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A general discussion of magnetization in exchange-biased bilayers with higher-order anisotropy contribu-
tions in an applied magnetic field is given. Allowed magnetic configurations for a ferromagnet in an applied
magnetic field are shown in magnetic phase diagrams that illustrate competing effects of unidirectional,
uniaxial, and fourfold anisotropies. The role and asymmetry of energy barriers during magnetization reversal
are discussed in detail. A direct comparison with recent experimental results in epitaxial NiFe/FeMn bilayers is
provided, and the influence of thermal activation on the magnetization reversal process is discussed.
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[. INTRODUCTION along the easy direction of the unidirectional anisotropy, the
hysteresis curve is shifted along the field axis and exhibits a
The exchange-bias effect was discovered more than fortgudden jump at the exchange-bias field as shown in F&y. 1
years ago by Meiklejohn and Be&A.The complexity of The dependence of the magnetization reversal on the
competing interactions involved in the formation of ex- strength of the unidirectional anisotropy is visualized in the
change bias is responsible for a variety of interesting phephase diagram given in Fig(l). As the free enthalpy of the
nomena that have not been successfully quantified in ovesystem always has exactly one minimum the phase diagram
forty years of research. Details concerning the microscopidn this configuration consists only of two regions. These re-
origin remain a subject of active research and discussion, argions correspond to parallel and antiparallel alignment of the
there are several recent reviews of the current stafus. magnetization with respect to the easy direction of the uni-
Meiklejohn and Bean proposed the first explanation of ex-directional anisotropye;. In this diagram, the white filling
change bias within a modified Stoner-Wohlfarth m&adeith indicates parallel alignment, and black filling indicates anti-
bias ultimately created by unidirectional anisotropy associparallel alignment.
ated with the ferromagnet/antiferromagnet interface. Application of the external field perpendicular to the easy
Because of experimental results that have appeared sincdirection of the unidirectional anisotropy results in an un-
it has been widely accepted that a simple description baseshifted loop without coercivity as shown in Fig(al. The
on unidirectional anisotropy only cannot account for themagnetization rotates continuously into the direction of the
wide variety of observed phenomena associated with the exapplied field, and the corresponding phase diagram does not
change bias. The increased coercivity and associated angulexhibit any sharp boundaries but instead shows a continuous
dependence that is observed in exchange-bias systems swgiation from white to black across the zero applied field
gest that higher-order effective anisotropies are present, fdine as can be seen in Fig(c).
example. We show that the inclusion of unia%iaf and
fourfold'®~*2anisotropy contributions in addition to the uni- B. General model
directional anisotropy are sufficient to describe the complex In the followi 't f the f
angular dependence observed in biased NiFe/FeMn bilayers. r? | N th\’\ﬂn.g vlveduse a_(;nore_genlera _or_ml 0 def ree
Atype of phase diagram was shown to be a useful tool 1‘015ant aipy, which inciudes uni _|re(_:t|on.a, uniaxial, and four-
describing applied field controlled magnetic ordering infOId in-plane anisotropy contributions:
uniaxial_ferromagnet%‘f'l‘r’In this paper we extend the ideato _ _ k. cog ay,)+ K,Sin(ay — o)
magnetic heterostructures and present a detailed analysis of

the magnetic ordering in exchange-biased bilayers. + K ySir(apy — ay)coS(ay — ay) —HM gCOS ay — ay),
(1)
Il. THE MODEL whereK;, K,, andK, denote the unidirectional, uniaxial,

and fourfold anisotropy constants, respectively. The easy di-
rection of the unidirectional anisotropy fét; >0 is chosen

In order to explain the meaning of the diagrams we will as a reference for the definition of angles specifying the ori-
use to discuss ordering according to magnetic phases, wentation of the applied fieldvy, the easy axis for the
first consider the ideal case of a ferromagnet with only auniaxial anisotropy«,, and the fourfold anisotropyx,.
unidirectional anisotropy. If the external field is applied These angles are defined by the geometry sketched in Fig. 2.

A. Introduction
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1 A oralra s L H is the strength of the external field ahtk is the saturation
1a s r magnetization of the ferromagnetic layer.
= 0 CERE Calculation of phase diagrams and magnetization reversal
= L in the examples that follow is performed by minimizing the
A

free enthalpy with respect to the angle of the magnetization
ay - For the computation of magnetization reversal either
the Maxwell convention or the perfect delay convention can
be used® By using the Maxwell convention it is assumed
that the magnetization is always in the global minimum of
the free enthalpy. On the other hand, the perfect delay con-
vention assumes that the magnetization remains in the local
minimum of the free enthalpy as long as this minimum ex-
[ ¢ ists. Therefore in the Maxwell convention there is no hyster-
- T H etic behavior and the coercivity is always zero, whereas the

perfect delay convention allows hysteresis and gives an up-
per limit for the coercivity.

S B

i Ill. ANALYSIS OF BIASED SYSTEMS

i In this section we first consider a system with a fixed
- unidirectional anisotrop¥;>0 and a variable twofold an-
isotropy K,. As a second case we analyze a system with a
fixed unidirectional anisotropl{,>0 and a variable fourfold
anisotropyK,. For this case the influence of the direction of
the applied magnetic field is discussed in detail. In the model
we use, the role of the antiferromagnet is described implic-
itly through effective anisotropies, and no attempt is made to
model effects of internal degrees of freedom of the antifer-
romagnet or interface spins. This means that the anisotropy
o S “constants” are interpreted as measures of effective torques
FIG. 1. (a) Magnetization reversal curves for unidirectional an- .
isotropy with K1/M§: 1. The external field is aligned parallel to .exertEd by the antlfe.rromagnEt on the ferr(_)magnet across the
dmterface, and also include any anisotropies strongly modi-

the easy direction of the unidirectional anisotropy for the line and.. . ; .
y Py Jied, or due entirely, to the interface. By this we mean that on

perpendicular for the symbols. The phase diagram of the system fi . h . )
parallel aligned field is given irtb) and for perpendicular aligned 2N atomic level the interface represents a chemical environ-

field in (c). White indicates parallel alignment of the magnetization Ment that is very different from other locations within the

direction with respect to the easy direction of the unidirectionalfilms. These differences generally reflect the lower atomic
anisotropy in(b) while black indicates antiparallel alignment. In the |€vel symmetry of the interface region, a feature that by itself
same manner the graylevel (o) indicates the direction of the mag- is in some cases sufficient to allow the formation of magnetic

netization with respect to the easy direction of the unidirectional@nisotropies that can differ significantly in type and magni-
tude from anisotropies far from interfaces. Related consider-
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FIG. 4. Phase diagram of a system with fixed unidirectional

FIG. 3. Phase diagram of a system with fixed unidireetionalanisotropyK /M2=1 and variable uniaxial anisotrop, with the
anisotro /IM2=1 and variable uniaxial anisotro ith the . JPRLLYST e . 2 o
! PyK1/Ms var uniaxi ! H9, Wi field aligned perpendicular to the easy direction of the unidirec-

field aligned along the easy direction of the unidirectional anisot-. . . S
ropy. The phases with one and two minima in the free enthalpy areIonal anisotropy. The phases with one and two minima in the free
labeled 1 and 2 accordingly. F&,>0 the easy direction of the enthalpy are labeled 1 and 2 accordingly.

unidirectional anisotropy is parallel to the easy axis of the uniaxial
anisotropy while forK,<0 the easy direction of the unidirectional
anisotropy is parallel to the hard axis of the uniaxial anisotropy.

B. Influence of the magnitude ofK,

In the following we will further elaborate the concept of
ations also explain modifications of anisotropies througHh® phase diagrams by analyzing the case of a system with a
strain induced directly by lattice mismatch at the interfacesUnidirectional and a fourfold anisotropy in detail. Effects of

This also means that the constants may themselves be dep&fPlying the external magnetic field along the easy direction
dent upon either the ferromagnet or antiferromagnet thick®' the unidirectional anisotropy are shown in Figab The
ness, and the magnetic history of the system. magnetization reversal exhibits a coercivity as expected for
For simplicity, we assume that the easy direction of thecoherent rotation for a fourfold anisotropy of magnitudg
unidirectional anisotropy coincides with an easy direction of discontinuous change of the magnetization direction ac-
the higher-order anisotropy fd¢;>0 i e {2,4}. Notice that companied by a discontinuous change of the free enthalpy of
for K;<0 this geometry corresponds to a parallel alignmenth® Systém occurs as can be seen in Fig. 5(b). The reason for

of a hard axis of the higher-order anisotropy and the eas?“'S can be understood by following the path of the magne-
direction of the unidirectional anisotropy. ization reversal in the phase diagram shown in Fig. 6. This

phase diagram has the same structure as a phase diagram for

A. Influence of the magnitude ofK, a system with a fourfold anisotropy only, but it is shifted

In a system with a unidirectional anisotrop§;, and a
uniaxial anisotropyK, the effects of applying the external a)
magnetic field along the easy direction of the unidirectional 0,5 .
anisotropy are shown in Fig. 3. The phase diagram is equiva_. 0,0_'
lent to the phase diagram of a system with a uniaxial anisot-§
ropy only but is shifted along the field axis by the amount of

1,0_ T T I T I T T T I T I

the exchange-bias field.,= —K;/Mg. The details of these -1,0 g
phase diagrams have been described already by Millen 27 b Pose ' /4 R
et al**°Their results can be directly adopted to the present z 11 ) ' o g ]
case, but one should notice that we are considering in-plan: § 0 9, A
anisotropies only. The effects of applying the external mag- g -1 e ]
netic field perpendicular to the easy direction of the unidi- <& ] ,/ \'\-s\‘ % 7
rectional anisotropy are shown in Fig. 4. In this case the 3 {/ \

phase diagram is strongly different compared to a uniaxial 4 8 > 0 1 2 3 4
system without a unidirectional anisotropy. As the magnetic H/M

field is applied perpendicular to the easy directirof the s

unidirectional anisotropy the phase diagram is not shifted on FiG. 5. (a) Magnetization reversal for a system with unidirec-
the field axis. Different magnitudes of the applied magnetiGional and fourfold anisotropies witk, /K,=1, using the perfect
field not only change the magnitude but also the direction ofielay convention. The field is applied along the easy direction of
the effective fieldHq;i=H+ e;K;/Mg, which acts on the the unidirectional anisotropyb) Field dependence of the four dif-
magnetization and is composed of the applied magnetic fieléerent minima of the free enthalpy,, . .. ,g4 and of the free en-
and the exchange-bias field. thalpy during reversal assuming perfect defgy .
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FIG. 6. Phase diagram of a system with fixed unidirectional FIG. 7. (a) Magnetization reversal for a system with unidirec-
anisotropyK, /M3=1 and variable fourfold anisotrop, with the  tional and fourfold anisotropies witk,/K,=1. The field is ap-
field aligned along the easy direction of the unidirectional anisot-plied perpendicular to the easy direction of the unidirectional an-
ropy. The phases with one, two, and four minima in the free endsotropy.(b) Field dependence of two different minima of the free
thalpy are labeled 1, 2, and 4 accordingly. The position of the magenthalpyg;, g, and of the free enthalpy during reversal assuming
netization reversal given in Fig. 5 is indicated by a double arrow.perfect delayg,q, a magnified view forH=—1.2,... -0.7 is
Note that forK,>0 the easy direction of the unidirectional anisot- shown in the inset.
ropy is parallel to the easy axis of the fourfold anisotropy while for
K4<0 the easy direction of the unidirectional anisotropy is parallelfield. The enthalpy minimung,, in which the magnetization
to the hard axis of the fourfold anisotropy. is in according to the perfect delay convention, becomes un-

stable when leaving region “a giving rise to the first dis-

along the field axis due to the presence of the unidirectiong#ontinuous change in the magnetization shown in Fig. 7.
phase 1 where only one minimum exists in the free enthalpyfotates and a new energy minimum appears in regiorf *

and phases 2 and 4 where two and four minima of the fred NiS New minimum is at an energy higher than the state the
enthalpy exist. magnetization is in and cannot therefore be accessed unless

The phase boundaries separating phase 1 and phase 2 g?g_ energy of the magnetic system is ir!creased. The configu-
of special importance for the magnetization reversal show#alion again becomes unstable as the field is changed and the
in Fig. 5. In this cas&,>0 and the transition from phase 2 SyStem leaves region “¢ This appears as a second discon-

to phase 1 with changing applied field occurs via an associ-
ated instability of the magnetic configuration. This is due to
the discontinuous change of the free enthalpy which accom-
panies the discontinuous change of the magnetization direc-
tion. Note that there are possible states present in the phase
diagram that may not be accessed during magnetization re-
versal. The reason is that the system remains in a local mini-
mum until the configuration either becomes unstable, or ther- =
mal fluctuations are larger than the energy barrier stabilizing T
the state. A state such as that with enthagyin Fig. 5 can
only be accessed by thermal excitation of the system over a
relatively high-energy barrier.

No shift of the magnetization reversal along the field axis
is observed if the magnetic field is applied perpendicular to
the easy axis. Minor hysteresis loop features such as those
shown in Fig. 7 appear depending on the ratio of the anisot-

ropy constantsK, /K,=1 in this figure). The reason forthis = ¢ g phase diagram of a system with fixed unidirectional
complicated behavior is the different phases present in thgnisotropyk, /M2=1 and variable fourfold anisotrop, with the
system, where one, two, three, and four minima exist in thejeq aligned perpendicular to the easy direction of the unidirec-
free enthalpy. The multiple minima for this choice of valuestjonal anisotropy. The phases with one, two, three, and four minima
are indicated in Fig. 8. The magnetization reversal procesg the free enthalpy are labeled 1, 2, 3, and 4 accordingly. The
shown in Fig. 7 involves phases with one and two minima agosition of the magnetization reversal given in Fig. 7 is indicated by
follows. A new minimum appears in the region labelea’*  a double arrow. The different parts of phase 2 crossed during this
as the magnetic field is lowered after saturation in positivereversal are labeled, b, andc.

L o

' ' '
B w n
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50 # FIG. 10. Reversal diagram for the longitudinal component of the
j magnetization for the decreasing field brafi@has measured for an
-100 P epitaxial NiFe/FeMn bilayer systefRRef. 12)and(b) simulation for
» | K,=4.6x10" erg/cn? and K,=3.8x10* erg/cnt. White corre-
-150 T e i e sponds to parallel alignment of the magnetization with respect to
. the positive field direction and black to antiparallel alignment. As
(b) in-plane angle o, [deg]

indicated by the black arrow on the left, only the decreasing field

FIG. 9. Phase diagram for a system with unidirectional and four-branCh Is shown.

fold anisotropy contributionsi;=4.6x10" erg/cn? and K,=3.8
X 10* erg/cn?) to the free enthalpy. Irfa) the regions for which In Fig. 9(b) a detailed phase diagram is shown where the
there exist one, two, three, or four minima are labeled 1, 2, 3, and 4raylevel is proportional to the angley i, between the
respectively. The arrows itb) indicate the direction of the magne- magnetization direction in the global minimum of the free
ti_zatior_w in the minima of the free enthalpy; a detailed description isenthalpy and the easy direction of the unidirectional anisot-
given in the text, ropy. Different regions of the phase diagram, where one,
two, three, and four minima exist in the free enthalpy, are
tinuous change in Fig. 7. Because of symmetry, the systendentified by the following graylevel convention. The num-
follows the same evolution in reverse as the field is increaseger of minima in a given region is indicated by the numbers
from negative saturation. in Fig. 9(a). In Fig. 9(bthe level white in an odd number of
minima region corresponds @y nmi,=0°, while black cor-
responds tary mi,=180°. In a region with even number of
minima white corresponds @y, i,=180° while black cor-
The phase diagram of the system can be calculated faesponds tary mi,=0°. The reason for this convention is to
different in-plane angles of the applied fielg and variable make contrast clear.
field strengthH for a fixed set of anisotropy constarits and The magnetization directions in each minimum of the free
K4. Examples are shown in Figs(e9 and 9(b). In these enthalpy are indicated by small arrows. The graylevel of the
examples the anisotropy constarts=4.6x10" erg/cn?  arrows is chosen according to the free enthalpy of the corre-
andK,=3.8x10" erg/cnt are used to represent an epitaxial sponding minima. A black arrow indicates the magnetization
exchange coupled BliFe o/ F&soMn5o(001) bilayer with val-  direction with the lowest free enthalpy and a white arrow
ues determined by fits to experimental data reportedndicates the minimum with the highest free enthalpy.
elsewheré? Experimental results are shown in Fig.(apfor In order to compare the simulations with the experimental
comparison. data, the longitudinal component of the magnetization during
The allowed magnetic phases are shown in Fig).Dif-  magnetization reversal is indicated in the reversal diagram
ferent numbers of minima are present in the free enthalpy ofjiven in Fig. 10. White corresponds to parallel alignment of
the system and are indicated by graylevels. As discusseithe magnetization with respect to the positive field direction,
above, the phase boundaries are important for the magnetind black means that the magnetization is aligned antiparal-
zation reversal. The examination of how the system crossdel with the positive field direction. This convention is used
these boundaries with changing the anglg provides in-  for both the experimental data shown in Fig.(d0and the
sight into the role of higher anisotropy contributions. calculation results shown in Fig. 10(b).

C. Influence of the direction of the applied field

104422-5
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Comparison of Figs. 10(aand 10(b)shows very good 10°+ . T ————
agreement between experiment and the effective anisotrop R ]
model discussed here. Note that discontinuous changes of th s ] T D R N — F
magnetization occur only at phase boundaries and that the v
sharp edges in the simulation appear to be somewhat blurre: o] L\‘/’/ ]
in the experiment. In particular, note that the peak at 0° is”"§ 1073 e 3
present in both calculation and experiment whereas the pea ® / TS
at 180° of the calculation is not present in the experimental % 103'; '\\ 3
data in Fig. 10(a). Reasons for the blurring of edges andZ ] \
other differences in the fine structure of the reversal dia- © 10%4 NE
grams may be related to thermal effects. These are discusse ] \
in the following section. 10" 1

IV. STABILITY AND ENERGY BARRIERS 1150 10050 ° 0 100 150
(@ H [Oe]

A. The role of barriers for metastable states

In this section we consider the role of the energy barriers
for a metastable state. As discussed above, evolution of the
magnetization under the so-called perfect delay convention
assumes that the magnetization remains in a metastable sta
as long as there is an energy barrier present separating th"g
local enthalpy minimum from other enthalpy minima corre- =
sponding to other, possibly lower, enthalpy configurations.
Thermal fluctuations are one way in which the magnetic sys-
tem can change from one such minimum to anothéol-
lowing Neel, one can think of thermal fluctuations affecting
the magnetic system as effective magnetic fields that appea
randomly throughout the sample at random times, with ran-
dom orientationt®'® The magnetization will react to the
torque produced by the transient field, and may reorient if the (b)
field is large enough. In this way a Langevin type torque
equation can be constructed and used to represent the ther-FIG. 11. Barrier heighe(H) for (a) an angle of the applied field
mal “buffeting” of local magnetization one expects for a of @4=180° (i.e., along the unidirectional easy axiand (b) for
magnetic system at equilibrium at finite temperature. Notex#=160°. Open symbols correspond to increasing field and the
also that thermal processes may be associated primarily withpe corresponds to decreasing field as also indicated by the arrows.
the antiferromagnet and modify locally the anisotropy fields
and constants acting on the ferromagnet. The exact mann#rerefore shown on a logarithmic scale. Due to the symmetry
in which this can occur is dependent on the microscopi®f the problem the barrier height is the same for the increas-
mechanisms governing the formation of the effectiveing and decreasing field branch of the magnetization reversal
anisotropies acting on the ferromagnet. with respect to the exchange-bias field. This is no longer true

The stability of the system in the local minimum of the if the field is applied in a direction that is not collinear with
free enthalpygocarmin Was examined by calculating the bar- respect to the easy direction of the unidirectional anisotropy.
rier heighte; J(H) =0max1.2— Jiocal,min,» Wheregmay1» are The field dependence of the barrier height is shown in
the adjacent maxima in the free enthalpy relative to the locaFig. 11(b)for ay=160°. In this case the barrier height be-
enthalpy minimum. The distribution of thermal fluctuations comes asymmetric for both branches of the magnetization
below the ordering temperature is assumed to obey Boltzreversal in that the barrier height is different when the field is
mann statistics, so that it is more likely within a given time increased from negative saturation compared to the situation
interval for the system to hop over a barrier from a highwhen the field is decreased from positive saturation. There-
enthalpy state to a low enthalpy state than it is for the reverséore any process that is sensitive to the barrier height will
process to occur and the system enthalpy to increase. Asecome asymmetric in this sense. This has been discussed in
such, we focus our discussion on thermal processes théte context of time- and temperature-dependent processes by
lower the system enthalpy and define the energy barrier ageveral author®??and may be related to domain orienta-
the minimum barrier taking the system from one configura-tion asymmetry observed during the magnetization
tion to anothere(H) =min[e;(H),e(H)]. reversaf®=2°

In Fig. 11(a)the dependence of this barrier height on the
field strength is shown for the system investigated in the
preceding section. The field is applied antiparallel to the easy
direction of the unidirectional anisotropy at,=180°. The Following Street and WoolleY, the probability for a ther-
barrier height covers a wide range of energy densities and isially activated lowering of the system enthalpy depends on

Q
=)
o

2

I
T

0
H [Oe]

B. Thermal activation
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FIG. 12. Transversal component of the magnetizationdgr 100

=175° (a) as measured for an epitaxial NiFe/FeMn bilayBef.
12) and (b) as predicted by the Stoner-Wohlfarth model 6§
=4.6x10" erglcnt andK ,=3.8x10* erg/cn? without thermal ac- -100
tivation (line) and with thermal activation for eqerm
=1300 erg/cm (open symbols).

H [Oe]
o
o

H [kA/m]

-20
90 135 180 225 270 315 360
time interval At and barrier energ¥g according toP(At) a, [deg]
~1—exd —(At/"exp(—E&/kgT)], where 1+ denotes the at-
tempt frequency. We approximate this with a Heaviside stef B004—— v 0y
function byP(At) =0 (kgT—Eg) under the assumption that
At/ 7 is not too large, withkgT not too large compared with
Eg. This means that all processes associated with energ
barriers below a certain cutoff defined kyT occur. Such an
approximation provides a crude picture of what one might
expect for very narrow energy barrier distributions and qua-
sistatic hysteresis loop measurements.

The idea is that if the temperature is low, there are only a
few possibilities for the system to spontaneously switch from
one configuration to a lower enthalpy configuration. This 9 135 180 225 270 315 360
will occur whenever one of the barrier heights(H) or o 1degl
.eZ(H) separating the local minimum from _the adjacen_t ONE€S  £G. 13. Simulation of the longitudinal component of the mag-
is less than a given t_her_mal energy densifyer,. The in- netization for the decreasing field bran@hdicated by the black
fluence of thermal activation on the transversal component oo, on the leftjof the magnetization reversal for a system with
the magnetization during reversal in this picture is shown ik —4 6x10" erg/cn? and K,=3.8x10* erg/cn? including ther-

Fig. 12(b) for an in-plane angle of the applied fieldy  mal activation and (@) eyerm=1000 ergicd,  (b) €pnerm
=175°. Magnetization reversal without the possibility of =1300 erg/cr, and(c) eye,m= 1700 erg/cr.

thermal activation is shown as a reference. In Figalthe
corresponding experimental data are shown. The cutoff focase without thermal activation the sharp edges are rounded
this case is set such that energy barriers less thaout with increasing temperature resulting in a better agree-
1300 erg/cm are allowed to be overcome. ment between simulation and experiment. Especially, the
Notice that the transversal component of the magnetizastructure atry=180° that is present in the calculation with-
tion has been chosen because the Stoner-Wohlfarth modelit thermal activation shown in Fig. 1wer panel)but not
predicts an ongoing rotation of the magnetization for thisin the experiment of Fig. 1Qupper paneljvanishes when
angle. This has a very clear signature in the transversal conthermal activation is included, as can be seen in Fig. 13. The
ponent of the magnetization and can be seen in Fih)12 peak atay=0° is still present and is only reduced in
However, experimentally we did only observe one of the size—as observed in the experiment. As all experiments
two characteristic peaklike structures in the transversal comwere done at 293 K from the measurements a rough estima-
ponent of the magnetization, compare Fig(a2 In Figs. tion of the activation volume involved/, can be made for
13(a}-13(c) the angular dependences of the magnetizatiore,,.,w=kT/V~1300 erg/cr. This results in an activation
reversal for temperatures corresponding €ge,m=1000, volume of 2.3X10°2® m®, which corresponds to a cylinder
1300, and 1700 erg/ctrare shown. In comparison with the with a radiusr~40 nm. This is of the same order as the
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exchange lengthl{,~A/K, with A the exchange stiffness lation for magnetization reversal has a different influence on
and K the anisotropy constanand is therefore consistent the forward and reverse branches of a magnetization loop
with the Stoner-like thermal switching assumed for these eseasurement, and may therefore account for the observed

timates of thermal activation. systematic deviations between experiment and calculations
without thermal activation.
V. SUMMARY Further experimental work is clearly needed in order to

demonstrate the exact dependence on temperature of the for-

We have presented a detailed discussion of the influencgard and reverse field asymmetry. The measurements are
of the magnitude of higher-order anisotropy contributions inextremely time consuming and interpretation of the data is
exchange-biased systems. We have introduced the use Rfrther complicated by temperature dependences of the mag-
phase diagrams for exchange-biased systems and shown h@wtic anisotropy energies themselves. In particular, the ratio
these allow one to trace the magnetization reversal for a vasf K, to K is temperature dependent, thereby making the
riety of anisotropy strengths and applied field orientationsenergy barriers themselves dependent on temperature. Work
The boundaries separating different phases are critical as thgong these lines is in progress.
local minimum in which the system is in can become un-
stable, giving rise to a discontinuous change of the magneti-
zation. . . . ACKNOWLEDGMENTS
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