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A t w o-di mensional phenomenol ogical mo del of patch- domain formation
on unsaturation in strongl y coupled tri- and multilayer antif erromagnets
is presented . Domain patterns are simulated using a fast Monte Carlo al-
gorithm. A s a Ùrst example the auto correlatio n function of the simulated

domain pattern is compared w ith that of a measured K err image.

PAC S num b ers: 75.70.K w , 75.40.Mg, 78.20.Ls, 75.25.+ z

1. I n t rod uct io n

Ma gneti c m ul til ayers (M L) have been for a long ti m e in the focus of interest
due to thei r novel m ateri al properti es and diverse technological appl icati ons. The
anti ferromagneti cal ly (AF) coupl ed Fe/ Cr system , for exa mpl e, shows the giant
m agneto resistance (GMR ) ẽ ect [1]. The GMR noise can be inÛuenced by the
dom ain structure of the ML [2].

R ecently on an AF -coupl ed Fe/ Cr ML wi th an in-pl ane fourf old anisotro py a
dom ain size ta i lori ng m echanism was found by o˜- specular synchro tro n M �ossbauer
reÛectometry (SMR ) and veri Ùed by polari zed neutro n reÛectom etry (PNR ) [3].
Small (ñ m size) dom ains are f orm ed when the externa l m agneti c Ùeld H ex t i s de-
creased from the satura ti on region. Mo st of these dom ains are replaced by at least
one order of magnitude bi gger ones (dom ain coarseni ng) on passing the spin-Ûop
tra nsiti on [4{ 6]. SMR and PNR intensi ti es can be calcul ated from the latera l au-
to correl ati on functi on of the AF dom ains whi ch, in turn, is determ ined by the AF
dom ain pattern. A sim ple phenom enological m odel and Mo nte Carl o sim ulatio ns
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of dom ain patterns are presented here reproduci ng the domain nucl eati on on \ un-
satura ti on" i .e. on leavi ng the satura ti on region in decreasing magneti c Ùeld. The
sam e algori thm wi th sim i lar \ Ûippi ng rul es" was appl ied to simula te the dom ain
coarsening observed at the spin-Ûop pro cess[7]. Auto correl ati on functi ons of m odel
and experim enta l patch- dom ain patterns are adjusted.

2. U nsat ur at io n p at ch dom ai ns

In a strongly AF- coupl ed m etal l ic ML the dom ain structure of the indi vi d-
ual ferromagneti c layers is rather stri ctl y correl ated thro ugh the ML stack f rom
the substra te to the surface al lowi ng for a two -dim ensional representati on of the
dom ains.

The term \ stro ngly coupl ed" ref ers to the fact tha t the ani sotro py energies
are at least one order of m agnitude smaller tha n the coupl ing energies. In such
system s the unsatura ti on domain f orm atio n is governed by the AF coupl ing, i t
inv olves coherent ro ta ti on of spins and resul ts in a characteri stic patch- dom ain
pattern [8].

The dom ain form ati on is associ ated wi th the latera l correl ati on length of
the satura ti on Ùeld variati on of H sat [3], related to the unavo idable vari ati on of
the thi ckness of Cr spacer. As a consequence, a region wi l l have the freedom to
decide the senseof rota ti on of the to p layer when the decreasing H ext reaches the
local value of H sat [3]. Nei ghbour regions wi thi n the correl ati on length of H sat wi l l
choose the sam e sense of rota ti on, to avoid creati ng new dom ain wal ls [3]. Here
we show tha t thi s sim ple ansatz is enough to expl ain the observed [8] patch- l ike
shape of the dom ains and tha t even the auto correl ati on functi on of the observed
dom ains can be reproduced wi th a surpri singly hi gh accuracy.

3. Mo del l in g t h e pat ch dom ai ns

The ML is m odel led by a two -dim ensional matri x of pi xels where the \ colour"
(bl ack or whi te) of each pi xel represents the di recti on of the magneti zati on (of the
to pm ost layer in the ML) in a given pixel area. The mesh size of the gri d is smal ler
tha n the actual ly form ed dom ains (see below) but sti l l \ classical " , i .e., consists of
m any colum ns of ato m s. (In the parti cular case of the presented sim ulati on for
exam ple 1 pixel = 146 È 146 nm 2 .)

The dom ains are conti nuous regions of the sam e colour on the gri d. D om ain
form ati on is governed by the di stri buti on of H sa t [3]. The hi gher the satura ti on Ùeld
of a given pixel is, the sooner (i .e. at higher H ext ) the pixel unsatura tes. T o obta in
the satura ti on Ùeld di stri buti on H sat ( r ) , we ta ke a gri d of unco rrelated random
num bers f U ( r ) g of Gaussian di stri buti on [9], where r = ( x ; y ) i s the positi on
vecto r, then smooth f U ( r ) g wi th an empi rical functi on of smoothi ng wi dth w :
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H sat ( r ) =
X

j rr À rr 0 j < w

˚

1 À
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w 2

Ç

U ( r 0 ) : (1)

Peri odic boundary condi ti ons are used thro ughout [7].
Unsatura ti on is m odel led in the fol lowi ng. Ab ove max f H sat ( r ) g al l pixel s

are in satura ti on (represented by grey), then H ext i s lowered. W hen H ext matches
H sat (r ) of a given pixel at r , the pixel unsatura tes, i .e., choosesi ts sense of rota-
ti on (bl ack (ML to p layer) : left, whi te (ML to p layer): ri ght). Crea ti on of excess
dom ain wal ls m ay be avoided by obeyi ng the so-cal led \ Ûippi ng rul es" as fol lows.
(A) The pixel chooses the colour of the surro undi ng majori t y (a l l al ready Ûipp ed
Ùrst neighbours (m axi mum 8) count wi th equal weight, pi xels sti ll in satura ti on
havi ng no inÛuence) and (B) the pixel chooses colour by rando m i f no decision
can be m ade accordi ng to the previ ous rul e. At H ext = m i n f H sat ( r ) g the ML is
compl etely unsatura ted. In Fi g. 1a the 50% unsatura ted state, whi le in Fi g. 1b the
to ta l ly unsatura ted state can be seen.

Fig. 1. U nsaturation domain nucleation. In (a ) half of the pixels is still in saturation

(grey). In (b) the completely unsaturated image is show n. Blac k pixels represent layer

stacks w ith the top layer more to the left, w hile w hite pixels more to the right. T he

external Ùeld is applied along the grey arrow . T he length scale corresp onds to the Ùt to

the K err microscopi c image [8]. T he full grid is 500 by 500 pixels, consequently 1 pixel

corresp onds to nm .

A di rect real izati on of the above algori thm leads to rather ti me-consum ing
calculati ons. Indeed, to Ùnd the next pixel in the gri d to unsatura te when decreas-
ing H ext , al l pi xels have to be ordered accordi ng to thei r value of H sat . Thi s can
be, however, circum vented by a fast algori thm in the fol lowi ng way. The gri d is
scanned for grey pi xels. W hen found i t is checked i f al l grey neighbours possessa
lower H sat value tha n the one found. If yes, the pixel is al lowed to choose i ts colour
accordi ng to the above Ûippi ng rul es. If not, the next pixel is chosen. The scan of
the gri d is repeated as long as al l grey pixel s Ûip to either bl ack or whi te. The Ùnal
state generated by thi s \ greyscan" algori thm is easily seen to be equivalent wi th
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tha t of the algori thm of ordered pi xels. The subsequent greyscans, adm i ttedl y, do
not represent a tempora l evoluti on of the domain shapes. Thi s latter, however, can
be repro duced and a \ m ovi e" of the dom ain form ati on constructed from the Ùnal
state by varyi ng H ext and Ûipping the pixel colour back to grey for H sat ( r ) < H ext .

Let us note tha t the above m odel appl ies to both tri layers and MLs as far
as the two- dimensional representa ti on is va lid. Furtherm ore, patch domains are
form ed close to satura ti on, not depending on in-plane ani sotro py and bi quadra ti c
coupl ing i f the bi l inear coupl ing is stro ng as com pared to the other energy term s,
resul ti ng in coherent domain rotati on in Ùelds decreasing down to zero.

4. Co m p ar i son wi t h exp er im ent al r esu l t s

In order to derive m easura ble quanti ti es from the sim ulati on the auto correl a-
ti on functi on C ( r ) of the in-plane di recti on of the magneti zati on (and consequentl y
tha t of the dom ain im age) may be invoked as

C ( r ) =

P
rr 0 [ m ( r 0 ) À m ] [ m ( r 0 + r ) À m ]

P
rr 0 [ m ( r 0 ) À m ] 2

; (2)

where m ( r ) represents the chosen \ unsatura ti on" di recti on (colour) of the given
pi xel (whi te: +1 , bl ack: { 1), m =

À
1 =L 2

ÂP
rr m (r ) i s the average of m ( r ) and L i s

the wi dth of the im age in pixels. The sum runs over the compl ete grid.
In order to test our m odel , the auto correl ati on functi on of the simula ted do-

m ains and tha t of publ ished Kerr im ages [8] were com pared and adj usted (Fi g. 2).
The agreement is qui te remark able f or the m esh size of 146 nm and w = 1 0 pi xels.

Fig. 2. T he auto correlatio n function (2) of the K err microscopi c image [8] as compared

w ith the auto correlation of the simulated image in Fig. 1b with and pixel size

of nm .
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Let us note tha t for a given correl ati on length of H sat ( r ) the dom ain corre-
lati on length for an ML of n ferrom agneti c layers wi l l scale as 1 =

p

n À 1 . Indeed,
each space layer mediati ng the AF coupl ing wi l l have the same surface density of
dom ain nucl eati on centres (l ocal m axi ma of H sat ( r )) . Consequentl y, the surface
density of domain nucl eati on centres f or the who le ML scales wi th (n À 1 ) lead-
ing to a dom ain correl ati on length proporti onal to 1 =

p

n À 1 . In the Ùrst Born
appro xi m atio n the o˜- specularl y scattered intensi ty is pro porti onal to the Fouri er
tra nsform of C ( r ) . Co mpari son of C ( r ) of model images wi th the o˜- specul arly
scattered SMR and PNR intensi ty pro Ùles is in pro gress.

5. Co n cl usion s

A Mo nte Carl o simul atio n of patch- dom ain form atio n in AF MLs leavi ng
the satura ti on Ùeld region was presented. The generated patch- domain pattern is
in quanti ta ti ve agreement wi th publ ished Kerr m icro scopic images of a Fe/ Cr/ Fe
tri layer. The auto correl ati on functi on deduced from the pattern is, in pri nci pl e,
sui tabl e to describe o˜- specular SMR and PNR m easurements.
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