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Modeling the magnetic properties of DyFe ,/YFe, superlattices
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The Stoner—Wohlfarth model has proved reasonably successful in describing the coercivities of
antiferromagnetically coupled DykFEYFe, hard/soft superlattices in the absence of magnetic
exchange springs. In particular, the coercivity rises sharply as the net magnetic moment of the
superlattice approaches zero. However the situation becomes more complicated as the thickness of
the YFe layers is increased. Two distinct “instability fields” can be identified: the bending field
Bg, signifying the onset of a magnetic exchange spring, and the irreversible switchindfield
associated with magnetic reversal. We have developed a computational model to address this
problem. In particular, it is shown that the two instability fields in question are characterized by
vanishing eigenvalues in the matrix formed by the double energy derivaﬁEéswiaej , WhereE

is the total energy ané; the angle of each individual monolayer. It is shown that the model provides

a very good description of th®l-B,,, loops of DyFe/YFe, multilayer films. In particular, the
coercivity of a nearly magnetically compensated multilayer (75 ADyFE#® AYFeg) is much
reduced below the prediction of the Stoner—Wolhfarth model, in accord with experimerz00®
American Institute of Physics[DOI: 10.1063/1.1539072

INTRODUCTION Following work reported in Refs. 8—11, the total energy

. . of an exchange spring can be written in the form
The Stoner—Wohlfarth or single-domain coherent rota- ge spring

tion model is perhaps the simplest model that can provide an N

explanation for magnetic hysteredis This model is easily Etor= 2 — 314(i)Bed COL 61— 6,)[ 1— & ]+ cog 6,
generalized to describe artificially engineered multilayer '

films and has proved reasonably successful in describing the —0;_1)[1— & 1]} —Ka(i)cos 6,

coercivity of molecular beam epitaxy(MBE)-grown )

DyFe,/YFe, superlattice$.However, as the thickness of the ~ #(1)BappCOs 6 — Oy) )

magnetically soft YFg layers is increased, additional fea- Bex and B, are the magnetic exchange and applied fields,
tures come into play. Magnetic exchange springs, set up iRespectively, the magnetic field is applied alofig, with

the magnetically soft YFelayers?™’ exert torque on the respect to the uniaxial crystal field axis, and the delta func-
spins in the hard layer, thereby changing the magnetizatiofions indicate that the film is finite. For stability, the partial
M, and the irreversible switching fields of the composite  derivative of the total energy, with respect to a small varia-

film. This problem is tackled in this article. tion in 6, , must be zero:
aEtot_ . . .
STONER-WOHLFARTH MODEL WITH MAGNETIC g0, =~ MBedsin(fi 1= )1~ 5 ] =sin(6,

EXCHANGE SPRINGS
. . — 60— 1)[1—6; 1]} +Ka(i)sin 26;
In the generalized Stoner—Wohlfarth model, the coerciv-

ity B¢ is given by + w(i)Bappsin( 6, — 64) = 0. (©)]
2(Kyty+Kagtg) In general, numerical methods are employed to solveg Eqg.
CT ™M nth=Mgts (D The reader is referred to the iterative procedure developed by

Trallori et al.®~'* the Monte Carlo method of Fullerton
et al,*?>*3and the linearized procedure of Bowdenal* In
this article we use the last, because this method lends itself

whereK, (Kg) is the anisotropy of the hardoft) layer,M
(Myg) is the magnetic moment of the hajgbft) layer,ty (tg)
is the thickness of the hafdoft) layer, and+ refers either to readily to a discussion of stability.
ferromagnetidantiferromagneticcoupling between the hard In practice, the amount of computing time required to
and s_oft Iayers, respectively. We seek to generalize this g the shape of the exchange spring in a repetitive
pression to include magnetic exchange springs. multilayer film could be excessive. But the time can be re-
duced significantly by using “cyclic boundary” conditions.
¥Electronic mail: pajdeg@phys.soton.ac.uk In place of the delta functions in E¢3), we setfy= 6y and
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On+ 1= 04. Following the procedure in Ref. 14, we assume 4 —
that an initial set of angle&s,}, close to the desired equilib- M(uB) per /
rium set is already available. Thus by choosing new angles formula unit 2
0,—(6,)o+ 66; it should be possible to move even closer to
the equilibrium se{6;}. On expanding Eq3) to first order -10  -»p 5 10
in 660, we find jz

= = _-4

90, _’( a9, |, .

56, 2
PE.. °E.. o°E i-1 (
+ ( tot tot tot 60' . (4)

26,106, 967 901:196) | 55" o Is S

This equation is easily generalized to 2

-———'4"J 4

= =" B
+ 4 —

( 90 | "\ a0 , Eo(90)=0, ®) 4
where the(dE/d0) are column vectors an&” is an N 25’—

X N matrix. Thus the revised set of correctiof®) can be I
found by inverting Eq(5). In practice, this procedure rarely -10 = | 5 10

requires more than half a dozen iterations. However, it re- 2

mains to be shown whether the final 4e&} represents a Bape (T)

. . . -4
maximal or minimal energy solution.
From Taylor expansion we have FIG. 1. Calculated magnetization curvesaK for multilayer films Nyge,
N e =60Npyre,= 60 (10p), Nyge, = 60Npyre =30, and Nyge, =88MNpye = 22
tot (bottom.
Etot*)(Etot)O_l'z 90 ) de
i=1 i /g

periments on DyRgYFe, multilayers, Ka(DyFe)

N N 2
+ iE > ( J Etot) do.de. +... ~9(3) K.*In principle, it is possible to simulate an increase
215 7 106,00 o ' in temperature by reducing,, but neglecting thermal acti-
_ , . (6) vation.
= (Eto)ot (Bt "+ (Ero) "+ ... ' In Fig. 1, calculated magnetization curves can be seen

For the equilibrium sef#;} ={6;}, the set of first derivatives for the three superlattice films: a Dyfmagnetically domi-
(dEw/36)o must, of course, be zermsee Eq.(3)]. But in  nated,Nyge,=60MNpyre, =60, an almost magnetically com-
addition the second order term should be positive semidefipensatedNYFez:60/NDyF%:30 film, and a YFe¢ dominated
nite. To tackle this problem we note tha )" can be re-  fjjm, NYFeZ=88/l\IDyFez=22. The number of monolayers has

expressed in matrix form been chosen to correspond to the multilayer films
(Eo)"=3(d6)* E}(d6), (7)  [150 AYFe/150 ADyFe]x 10, [150 AYFe/75 ADyFe]

x 18, and [220 AYFe /55 ADyFe]x15. The measured

magnetization loops for the last of the three can be seen in

(Etor)"=%[K1d9§+7\2d9§+>\1d9§+. _____ , 7\Nd9r2\1]’ Fig. 2. From a comparison of Figs. 1 and 2 it can be ob-
(8) served that there is good semiquantitative agreement be-

whered’s have been used to symbolize that a unitary trr:ms:[\'veen theqry and e>.<pe.r|ment. Better agreement can be had

formation has been implemented. So for the second ordetFy fine tning the principle parameteld,, K,, andN, the

. . " . multilayer number per A. But the reader is warned that the
change in the energy is to be positive, all the eigenvakiyes crystal field anisotropy should be modified to include fourth-

must be greater than zero. If just one of the eigenvalues, sa d sixth-order rare earttRE) single-ion terms. plus the
Ak—0, then the associated second order change in energ%[' . : 9 plus |
agnetoelastic strain terfi. The calculated “instability

2 . . .
\d6z—0. In practice, soft modes occur at the bending fleldﬁe|ds“ Bg andB,g for the three films are listed in Table I.

Bg and the irreversible switching fielB,s. Finally, we re- .

mark that if one or more eigenvalues is negative, then the sé\{Ote that t.heB'S palcula}ted for th? nearly magnetically com-
: . pensated film, Fig. (b), is 5.321 T, cf. the measured result of

of angles{ 6} corresponds to a maximal energy solution and 4

should be discarded. ~8 T. However, if we use the Stoner—Wohlfarth model of

Eq. (1), we findB:~35 T, considerably higher than that of
experiment. Finally, we note that for tHv(leY,:%=88/NDy,:ez
=22 multilayer,B,y, is still positive when the magnetization
All the calculations presented below are o0 K. The  goes negative in the top right-hand quadrant. In a conven-
parameters used werk,(DyFe,)=10K, K (YFe,)=0, tional sense, this corresponds to “negative coercivity.”
MDyFeZ=7 MB MYFeZ=3 ue, and Bg,=600 K. From ex- However, the DyFg

or, alternatively, in diagonal form

RESULTS AND DISCUSSION
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FIG. 2. Measured magnetization curves at 10 K for multilayer films
[150 AYFe/150 A DyFe]x 10 (a), [150 AYFe/75 A DyFe]x 18 (b),
and[220 A YFe/55 A DyFe]x 15 (c).

12

layers are reversed at the much higher field Bfs
=5.927T.

CONCLUSIONS

Bowden et al.

TABLE I. Calculated instability field8g andBs.

Bs Bis

Nyre, /Npyre, M M
60/60 1.094 4.338
60/30 1.085 5.321
88/22 0.5486 5.927

used to provide a good semiquantitative interpretation of
DyFe, /YFe, multilayer films. In particular, it was noted that
the incipient presence of magnetic exchange springs brings
about a large reduction in the irreversible switching fi|d

of nearly magnetically compensated samples.
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