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Dynamic magnetic hysteresis and anomalous viscosity in exchange bias systems
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A theory for thermally driven time dependent magnetization processes in exchange-coupled magnetic films
is presented. Bilinear and biquadratic exchange coupling are used to describe compensated, partially compen-
sated, and uncompensated interfaces between a ferromagnet and an antiferromagnet. Thermal properties of
exchange bias are simulated using a Monte Carlo technique. Exchange coupling between a ferromagnetic and
an antiferromagnetic film is shown to result in hysteresis without the need for anisotropies or thermal processes
in the ferromagnet. Time dependence for the coercive field is calculated for coupled systems and hysteresis is
studied as a function of field rate. Competition between demagnetizing effects and intergrain exchange cou-
pling are shown to give rise to anomalous viscosity.

[. INTRODUCTION showed that a partial wall in the antiferromagnet could form
near the interface through exchange coupling to a ferromag-
The original mechanism for exchange bias proposed byet. Whereas this does lead to a reduced bias field, the model
Meikeljohn and Beahprovided a qualitative understanding is not entirely satisfactory in that there still remains the ques-
in terms of large anisotropy in the antiferromagnet and aion of how bias can exist in situations where the interface is
weaker exchange coupling across an ferromagnettompensated so that there is no net antiferromagnetic mo-
antiferromagnet interface. Subsequent measurements preent present at the interface.
sented a challenge to correctly predict observed magnitudes Attempts to deal with this shortcoming have been made
and coercivities. Additional considerations for the bias weredy several authors. Estimates for the magnitude of the bias
made by Nel who suggested a number of corrections forfield when domains are formed in the antiferromagnet were
realistic interfaces and time dependent effects. Several atibade by Malozemoff'® and Koort* demonstrated how an
thors have since contributed to the emerging understandini@terfac_e spin-flop configurat_ion in the antiferromagnet could
of the effect=" To date, a complete quantitative understand-&/low bias at compensated "?teff"}ges- In these contexts, sta-
ing of the problem still appears to be lacking, particularly Pility of the spin-flop mechanisrit, ** consequences of spin-

with regards to the coercivity fields exhibiting by biased flop cogpllng, |mp]|cat|ons for particulate matté_?,and 'm-
structures. perfections at the interfatehave been further discussed.

: o Experimental observations of coercivit&s’
In this paper, a theory for exchange bias is presented th%%mperaturé,and field rate dependencreare not explained

provio_le_s_ an explanaf[ion of time and tempergture-depende%y the above theories. It has been suggested that domain-
coercivities and predicts features completely in terms of ther\'/vall formation and motion in the antiferromagnet may some-

mally activgted_ magnetic processes in the antiferroma_gn_eﬁow explain both of these phenomena, and work by Ful-
The model is different from previous models for hy;tereS|s 'ncomer and Charébexplored some issues relating to thermal
biased systems because no ferromagnetic anisotropy [fects for exchange bias in granular structures. Earlier,
needed to produce hysteresis and coercivity. The model preygep presented arguments based on analogy to tilt and creep
sented here can be easily adapted to describe a wide rangejgfended to explain observations for ac, rotational, and oscil-
exchange coupled systems in addition to the exchange biagtory hysteresid® To date, all theories of hysteresis in
systems. exchange-coupled systems have in one way or another re-
The original arguments of Meikeljohn and Bean assumedjuired some sort of activation process in the ferromagnetic
that an antiferromagnet, after being cooled to below iteINe component. The processes could be governed by intrinsic
temperature while exchange coupled to a ferromagnet, wouldnisotropies, or anisotropies introduced by the antiferromag-
be dominated by large magnetocrystalline anisotropies. As aet. A point of this paper is to show that there is no need to
consequence, if a magnetic field is applied opposite the iniassume any such processes or anisotropies in the ferromagnet
tial ferromagnetic orientation, reversal of the ferromagnetin order to have hysteresis and viscosity in exchange biased
can not occur until the Zeeman field on the ferromagnet besystems. Furthermore, under the proposed mechanism, the
comes larger than the interlayer exchange field. Becausate at which an applied field is changed determines the mag-
spins in the antiferromagnet are pinned by large anisotropiesitude of the coercivity.
a bias of the hysteresis loop away from zero-field results. The main difficulty of constructing a suitable theory is in
The amount of bias is determined by the magnitude of thdinding a form for the relevant energies sufficiently simple to
exchange coupling across the interface. analyze. The model proposed here comes to grip with this
Their model overestimates the magnitude of the bias fielgproblem by supposing that partial walls are formed in the
by neglecting the possibility to deform the antiferromagneticantiferromagnet near the interface using bilinear and biqua-
order near the interface into a twist or wall. Mawial®  dratic exchange coupling. This provides a representation of
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compensated and partially compensated interfaces by de- 1
scribing essential features introduced by the spin-flop mecha-

nism. The theory is therefore quite distinct frome\ls ap-

proach in which he defines an “interface frictio.” 05 |

Bias Field
o

Il. THEORY FOR BIQUADRATIC EXCHANGE BIAS

. , . =
The theory is constructed by first examining the energy € 07 o 60 120 180 |
for partial wall formation in the antiferromagnet. The anti-
ferromagnet extends from= 0 to x=c0 with the interface in

the yz plane. The easy axis of the in-plane uniaxial anisot- -05 |

. . . . —— bilinear
ropy is along thez direction and the in-plane angle of the —-—-- biquadratic
magnetization from the direction isé. To simplify the no-
tation, direction cosines are used with the usual convention 1 . . . .
a, B, andy for sublattice magnetization along tlkgy, andz -3 -2 -1 0 1 2 3
directions, respectively. The energy for partial wall forma- Ht. M/

tion is found by first searching for the configuration that

minimizes the energy: FIG. 1. Model calculations for exchange bias for compensated

and uncompensated ferromagnet/antiferromagnet interfaces. The

+o0 J 2 9 2 J \2 solid line shows hysteresis for a compensated interface using bilin-
EAF:I Al—al +| =8| +|v ear coupling, and the dashed line shows hysteresis for an uncom-
0 X X X . . . ; . .
pensated interface using biquadratic coupling. The inset shows the
variation of the bias with angle of the applied field. The calculations
+Ky2—K0a2]dX. (1) are in excellent agreement with atomistic spin dynamic calcula-
tions.

Equation(1) represents the energy of the antiferromagnetic

film where the topmost spin at=0 is rotated an angle the interface. The biquadratic term is used to describe cou-
0(0)= ¥ away from the anisotropy axis. The exchange en.pling of the ferromagnet to multlple sublattices of the anti-
ergy constant i\, and the uniaxial anisotropy energyKs  ferromagnet and was originally suggested by Slonczeiski
An additional easy-plane anisotrop, is also included. If to describe oscillatory exchange coupling across varying

the partial wall is in a Bloch configuration, the resulting en-thickness films. Use of the term to mimic spin-flop coupling
ergy of the partial wall is was made by Stiles and McMicha#l.

Values for the angles that minimize E®) can be found
1 analytically in special cases, but for the thermal effect calcu-
Ewan= 5‘7(1_008‘”’ 2 lations to follow, a general numerical scheme is applied. A
. ~_ relaxation approach is used where the magnetization of the
whereo is the energy of a complete 180° wall and is givenferromagnet is represented by a vedtaptated into the di-

by 4JAK. As shown in Refs. 8 and 15, E(R) can be used rection of the internal magnetic fiehj= — V; E according to
to calculate an exchange bias field for an uncompensated and

atomically perfect interface coupled to a ferromagnet by an df
exchange coupling per arég,. The bias fieldh;, is pro- FTin —NXEXhy. 4
portional toA ] (2A1,/0)?+ 1]~ 2, showing an explicit de-
pendence of the bias on the formation of a partial wall in theThe parametek controls the relaxation rate. Similarly, the
antiferromagnet. Results from the model have been commagnitude of the partial wall in the antiferromagnet is deter-
pared to results from atomistic numerical simulatfrend  mined by the orientation of the outermost antiferromagnetic
excellent quantitative agreement was found. _ spins. Representing the orientation of these spins by the vec-
In this paper, the above model is extended to describgr g, this vector is likewise rotated into the direction of an
partially compensated and rough surfaces by including a bimternal fieldh,. This field is defined byr,= — V, E and the
quadratic exchange coupling term between the ferromagnebtation is accomplished by a torque equation similar in form
and the antiferromagnet. The bias is determined by findingy Eq. (4). The rotations of the vectors and a are con-
minimum-energy solutions to the following energy for the strained to be in plane by assuming a sufficiently large out-

ferromagnet/antiferromagnet combination: of-plane anisotropy due to film demagnetizing effects in the
1 ferromagnet and, in the antiferromagnet.
E=—HtzM cog 8 — 0g) + 50(1—0031/1) Example results are shown in Fig. 1 where the magneti-

zation of the ferromagnet is plotted as function of field. Units
for energies are reduced in terms @f and field units are
given as the ratio of Zeeman to wall energy, ildteM/o.
Heretr is the thickness of the ferromagnetic filk; is the  The dotted curve is for the bias with bilinear coupling only
angle the magnetizatioM of the ferromagnet makes with (usingA;,=2¢ andB;,=0) and the solid curve is for bias
respect to the direction, 6 is the angle an in-plane applied with biquadratic coupling only(using A;,=0 and B,

field H makes with thez axis, A, is the bilinear exchange =2¢). In terms of real energies, these reduced values corre-
across the interface, ami, is a biquadratic exchange across spond to around 1 erg/cnfor the interface exchange, 10

—A1,C08 ¢y~ 0) +B1,COS ()~ ). 3
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erg/cnt for the uniaxial anisotropy, with 10”8 erg/cm for o o \?

the exchangeA in the antiferromagnet. The domain-wall hbias= 51 V1™ (E : (6)
width in the antiferromagnet is then on the order of $@m, F 12

and the wall energy on the order of 0.6 ergfcm Note that bias cannot exist due to biquadratic couplirigyif

There are slight differences in the shapes of the curveds small compared to. This is in agreement with numerical
with the bilinear coupling showing a very different approachcalculations that exactly describe spin-flop couplfing.
towards saturation in the negative field direction from that
found with biguadratic coupling. The bias is directional and Ill. THERMAL PROCESSES IN THE
depends on the angle of the applied figld. The angular ANTIFERROMAGNET
dependence for the two types of coupling are shown in the i i ,
inset. The maximum bias for bilinear coupling is with the '€ model described above is now applied to the problem
field applied parallel to th& anisotropy axis. The maximum ©f thermally activated magnetization processes in an
bias for the biquadratic coupling occurs for the field aligned€*change-coupled system of magnets. As will be shown,

90° from theK axis. Comparison of the results from this hysteresis in the coup_led_system foII(_)V\_/s qlirectly as a conse-
model to numerical simulations for arrays of atomistic quence of_ thermal activation and annihilation of partial walls

spind® were made. The general features of shape, magni the antiferromagnet. _ .

tude, and field angle dependence of the bias are correctly AN estimate for the magnitude of the barrier that must be
represented for uncompensated interfaces WBipg0, and vercome in order to create or destroy a partial wall in the
compensated interfaces usiAg,=0. With both bilinear and ~ @ntiférromagnet can be made as follows. If the exchange
biguadratic terms present, the results of minimizing ). coupling is strong, the minimum energy for unpinning is

approximately reproduce the features calculated using nusupposed to occur as the antiferromagnet spins rotate out of

merical simulations for imperfect interfacts. the film plane, passing through= /2. The magnitude of

It should be noted that this model is only an approximate® energye needed to overcome the barrier is given by Eq.
representation of the spin-flop coupling mechanism and dogs) €valuated aip=/2 less the energy of the initial con-
not completely reproduce all aspects found from atomistidiguration. With this prescription is given by
models. In particular, the dependence of the bias when spin-
flop coupling is present shows a complicated dependence on e=a
interlayer exchange coupling that is not given by the simple

. . 5 . . . .
biquadratic term” The reason is that the spin configuration oo is the area of the partial wall determined by the cross

found in atomistic calculations is strongly dependent onge.iinn of the antiferromagnet particle in contact with the

magnetic order within a few atomic layers of the interfaceferromagnet. This plays the role of “activation area” analo-
and this orientation is sensitive to the interface exchang%Ous to activation volume in bulk ferromagnets. When the
coupling in a way not possible to exhibit. with a S"T?P'e bi- ferromagnet is rotated by an external field away from its
quadratic term. In any case, the corrections aré minor, anghyest energy configuration, a twist is forced into the anti-
effect only the magnitudes of the exchange coupling and NG omagnet as described above. Thermal activation over the
the overall physical behavior. barriere can allow the partial twist in the antiferromagnet to
q’econfigure into a lower energy configuration. In some cases
the partial twist can disappear by thermal activation. If this
occurs for enough patrticles, the bias field changes and can
. S even switch sign. A consequence is that exchange bias can
that_the spin-flop n_1echamsm IS un_stable to out of _plane ﬂuc'exhibit a variety of behaviors depending on temperature and
tuations of the antiferromagnet which tend to unpin the PaTine rate at which the reversal field is applied. The behaviors
tial wall and reverse the surface flopped spins. The energy,, ranqe hetween a biased magnetization curve with zero

incurreq by this rotation is appro>_<imaFed Ey suppgsing thahysteresis to a nearly square unshifted strongly hysteretic
the entire antiferromagnet wall, with width= yA/K, is un- papavior As will be seen, these considerations apply for

pinned from the interface by an energy proportional to the,ompensated and uncompensated interfaces.

easy-plane anisotropy. This is estimated by including a bar- - Thermg| activation of this sort can be studied as a func-
rier term og=AK, sm2<_;3 into Eq. (3) and replacing co®  jon of time by following a suggestion by Bind&tand ap-

— ) by cos6cosyrtsingesingsing. The angled speci-  plied by Lyberatos to studies of magnetic visco@ityThe

fies an out-of-plane orientation of the wall and is measuredyrateqy is to allow a number of reversals to occur in a time
from the normal to the interface plane. The stability of the;yierval At according to the distribution

wall is then determined by calculatingE/d¢? at the equi-
librium determined by the conditionwE/d¢$=0 and N % NAt p( € ))

AK,+ ;0(14—003@ . @)

can be determined from E¢B) by including the energy cost
of out-of-plane fluctuations of the antiferromagnet. It has
been conjecturet and shown in numerical simulatiof$!®

dEl96=0. If the bilinear coupling is zero, one can show that n(t)= ;EX - TeX
stability leads to the requirement

Here 7 is the relaxation timedinverse attempt frequengpf

the magnetization excluding precession effects. The distribu-
tion is simulated numerically using a Monte Carlo method. A
collection of N, antiferromagnetic grains is studied, with
Finally, for 6,,=0, the bias fielchy;,s can be calculated ex- each grain coupled via bilinear or biquadratic exchange to
plicitly for A;,=0 with the result that ferromagnetic grains. During a time interval, each antiferro-

AK,>Bj5. (5)
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distribution in a sequence of Monte Carlo steps. Reversal is
described by shifting the zero of the wall energy by 180°,

i.e., by modifying the wall energy of the reversed particle 05 |
[Eq. (2)] to read

magnetic grain is allowed to reverse according to the above 1.0 , {,.

1
Ewan= 5 oT1— cog g+ m)]. ) oo |

m/M

Note that an important assumption here is the independence
of antiferromagnet wall reversal on the magnitude of the ap-
plied field. This is a reasonable approximation for tempera- -05 ¢
tures well below the antiferromagnetic ordering temperature, R=1.0 R=02
and is also a feature unique to exchange-coupled systems
involving antiferromagnets. It is an approximation by ne- 1.0 . .
glecting the small moment associated with the partial twist in -2 0
the antiferromagnet. Ht Mo
Because a collection of particles is studied, the simulation . .
can also be applied to granular materials if these are thought FIG. 2. Hysteresis develops when thermal fluctuations are taken

of as weakly interacting systems of particles. In particular'nto account and coercivities depend on the Rt which the field
) is changed. Hysteresis for three different rates are shown in the

for the purposes of illustrating the effects of correlations be- anels. The system is bilinear coupled, and the time and tempera-

tween grains composed of coupled ferromagnetic and antFure are chosen to give a 0.1 acceptance rate for the simulation. The

ferromagnetic Components, itis useful to examine the_effeCtﬁeverse direction coercive field moves toward positive values as the
of weak exchange coupling between the ferromagnetic COMsye is decreased causing the loop to widen.

ponents of the grains. To explore this, the effects of the cou-

pling is assumed to be a correlation between grains leading

to ferromagnetic ordering, and is approximated by including@te is less, itis possible to observe hysteresis. Examples are
an energy of the form shown in Fig. 2 for a collection dfl,= 100 particles, with 30

averages, with the same parameters used to produce Fig. 1.
E - —JE £ 10 The system is coupled biquadra.ticalily with the above param-
ex— & U eters. Severgl rates for the apph_ed field are used and given in
reduced units asR=HtM/o-timestep. The system is
For simplicity, the particles are arranged in a two dimen-coupled biquadratically.
sional array where and| specify the particle. The sum is The results are for a single hysteresis loop produced by
over nearest-neighbor pairs, indicated (byj), andJ is the first cooling the system by remaining at a large field with an
magnitude of the ferromagnet exchange coupling. Periodinitially aligned configuration of antiferromagnet grains. Af-
boundary conditions are assumed. Whereas only ferromager sufficient time, an equilibrium in the reversed and unre-
netic exchange between grains is described by (E@), it  versed grains is reached. After this point, the loop is made by
will be shown that long-range dipolar interactions betweervarying the field with a uniform rat® between maximum
the ferromagnetic components can be important for underand minimum fields of 2.5in reduced units The rate is
standing the viscosity. This will be discussed later. given in units of reduced field per time step.

At each Monte Carlo step during the numerical simula- If the rate is very large, there is no hysteresis loop. At
tion, a minimum-energy configuration is found by allowing slower rates, the reverse coercive field changes and moves
the ferromagnet'9r and the antiferromagneti to relax to  towards positive fields. As the rate is lowered, the amount by
equilibrium values as described above. An average over thehich the coercive field changes is greater. Note that in this
entire time interval is made in order to determine the magexample, only the reverse field changes. This is because of
nitude and orientation of the ferromagnet's magnetizationthe initial cooling at a static field so that the first loop always
At the end of each time step, the field is adjusted to a nevbegins from the same equilibrium number of reversed and
value, and the process is repeated, using the previous timewreversed antiferromagnets.
step magnetization configuration as a starting point. The en- It is seen immediately that the coercivity is a sensitive
tire calculation is then repeated several times and an averagdienction of time. The coercivity measured when the applied
taken. For the examples shown here, the number of particlefeld is taken in the reverse direction, from positive to nega-
N, is 100 and the number of averages 30. tive, can differ from the coercivity measured when the field

The time is in reduced unita/ T wherew is the ratio of  is taken in the forward direction, from negative to positive.
simulation tries to particle number. Note that the importantThis difference appears only if the rate of change of the field
quantities determining the time scale are the relative values slow enough to allow time for reversals to occur in the
of the barrier height and temperature. These are chosen amtiferromagnet.
give a 0.02 acceptance rate for a bartéf ,a= oa during In general, the forward and reverse coercive fields vary
each time interval and in this way define the unit of time. during cycling because the system does not have time to

Results of the simulations described above show how theeach equilibrium at each extreme of the loop. This was ob-
magnitude of the hysteresis depends on the field rate. If theerved several years ago by Schled%and can be under-
rate is very large, then the curve of Fig. 1 results. If the fieldstood as follows. The barrier to reversal, E@), is reduced
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verse coercivities decrease with repeating cycling. The coer-
1.0 | :)z:":ngra“c 1 civity decreases quickly at first, and eventually reaches lim-
4 iting values. The rate of decrease, and value of the limit,
depend upon temperature and the field rate. Note that it is
0.5 | g O g0 g possible to arrive at a limiting value while still retaining a
shift, as seen in this case for the biquadratic coupled system.
The results for biquadratic coupling in this example resemble

0.0 recent results by O’Gradyet al.® with a rapid decrease of
the forward coercive field compared to the reverse coercive
field, and a limit behavior for both as the cycling is contin-

-0.5 ued.
It is also interesting to note that the antiferromagnet re-
versal dynamics determine the direction the bias takes rela-
-1.0 0 tive to the antiferromagnet anisotropy axis during cooling.

For bilinear coupling in particular, it is possible to create a
bias direction by field cooling in any direction. The bias
FIG. 3. Reduction of coercive field with repeated loop measuredirection is determined by the relative fractions of reversed
ments. The coercive field changes each time the system is cycled'd unreversed antiferromagnets. The only requirement is to
through a hysteresis loop. The amount of change depends on ttkeep the field aligned in a particular direction long enough
rate of cycling and temperature, and appears for both types of codor the antiferromagnet system to relax into the orientation
pling. Over enough cycles, limiting values for the coercive fieldsdetermined by the ferromagnet.
are reached. Viscosity depends on irreversible processes, and can re-
sult in a variety of phenomena. One of these is anomalous
viscosity in which the viscosity measured 8s-dM/dInt
fchanges sign. Anomalous viscosity can be observed in the
change bias system as follows. First, the system is cooled
a large field. After cooling, the field is reversed and
ramped to a negative value less than the saturation field.
"hen the applied field is reduced to zero and again held
onstant. The anomaly occurs at the end if the magnetization

Loop No.

only when a twist formgmaking s nonzerg. Consequently,
starting at the positive field side of the loop, the number o
reversals per time is small, and remains small, for decreasin?\><
fields until reversal begins. The start of reversal determine
the first coercive field, and it is at this point that thermal
activation of the antiferromagnet accelerates as the ferroma
net aligns with the field in the negative direction. The rever-_ 0 )
sals continue as long as the ferromagnet is aligned with thgrSt tends towards Its f|_e|d cooled ve_llue befqre reversing
field. This increases the number of reversed antiferromagne{ wards a 'OWeF equ|l|br|L_|m \./all.Je' ML
which results in a shift of the next coercive field towards less” served expen_ment'ally in Ni/NiO structur@s.
negative values. When the ferromagnet finally realigns in the . Anomalous viscosity was found to occur in the. exchan_ge
positive direction, the coercive field appears at a much re= las system only for cer'galn Va!'“es of ferromggnetlc couplln_g
duced value compared to before. It can even be of opposi between_ ferro_magnetlc grains, and only if magnetostatic
sign. emagnetizing f|glds were present. These are |nclluded in the
theory by supposing that each ferromagnetic particle has to-

The dependence of field rate follows from this. A slow I VM. whereV is th ol | Th
rate of change of the field means that the the antiferromagné‘i1 momentVM, whereV'is the particie volume. The mag-
etostatic field at a given particle is then computed by sum-

reversals can occur over a longer time period, leading td'€ he field duced bv th h icles in th
large changes in the coercive fields. This happens for botH!Nd over the fields produced by the other particles in the

the forward and reverse directions, strongly reducing thetructure in orde_r to fi_nd the total_qema}gneyizin_g fiélg
magnitude of the bias. If the field rate is very low, one es-2Cting on the grain. This demagnetizing field is given by

sentially “field” cools the system at each end of the hyster-

esis loop. When the field rate is very large, few antiferromag- h —VE
net reversals occur during the loop, and a large bias appears R
with only one value for the coercive field.

Because of this dependence on time at the extremes of thaere, the subscrigk denotes the particle, the sum is over all
loop, repeated loops taken in succession do not necessariparticles in the sample andis a vector between thkth
result in repeated values for the coercive fields. This is illus-grain and the grain at which the fielg acts. The fielchy is
trated in Fig. 3 where the coercive fields determined from aadded to the field acting on the ferromagnet grain. Finite
sequence of hysteresis curves are shown using the same fmundary conditions are used instead of periodic boundary
rameters as for the calculations shown in Fig. 1. The horiconditions for calculations that includeg.
zontal axis is the hysteresis loop number, and the curves Results for a biquadratic exchange-coupled system are
show the forward and reverse coercive fields for a sequencghown in Fig. 4 where the magnetization is plotted against
of loops. The field rate is constant during each portion of dield during the generation of a minor loop as described
loop with magnitude of 0.2 in reduced units. The solid linesabove. The low-field end of the loop is shown in the inset.
show coercive fields for the bilinear coupled system, and th@he time dependence for the same calculation is shown in
dashed lines show coercive fields for the biquadratic couple&ig. 5 where the magnetization at the end of the loop is
system using the parameters from before. The tendency is &hown as a function of time with zero applied field. The time
reduce the magnitude of the bias, and the forward and rescale is logarithmic.

My.-r
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FIG. 4. Anomalous viscosity for a biquadratic coupled system
taken through a minor loop betweehit-M/o=—1.3 and FIG. 5. The time dependence of the datddagM/o=0 for the
Ht-M/o=0. A small anamolous viscosity is observed at the endCurves shown in Fig. 4. The time axis is given in terms of numbers
for some values of the reduced ferromagnetic coupling,)/o,  Of discretization steps.
between grains. The viscosity is driven by a competition between

!ong-rapge dipolar interactions and the short-range ferromagnetigqm, previous theories for hysteresis in exchange-coupled
interaction. systems which involve either intrinsic or induced anisotro-
pies in the ferromagnet itself. The present theory explains

The viscosityS does not change sign for zero or large recent observations of rate dependent coercivity fields, with

ferromagnetic exchange couplingbetween particles. The the result that forward and reverse coercive fields depend
reason for the dependence diis that if the exchange Cou-  gongly on the rate of change of the magnetization field.

pling is small, ferromagnets coupled to reversed antiferrojme gependent shifts are calculated for forward and reverse

. T ; LT rﬁé(lds, and rate dependence is found for biquadratic and bi-
substantially by rotating into the field direction.Jfis large, linear coupling. A prediction for anomalous viscosity is

rotation of the ferromagnet on a particle with a reversed an- : S S
. . . . made. A related effect is that application of a large field in
tiferromagnet is not favorable unless the neighboring par- - L

ny direction long enough for equilibrium to be reached cre-

ticles also have reversed antiferromagnets. If the exchangae S .
couplingJ is large enough, the initial response of the ferro—ates_ a direction for the bias. )
magnet is to tend toward the initial saturated value. As more  Finally, some comments are made on the how anisotro-
ferromagnets align, the magnitude of the demagnetizing fiel@€S in thg ferromagnet affect the bias. When anisotropies are
increases and opposes further alignment of the ferromagnetgcluded in the ferromagnet, the model reproduces features
If the intergrain ferromagnetic exchange is not too large, thé@bserved in experimental studies of bias made as a function
process can reverse and an equilibrium configuration form8f applied field orientationd-. Experiments reported by
with a somewhat reduced magnetization in the field direcTanget al, on Fe/MnPd bilayer§,show an angular depen-
tion. Because of the sensitive dependence on exchange codence of the coercive fields that can be fit using a functional
pling and magnetostatic fields, existence of the anomalouform for an energy that contains all the terms in E).plus
viscosity is a measure of the magnitude of interparticle intertwofold and fourfold anisotropies appropriate ta@&l thin
actions and grain size. films.

The thermal properties are determined by activation of
reversal processes with an energy barrier determined in part
by the amount of energy contained within partial domain

A theory for time dependence of exchange-coupled magwalls. This kind of process is not unique to exchange bias
netic systems has been presented. Bilinear and biquadratiystems, and the theory described here can be adapted to
coupling energies are used to describe exchange biasel@scribe time dependent thermal effects in other systems.
ferromagnet/antiferromagnet combinations, and the bias is
created by the formation of partial walls in the antiferromag-
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