -75,000 erg/cm®
0 45 90 135 180

Sample angle [°]

Exchange Bias

= +25,000 erg/cm®
=+75,000 erg/cm3

K (1)
Il
-10,000 erg/cm’®
-25,000 erg/cm3
-50,000 erg/cm®
-75,000 erg/cm®

Hgg [arb. units]

0 45 90 135 180
Sample angle [°]

FIG. 1. (Color online) Exchange bias and coerc1v1ty calculated for a series of unidirectional anisotropies KV I (with the values i mcreasmg numerically from top

to bottom), for K< )= 75 000 erg/cm and K‘(‘ ) —
cally shifted for clanty.

and its first derivative (assuming the in-plane case, thus
0 =90°)

8Fani(¢)

5o = 2K sin@6) K[ sin(29)

—K sm(db bep) @

where ¢ is the in-plane sample orientation angle with respect
to the magnetic field direction; 6 is the angle between the
surface normal and the magnetization vector direction; ¢gp

and K(l)

is the easy exchange bias direction; and Kﬁ4>, K‘(‘Z), I

—25 000 erg/cm® (upper panels)/0 erg/cm® (middle panels)/+ 25 000 erg/cm® (lower panels). Lines are verti-

are the anisotropy constants of the fourth, second, and first
(exchange bias) order, respectively.® The exclusions of per-
pendicular anisotropies in Eqs. (1) and (2) result from the
assumption that no interfacial alloying or strains or interfa-
cial magnetostriction effects take place in the discussed
systems.

The coercive fields are calculated by identifying the
external field which is sufficient to switch the magnetization
over the transverse state (perpendicular to the magnetic
field). For this purpose, the first derivation of the free energy
density [Eq. (2)] is used: As soon as the free energy density
decreases continuously from saturation magnetization to a
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FIG. 2. (Color online) Exchange bias and coercivity, calculated for a series of uniaxial anisotropies K |
Hl) =—50 000 erg/cm” and k¥ =75 000 erg/cm® (upper panels)/+ 75 06

descriptions at the sides), for K|

I
for clarity.

state perpendicular to the external field, the longitudinal
magnetization component becomes zero, and the coercive
field is reached.

A. Split coercivity maxima and rapid changes of
exchange bias

We first investigate how the calculated coercivity and
exchange bias change for three sets of K ‘(‘4> and K‘(f), each
combined with a series of K‘<1 values. While a pure (110)
system is assumed to show a constant ratio of K <|4)and K |<‘2) 4
the superposition of the AFM’s and the FM’s anisotropies
may lead to deviations from this case. Especially in the tem-
perature regime not too far below the Néel temperature,
experiments can show strong deviations from the characteris-
tics of the high temperature regime—with the pure FM ani-
sotropies—and the low temperature regime, in which the
AFM anisotropies dominate.*® The above chosen values can
thus picture different situations of an exchange bias system,
appearing at different temperatures. Moreover, they can be
used to explore the angle dependence of exchange bias and
coercivity theoretically, independent of a real EB system,
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@ (lines in the graph are ordered correspondingly to

0 erg/cm® (lower panels). Lines are vertically shifted

and thus to develop a feeling for the influences of the differ-
ent anisotropy constants.

Figure 1 shows the simulated exchange bias Hgg and
coercivity H¢ for K <|4) =75 000 erg/cm’ (i.e., the easy axes
are located at 0°, 90°, etc.) and K(z) =-=25 000 erg/cm3
(upper panels)/0 (middle panels)/+25 000 erg/cm3 (lower
panels). Starting from a small exchange bias (top line in each
graph), the coercivity first shows a splitting of the original
maximum at 90°, followed by a suppression of this doubled
maximum, which vanishes completely with larger values of
K ‘(1). The unidirectional anisotropy which is sufficient to
eliminate the maxima around 90° depends strongly on K|<2).
For negative values of K, (lz)’ when the easy twofold axis is
located at 0°-180°, the hard axis at 90° diminishes the coer-
civity maximum even without the unidirectional contribu-
tion. Consequently, in this case the maximum is completely
suppressed for small values of K‘(U. However, when K| (IZ) is
positive, i.e. the easy twofold axis is located at 90°-270°, the
uniaxial anisotropy strengthens the maximum at 90°. Thus it
splits more strongly before it finally vanishes for large values
of K{').

éimilarly, the exchange bias exhibits a qualitatively dif-
ferent angular dependent behavior for different combinations
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FIG. 3. (Color online) Exchange bias and coercivity, calculated for a series of sample angles (lines in the graph are ordered correspondingly to descriptions at

the sides), for Kﬁz) = —25 000 erg/cm®, K‘(|4) =475 000 erg/cm’, and different unidirectional anisotropies. Lines are vertically shifted for clarity. The lines

Hgg =0 have been added to each exchange bias graph.

of the three anisotropy constants under examination. The ues in the form of sharp peaks (one with positive, one with
split maximum in the coercivity around 90° is accompanied negative sign) in the exchange bias. Both the coercivity and
here by the rapid transition from minimum to maximum val- EB characteristic behavior vanish around the same values of
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the unidirectional anisotropy constants. Steps in the coerciv-
ity, as seen in Fig. 1, are also correlated with steps in the
exchange bias. It should be mentioned that especially for
nonvanishing double-maxima in the coercive field, the
exchange bias can reach numerically larger values at angles
located off the cooling field direction set to 0°.

In order to examine the influence of the exchange bias
direction with respect to the easy fourfold symmetry axis,
Fig. 2 shows a comparison of ¢pp along the easy fourfold
axis (upper panels) and the hard fourfold axis (lower panels)
for different values of K ‘(2). The simulation without fourfold
anisotropy is added for comparison (top line in each graph).

For field cooling at the easy fourfold axis, the coercivity
again shows a qualitatively different behavior, depending on
the sign and value of the uniaxial anisotropy. For large posi-
tive values of K ‘(‘2)’ the double maximum around 90° is visi-
ble, which is suppressed for vanishing or negative values of

2) . 2 . o
K‘ . For large negative K‘ , a broad minimum become:,‘s
visible around 90°, which is also created for vanishing K‘(‘ )
(top line in the lower panel).

If the exchange bias is located along the hard fourfold
axis, it exhibits coercive fields with numerous steps; how-
ever, the graphs are again strongly influenced by the value of
the uniaxial anisotropy constant K‘@). It can be recognized
that the double maximum around 50°, which occurs again
for large positive K‘(‘z), is now more strongly split, and the
peaks are sharper than in the upper panel and do not exhibit
similar plateaus.

The exchange bias again shows sharp peaks correlated
with the double maximum around 90° as well as the existence
of angular regions with significantly enhanced EB values. How-
ever, for the EB along the hard fourfold axis (lower panels),
there are also regions between 0° and 90° where the exchange
bias becomes positive (Hgg = 0 can be estimated by regarding
the EB for a sample angle of 90°, which has to be zero due to
symmetry reasons), which is best visible in the curve for

K ‘(|2> =-25000 erg/cm3 and K| ‘(|4) =—75000 erg/cm3.

B. Positive exchange bias

A positive exchange bias along the cooling field direction
can be found in some magnetic systems, and explanations for
this effect have been discussed in literature over the past deca-
des. Since the sign of the exchange bias has been found to
depend on the cooling field orientation with respect to the easy
AFM axis,"> the simulations have additionally been carried
out for several EB angles, combined with K ‘f) = —25 000 erg/
cm3, K|(|4) =+75 000 er%/cm3, and different values of the uni-
directional anisotropy K ”1). Thus, the exchange bias direction
¢pp Was rotated from 0° (i.e., along the easy twofold and four-
fold axes) to 90° (i.e., along the easy fourfold and the hard two-
fold axes). In Fig. 3, zero lines have been added for each EB
graph to allow easier identification of a positive EB behavior.

The coercive fields exhibit unusual features, especially
for large exchange bias values. For small K ﬁl) and ¢gp near
45° (i.e., the hard fourfold axis), regions with positive EB
exist near ¢gg, as has already been shown in Fig. 2.

Although Fig. 3 does not show any graph with a positive
exchange bias along ¢gp, our study is nevertheless capable

J. Appl. Phys. 109, 083923 (2011)

of creating a positive EB in the special system under exami-
nation without the necessity to take into account microscopic
arguments. The energy landscape built by Kl(z) =—-25 000
erg/em’ and K (‘4) =475 000 erg/cm?, on which the simula-
tions in Fig. 3 are based, has maxima at 55° and 125°,
regarding the angular region 0°-180°. If a sample is field
cooled at, e.g., 56°, the nearest local energy minimum can be
found at ~90°. Thus it is logical to assume that the exchange
bias direction ¢gp created by the field cooling process is not
56° but nearly 90°. In this case, for K ﬁl) ~ —10 000 erg/cm3
and field cooling at 56°, a positive exchange bias can be
expected in the cooling field direction, which is assumed
here not to be identical with the easy direction of the unidi-
rectional anisotropy ¢gg. This finding suggests that for
experimentally found positive exchange bias values in mag-
netic systems which are known to show fourfold and uniaxial
anisotropies, the samples should be accordingly rotated to
test this possibility. On the other hand, our study suggests a
possible new way to obtain positive exchange bias and thus
to design magnetically biased systems with switchable
exchange bias sign for applications which may profit from
the positive/negative states of the effect.

lll. CONCLUSIONS

In summary, different combinations of fourfold, uniax-
ial, and unidirectional anisotropies cause angular dependent
exchange bias and coercivity values with some characteristic
features. A large exchange bias has been shown to suppress a
maximum in the coercivity at 90° to the exchange bias direc-
tion ¢gg. Moreover, the exchange bias can become numeri-
cally larger at angles different from ¢gg. On the other hand,
in the special system under examination it can reach positive
values within the angular region of =90° around the cooling
field direction and even in the cooling field direction which
can support trials to develop systems with positive or switch-
able EB for novel applications.
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