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Coercive mechanisms in ferromagnetic-antiferromagnetic bilayers
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The magnetization reversal of polycrystalline ferromagnetic-antiferromagnetic bilayers is investigated by
employing the Landau-Lifshitz-Gilbert equation. The magnetic interaction at the interface is modeled by a
random field. It is found that the random field breaks the ferromagnetic layer into domains during magnetiza-
tion reversal. The domain size is usually much smaller than that without the underlying antiferromagnetic
layers. We quantitatively determine the enhanced coercivity as a function of the thickness of the ferromagnetic
layer, the grain size, and the interface random field.

An exchange interaction at the interface of a ferromagness of the F layer and the grain size of the AF layer. In
netic (F) and an antiferromagneti@F) layer results in sev- addition, we have obtained some useful scaling relations.
eral unique macroscopic magnetic properties. Among many We start with a Hamiltonian of a bilayer
distinct experimental observations, the most interesting prop-
erties are the shifted hysteresis loop and enhanced coercivity H=Ef+EZ+Exp+EAc+Egq+Ez+Ejny, 1)
of the ferromagnetic layerTo understand the shifted loop
theoretically, a convenient scheme is to saturate the ferrowhere the first two terms represent the exchange and anisot-
magnetic layer and then to rotate the magnetization in theopy energy of the F layer, and the third and fourth terms are
plan€ so that one can avoid complicated reversal mechathose for the AF layerE, is the magnetostatic energy; is
nisms. Indeed, most of the theoretical models assume the Zeeman energy due to the external magnetic field, and
single domain state of the ferromagnetic layer and focus otthe final term is the interaction between AF and F spins at
the domain structure of the AF layer for different types ofthe interface. The magnetic hysteresis of the above Hamil-
interfaces. Mauret al® considered the AF domain wall for- tonian is obtained via solving the standard Landau-Lifshitz
mation of a perfect uncompensated interface during the ccequation with the following procedures. The sample was lat-
herent rotation of the F layer. Kodnas well as Schulthess erally divided intoNxN blocks. Each block represents a
and Butle? find some interesting spin-flop states for a perfectgrain which consists ohxn atomic spins in each plane
compensated interface, which will effectively contribute aparallel to the the interface so that the grain sizBisnay,
uniaxial anisotropy to the ferromagnetic layer. Otherwherea, is the lattice constant. We have found that as long
theorie$®~'° of the exchange bias also assume a uniformasN is large enough, the calculated results will be indepen-
magnetization of the F layer. dent ofN. In our caseN = 20 is sufficient. Within each grain,

While the assumption of a uniform magnetization of the Fthe ferromagnetic layer is assumed to be a single domain
layer greatly simplifies the problem and might be sufficientstate. The exchange energy between the nearest-neighbor fer-
to understgnd the hyster_esi; loop shift, it masks_importar}tomagnetic blocks scales ﬁ:—JF(tF/aO)SZSF.S}:/nZ,
detqlls during the magnetlzanon'r('eversal of F/AF bilayers. Inyheret, is the thickness of F layedr is the microscopic
particular, the enhanced coercivity observed in almost alpychange constar§is the atomic spinS" represents a unit
F/IAF bilayers can not be quantitatively derived from theqctor along the direction of the magnetization of itfe
model of coherent rotation of the magnetization. In fact, itblock, and we have assumed a linear variation of the mo-

has bee_n pointed .OUt that the single-domain charac;tgr c_>f fhents from one block to the next. The anisotropy endtfy
magnet is largely irrelevant to the problem of coercivity in.

1 . is assumed uniaxidEg = Kt sir? ¢, where 6, is the angle
generalt! Recently, several experiments have begun to stud)é N o .
detailed domain structures in a F/AF bilayéifor example etween the direction of t_he magnetlgatlon and éhe casy axis.
the ferromagnetic domain size during magnetization reverse”1 Fthe AF layer, we defme _tWO unit vectoﬁﬁ.(k)_ and
has been observed to be much smaller in an exchange biassd (K) 1 represent the dlrect|ort]hs of the magnetization of the
bilayer than in a single F layer without the exchange bias. WO sublattices, wheré labelsk™ atomic plane in the AF
The domains can be as small as the grain size when the [gYer- The exchange interaction in the AF is the sum of
layer thickness is smalf. These observations indicate that thf contrlbutlé)ns FW'th'n, a grain l(:':md 'lgetwgen the grains,
the formation of small domains is crucial to understand theEAFZEJAFSAll S +2Ia ST ‘SJAz +3]A1 -§Y 1, ~where
magnetization reversal or the hysteresis of the F/AF bilayertve only consider the nearest AF exchange coupling between
In this paper, we investigate the magnetic reversal of théWo sublattices. The summation is over all the sublattice sites
exchange coupled bilayer without assuming a uniform magincluding the interlayer exchange coupling of each AF grain,
netization of the F layer. Instead, we compute these domair@nd Jag is the intergrain AF couplingwe will take Jug
from various competing interactions in the bilayer. With our =Jag/n). The anisotropy energy of the AF layer B -
model, the enhanced coercivity can be explicitly related to=Kr sir[6(K)— 6], where 6; is the anisotropy axis ofth
theexperimentally controllable parametessich as the thick- grain andé(k) is the magnetization direction for either of
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two AF sublattices. We will take an isotropically random 600
anisotropy axis within the plane of the layer to model a poly- 500 1 -\
®.

reivity, He (Oe)

C

crystalline film. The demagnetization energy takes a simple 400 1 - 18
form Eq=4m(tr/ag)M2(ST%)? where thez axis is normal to 300 - \.\.
the planes. Since we have used a model of a linear variatior 1 \\_
of the magnetization between the neighboring F blocks, the 200 1 \‘\
magnetostatic interaction at the grain boundary is negligible. 1.06
The Zeeman term is written a€;=— ugZy[Sy (K) \ 142
+S5 (k) ]-H— ugS(te/ag) =S - H, whereH is the external 100'_ /
magnetic field angkg is the Bohr magneton. \

The interaction between the F and AF layéy,,, is least
known. The present model is based on the general idea 08 /| \
random fields in the presence of impuritféd he application \
of this random-field picture to the exchange interaction of —e— (D=12nm)
F/AF interfaces was first proposed by Malozematho has 204 ~—=— (D=20 nm) / \
shown in a great detail that the random interaction is a valid 1.56 .
model to describe the exchange interaction in the presence c
the interfacial roughness. We adopt this random field to .
model the interface interaction throughout this paper. Intro- 4 5 6 7 8910 20 30
ducing two random numbens; andr, which are bounded Thickness, t(FM) (nm)
between—1 to 1, we write the interface energy as

FIG. 1. Coercivity as a function of the thickness of a ferromag-
netic layer for two grain size® =12 nm andD=20 nm. The

_ F F
Eint= _JSZ riS-[(1+ r2/n)SA1 (D) slopes of the curves are indicated by the arrows. The parameters are
the same as those used in RefJ5=16 mev, J;=2 mev, Jor
+(1— rz/n)SAzF(l)]’ 2) =2 mev, andKpg=3 mev. The demagnetization field of NiFe is

47M =8300 Oe.

where Jg characterizes the average microscopic exchange
constant between the first atomic plane of the AF layer ( hanced coercivity on the F layer. If the interface interaction
=1) and that of the F layer. The first random numiber is stronger than the ferromagnetic coupling, the domain size
represents the random exchange interaction between tlod the ferromagnetic layer during magnetic reversal will not
nearest-neighbor sites of F and AF layers at the interface. Wiee much larger than the grain size. In this case, each ferro-
will show below that it is this random interaction which con- magnetic domain receives different random fields from the
trols the enhanced coercivity of F/AF bilayers. The secondAF layer, and, due to fluctuation of the random field from
random number in Eq(2), r,, characterizes the finite-size each grain, the reversal will take place at different external
effect of the grains, i.e., the numbers of the two sublatticesields for different ferromagnetic domains. Therefore the
for a given grain are statistically fluctuated. Their differencebreakup of the ferromagnetic layer into small domains is
(normalized by the total number of spjnscales as essential for the increased coercivity. This general picture is
1/Jnxn=1/n. In fact, we will illustrate that the finite grain quantitatively supported by the following detailed variation
size is the main parameter to control the exchange shift. of the coercivity with respect to the thickness of the ferro-

We first comment on the general features of the calculateghagnetic layer, the grain size, and the interface interaction.
magnetic reversal by taking the intrinsic parameters such as The ferromagnetic domain siz& can be estimated
Je, Jar, Kar from commonly quoted values of bulk NiFe roughly by equating the ferromagnetic exchange energy and
and CoQ Due to the large AF anisotropy constant, the mag-the random field energy. The exchange energy per unit area
netic moments of the AF sublattices only changes slightlyscales as; (tg/ao)Jg /L% The random field energy is the
and the spin-flop transition does not occur during the hysterstatistically averaged energy M= L?%/a3 spins within a do-
esis cycle. The competition of the interlayer coupling in AF main, which scales aslg/aé)/\/N:Js/aoL. By minimizing
layers and the interface random exchange energy leads these two energies, we find the domain size is adout
small angle variation between different AF monolay@ypi-  =tgJz/Js. This size is comparable to the grain size when
cally only a few degregsWe also find that the weak inter- the thickness of the F layer is of the order of 100 A. We note
grain coupling 0f) does not significantly change the calcu- that the same reasoning was applied by Malozemoff to esti-
lated magnetic properties given below. The ferromagnetienate the AF domain size.
layer reversal is mainly controlled by two energy terms, the In Fig. 1, we show the coercivity of the ferromagnetic
ferromagnetic exchange interaction between neighboring fedayer for a fixed interfacial random field. We have used the
romagnetic blocks and the random field acting on a ferroCoO anisotropy energiK,r=3 mev per sité. For such a
magnetic block due to interfacial interactions. If the formerlarge anisotropy constant, the domain wall width in the AF
is much stronger than the latter, ferromagnetic blocks aréayer will be small. The calculated coercivity will be inde-
aligned together and the ferromagnetic domains are mucpendent of the AF layer thickness as long as it exceeds five
larger than the grain size. Then the net coercive fgraa-  monolayers. For smalldf 5, one would need a thicker AF
dom fields from the AF gainsacting on the ferromagnetic layer to simulate the coercivity. The calculated coercivity
layers is averaged out and one would have a smaller erdepends slightly on the anisotropy constant of the AF layer.
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FIG. 3. Coercivity as a function of interface coupling strengith
FIG. 2. CoercivityH; and loop shiftH. as a function of the for two different grain sizes. The arrows indicate the slopes of the
grain size for two different F layer thicknesses. The parameters areurves. The parameters are the same as in Fig. 1.
the same as in Fig. 1.

width. To model the spin structure within a grain, one should
The dependence of the coercivity on the F layer thickness it principle choose ferromagnetic meshes whose size is suf-
rather strong, and it approximately satisfies a power law. Weiciently small. In our model we have neglected these com-
can understand the result in terms of the picture described iplicated spin structure within grains, i.e., we have assumed
the last paragraph. Since the ferromagnetic coupling betweethat the spin structure is linearly varied from one grain to the
two neighboring blocks is proportional to the thickness of thenext. However, the general trend shown in Fig. 2 on the
F, larger thicknesses produce larger domain sizes in the ¥ariation of the coercivity as a function of the grain size
layer. For larger domains, the average of the random fieldemains qualitatively correct.
(per sitg is small. Thus the coercivity decreases. For a small In Fig. 3, we show the coercivity as a function of the
thickness, e.g., below 8 nm, the ferromagnetic layer breakmterface random fields. From the above argument, a stronger
into domains whose size is not too much larger than the graiinterface interaction will lead to a smaller F domain size and
size. This is the situation when the coercive energy from thehereby a larger enhancement of the coercivity. Experimen-
random field ceases to increase even if the thickness is futally, the variation of the interface coupling can be controlled
ther reduced, because the minimum size of the domain iy inserting a wedged Cu or Ag layer at the F/AF interface
limited by the grain site. It is thus reasonable that the coerso that one can quantitatively compare this prediction with
civity scales with the F layer thickness Bisotz“ with @«  experimental dat&®
nearly one(note that the random field is only acting on the

interface—thusy=1). When one increases the thickness be- 140

yond 8 nm in the figure, the domain size of the F layer

begins to grow and the coercive energy decreases faster the ;5| —a— t(FM)=16 nm, D=20 nm
1k . In this caseq is approximately 3/2. This scaling rela- ] —e—t(FM)=24 nm, D=20 hm
tion has been suggested earlier from a general argument ar 100 —A—{(FM)=16 nm, D=12 nm

it has been experimentally verifié@.

In Fig. 2, we show both the hysteresis shift and coercivity
as a function of the grain size. It is expected that the loop@
shift is inversely proportional to the grain size. This is be- <
cause the average of the random field per unit area within &
grain is inversely proportional to the grain size, as it was first
pointed out by Takanet all’ The coercivity shows quite
interesting behavior. Upon increasing the grain size, the ef-
fective interaction between the ferromagnetic blocks de-
creases ak;>1/D?. Thus the domain size of the F layer is
much larger than the grain size when the grain size is small o 20 40 6 80 100 120 140 160 180
and it becomes comparable when the grain size reaches 4 o (degree)
nm. When the grain size is more than 40 nm, the coercivity
stays at its maximum value. We point out that the magnetic FIG. 4. Angular dependence of the coercivity for two F layer
structure within a grain could be quite complicated when thehicknesses and two domain sizes. The parameters are the same as
size of the grains is equal to or larger than the domain walln Fig. 1.
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Finally we address the angular dependence of the coerciveven fora=90°; the origin of the finite background value
ity. We first apply a large external magnetic field in tke may come from the finite F layer anisotropy and the dipolar
direction to simulate the cooling direction. Then the mag-interaction between ferromagnetic domains.
netic field is reduced to zero. This remanent state is our |n summary, we have incorporated a random field at a
initial state to perform the calculation of the angular depen+/AF interface into Landau-Lifshitz equation. The presence
dence of the hysteresis when an external field is applied in gf the random field results in the formation of domains in the
direction which makes an angte with respect to thecaxis.  fefromagnetic layer. There is a new length scale for the fer-
The calculgted_magnetization always refers_ to the direCtiO’Fomagnetic domains associated with two competing interac-
of the applied field. When we change to a different angle Okjns- the ferromagnetic exchange and the interface random
the applied field, we repeat back to the the initial remanenk, 4 As a result, the ferromagnetic domains are much

state. Figure 4 shows the calculated results for two F laye maller in exchange biased bilayers. We have shown that the

Fhic_knesses. The angula_r (_jependence of th(_a coercivity clear %mdom field model can account for the observed enhance-
indicates that the coercivity only appears in a very narrow

range of angles of the cooling field. This is a quite diﬁ‘erentment of the coercivity in F/AF bilayers as a consequence of
9 gie g nield. Tht - the formation of lateral domains. We have derived various
from the unbiased ferromagnetic film in which the Stoner

Wohlfarth model gives a much larger range of angle. I:i(‘:]ureirelatlons between the coercivity and experimentally control-
o o ; ; able parameters.

4 is in qualitative agreement with experimental

observations? Note that we have set the F layer anisotropy  This work was partially supported by Defense Advanced

constant equal to zero so that we do not have a backgrourResearch Projects AgencyDARPA-ONR N00014-96-1-

coercivity. Experimentally, there is always a small coercivity 1207 and the University of Missouri Research Board.

1W. H. Meiklejohn and C. P. Bean, Phys. RaQ2 1413(1956.  2W. J. Antel, Jr., F. Perjeru, and G. R. Harp, Phys. Rev. I88t.

2M. D. Stiles and R. D. McMichael, Phys. Rev.33, 3722(1999; 1439(1999; V. I. Nikitenko, V. S. Gornakov, L. M. Dedukh,
ibid. 60, 12 950(1999. Yu. P. Kabanov, A. F. Khapikov, A. J. Shapiro, R. D. Shull, A.

3D. Mauri, H. C. Siegmann, P. S. Bagus, and E. Key, J. Appl. Chaiken, and R. P. Michel, Phys. Rev.5B, R8111(1998; J.
Phys.62, 3047(1987. Stohret al, Phys. Rev. Lett83, 1862(1999.

4N. C. Koon, Phys. Rev. Letf78, 4865(1997. 133, Yu, A. D. Kent, and S. S. P. Parkin, J. Appl. Phgg, 5049

5T. C. Schulthess and W. H. Butler, Phys. Rev. L&, 4516 (2000.
(1998; J. Appl. Phys85, 5510(1999. 143, Stohr, Bull. Ameri. Vac. Soct6, 31 (1999.

6p, Miltenyi, M. Gruyters, G. Guntherodt, J. Nogues, and I. K. 15y, Imry and S. Ma, Phys. Rev. Let85, 1399(1975.
Schuller, Phys. Rev. B9, 3333(1999. 163, Zhang, D. V. Dimitrov, G. C. Hadjipanayis, J. W. Cai, and C.

"A. P. Malozemoff, Phys. Rev. B5, 3679(1987); J. Appl. Phys. L. Chien, J. Magn. Magn. Matef.98-199 468 (1999.
63, 3874(1988. 17K. Takano, R. H. Kodama, A. E. Berkowitz, W. Cao, and G.

8R. E. Camley, B. V. McGrath, R. J. Astalos, R. L. Stamps, J. V. Thomas, Phys. Rev. Let#79, 1130 (1997; F. T. Parker, K.
Kim, and L. Wee, J. Vac. Sci. Technol. &7, 1335(1999. Takano, and A. E. Berkowitz, Phys. Rev.@, R866(2000.

9H. Xi, R. M. White, and S. M. Rezende, Phys. Rev6@ 14 837  8N. J. Gokemeijer, T. Ambrose, and C. L. Chien, Phys. Rev. Lett.
(1999. 79, 4270(1997).

10M. Sun, H. Fujiwara, J. Kim, and C. H. Hou, J. Appl. Phgs,  °T. Ambrose, R. L. Sommer, and C. L. Chien, Phys. Re%6883
6202(1999. (1997; D. V. Dimitrov, S. Zhang, J. Q. Xiao, G. C. Hadji-

1R, Skomski, J. P. Liu, and D. J. Sellmyer, Phys. Re\é@B7359 panayis, and C. Pradabjd. 58, 12 090(1998; H. Xi and R. M.

(1999. White, J. Appl. Phys86, 5169(1999.



