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Monte Carlo simulations of exchange bias of ferromagnetic thin films on Fej110

David Ledermanh
Department of Physics, West Virginia University, Morgantown, West Virginia 26506-6315, USA

Ricardo Ramirezand Miguel Kiwi
Facultad de Fisica, Pontificia Universidad Catdlica de Chile, Casilla 306, Santiago, Chile 6904411
(Received 28 January 2004; revised manuscript received 4 June 2004; published 16 Novemper 2004

Monte Carlo simulations of hysteresis loops of FE@R0)/Fe bilayers were carried out. A large number of
steps(360,000 steps/sifeand a slow cooling schedule were implemented to ensure that quasi-equilibrium was
reached at each temperature. The exchange biaqfigldat low temperature was calculated from the shift of
the hysteresis loop center away frdi=0. H: <0 was obtained for unequal exchange interactions between
each antiferromagnetic sublattice and the ferromagnet. This puts forward a novel mechanism to break the
spatial reversal symmetry, which is necessary to generate an exchange bias. Moreover, an effective perpen-
dicular anisotropy was induced in the ferromagnet for large values of the interface exchange interactions. These
results explain some of the reported experimental observations for &eafhange bias systems, both in
thin-film and single-crystal forms, and are consistent with previous theoretical work.

DOI: 10.1103/PhysRevB.70.184422 PACS nunier75.70.Cn, 75.60.Ej, 75.30.Gw

[. INTRODUCTION layer of pure CoO at the interface, presumably to obtain
identical interfaces, regardless of the Mg impurity concentra-
The phenomenon of exchange anisotropy has attracteghn. On the other hand, the MC simulati§dswvere carried
much attention in recent years, both due to the basic chabyt for a system with a 50% dilute CoO monolayer
lenge of developing a physical understanding of exchange g 5 at the interfacein order to induce, within the bulk of
anisotropy and to its application in magnetic sensor and magpe antiferromagnet, a net exchange bias for all concentra-
netic media technology” The phenomenon is characterized {jons This was done because the simulations assume a com-
by a shift of the center of the ferromagnetic hysteresis |°°Fbensated antiferromagnetic surfagbat is, two equivalent
away from zero field by an amount known as the exchang@\r magnetic sublattices are present yielding a zero net mo-
bias field Hg. Exchange anisotropy is due to the magnetlcmenp_ Having a pure layer at the interface, as in the experi-
interactions at the interface between a ferromagrkt) and ments, would yield zero exchange bias. It is important to
an antiferromagnetAF) or ferrimag'net. Recen_tly, the_anti—. notice that previous experimental work on dilute Zg _,F,
ferromagnet Fefhas been extensively investigated in this ypnriterromagnetic films with Co overlayers has also demon-
context, which provided important clfe5on the basic gyrated that there is an enhancementgf as long as the
mechanism responsible for exchange WEB). Iron fluoride  5re Jayer is deposited at the interface, but this enhancement
fqrms in the rptlle tetragonal crystgl struqture. As a .result o] isappears nontriviallythat is, it does not scale inversely
single-ion anisotropy and the anisotropic crystal-field, theyith the film impurity concentratiom) if the pure layer is not
Fe?* ions experience a very strong uniaxial magnetic anisOyeposited at the interfad®.An additional complication is
tropy along the[00]] c-axis. In principle, this should sim- {hat the maximum exchange bias enhancement for
plify the data analysis, since there is a single AF easy'aXi%o/Cq(Mgl_XO bilayers occufsl? for x=0.9, whereas MC
and thus the magnetic ordering at low temperatures shouldiyyations find the peak at=0.4. Therefore, it seems that
be unique. Neverthele§s, some apparently contradictory dajjc simulations can yield qualitatively correct results, al-
have been reportéd” For example, single-crystalline though important quantitative discrepancies remain which
FeFR,(110 thin films with Co overlayers show that the cou- &4 need to be sorted out.
pling is along the in-plan¢001] direction, which coincides In this work we simulate Feff110)/ferromagnetic bilayer
with the effective magnetic anisotropy direction of the ferro- s using MC simulations. The advantage of this system is
magnetic film*® In contrast, experiments with macroscopic that the easy axis is well defingi is the [001] direction
FeF, single-crystals with Fe overlayers, have shown that theyhq the exchange and anisotropy constants of Ee& well
FM couples to the AF in a direction perpendic@ilato the  1nown and hence it is an ideal candidate to test fundamental
c-axis (i.e., the[110] direction). theories using the MC formalism. For example, Féfas
Recently Monte CarlgMC) simulations of AF/FM bilay- been used in the past to test finite-size scaling theories by
ers have been performed to develop an understanding of egomparing experimental data with MC simulatidfisn this
change bias from a more fundamental point of vield. paper we calculate the magnetic properties of the FM as a
Some of this work® was aimed at determining whether non- function of the interface exchange interaction. We demon-
magnetic impurities in the AF can enhance EB, as has beestrate that we obtaikig # 0, provided that the magnetic ex-
observed experimentalf? These experiments were per- change coupling constants between the ferromagmfkst)
formed on Co/CgVig,_,O bilayers with a thin(0.4 nm and the two antiferromagnet{&F) sublattices are different.
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€— after more MC steps, but this did not alter qualitatively the
P relevant results.
The Hamiltonian for the system is

H=-Jpr 2 S §-A2 Si~Ju 2 S-S

(i,j)eAF ieAF (i,jyeFM
-~gus > H-S-gug X2 H-S+J; X S5
G ieAF ieFM (i e AF,j e FM)
+d X S-S (1)
(ieAF,j e FM)

; The terms on the right-hand side represent the exchange
@ interaction between AF spins, the AF uniaxial anisotropy, the
exchange interaction between FM spins, the Zeeman interac-
FIG. 1. Representation of the cells used for the simulations. Thejon, and the exchange interaction between AF and FM spins
axes are indicated in the figure. Theand @ represent the two AF  at the interface, respectiveliis the anisotropy constant and
magnetic sublattices and the dotted lines indicate the nearesy, andJ,, describe the exchange between the FM spins and
neighbors. The magnetic spin ordering corresponds to the bulk Afe spins belonging to the first and second AF sublattice,
atlowT. respectively. All exchange interactions are between nearest
neighbors only, denoted by--) in the summations. Notice
This constitutes a novel mechanism to break the spatial rehat no FM intrinsic anisotropy is included, which is a rea-
versal symmetry, which is required to generate exchanggonable assumption because it is very small when compared
bias. to A and because the FM films grown on Kedfe usually
The microscopic origin of the symmetry breaking mecha-polycrystalline. Hence, any anisotropy that appears in the
nism that generates exchange bias is also an unresolveégdy must result from the interface exchange. In essence, the
question. Recently Schulthé8s suggested that the above model is a fully three-dimensional Heisenberg Hamil-
Dzyaloshinsky-Moriya interactidfi is a possible symmetry tonian with single-ion anisotropy in the antiferromagnet.
breaking mechanism, and that for the;Bg/CoO system it The parametef8 used for the AF were those of bulk
has the correct order of magnitude. In this contribution weFeR,: J,-=-20.92 K, A=37.13 K, with Syr=1, where the
find that an effective magnetic anisotropy is generated in thepin is assumed to be a unit vector. Notice that in redity
FM, for large values of AF/FM interface exchange constant=2 for Fehk, so thatlsr is an effective exchange interaction
This is consistent with earlier theoretical work that demon-that corresponds to the redlmultiplied by .. Also notice
strated the existence of perpendicular coupling for compenthat the large anisotropy of Fglould have allowed us to
sated surfaceS;'® although the strength of the interface ex- use a simpler Ising Hamiltonian for the antiferromagnet, as

change required for this to occur was not explored. implemented for the simulations of the CoO sysfebut we
wanted to investigate the possible formation of AF domain
Il. DESCRIPTION OF THE MODEL walls. Moreover, this procedure will also allow us to simu-

late, in the future, systems with lower anisotropy such as

Figure 1 illustrates the lattice geometry. Thaxis corre-  MnF,. The ferromagnetic spins are also unit vectors with an
sponds to the growth direction §110) FeF, films, and the  exchangel-=200 K, which is lower than the effective ex-
x-axis represents the FgF001] direction, which is also the change in Fe or Co, but still significantly larger thage.
easy axis of the AF. Notice that ea¢hlO) plane is fully  This made the ferromagnetic magnetization easier to reverse
compensated. The antiferromagnetic film was modeled bwt low temperatures, lowering the coercive field. The ex-
two 16X 16X 16 interpenetrating sublattices. The FM had change bias was determined as a functiod,pfand J;, for
the same body-centered cubic structure as the AF, and its sidg =J,, and forJ,;—J,,=5 K. The latter case yields values of
was twice 16< 16X 4. Periodic boundary conditions were Hg comparable to those observed in real experiments with
established parallel to the-y plane, with free boundary single-crystal Fefthin films when scaled by the inverse of
conditions along the-axis, as illustrated in Fig. 1. The simu- the FM thickness and the inverse of the FM magnetization.
lations were carried out using the importance sampling MeThe difference between the two AF sublattices at the inter-
tropolis algorithm and a checkerboard procedure that takeface may be due to the direction of the=HFe=F bonds
full advantage of the fact that only a nearest-neighbor exwhich are different for the two sublattices. For one sublattice
change is assumegho dipole interactions were taken into the bonds point out of the plane, while for the other it is in
account.!® The calculations were carried out during 360,000the plane?! It is important to notice that this has nothing to
steps per site, discarding the first 280,000 and averaging thgo with extrinsic roughness. Steps on the surface, for ex-
remainder to ensure proper thermalization. ample, would not alter this fact, because the inequality of the

A few runs were also made with 3232 spins per sublat- two sublattices is intrinsic and has to do with a difference in
tice in thex—y plane to verify that the results did not change the symmetry of the fluorine ions, as shown in Fig. 2. This is
the conclusions of this paper. For these larger lattices, theue as long as the terraces are large enough so that interac-
FM magnetization exhibited qualitatively less fluctuationstions at step edges can be ignored.

184422-2



MONTE CARLO SIMULATIONS OF EXCHANGE BIAS OF..

<

Irit

o3

-

OOUOS

PHYSICAL REVIEW B 70, 184422(2004)

within our simple model. The data presented below were
obtained with a 10 T cooling field applied along the e-
rection.

The uncertainty of the component of the magnetization
along H,M,, was estimated from the standard deviation of
the values that were averaged to determihe Near satura-
tion (M,~1) the uncertainty was smally(M,)~0.002. In

the regions wherél, approached zero, the uncertainty was
much larger, of the order af(M,)=0.04. The latter uncer-
tainty is approximately equal to the size of the symbols in

el

FIG. 2. Sketch of Fefstructure projected ofL10) plane. The  Figs. 4 and 7 seen later.

Fe?" ions are represented Ify and the £~ ions by ®. The dotted The code was parallelized using the message-passing in-
line represents the surface, including a monoatomic step. The aferface(MPI1)?2 implementations on an IBM SP at UCSD and
rows represent the low temperature magnetic configuration of, FeFyno cRAY at IPICYT. The scalable library for pseudorandom
and also distinguish the two sublattices from each other. Notice tharllumber generatiofSPRNG was used to generate pseudo-
the sublattice with the Fe ions with spins pointing to the right haverandom numbers in the parallel environm@htSince a

F ionic bonds pointing perpendicular to the surface, whereas th%heckerboard algorithm was used, each sublattice could be
ones with spins pointing to the left have F bonds in the plane of the ’

surface, regardless of the atomic step. Updated in parallel.

A major difficulty is encountered when attempting to find lll. RESULTS AND DISCUSSION

the lowest energy state, especially at low temperatures, be-
cause of the nature of the Heisenberg model. This manifests
itself in very large coercivity values, making an accurate
determination ofHg quite difficult. We addressed this issue
via a two-pronged approacti) a very large number of time
steps was use@60,000/sitg and(ii) the sample was cooled
in small temperature steyS K) in order to maintain thermal
quasi-equilibrium during the cool-down procedure. This
meant that for every single 5 K temperature step 360,00
steps/sitgwith the cooling field opwere performed in order
to thermalize the sample. The sample was cooled fiom
=100 K to T=20 K. All hysteresis loops were computed at
T=20 K. Different cooling field values were investigated in
the range between 0.01 T and 10 T. We found that the coo
ing field was not a significant factor in determinirtdg

A. Antiferromagnetic ordering

Figure 3 shows the value of thecomponent of the stag-
gered magnetizatiogorder parametgrof the AFM (Mg
=M,—M,,) as a function of temperature, as measured dur-
ing the cool-down procedure. The change in signMy{¢
indicates that the antiferromagnetic configuration was re-
versed by 180° with respect to the positive values. We find
(tjhat the Néel temperature T§,~ 60 K. This value is differ-

ent from the known bulk FeFNéel temperatufé of Ty
=78.4 K. This discrepancy is not surprising given that our
calculation is based on a classical Heisenberg Hamiltonian
using a classical Monte Carlo procedure, which adds addi-
It_ionaI degrees of freedom that reduce the ordering tempera-
ture of the AFM. Also notice that for the case where a net
interface coupling is presert);;>J,) Ty appears to be
slightly enhanced, to perhaps as high a valuélgs65 K.

10 —0—AJN,.=0,J/,. =028 Although the error bars do not permit a definite conclusion
"‘N\* —Oom A= 0,00, = 1.96 about this mattefand indeed this is not the main point of
T T AN=0.24,0 1, =075 this papey, this is consistent with previous experimeftal

g5 i ke oMkl Ll and Monte Carlo studié$ of exchange biased systems. In

both the experimental and Monte Carlo results this was ex-
plained by the FM inducing long-range order on the AFM,

-

=% 00 b above its decoupled Néel temperatiligg when there is a net
e Teeeea,, coupling with the ferromagnet.
054 / = \\ B. J,1=J;2: Induced perpendicular coupling
/ 10°
f \\\i When J,;=J,,=J, our simulations reveal that there is no
o o P - exchange biagHg=0). Figure 4 illustrates the hysteresis
1.0 T pa - 9.0”'" loops of the FM as a function af,. Clearly, asJ, increases

the loops become increasingly sheared. In experimental data
this can be a consequence of an anisotropy perpendicular to
the the applied field. Because tlgeand z directions in our
function of temperature. HerJ, =J;;—Jjo. Mar is plotted in units ~ Calculations are equivalent, the ferromagnet rotates uni-
of gug=1. Inset: Semi-log graph & »r for samples with different ~ formly either in the plane or out of the plane. Figure 5 is a
lateral sizes, 16 16 (®) and 32x 32 (O), with the same thickness ~graph of the magnitude of the componentwhperpendicular

as all the other samples. Error bars correspond to standard deviatiéd M,, i.e., M= \s’M§+ M;. Except ford;/Jor=0.28,M,, has

of the averaged - measurements. no hysteresis and has a maximum nar0, clearly demon-

TK)

FIG. 3. Staggered magnetization of the antiferromagnet as
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$H,.=0.28 - 10404, = 0.52) - 1.0 =
100 ?-H,_o 10400, 1044, =0.76 @
1.0
05 J 05 0.5 =
| g
S‘ 00 0.0 EO
=
054 | 05+ O 054
1.04 O—OJ -1.0

0.0 4

0.0 05 1.0 15 20

FIG. 6. Normalized effective anisotropy energy generated by the
i interface interaction as a function of the interface exchange energy
12 2 4 0 1 2 J|1:J|ZEJ| (O) andJ|1_J|2:5.0 K, with (J|1+J|2)/25J| (.) The
continuous line corresponds to Slonczewski’'s model witk
FIG. 4. x-component of the ferromagnetic magnetization vs the=Mar=1 and the dashed line to the same model but using the
applied field, ford;;=J;,=J,. Mg, is plotted in units ofgug=1. Monte Carlo-computed values ¢ and M.

2 4 0 1 2 2 4 0
H(M)

strating that in the vicinity oH=0 the magnetization is in- thickness of the domain wall is also expected from a calcu-
deed perpendicular to theaxis. For theJ,/J,-=0.28 case Ilation of the domain wall thickness, usingF mAxr/Kag,
there is significant hysteresis, and therefore there are tw@hereA,r=|Jae|/a=20.92 K/ais the exchange stiffness and
peaks inM,,. one corresponding to the case whivig=0  K,-=2A=74.26 K/a® the anisotropy energy, using the pa-
while decreasing the external field, and the other correspondameters for FefFand taking into account a bce crystal struc-
ing to the case wherél, =0 while increasing the field. In this ture (2 atoms/unit cejl with a being the lattice constant.
case the induced perpendicular anisotropy is not stronghis leads tos=1.7a, so that the domain wall thickness is
enough to force the spins perpendicular to xhexis at low  not expected to be much larger than one or two lattice spac-
fields. ings. However, the formation of the domain wall does not

Regarding the possibility of finding domain walls in either seem to affect the results relating to the magnetic response of
the antiferromagnet or ferromagnet, we notice that no dothe ferromagnet to an external field, perhaps because the
main walls were observed in the ferromagnet. This makesarge anisotropy in the antiferromagnet prevents the wall
sense given that the intrinsic anisotropy of the ferromagnet ifrom being removed at low temperatures for the external
our model was set to zero, which results in an infinitely largefields used in our simulations. A relaxation of the domain
domain wall, and that long-range dipolar interactions are alsgvall would lead to a change in the signldg because of the
not taken into account. In the antiferromagnet we were ablentire reversal of the antiferromagnetic moments at the inter-
to observe, in one of our runs, the formation of a domainface. However, it is possible that relaxation of such a domain
wall running parallel to the interface below the ferromagnetiwall is important in other systems, such as those with mag-
antiferromagnet interface, only one unit cell wide. The smallnetic impurities, where changes in the signHyf as a func-
tion of temperature have been obser¢@d.

It is possible to quantify the effective magnetic anisotropy
energy Up ¢ by the standard method of determining the
missing area under th -H curve?’ such that(in SI units

Hs
UA,eff:MO<HSMS_J Mx(H)dH), (2
0

where g is the permeability of free spacklg is the field at
which M, saturates, an®1s=M¢g is the saturation magneti-
zation. Figure 6 shows the result of such a calculation in
units of the effective anisotropy fieltlp o= U eff/ ttoME-
The error bars in the figure are due to the uncertainty in
determiningHg from Fig. 4. The effective anisotropy field
appears to increase asgrows from zero and begins to satu-
rate at a value 08,/Ja~ 1.
This induced anisotropy makes sense in terms of the rap-
FIG. 5. Magnetization component of the ferromagnet perpenidly changing sign of the interface exchang&,g at low
dicular to the antiferromagnetic easy agisaxis) as a function of ~ temperatures from one interface antiferromagnetic site to the
field for J,;=J,,=1J,. The lines are guides to the eye. next. Slonczewski found analytically that an exchange inter-
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action between two ferromagnetic layers that varies in space |

very rapidly, for example, for Fe layers separated by Cr with  {#e=0% S R

step disorder, results in biquadratic or perpendicular coupling ]’f

between the layer® This is because competing exchange £ +

interactions cause frustration, which leads to a perpendicula f j

configuration as long as the spatial variation period of the ,,] wl .f

exchange interaction is smaller than the domain wall thick- ¢ ‘

ness of the ferromagnet. The same idea can be applied to th = 4 LI = A LI

antiferromagnetic/ferromagnetic bilayers simulated here. The

interface ferromagnetic spins can also be divided into sublat- *1 W10 < o2

tices, each of which at low temperatures interacts with an

antiferromagnetic sublattice. Therefore, it is possible to map,

the effective exchange at the interface onto a one-

dimensional variation of the sign of the effective interface .. )

exchange along thg-axis because the AF sublattices point o

almost antiparallel to each other. Because of this, one can us T A e SRR

Eq. (7) of Ref. 28 to calculate the effective perpendicular

anisotropy energy. Specifically, the minimum energy per unit FIG. 7. Thex component of the ferromagnet's magnetization as

area is a function of the applied field fod;;—J,,=5.0 K. Mg is in units of
gue=1.

Upa=—8"1> (J/K)AALE cothktae
k70 magnetization by 90° from the axis is Up=uoHa efMte.

+ Atcoth kte)Siré(Oar — 65, (3)  Using our values 08,:=-20.92 K andJe=200 K, andMe
=Mupe=1, the induced anisotropy field in Fig. 6 should vary

where J, is a Fourier component of the effective interface as H, 4=UA/ uoMpte=C(J,/Iap)2, with a prefactor C
exchange energy per unit ardais the Fourier component'’s =095 K=0.71 T, assuming g-factor equal to 2. The solid
wavevectorAsr and Ag are the exchange stiffnesses of the cyrve in Fig. 6 represents this result. If instead one uses the
antiferromagnet and ferromagnet, respectively,gp@ndt:  computed values a1z andM4F for each case, one obtains
are the thicknesses of the antiferromagnetic and ferromagne slightly different result represented by the dashed line in
netic layers, respectively. In our caseAsrr  Fig. 6. The agreement between the computational and ana-
=|JAF(F)|M,§F(F)/ a, taking into account the bcc lattice struc- Iytical results is extremely good for small values Jf Jar.

ture, anddr are the average angles that the magnetizatiofr " 1arger values o8,/ there is a significant discrepancy
(or sublattice magnetization for the Afnakes with respect because the magnetization of _the ferromagnet IS S_”O’Fg'y
to thex-axis. In our case, the effective exchange interactionCOUple‘j fo the antlferr9magnet|(_: sublattice magnetization,
per unit area varies along they-axis as J e and hence Slonczewski's model is no longer valid.
=2J,MeM Ar sgr(sin(2my/a))/a?, the factor of 2 coming

from our bcc lattice structure where each ferromagnetic spin C. Ji1#J)2: Exchange bias

at the interface couples to two interface antiferromagnetic For the cases wherd, # J;, He#0. In Fig. 7 we show

spins.I Wﬁ thus obtain a result similar to E§) in Ref. 28, hysteresis loops fohJ,=J,;-J;,=5 K for different values of
namely that interface exchangd,;. The exchange bias, as measured by

4M|2:ME\F‘]E\F 1 = cott m(2m - 1)2t/a] the shift of_the center (_)f the hysteresis Ioops, appears to
A= 3.2 YR > (2m-1)° decrease slightly a3 is increased, as shown in Fig. 8.

ma FIJF| et m It is interesting to compare this value with the effective
)2 exchange bias field assuming that it is only due\fi. This

is given by

1 <« cotfm(2m-1)2t,/a] ) (i

ME\F|‘]AF| m=1 (2m-1)°® Jar

@ Ho=— % ®)

E= .
. . . 2teM
(Notice that in the notation of Ref. 28),=2|B;,| and a FIVIFHo

=2L.) Inour caselr=3a andtae= 15 which makes the coth yyith t.=3 unit cells, we have thate=0.64 T, regardiess of

terms mlthe sums=1. Since the first term in the series of Eq. AJ,, as illustrated by the dashed line in Fig. 8. Clearly this

(4) dominates, we have that simple calculation gives the correct order of magnitude for
AMZMA DA 1 1 J )2 Heg, although there is a slight dependenceAalyin the com-

AT (M2|J | + M2 3 |>(_) . (9 putational data. The origin of this effect may be a result of a

FISF AFIZAF subtle response of the ferromagnet and antiferromagnetic

To transform the biguadratic interface anisotropy energystructure to the interface exchange, or it could be due to

U, to an effective anisotropy field, we notice that the differ- finite size effects. A further study is necessary to fully clarify

ence in energy per unit area in switching the ferromagneti¢his matter.

’7733.2 JAF
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Hel (T)

04 0.8 08 10 12 14
W
HM
FIG. 8. Exchange bias field as a function ®fJar, whereJ,
=(J,;+J;,)/2. The dashed line represents the calculatednd the FIG. 9. Magnetization component of the ferromagnet perpen-
solid line is a guide to the eye. dicular to the antiferromagnetic easy agisaxis) as a function of

field for J;;—J,,=5 K. The lines are guides to the eye.

As in theJ;;=J,, case, an increasing effective perpendicu- . ) ] )
lar magnetic anisotropy ad, increases is also found for FeF single crystals, with thin Fe overlayers, a perpendicular
Ji1#Jpp. This is illustrated in Fig. 9, which shows the mag- anisotropy with little or no exchange bias has been observed
netization perpendicular tb, as a function oH. The fer-  at low temperature$] whereas in epitaxial single-crystal
romagnetic spins clearly align themselves perpendicular t§!ms with Co overlayers longitudinal anisotropy with a large
the antiferromagnetic easy axis near tieHg value. The ex.change bias is observ&d.Our simulations indicate that
anisotropy can be determined using the same method as f8#s could be due to a stronger overall exchange between the
the J;;=J,, case. The results are shown in Fig. 6 with, ant_lferromagnet an_d the ferromagnet for _the single crystal,
+J,,)/2=1J,. These data agree well with the data obtained forvhich would result in the perpendicular anisotropy. The lack
the J;=J,, case. Hence, we conclude that the origin of theOf exchange bias in the single crystal could be due to a very

perpendicular anisotropy is the same in both cases. small (or zerg value of the differencél;; -J,|, whereas the
opposite must occur in the films. While the first-principles

reason for this is unclear, its cause may be related to surface
IV. CONCLUSIONS reconstruction, small changes in the interface stoichiometry,
or interface disorder. Additional interface structural data may

By implementing Monte Carlo simulations of the . . S
y P g be helpful in settling this issue.

FeR,(110/ferromagnetic bilayer system, we have demon-
§trated that exchange bias is generate'd Whgn the AF sublat- ACKNOWLEDGMENTS
tices have an unequal exchange coupling with the ferromag-
net. The difference between the two coupling constants We gratefully acknowledge helpful discussions with Pro-
required to generate this anisotropic exchange can be quifessor Aldo Romero of the Instituto Potosino de Investi-
small, i.e.,|J;1—J2| <|J,1]. Our MC simulations also demon- gacion Cientifica y TecnolégicdPICyT), México. Comput-
strate that the ferromagnet orders perpendicular to the inng time was provided by the San Diego Supercomputer
plane[001] easy axis of the antiferromagnet for large valuesCenter and the IPICYT. This work was performed while D.L.
of interface exchange, regardless of whether or not there iwas on sabbatical leave at the Pontificia Universidad
unequal sublattice interface exchange. This is in agreeme@atélica de Chile in Santiago, partially funded by the Chil-
with previous theoretical calculatio®3° although our ean Ministry of Education project MECESUP. Part of this
simulations quantify the amount of exchange necessary fowork was done while Professor Ramirez was a visiting
the perpendicular ordering to occur. scholar at the University of California—San Diego, working
Our simulations may also settle contradictory data ob-n collaboration with Professor I. K. Schuller and funded by
tained from single crystals and epitaxial filhg.In (1100  DOE. Part of the work at UCSD was also funded by NSF.

184422-6



MONTE CARLO SIMULATIONS OF EXCHANGE BIAS OF.. PHYSICAL REVIEW B 70, 184422(2004)

*Electronic address: David.Lederman@mail.wvu.edu W. Erwin (unpublishegl
Visiting fellow at UCSD. 16A. Crépieux and C. Lacroix, J. Magn. Magn. Mateir82, 341
1J. Nogués and I. K. Schuller, J. Magn. Magn. Mat&@2, 203 (1998
2A(1§9g, and references therein. 17N, C. Koon, Phys. Rev. Lett78, 4865(1997).
- E. Berkowitz and K. Takano, J. Magn. Magn. Mat@00, 552 181 ¢ schulthess and W. H. Butler, Phys. Rev. L&t, 4516
(1999, and references therein. (1998.

3M. Kiwi, J. Magn. Magn. Mater.234/235 584 (2001, and ref-
erences therein.

4H. Shi and D. Lederman, Phys. Rev. @, 094426(2002.

5M. Grimsditch, A. Hoffmann, P. Vavassori, H. Shi, and D. Led- 2001, T. Hutchings, B. D. Rainford, and H. J. Guggenheim, J. Phys
erman, Phys. Rev. Let©0, 257201(2003. C o ' T v )

6T, J. Moran, J. Nogués, D. Lederman, and I. K. Schuller, Appl.21 C3 _307(1969' ) o
Phys. Lett. 72, 617 (1998. M. Weissmann, A. M. Llois, and M. Kiwi, J. Magn. Magn. Mater.

M. R. Fitzsimmons, C. Leighton, J. Nogués, A. Hoffmann, K. - 234, 19 (200D. . .
Liu, C. F. Majkrzak, J. A. Dura, J. R. Groves, R. W. Springer, P.~“W. Gropp, E. Lusk, and A. SkjellumJsing MPI (MIT Press,
N. Arendt, V. Leiner, H. Lauter, and I. K. Schuller, Phys. Rev. B Cambridge, MA, 1998 2nd ed.

19p. P. Landau and K. BindeA Guide to Monte Carlo Simulations
in Statistical Physic§Cambridge University Press, Cambridge,
2000.

65, 134436(2002). 233ee http://sprng.cs.fsu.edu
8p, Miltényi, M. Gierlings, J. Keller, B. Beschoten, G. Giintherodt, *D. P. Belanger, P. Norblad, A. R. King, V. Jaccarino, L. Lundgren,
U. Nowak, and K. D. Usadel, Phys. Rev. Le84, 4224(2000. and O. Beckman, J. Magn. Magn. Mat&1-34 1095(1983.
9U. Nowak, K. D. Usadel, J. Keller, P. Miltényi, B. Beschoten, and 2°P. J. van der Zaag, Y. ljiri, J. A. Borchers, L. F. Feiner, R. M.
G. Gintherodt, Phys. Rev. B6, 014430(2002. Wolf, J. M. Gaines, R. W. Erwin, and M. A. Verheijen, Phys.
105 -H. Tsai, D. P. Landau, and T. C. Schulthess, J. Appl. Pags. Rev. Lett. 84, 6102(2000.
8612(2003. 26H. shi, D. Lederman, N. R. Dilley, R. C. Black, J. Diedrichs, K.
110. Heinonen, J. Appl. Phys89, 7552(2001). Jensen, and M. B. Simmonds, J. Appl. Ph98, 8600(2003.
123, Keller, P. Miltényi, B. Beschoten, G. Guntherodt, U. Nowak, 2’S. ChikazumiPhysics of MagnetisifWiley, New York, 1964, p.
and K. D. Usadel, Phys. Rev. B6, 014431(2002. 137.
13H. Shi, D. Lederman, and E. E. Fullerton, J. Appl. Ph9s, 7763  28J. C. Slonczewski, Phys. Rev. Le#7, 3172(1991).
(2002. 29M. Kiwi, J. Mejia-Lépez, R. D. Portugal, and R. Ramirez, Euro-
14D. Lederman, C. A. Ramos, V. Jaccarino, and J. L. Cardy, Phys. phys. Lett. 48, 573(1999.
Rev. B 48, 8365(1993. 30M. Kiwi, J. Mejia-Lopez, R. D. Portugal, and R. Ramirez, Appl.

15y ljiri, T. C. Schulthess, J. A. Borchers, P. J. van der Zaag, and R.  Phys. Lett. 75, 3995(1999.

184422-7



	2004
	Monte Carlo simulations of exchange bias of ferromagnetic thin films on FeF 2 ( 110 )
	David Lederman
	Ricardo Ramírez
	Miguel Kiwi
	Digital Commons Citation


	tmp.1536249250.pdf.VFSqH

