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Microscopic model for exchange anisotropy
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A simple microscopic model is used to study the effect played by interface roughness on the intriguing
thermal-history-dependent properties observed in exchange-coupled antiferromagmetierromagnetic
(FM) bilayers. The model assumes two monolayers, one with AF-coupled compensated spins and the other
with FM-coupled spins, with a fraction of them randomly substituted by spins from the AF layer to represent
the interface roughness. The equations for the local magnetizations are set up in a mean-field approximation
with Ising interactions and solved numerically for arbitrary temperature. Following the experimental proce-
dure, upon cooling the system in an applied field, the model exhibits an intrinsic unidirectional anisotropy and
coercitivity which are dependent on the field-temperature history. The dependence of the exchange bias field
(He) and coercitive field i) on the cooling field, initial and final temperatures, and interlayer exchange
interaction are qualitatively similar to experimental observations. The results represent a definitive indication
that the random field arising from interface roughness is responsible for the irreversibility and metastability
properties of AF/FM bilayers.
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Under appropriate preparation conditions, a ferromagneti®Ve have chosen to represent an AF/FM bilayer with rough
(FM) film in contact with an antiferromagneti&F) material  interface by a simple microscopic model so that its thermo-
displays a hysteresis loop shifted in field, an effect calleddynamics could be easily formulated. As we show next, the
exchange bias. Discovered more than 40 years'dlis, ef-  model exhibits all essential features of the exchange anisot-
fect has attracted considerable attention lately due to its tectiopy effect and allows a study of its dependence on various
no]ogica| importance in novel magnetic memory devi(m quantities of interest. The model also allows a Study of local
the reviews in Refs. 2 and 3Despite recent intensive inves- quantities and may be easily extended for more realistic
tigations in the field, the microscopic origin of the exchangePhysical cases. Consider two atomic monolayers with mag-
bias remains unclear. It was early recognized that the exdetic moments over congruent square lattices, one layer with
change coupling across the FM/AF interface was responsibl&vo perfectly compensated antiferromagnetic sublattices and
for the field shift, but the values inferred from the atomic the other with ferromagnetically coupled moments. The mo-
exchange interaction were too large compared to the experents from different layers are coupled by an interlayer ex-
menta”y measured ones. Later Ma'ozerﬁgﬂlowed that in- Change interaction, which can be FM or AF. The interface
terface roughness could explain the reduction of the extoughness is accounted for by randomly substituting a frac-
change coupling. Using a random-field treatment for thelion of the atoms in the FM layer by atoms from the AF
local fluctuations in the magnetic interaction he obtained a@yer. The system Hamiltonian is taken as
interface coupling on the same order of magnitude of the
measured field shifts. However, other theoretical models as- H=HartHgu+H, 1)
suming atomically flat interfaces also gave reduced field
shifts>® challenging the need to invoke mechanisms base@hereH -, Hgy, andH, are, respectively, the interaction
on roughness. With the recent increased activity in the fieldenergies in the antiferromagnetic lay@&FML), in the fer-
several new intriguing properties have been observed ifromagnetic layetFML), and the coupling between the FML
AF/FM bilayers, such as enhanced coercitivity, metastabilityand AFML atoms, all assumed to be Ising like to simplify the
and thermal history dependence. Thus, the basic mechanisgalculations. Thus we have
of the exchange bias has to account for more than just the
correct order of magnitude of the field shift and the under- )
standing of its theoretical aspects is only in its beginfing. Hap=— 2> INoMoM—D, > ¢"=h> o1, (2

This paper shows that interface roughness does play an (i) ! !
essential role in elucidating several effects observed in ex- N _
change coupled AF/FM bilayers. Of course roughness on theherea(" represents the spins on the AFML at sititer-
atomic scale exists in any real interface and in an AF mateacting with the nearest neighbdsN) through an exchange
rial it creates a random-field system which is known to dis-interactionJ{V'=J,<0, (ij) meaning the sum over all dis-
play a rich physics. In systems with randomness and frustratinct NN pairs, D; is a local uniaxial anisotropy in the
tion a very large number of parameters are involved; byAFML, and h is the external field. Let the local randomly
nature the effect is typically one created by a complex phasdistributed variablesy;=1,0 specify the presence=(1) or
space where the measured quantities depend strongly on thésence €£0) of a FML atom at sitd which, in the latter
initial conditions. They are difficult to study and their con- case, is assumed substituted by an AFML atom. Hence, for
sequences have not been fully explored in AF/FM bilayersthe FM layer,
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where J, is the NN interaction between FML spins add
represents the coupling between FML and AFML atoms. The |G 1. Total magnetization hysteresis curvesys h, at several
interlayer exchange interaction is temperaturesT, for a bilayer with parameters,=—1.00, J,
=1.20,D,=1.00, D,=0.00, p=0.10, andJ,= +0.5 (FM).
He=—2> [enSoP+3i(1-n)oMal?], (5
I
() = M ()

where the sum is over all sites at the interface. All energies d 2;‘ (.2,) (3 M+ h) 0
shall be measured in units of the absolute valudofThe
many-body problem posed by the model expressed by Eqss the local field in the mean-field approximatiop=1,2
(1)—(5) is far from trivial. As in random field magnets and specify, respectively, FML or AFML atoms, the surj ) is
spin glasses, the presence of randomness results in a complexer NN, J;; is the pertinent interaction, ané=1/T is in
phase space exhibiting strong irreversibility and metastabilunits of Boltzmann constant. Following Ref. 13, E¢®.and
ity effects!? The last terms in Eqs3) and (4) act like an  (7) are solved numerically by an iterative procedure, yielding
effective random field at the interface that explicitly breakslocal and macroscopic magnetizations. As we show below by
time-reversal symmetry in the ferromagnetic subsystem, giveome representative results, all essential features of
ing origin to the unidirectional anisotropy as argued in Ref.exchange-biased bilayers are reproduced by the model.
4. In order to study the thermodynamics of the model given All results presented here were obtained for two square-
by Egs. (1)-(5) we resort to the approach of Soukoulis lattice monolayers of size 2100X 100 with free boundary
et al’® which was successfully used to investigate spinconditions. The moments of the FML are on sites congruent
glasses and random-field systems. The method consists wfith the AFML sites, formed by two perfectly compensated
setting up mean-field equations involving the average locahF square sublattices. The numerical calculations were done
spin variables and solving them iteratively. The equation®n a 500-MHz personal computer. Convergence to an accu-
obtained from the free energy functional may have many

minima corresponding to metastable states which play a “ToT73% o T T o
important role in intermediate time-scale experiments. As *7 » o T
shown by Soukouli®t al,*® as the fieldh or temperaturél E o E o {
varies, the system evolves by following a given minimum ong eo] S 00 |
the free energy surface. Hence, the numerical calculation of § !4 ) g 1
history-dependent magnetization can be done iteratively b3 2 = = ~
changingh or T and looking for the new configuration close ] 04]
to the one in the previous cycle. The local thermally aver- ~ ©6 4 02 00 02 04 06 D6 b4 D200 02 04 06
aged magnetizationvli(") can be calculated using a mean- h 04 h
field approach? since the temperatures of interest are far o392 1 R
from the critical phenomenon range. In order to obtain arg 2f g zf
analytical expression fok () it is necessary to consider a § 00.] T 00
given value for the spin. Assuming for simplicity that both g -4 2 01
FML and AFML have spin 1, the thermodynamic averages 27 > S 02 B
over the spin componentst*),S,=0,+1 yields NE o1
06 04 02 00 02 04 06 06 04 02 00 02 04 06
M (¥ =sinh( Bp{*)) /[ cosh (")) +0.5 exi— BD )], h h
©®) FIG. 2. Same as in Fig. 1, with AF interlayer couplidg=

where —-0.5.
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FIG. 3. Hysteresis curves for the magnetizations of the indi- FIG. 4. Magnitude of the exchange bias fiéld and coercitivity
vidual FM and AF layers of the same systems as in Figs. 1 and 2. as a function ofT for AF/FM bilayers with the same parameters
(& FM couplingJ.= +0.5 and(b) AF couplingJ.= —0.5. as in Figs. 1 and 2:a) FM couplingJ.= + 0.5 and(b) AF coupling

J.=—0.5.
racy of 10 8 (change with respect to previous iteratidypi- ‘
cally required 50-100 iterations for fields away from the1 and 2, forJ.=+0.5 (FM) and J.=—0.5 (AF), respec-
bistability region. Near bistability the convergence is muchtively. In both figures one observes the appearance of a field
slower and 500-1000 iterations were necessary. Withouhift in the hysteresis loop and enhanced coercitivity at tem-
coupling between the layers and in the absence of randonperatures below,, characteristic of the exchange bias phe-
ness it is trivial to obtain iteratively the Curi@¢) and Neel  nomenon. The physical origin of the shift resides in the fact
(Tn) temperatures of the FM and AF layers for a given set ofthat the AF spin arrangement breaks up into domains, having
parameters. We have chosép, J,, Dy, andD,, such that a net moment along the direction of the cooling field. These
Tn<Tc, as in most experimentally studied systems. In thedomains have walls similar to those found in diluted antifer-
presence of interlayer coupling and roughness, the calculaomagnets under an uniform fieliThis result lends support
tions begin with a given cooling fielti;, at an initial tem-  to the semiquantitative model of Malozenfbfér the origin
peratureT; in the rangeTy<T;<T. After convergence is of the exchange anisotropy. Note that the magnitude of the
achieved, the calculation is repeated at temperatures decredigld shift is a small fraction of the interlayer exchange cou-
ing in stepsAT, to a measuring final temperatufeThen the  pling, as observed experimentally. In energy units the coer-
field is varied in steps, witlt kept constant, for obtaining the citive field is much larger than observed because the anisot-
hysteresis loop. The results depend sensitively on the valuespy inherent to the Ising model is comparable to the
attributed to the parameters of the model. We show next onlgxchange interaction. In real soft FM materials the anisot-
a few representative data. Consider initially an AF/FM bi-ropy is small and the interactions are better represented by
layer with parameters);=—1.00, J,=1.20, J.=+0.50, the Heisenberg model, but the calculation in this case is
D,=1.00, D,=0.00, and roughness parametpr=0.10  much more complicated. Notice in Figs. 1 and 2 that in both
[=1—mean(y)]. For these parameter valudg=3.21 and cases of FM and AF interlayer coupling the field shift is
Tn=2.93 in the absence of interlayer coupling and disordenegative, so that from these curves alone it is not possible to
in the FM and AF systems. The hysteresis loops of the totafletermine the sign of the interlayer coupling. However, the
system magnetization obtained with an inifflal=3.10, with  evolution of the magnetization in the AF layer displays dis-
cooling field h;;=0.40, at several final temperaturds tinct behavior for FM and AF couplings, as shown in Fig. 3.
=3.00, 2.70, 2.50, and 2.30AT=0.10), are shown in Figs. For FM (positive coupling the path of the AF hysteresis
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®Tal 152 T “THT 1530 ™ less of the sign of the coupling, exhibit behavior in qualita-
02 Tr:;)-m Fd o1 Tfjfu ! tive agreement with experimental data; namely, below a tem-
g o] T " g ; : /jf o perature close tdy, H. increases with decreasifig while
g * g 0 . H. also increases with decreasing but eventually
D 01 },/ 5 ] & saturates™*® Calculations for other values pfshow thatH,.
= 02 | =10k and H, may vary in different proportions, allowing one to
03 e B P A tailor the exchange bias and coe_rcitivity by varying the in-
5 0 terfacg ro.ughness. Another expenmenta} result that deserves
SR 7 ey — 0T T — attention is the recent observatfon® that in some systems,
03 . 2/60 e 02 T, the exchange bias field changes sign as the cooling field or
£ o0 Sl 74 § o hod0 | /1 initial temperature vary. Our model displays this effect in
§ 00 7 AP g oo = bilayers with the same intralayer parameters as in Fig. 1, but
%0 0.1 4 4 §) 1] y with a larger roughness parameper 0.30. Figures. &) and
=01 = 02 /,/ 5(b) show the hysteresis loops obtained with an AF interlayer
04.] . 03 coupling,J.=—0.5, with the same cooling field;.=0.20,
02 01 o0 o1 02 06 04 02 00 02 04 06 but with different initial temperatures. Clearly the exchange
h h

bias field changes from negative to positive as the initial
FIG. 5. Demonstration of the change in the sign of the exchangd®Mperature is Ilowiged, as observed e>_<per|men]t?;1f®.
bias field with variation in the cooling conditions. The intralayer However, the clait?*® that the change in sign dfi, with
parameters are the same as in Figs. 1 and 2, exceptfer30. In  the variation of the cooling parameters is a characteristic
(@) and (b) the interlayer coupling is ARJ.= —0.5, and the initial ~ feature of the AF interlayer coupling does have theoretical
temperatures are different. [i) and (d) the interlayer coupling is  Support. As shown in Figs.() and §d), the same system of
FM, J.=+0.3, and the cooling field ic) h;,=0.15 and(d) h;,  two layers, coupled by a FM interactidg= + 0.3, exhibits a
=0.40. change in the sign of the bias field as the cooling field varies.
In conclusion, we have presented a simple microscopic
cycle follows that of the FM layer, whereas for Aegative ~ model for an AF/FM bilayer that allows an adequate treat-
coupling the sense is reversed. This property may provide ment of the irreversible thermodynamics of the random-field
way of experimentally determining the sign of the interlayersystem arising from interface roughness. Although the calcu-
coupling. lations were done for only two monolayers, they show in-
The model can be further exploited to investigate severagéquivocally that roughness is responsible for several intrigu-
properties of exchange biased bilayers. Fig. 4 shows thing thermal history effects observed in exchange-biased
variation of the coercitive fieldH. and the magnitude of the systems.
exchange bias fielt, as a function of temperature for the  This research is supported by the Brazilian agencies
same AF/FM bilayers of Figs. 1 and 2. Both bilayers, regard-CNPq, CAPES, FACEPE, and FINEP.
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