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We present numerical simulations, based on a mean-field calculation of the equilibrium configuration, for
the magnetization reversal process in magnetic multilayers consisting of éhhafthse with large anisotropy,
exchange coupled to a sdf) phase with large magnetization. Starting from a trilayer made bf130s/50h
layers, and using realistic Hamiltonian parameters pertinent to epitaxial Sm-Co/Fe films, we separately inves-
tigate the effect ofi) increasing nanostructuration, while maintaining constant the overall hard/soft ratio, and
(i) decreasing the thickness of the hard phase, while keeping constant that of the soft phase. We find that the
exchange-bias field and the coercive field strongly increase upon increasing nanostructuration and that the
maximum energy producB(H) . rapidly tends to the ideal value M. In contrast, upon reducing the
thickness of the hard phase in a trilayer, the exchange-bias field and the coercive field remain nearly constant.
Thus, combining both effects in an opportune way, we are able to determine the most convenient composition
in order to obtain a permanent exchange-spring magnet with high performance, i.e., veryBHyh..
[S0163-182609)02729-7

I. INTRODUCTION In this paper, we present a theoretical study of the mag-

netization reversal process in a two-phase multilayer. Our

In recent years, th;gsﬁ arch fo_r h'é}h performance PETME6rk was stimulated by recent experimental results and nu-
hent magnetic materi as received strong Impetus SINCe ,qica simulations in high-quality epitaxial hard/soft Sm-

the cpncept of the exchange-spring magnet was i”tr9®ce%o/transition meta(TM) (TM=Fe, C9 bilayerst®' grown
The idea is to assemble a composite magnet consisting Q43 dc magnetron sputteridg.To calculate the equilibrium
two suitably dispersed and mutually exchange-couple¢onfiguration for a multilayer, we use a mean-field method
phases: a hardh) phase, which provides a high coercive recently develope@?? Starting from a trilayer made of

field, and a softs) phase, with a high saturation magnetiza- 50h/100s/50h layers, we separately investigate the effect of
tion. The exchange coupling between the two phases givege following.

origin to a typical reversible behavior of the demagnetization

curve, hence the name exchange-spring magnet. In this way, (i) Increasing nanostructuration, while maintaining con-
one can obtain an enhancement of remanence with respectdtant the total number of layers and the overall hard/soft
a magnet made of the pure hard phase, so that high-energatio, in order to obtain higher exchange-bias and coercive
products BH)n.x can be reachel: for example, in fields.

SmyFe N5 /Fe;sCoss multilayers with a volume fraction of (i) Decreasing the thickness of the hard phase, while
only 9% of the hard phase, Skomski and Coey predicted &eeping constant that of the soft phase, so that a higher satu-
(BH)max @s high as 137 MGOéi.e., more than twice the ration magnetization can be obtained.

value obtained by a laboratory-scale jRé;,B magnet).

The fine distribution of the two phases on a nanometric scal®ur aim is to determine the optimal composition in order to
can be achieved by several techniques: melt spinhinge-  obtain a permanent exchange-spring magnet with high per-
chanical alloying®® etc. Multilayer exchange-spring mag- formance. In particular, for a Sm-Co/Fe film with opportune
nets, which can be obtained by ultrahigh vacuum vaponanostructuration and reduction of the hard phaseually, a
depositiod® or sputtering:*~*® are particularly appealing 10h-+33s+10h+ 34s+ 10h+ 33s+10h heptalayex, we pre-
from the theoretical point of view because the thicknesses dlict that a very high maximum energy producBH)max

the hard and soft phases are easily controllable, thus leading74 MGOe, can be obtained. The paper is organized as
to a simple and well-defined structure. Moreover, they ardollows. In Sec. Il we present the model and the mean-field
becoming more and more interesting even for applicationstheoretical framework. In Sec. Il the results of our calcula-
owing to the possibility of being integrated in electronic tion are displayed and discussed. Finally, in Sec. IV we draw
devices'® the conclusions.
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Il. PRINCIPLES OF THE NUMERICAL SIMULATION a finite film with N planes are rigorously obtained as the
trajectories—in theg, 6) phase space—having two intersec-
of exchange-spring permanent magnets. In magnetic harctanS with the boundary conditions I|ne_=0, whph are.

' Separated by exactlyi steps of the recursive mapping. It is

soft multilayers with a total number of plands the magne- L : e

o . . important to note that no approximations are involved in this

tization reversal process can be simulated using a one: o o e .
rocedure: i.e., the calculation is accurate within machine

dimensional model: the magnetic properties are Ccms'dere}arecision, whatever the structure of the multilayeEurther

fjoebgr:gvs::f ng:}nst;:jee ﬁ::\aenﬁ]gg)r(a}ll_lﬁét?o?; g:}tgrrfaci? ar:ed t%etails about the map method can be found in the review
P y P 9y paper by Tralloriet al.* Here we only observe that, for the

system s written as chosen Hamiltonian parameters, the Zeeman and the anisot-
N-1 , N ropy energies are much smaller than the exchange energy, so
E=— i;—lcoe( 0,—0,.1)— 2, K;cog 6, that the phase portrait is not chaotic, thus allowing a particu-
d i=1 larly easy determination of the equilibrium configuration.

Several method$417:22-2%can be used in the modeling

i=
N

— > HM, cod 6, 6y), (1) lll. MAGNETIZATION REVERSAL PROCESS:
=1 NUMERICAL RESULTS

whereA, ., is the exchange interaction between ttreand We start from a trilayer made of B0LOGs/50h layers in

the (1 +1)th planesK; andM; are, respectively, the uniaxial ;erq field, with the magnetic moments of each plane aligned
in-plane anisotropy and the magnetic moment relative to th%long thex axis (6,=0, Vi), which we assume to be the
ith plane;d is the interplane distance an] is the angle  jn_pjane easy axis for the anisotropy of the hard phase. Then
formed by the_ magnetization of thigh plane .Wlth t.he N~ \ve apply a negative magnetic field,(= =) and look for the
plane easy axis of the hard layer; a magnetic fi8lés ap-  equilibrium configurations of the multilayer. We are inter-
plied at an angl&y W'thléhe in-plane easy axis. Following ggted in the metastable spin arrangements, which can be uni-
the paper by Jiangt al,™ we choose the Hamiltonian pa- form or nonuniform, and in their evolution when the inten-
rameters pertinent to eplta7X|aI Sm-Co/Fe film&;=1.2 ity of the reverse field is increased in modulus. The
X10°°® ergs/cm, K,=5x10" ergs/cd, My=550 emu/  gemagnetization curve is calculated using the spin configu-

cm® for the hard layer, andA,=2.8x10°® ergs/cm, rations{#;}, obtained by the previously described map for-
Ks=10" ergs/cni, Ms=1700 emu/crh for the soft ones; muylation of mean-field theory:

the interface exchange constant was takép,=1.8

x10°® ergs/cm, i.e., intermediate betweAgandA,,. The N
interlayer constantl was set 21078 cm. > M, coq 6, — 6)
To calculate the equilibrium configurations of the system M =1
we use a method recently developed by Tralketrial, 2% May N ' (5)
where mean-field theory is reformulated as a nonlinear map 21 M;
i=

with opportune boundary conditions. One starts by deriving

Eq. (1) with respect tog; (i=1,. .. N) with 4= and Mg is the saturation magnetization. The
JE A1 Iongituqinal_ component .of Fhe reduced mggneti;ation is
0=+(1- 5i,1)T’sin( 0,—6;i_1) shown in Fig. 1a), while in Fig. 1(b) some spin configura-
tions are reported at selected values of the magnetic field.
For low reverse field® the metastable spin configuration is

76,

A .
—(1- 5LN)%sin( 0, .1— 6;)+ 2K, cosé, sin 6; found to be uniform ¢;=0, Vi): the magnetization reversal

is prevented by the hard layers which pin the soft layers, due
+HM; sin( 6, — 6,). (2) to the hard/soft exchange interaction. For reverse fields

) ) _ higher than the exchange-bias fi¢ld,=0.26 T, the central
Introducing the notations; =sin(¢—6-1), Eq. (2) can be  soft layers start to follow the magnetic field and a strongly

rewritten as a two-dimensional recursive map nonuniform spin configuration, with two domain walls, is
realized[see Fig. b)]: correspondingly, the parallel compo-
Ai,i2+1 i+1:Ai —lei s+ 2K; cosé, sin 6+ HM, sin( 6, — 6,) nent of the magnetizgtion_drqps sha_rply from the value 1._ It
d d should be noted that, in this field regime, the hard layers give
only a small contribution to the decrease of the magnetiza-
0; 1= 6;+sin" (s ;1) ()  tion since, besides having a smaller saturation magnetization

with respect to the soft phase, they are only slightly per-
turbed by the rotation of the soft layers. Upon increasing the
— i o\ — — i o= reverse field, the domain walls, nucleated in the soft phase,
S1=SiN(61=60)=0,  Sn+1=SiN(On+1— ) =0 (4) are reversibly compressed and progressively invade the hard
The latter equations represent two curves in the twolayers. The reversible rotation of the magnetization brings
dimensional phase spacs, ). Their physical meaning is the system to zero remanence at the coercive fléld
related to the absence of exchange interaction on one side ef0.59 T. As the process continues, the energy associated
each surface layer: see the Diracfunctions in Eq.(2).  with the domain walls in the hard layers becomes higher and
Within the map formalism, the equilibrium configurations of higher until, at a critical value of the fieltq;,=1.34 T, the

with the boundary conditions
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]
the 5(h+ 100s+ 50h trilayer, the reversal of the magnetiza-
0 tion in the soft material is more hampered owing to the pres-
1 200 ence of the hard material, exchange-coupled to the soft one,
on both sides. In contrast, the irreversibility figtg,, in the
plane index i trilayer is only 1% greater than in the bilayer: in fact, on the

basis of the mechanism discussed abdiig,is not expected
to vary in a substantial way, as long as the thickness of the
soft phase is appreciably greater than that of the hard phase.

FIG. 1. (a) Circles: longitudinal component of the reduced mag-
netizationM/M g, of a 5h/100s/50h trilayer as a function of the
reverse magnetic fieldn Teslg. The full line is a guide to the eye.
(b) Metastable spin configurations of the trilayer. Crogses, hori-
zontal line, ;=0 Vi): H=0. Open trianglesH=0.35 T (H, A. Effect of increasing nanostructuration
>H>H¢=0.26 T). Full circlessH=0.59 T (H just lower than

H.). Open rhombsH=1.34 T (4 just lower thart..). The previous findings regarding the trilayer-versus-

bilayer behavior induced us to further investigate the effect
of increasing nanostructuration while maintaining constant
spins of both the soft and hard layers switch irreversibly andhe total number of hard and soft layeté= N+ N,=200
the magnetization saturates to the vatug. The reason why and the overall hard/soft ratioc=N;/N¢=1, where N,
the irreversibility field results about one order of magnitude=3;N; ,=100 andNg=3;N; ¢=100. In Fig. 2 we present
smaller than the anisotropy field in the hard materid|,(  the results of our numerical simulations for the magnetiza-
<H{@"-2K,/M,=18.2 T, with our choice of Hamil- tion reversal in the case of a pentalayag€5): 33+ 50s
tonian parametejsvas explained by Kneller and Hawiin +34h+50s+33h; a heptalayer i{g=7): 25h+33s+25h
the hypothesis of high thickness of the soft phase with re-+34s+25h+ 33s+25h; an ennealayerny=9): 2th+25s
spect to the hard one. They pointed out that, with increasing- 20h + 25s+ 20h + 25s+ 20h+ 25s+20h; and an endeca-
H, the energy density of a domain wall in the soft materiallayer (ng=11): 1%h+20h+17h+20s+ 16h+20s+ 16h
increases above its equilibrium valug>e*Y~HMg, ow-  +20s+ 17h+20s+ 17h.
ing to the strong compression against the hard phase. The We denote byn, the nanodispersion index, so thay
critical field Hy, is determined by the condition that the en- =5 for the pentalayeny=7 for the heptalayer, and so on. It
ergy density in the soft material approaches that in the hari apparent that, upon increasing nanostructuration, the
one, e,—ep~2Ky, thus leading to the reduction of the exchange-bias fieldH., increases and the convexity of the
switching field with respect to the anisotropy field of the demagnetization curvié! (H) changes, approaching that of a
hard materialH < 2K /M¢< 2K, /M,=H "), “normal” permanent magnet as, increases.Actually, the

It is interesting to compare the previous results for thehigher the nanostructuration, the smaller the thickness of the
50h+ 100s+ 50h trilayer with those obtained in the case of a soft phase: see Fig. 3, where the equilibrium spin configura-
bilayer with the same total number of hard and soft layerstions are reported for different values of; (and atH
By the map method we find for a 188 10Gs bilayer: H,, ~ =<H,). Thus, the anisotropy of the hard phase is more effec-
=0.08 T, H,=0.23 T, H;,=1.33 T, in fair agreement tive (through the hard-soft exchange interaction the spins
with the experimental data in Sm-Co/Fe epitaxial bilayérs. of the soft layers. On one side, the exchange-bias figlgd
It should be noted that our estimation fdy, is not expected increases with increasing, i.e., the uniform configuration
to be fully reliable, since the simulation is based upon theés more favored, since the soft layers are more and more
assumption of a coherent rotation of the magnetizationpinned by the hard ones. On the other side, when domain
which is well justified only in the reversible regime. Passingwalls begin to form in the system, the highenigthe sooner
from the bilayer to the trilayer, we find that the exchange-they become unstable, leading to an irreversibility of the de-
bias fieldH, and the coercive fieltl . increase by a factor 3 magnetization process, with a change of convexity of the
and 2.5, respectively. Clearly, this is due to the fact that, inV(H) curve? In Fig. 4(a) we report the exchange-bias field
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Hex, the coercive fielH., and the irreversibility fieldH;, ~ Since it measures its ability to produce a large magnetic field
versusng . The qualitative features previously deduced from(large remanengefor an extended period of timgarge co-

the comparison between the bilayer and the trilayer are corfrcive field. From our simulations of the demagnetization
firmed by our detailed analysis; e.g., on passing from theurve, we can easily calculate the energy prodBet
trilayer to the endecalayer, we observe a strong increase, by (47M —H)H (where the fielH is considered as positiye
nearly an order of magnitude, of the exchange-bias fig}d ~ and find for which value oH it is maximum. In Fig. 4b),

It is worth noticing that our numerical results i, turn out ~ we report the calculatedBH) yax versus the nanodispersion
to be in excellent agreemétwith the solutions for the index ng, together with the ideal value BH)<9e
nucleation fieldHy, obtained solving the implicit equation

(11) in the paper by Skomsky and Co&¥hese authors con- 3

sidered a multilayered structure of alternating soft and hard

magnetic layers with sufficiently small multilayer periodicity 5 -

(=10 nm), a condition which is fulfilled by our model. Also - H '/‘

the coercive fielH, is found to strongly increase upon in- = F_'[,»/;,T”'

creasing nanostructuration. The irreversibility fiefig, re- T 1t

mains nearly constant as long as the thickness of the soft Hc/;r’ (a)

phase is substantially greater than that of the hard ptiase - Ho

practice forny=<7); with a further increase afy, H;, in- 0 -

creases almost linearly. 2 3 5 7 9 1 13 15
We observe that, in order to calculate the exchange-bias n,

field Hey, it is not necessary to solve the map equations Eq. 60 :

(3) with the boundary conditions E@4), but it is sufficient ) | _ideal .

to determine the eigenvalues of the Hessian 8 50

(ﬂZE/aai(w]—) (i,j=1,... N). As long as they are all posi- s 40 ¢

tive [i.e., the form(1) is positive definitg, the uniform con- =, 807

figuration with all the spins aligned opposite to the field is a A‘é’ 20 |

relative minimum of the energyl); the field for which at % 10 9 (b)

least one of the eigenvalues becomes negativel s In =~ % S

contrast, to calculatel. andH;,, one has to actually find the
trajectories in the phase space satisfying Byand Eq.(4).

We note that fony=7, H, coincides withH;, : i.e., already

for the heptalayer the reversal of the magnetization takes
place in a nonreversible way befoké has reached the zero FIG. 4. (a) H, (exchange-bias field, at which the magnetization

value. Moreover we find that fang=13 (not shown in Fig.  gops sharply from the value)1H, (coercive field, at whichv
2) the three fields coincidéde,=H:=Hj, i.e., the magne- _g) andH;, (irreversibility field, at which the magnetization un-
tization reversal from thet+1 to the —1 value occurs dergoes a sudden reversal to negative saturatéported as a func-
abruptly; experimentally, one should observe a perfectlytion of the nanodispersion index,. (b) Calculated maximum en-
square hysteresis cycle. ergy product BH),.x (full circles) as a function of the
Next, it is worthwhile investigating the effect of nanodis- nanodispersion indery, compared with the constant, ideal one
persion on the energy-producBf) .. The latter repre- (dashed ling (BH)!%3=(27M,)2. The full line is a guide to the
sents the figure of merit for a permanent magnet materiakye.
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1600 [ ¥ B. Effect of decreasing the thickness of the hard phase
‘g 800 F One of the technological advantages of exchange-spring
o magnets is that they contain less rare-edRE) content than
g 0 single-component hard RE-TM intermetallics, with the effect
2 800k of lowering the cost of materials and improving resistance to
= corrosion. Thus, it is quite important to investigate the effect

-1600 E of lowering the thickness of the expensive RE component in

-1.5 -1.0 -0.5 0.0 an exchange-spring magnet.
H(T) In Fig. 5 we present the results of our numerical simula-

tions for the magnetization reversal in the case of a symmet-
FIG. 5. Symbols: calculated demagnetization curves of trilayersgic trilayer (ng=3) of the typeN’h/100s/N’h, i.e., with a
(ng=3) of the typeN"h/100s/N"h, for selected values &', rang-  fixed number(100) of soft layers and with a numbex’ of
ing between 50 and 5. The lines are guides to the eye. hard layers on each side of the soft slab, which we allow to
vary between 50 and 5. In Fig. 6 the evolution of the equi-
=(27M,)?, pertinent to a square hysteresis lof., a Ii_brium spin configuration i_s sh_own as a functionif for a
linear B versus H plot), and corresponding tcH (9a) f!eld value,H=0.6 T, Wh]ch is greater than thg coercive
—glideal—2 M . We observe that for a film made f, field H, for all the considered values df’. It is well

2,10,14 .
hard layers and\, soft layers, with magnetizatiortd,, and ~ Knowr? that, for low values oN', the boundary condi-

M, respectively, the saturation magnetization is given by tions6,=6y=0 orm, corresponding to infinite anisotropy in
the hard layer(or infinite thickness of the hard layeN’

—o0) and ideal exchange coupling at the interfaces, can be
NpMp+NgM inadequate. An advantage of our method is that it does not
sat:TNS- (6) make any approximation about the magnetization direction
of the two surface planes. In fact, for sufficiently high fields
(H.=<H), we find that the deviation from O of the magneti-
For a film with N,=Ng=100 and magnetizationd/,, zation of the outermost plane increases in a significant way
=550 emu/c, M¢=1700 emu/crh, we obtain Mg, upon decreasin§l’: see Fig. 6.
=1125 emul/cr, so thatH(@®=27M  =7.068 kOe. As In Fig. 7(a), the three field$1,,, H., andH;, are reported
a consequence we have that, if the demagnetization curnas a function oN’. The decrease ihl, is very smooth for
keeps on to be saturated up to an exchange-bias lgld decreasind\’ because the value ¢, is essentially deter-
higher thanH(@®=27M ., the calculated maximum en- mined by the pinning effect of the anisotropy of the hard
ergy product BH) . turns out to be equal to the ideal phase on the magnetization of the soft phase, which is nearly
value, which forN,=Ng=100 is nearly 50 MGOe. In prac- the same for the investigated series of trilayers. Also the
tice, this happens already for the pentalayer, since it hasoercive fieldH. is found to increase very smoothly with
He=7.466 kOe. We note that the previous estimation forincreasingN’: thus, one can infer that there is not much use
He, is expected to be reliable since in the cage5 one has in increasing the thickness of the hard phase in the effort to
He<H;,. Thus we conclude that, from the point of view of improve the performance of the exchange-spring magnet. Fi-
the maximum energy product, in the case of an overall hardhally, the decrease iH;,, with decreasind\’ is expected. In
soft ratior=N,/Ng=1 it seems not convenient to pursue fact, the lower isN’ the higher is the costper spin in

nanostructuration beyomy=>5. exchange and anisotropy energy for a domain wall in the
m
(b)
<
o H
(=4
c
L]
0 ) 150 FIG. 6. Calculated metastable spin configura-
tions of trilayers (4=3) of the type
plane index i plane index i N’h/100s/N’h for selected values dfl’. (a) N’
=50; (b) N'=25; (c) N'=15; (d) N’=10. The
n © n ! | ) reverse magnetic field was fixed to the valde
- I | =0.6 T (i.e., H.<H<H,,, for all the consid-
®© o |l | ered values oN’).
H ¢ % H
2 o 1f
o ) Y
s & |4 ,
Y\ N
0 0 1 |
1 120

plane index i plane index i
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1.5 is possible to modulate the properties of a multilayer
N (a) exchange-spring magnet, i.e., the values of the exchange-bias
10F . H field Hey, the coercive fieldH, and the irreversibility field
ire H;,, in an almost continuous way. In particular we found
_____ H *~ that, upon increasing nanostructuration, the maximum en-
ergy product BH)..x rapidly tends to the ideal value
IR (2mMg,)?. On the other hand, upon reducing the thickness
0.0 ‘ ‘ ! ‘ of the hard phase in aN"h/100s/N’ trilayer, we found that
5 25 15 10 5 1 (BH),ax Presents a rather smooth behavior. These findings
N' suggest that, upon variation of both the nanodispersion index
ng and the thickness of the hard phase, it should be possible
100 | /(5) to determine the optimal composition of the exchange-spring
80 | — multilayer magnet, in order to meet the requirements for ap-
60 i plications. In practice, whenever the conditioRlg,
— >21M g4is fulfilled, the maximum energy product turns out
a0 e to be equal to the ideal value. It is extremely easy to calcu-
20 t late Hg,: it suffices diagonalizing thé&l X N matrix of the
ob_ . ... Hessian ¢°E/36;36;) (i,j=1,... N). The smallest value
50 45 40 35 30 25 20 15 10 5 of the applied field for which at least one, out of the
eigenvalues, becomes negative is jHst. For example, in
N’ the case of a heptalayemd{=7), we find that upon reduction
of the global thickness of the hard phase frdip=100 to
N,=40 (i.e., realizing the 10+ 33s+10h+34s+10h
+33s+10h arrangement the field of magnetization rever-
salH,, decreases from 12.5 k(Qysee Fig. 4a)] to 10.7 kOe,
while the quantity 2rM g, increases from 7.068 kG to 8.617
kG. Then, for the above-mentioned heptalayer with reduced

hard phasésee Fig. 6, so that the irreversible switch of the hard-phase content with respect to that considered in Sec.
magnetization takes place for lower field. Il A, the maximum energy product(H) pq, turns out to be

Let us now investigate how the figure of merit of the 74 MGOe, i.e., a value sensibly higher than that obtained by
permanent magnet dependsh In Fig. 7(b) we report the @ laboratory-scale Nére,,B magnet’

calculated energy producBH) ., as a function oiN’, in It is interesting to note that a maximum energy product of

comparison with the ideal valuH) = (27M..)2. We the same orde(73 MGOe€ was predicted by Fullerton
P B ma=(27M ) et all’ (see Fig. 11 of their papein the case of a Sm-Co/Fe

\(/)vti)tsheal e:tgﬁt, tk:;ms z:)tg r?et\llsr?ttr;? gr;etlzatlon, given by (B bilayer with rather small layer thicknesses: 12 A for the hard
h ' i
phase and 40 A for the soft one. For a model of spherical Fe
Ny(Ms—My) inclusions in Sm-Co, an even higher maximum energy prod-
Msa=Mn+ —S e (7)  uct (=86 MGOe) can be estimated in the framework of the
s theory by Skomsky and Co#ysee Eq.(9) in their papel,
Thus, M, monotonically increases with decreasiNg, and  provided that the diameter of the soft inclusion is smaller
so does the ideal energy product. In contrast, the calculatethan a few nm. We observe that a further increase of the
(BH)max Presents a very smooth dependenceNdn(with a  energy product is possible if the soft Fe phase is replaced by
rounded maximum al’=10), as expected on the basis of Co, which has higher saturation magnetizatibh,, ex-
the nearly constant dependenceHyf, onN’ [see Figs. 5and change constamg, and uniaxial anisotropi.
7(a)]. In conclusion, from our numerical analysis, we found that
Finally, it is worth noting that recently micromagnetic multilayer exchange-spring magnets with a considerable
calculations of the nucleation fieldy and of the maximum maximum-energy product8H),.x can be obtained using a
energy product in h/s/h trilayers were performed by Lein-rather small quantity of hard material, provided that nano-
eweber and Kroniler.?® However, since these quantities structuration is high enough. Clearly, to determine the form
were expressed as a function of the soft layer thickdgss®  of the demagnetization curvd (H), a more detailed analy-
direct comparison with our results is prevented, even thoughis is required; we showed that, at low temperatures, our
their correct order of magnitude is recovered in the approprireformulation of mean-field theory as a nonlinear map with
ate regime & wd,, Where, in our notations,5, opportune boundary conditioffs! allows a very rapid and
= JAn/2K}, is the domain-wall thickness in the hard phaseprecise determination of the equilibrium configuration of the
(for our model, 21,;=40 nm, whiled,~1 nm). multilayer, and thus an accurate simulation of tki&H)
curve.

H (T)
/

(BH), .. [MGOe]

FIG. 7. (8 Hey, H¢, andH;, reported as a function dfi’ for
trilayers of the typeN’h/100s/N’h. (b) Calculated maximum en-
ergy product BH).x (full circles), for trilayers of the type
N’h/100s/N'h as a function ofN’, compared with the ideal one
(dashed ling The full line is a guide to the eye.

IV. CONCLUSIONS
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