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Modeling the magnetic properties of DyFe 2 ÕYFe2 superlattices
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The Stoner–Wohlfarth model has proved reasonably successful in describing the coercivities of
antiferromagnetically coupled DyFe2 /YFe2 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 YFe2 layers is increased. Two distinct ‘‘instability fields’’ can be identified: the bending field
BB , signifying the onset of a magnetic exchange spring, and the irreversible switching fieldBIS

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 derivatives]2E/]u i]u j , whereE
is the total energy andu i the angle of each individual monolayer. It is shown that the model provides
a very good description of theM –Bapp loops of DyFe2 /YFe2 multilayer films. In particular, the
coercivity of a nearly magnetically compensated multilayer (75 ÅDyFe2/150 ÅYFe2) is much
reduced below the prediction of the Stoner–Wolhfarth model, in accord with experiment. ©2003
American Institute of Physics.@DOI: 10.1063/1.1539072#
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INTRODUCTION

The Stoner–Wohlfarth or single-domain coherent ro
tion model is perhaps the simplest model that can provide
explanation for magnetic hysteresis.1–3 This model is easily
generalized to describe artificially engineered multilay
films and has proved reasonably successful in describing
coercivity of molecular beam epitaxy~MBE!-grown
DyFe2 /YFe2 superlattices.4 However, as the thickness of th
magnetically soft YFe2 layers is increased, additional fea
tures come into play. Magnetic exchange springs, set u
the magnetically soft YFe2 layers,5–7 exert torque on the
spins in the hard layer, thereby changing the magnetiza
M, and the irreversible switching fieldBIS of the composite
film. This problem is tackled in this article.

STONER–WOHLFARTH MODEL WITH MAGNETIC
EXCHANGE SPRINGS

In the generalized Stoner–Wohlfarth model, the coerc
ity BC is given by

BC5
2~KHtH1KStS!

MHtH6MStS
, ~1!

whereKH (KS) is the anisotropy of the hard~soft! layer,MH

(MS) is the magnetic moment of the hard~soft! layer,tH (tS)
is the thickness of the hard~soft! layer, and6 refers either to
ferromagnetic~antiferromagnetic! coupling between the har
and soft layers, respectively. We seek to generalize this
pression to include magnetic exchange springs.

a!Electronic mail: pajdeg@phys.soton.ac.uk
6480021-8979/2003/93(10)/6480/3/$20.00

Downloaded 01 Jul 2004 to 128.122.53.5. Redistribution subject to AIP
-
n

r
he

in

n

-

x-

Following work reported in Refs. 8–11, the total ener
of an exchange spring can be written in the form

Etot5(
i

N

2 1
2m~ i !Bex$cos~u i 112u i !@12d i ,N#1cos~u i

2u i 21!@12d i ,1#%2KA~ i !cos2 u i

2m~ i !Bappcos~u i2uH! ~2!

Bex and Bapp are the magnetic exchange and applied fiel
respectively, the magnetic field is applied alonguH , with
respect to the uniaxial crystal field axis, and the delta fu
tions indicate that the film is finite. For stability, the parti
derivative of the total energy, with respect to a small var
tion in u i , must be zero:

]Etot

]u i
52m~ i !Bex$sin~u i 112u i !@12d i ,N#2sin~u i

2u i 21!@12d i ,1#%1KA~ i !sin 2u i

1m~ i !Bappsin~u i2uH!50. ~3!

In general, numerical methods are employed to solve Eq.~3!.
The reader is referred to the iterative procedure develope
Trallori et al.,8–11 the Monte Carlo method of Fullerton
et al.,12,13 and the linearized procedure of Bowdenet al.14 In
this article we use the last, because this method lends i
readily to a discussion of stability.

In practice, the amount of computing time required
find the shape of the exchange spring in a repetit
multilayer film could be excessive. But the time can be
duced significantly by using ‘‘cyclic boundary’’ conditions
In place of the delta functions in Eq.~3!, we setu05uN and
0 © 2003 American Institute of Physics
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uN115u1 . Following the procedure in Ref. 14, we assum
that an initial set of angles$u i%0 close to the desired equilib
rium set is already available. Thus by choosing new ang
u i→(u i)01du i it should be possible to move even closer
the equilibrium set$u i%. On expanding Eq.~3! to first order
in du i we find

]Etot

]u i
→S ]Etot

]u i
D

0

1S ]2Etot

]u i 21]u i

]2Etot

]u i
2

]2Etot

]u i 11]u i
D

0
S du i 21

du i

du i 11

D . ~4!

This equation is easily generalized to

S ]Etot

]u D→S ]Etot

]u D
0

1E09~du!50, ~5!

where the(]Etot /]u) are column vectors andE9 is an N
3N matrix. Thus the revised set of corrections~du! can be
found by inverting Eq.~5!. In practice, this procedure rarel
requires more than half a dozen iterations. However, it
mains to be shown whether the final set$u i% represents a
maximal or minimal energy solution.

From Taylor expansion we have

Etot→~Etot!01(
i 51

N S ]Etot

]u i
D

0

du i

1
1

2! (i

N

(
j

N S ]2Etot

]u i]u j
D

0

du idu j1...,

~6!
5~Etot!01~Etot!81~Etot!91..... .

For the equilibrium set$u i%5$u i%0 the set of first derivatives
(]Etot /]ui)0 must, of course, be zero@see Eq.~3!#. But in
addition the second order term should be positive semid
nite. To tackle this problem we note that (Etot)9 can be re-
expressed in matrix form

~Etot!95 1
2~du!* E09~du!, ~7!

or, alternatively, in diagonal form

~Etot!95 1
2@l1du1

21l2du2
21l1du3

21,....., lNduN
2 #,

~8!

whered’s have been used to symbolize that a unitary tra
formation has been implemented. So for the second o
change in the energy is to be positive, all the eigenvalueslK

must be greater than zero. If just one of the eigenvalues,
lK→0, then the associated second order change in en
lkduk

2→0. In practice, soft modes occur at the bending fi
BB and the irreversible switching fieldBIS . Finally, we re-
mark that if one or more eigenvalues is negative, then the
of angles$u i% corresponds to a maximal energy solution a
should be discarded.

RESULTS AND DISCUSSION

All the calculations presented below are forT50 K. The
parameters used wereKA(DyFe2)510 K, KA(YFe2)50,
MDyFe2

57 mB , MYFe2
53 mB , and Bex5600 K. From ex-
Downloaded 01 Jul 2004 to 128.122.53.5. Redistribution subject to AIP
s

-

fi-

-
er

y,
gy

et

periments on DyFe2 /YFe2 multilayers, KA(DyFe2)
;9(3) K.4 In principle, it is possible to simulate an increa
in temperature by reducingKA , but neglecting thermal acti
vation.

In Fig. 1, calculated magnetization curves can be s
for the three superlattice films: a DyFe2 magnetically domi-
nated,NYFe2

560/NDyFe2
560, an almost magnetically com

pensated,NYFe2
560/NDyFe2

530 film, and a YFe2 dominated
film, NYFe2

588/NDyFe2
522. The number of monolayers ha

been chosen to correspond to the multilayer film
@150 ÅYFe2/150 ÅDyFe2#310, @150 ÅYFe2/75 ÅDyFe2#
318, and @220 ÅYFe2/55 ÅDyFe2#315. The measured
magnetization loops for the last of the three can be see
Fig. 2. From a comparison of Figs. 1 and 2 it can be o
served that there is good semiquantitative agreement
tween theory and experiment. Better agreement can be
by fine tuning the principle parametersBex, KA , andN, the
multilayer number per Å. But the reader is warned that
crystal field anisotropy should be modified to include four
and sixth-order rare earth~RE! single-ion terms, plus the
magnetoelastic strain term.15 The calculated ‘‘instability
fields’’ BB and BIS for the three films are listed in Table I
Note that theBIS calculated for the nearly magnetically com
pensated film, Fig. 1~b!, is 5.321 T; cf. the measured result o
;8 T. However, if we use the Stoner–Wohlfarth model
Eq. ~1!, we find BC;35 T, considerably higher than that o
experiment. Finally, we note that for theNYFe2

588/NDyFe2

522 multilayer,Bapp is still positive when the magnetizatio
goes negative in the top right-hand quadrant. In a conv
tional sense, this corresponds to ‘‘negative coercivity.’’15

However, the DyFe2

FIG. 1. Calculated magnetization curves at 0 K for multilayer filmsNYFe2

560/NDyFe2
560 ~top!, NYFe2

560/NDyFe2
530, and NYFe2

588/NDyFe2
522

~bottom!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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layers are reversed at the much higher field ofBIS

55.927 T.

CONCLUSIONS

In this article it was shown that the Stoner–Wohlfar
model, adapted to include magnetic exchange springs, ca

FIG. 2. Measured magnetization curves at 10 K for multilayer film
@150 ÅYFe2/150 Å DyFe2#310 ~a!, @150 ÅYFe2/75 Å DyFe2#318 ~b!,
and @220 Å YFe2/55 Å DyFe2#315 ~c!.
Downloaded 01 Jul 2004 to 128.122.53.5. Redistribution subject to AIP
be

used to provide a good semiquantitative interpretation
DyFe2 /YFe2 multilayer films. In particular, it was noted tha
the incipient presence of magnetic exchange springs br
about a large reduction in the irreversible switching fieldBIS

of nearly magnetically compensated samples.
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TABLE I. Calculated instability fieldsBB andBIS .

NYFe2
/NDyFe2

BB

~T!
BIS

~T!

60/60 1.094 4.338
60/30 1.085 5.321
88/22 0.5486 5.927
 license or copyright, see http://jap.aip.org/jap/copyright.jsp


