
JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 11 1 JUNE 2001
Spin configurations and negative coercivity in epitaxially grown
DyFe2 ÕYFe2 superlattices

S. N. Gordeev,a) J.-M. L. Beaujour, G. J. Bowden, P. A. J. de Groot, and B. D. Rainford
Department of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ,
United Kingdom

R. C. C. Ward and M. R. Wells
Clarendon Laboratory, Oxford University, Oxford OX1 3PU, United Kingdom

Molecular beam epitaxial methods have been used to grow single crystal Laves phase DyFe2/YFe2

superlattice samples with a~110! growth direction. In particular, the magnetic properties of the YFe2

dominated multilayer samples@wDyFe2/4wYFe2#3N with w520, 30, 40, 45, 50, and 55 Å are
presented and discussed. In principle, the multilayer films should possess similar magnetic
properties because they are all nominally Dy0.2Y0.8Fe2. However, it is shown that their magnetic
properties depend strongly on the thickness of the DyFe2 layers w. Those films withw>45 Å
possess negative coercivities, while those withw<40 Å are positive. It is argued that this behavior
can be understood in terms of a strong increase of the intrinsic coercivity of the DyFe2/YFe2

superlattice, taken as a whole, asw is reduced. Forw<40 Å almost none of the DyFe2 moments can
be flipped over in the available field range~12 T!. © 2001 American Institute of Physics.
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I. INTRODUCTION

Epitaxial multilayer films of DyFe2/YFe2 can be grown
with specific magnetic properties. For example, films ha
been produced with magnetic compensation points,1 tailored
coercive fields,2 model magnetic exchange springs that sc
closely with 1/w2, wherew is the thickness of the magnet
cally soft YFe2 layers,3 and negative coercivities.4,5 Such
films should find applications in magnetostrictive and sp
tronic devices.6,7 In general, the properties of DyFe2/YFe2

superlattices are characterized by~i! a dominant ferromag-
netic Fe–Fe exchange~;600 T!, ~ii ! a weaker antiferromag
netic Dy–Fe exchange~;100 T!, and~iii ! a Dy crystal field
anisotropy~;10–100 T!. The latter determines the directio
of easy magnetization, which is@001# at temperatures below
100 K.8,9 Consequently, in zero field and at low temper
tures, the net moments of the DyFe2 ~;7 mB per formula
unit! and YFe2 ~;3 mB! are aligned antiferromagneticall
along a@001# axis. Since the thickness of the YFe2 layers is
four times that of the DyFe2 layers, the net magnetic mome
is YFe2 dominated.

In the presence of an applied field, magnetic excha
springs, set up within the YFe2 layers, play an important role
in determining the magnetization of the superlattice.3–5,10

Such springs are characterized by a critical bending fi
BB .3–5,10–14 For fields less thanBB , all the Fe magnetic
moments in both YFe2 and DyFe2 layers are aligned paralle
to each other due to the strong Fe–Fe magnetic excha
But when the applied field exceedsBB , it becomes energeti
cally favorable for the magnetic moments within the s
YFe2 layers to rotate, forming exchange springs, pinned
the edges by the neighboring hard DyFe2 layers. Conversely
when the field is removed, the magnetic exchange spr
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unwind giving rise to a net negative magnetic moment, ev
though the applied field is still positive.4,5

In this article the problem of designing films with neg
tive coercivities is examined in more detail. In all, results a
collated and discussed for six YFe2 dominated multilayer
samples@wDyFe2/4wYFe2#3N where w520, 30, 40, 45,
50, and 55 Å. Nominally, all these samples should poss
the same magnetic properties. However, it is shown that
sign of the coercivity of the superlattices changes from ne
tive to positive with decreasing thicknessw.

II. EXPERIMENT

The ~110! Laves phase DyFe2/YFe2 superlattices in this
work were grown by molecular beam epitaxial methods,
described elsewhere.1,15 The samples were deposited o
epiprepared (1120̄) sapphire substrates with a 500 Å~110!
Nb buffer and a 30 Å seed layer of Fe. All the samples w
YFe2 dominated, in the sense that the magnetic momen
the YFe2 component exceeded that of the DyFe2. The mag-
netic measurements were made using a 12 T vibra
sample magnetometer.

III. RESULTS AND DISCUSSION

The magnetization curve, for the samplew545 Å, can
be seen in Fig. 1. This data was obtained at 10 K for fie
applied along the easy@001# axis. For convenience the mag
netizationM has been converted to Bohr magnetons per
erage formula unit (Dy0.2Y0.8Fe2). For the three multilayer
films, with w545, 50, and 55 Å, the measured coercivity
negative. However, This is not the case for the films w
w520, 30, and 40 Å. Magnetization curves forw530 and
40 Å can be seen in Fig. 2. It will be observed that t
8 © 2001 American Institute of Physics
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coercivity is positive and close to zero. The measured co
civities for the six superlattices investigated are summari
in Fig. 3.

An interpretation of the magnetization curve with neg
tive coercivity has already been given in Ref. 5. In a lar
negative applied fieldBapp(212 T), the minimum energy
state is achieved with the net moment of the DyFe2 layers
(;7mB) all pointing alongBapp, with magnetic exchange
springs set up in the thicker YFe2 layers~see insets to Fig. 1!.
However, as the strength of the applied field is reduced,
YFe2 exchange springs unwind until the applied field reac
the critical bending fieldBB(;1 T). For a symmetric ex-

FIG. 1. In-plane @001# magnetization curve for the superlattice film
@wDyFe2/4wYFe2#3N for w555 Å andN515 at T510 K. Insets show
spin configurations. Bold~thin! arrows represent Dy~Fe! moments, respec-
tively.

FIG. 2. In-plane @001# magnetization curves for the superlattice film
@wDyFe2/4wYFe2#3N for w530, 40, and 45 Å, andN527, 20, and 18,
respectively, atT510 K.
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change spring this bending field is given byBB

5Bex(p/n)2, whereBex is the exchange field andn is the
number of monolayers in the spring.14 When the applied field
falls below this value the exchange spring becomes unst
with the creation of the antiferromagnetic state. Since all
samples are YFe2 dominated, this state is characterized by
positive magnetic moment;1.0mB per formula unit. The
magnetization is positive even though the applied field is s
negative. On increasing the magnetic field still further, t
magnetic moment stays constant, at;1.0mB , until Bapp

5Birr;7.5 T. Indeed, if this field is not exceeded, the ma
netization curve between212 T andBirr is completely re-
versible, a classic signature of magnetic exchange spring
havior. However, whenBirr is exceeded, the system becom
unstable with irreversible flips in the magnetic moments
the DyFe2 layers, accompanied by the simultaneous creat
of magnetic exchange springs in the YFe2 layers.4,5 Finally,
when all the DyFe2 layers have been flipped over, we arriv
at the spin configuration shown in the inset of Fig. 1 f
Bapp512 T.

The magnetization curves obtained atT510 K for the
three samplesw530, 40, and 45 Å can be seen in Fig.
Here the measured coercivitiesBc and the remanent mag
netic momentsmr are almost zero. All the curves are pra
tically reversible. Note also that the step (Dm) in the mag-
netization, associated with flipping the DyFe2 layers atBirr ,
vanishes whenw<30 Å. The stepDm, the coercivityBc ,
the remanent momentsmr , and the maximum magnetic mo
mentmmax , as a function ofw, are all summarized in Fig. 3

The apparent differences between the magnetiza
curves of Figs. 1 and 2 can be understood as follows. F
we observe, from an examination of Fig. 3, that the switc
ing of the DyFe2 layers, as indicated by the stepDm, is
effectively suppressed whenw falls below 40 Å. Second,
there is a concomitant fall in the maximum magnetic m

FIG. 3. The remanent magnetic momentmr , the magnetization step a
Birr ,Dm, and the magnetic moment atBapp512 T, mmax ~a!, and the coer-
cive field Bc ~b! for six @wDyFe2/4wYFe2#3N samples at 10 K.
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ment mmax(3.2→1.7mB) as w is decreased. The latter sug
gests therefore that the contribution to overall magnetic m
ment by the DyFe2 layers is missing whenw<40 Å. In
addition, in these samples the ruminant magnetic momen
very small, despite being cycled in a field of 12 T. Thus t
DyFe2 layers must be frozen, in an antiferromagnetic dom
pattern, and cannot be aligned even in a field of 12 T.

We can understand why this behavior occurs in terms
the energy changes associated with switching of the Dy2

layers. In the first place, there will be a gain in the Zeem
energy associated with the switching of the DyFe2 layers
themselves. However, this gain comes at a penalty. When
DyFe2 layers are switched, exchange springs are necess
set up in the YFe2 layers. This results in two energy loss
that can offset the gain in the YFe2 Zeeman energy. One,
loss in Fe–Fe exchange energy, because the Fe momen
no longer parallel to each other. Two, a loss in YFe2 Zeeman
energy, which we estimate to be;2.4@^cosu&21#mB per for-
mula unit, where^cos u& is the average projection of th
exchange spring moments in the direction of the app
field.14 In practice, ^cos u& increases with increasing th
thickness of the YFe2 and/or increasing the strength of th
applied field. Thus the fieldBirr , at which the switching of
the DyFe2 layers becomes energetically favorable, shifts
higherBapp whenw decreases. Ultimately therefore, switc
ing of the DyFe2 layers will be suppressed if there is insu
ficient energy~magnetic field! to drive the transition.

Finally, we offer the following interpretation for the
multilayer film with w530 Å. Here almost none of the
DyFe2 layers can be flipped over in a field of 12 T. So t
DyFe2 layers are presumably trapped in an antiferromagn
state, with zero net magnetic moment. However, as the m
netic field is increased, magnetic exchange springs form
the soft YFe2 layers. Such springs will give rise to reversib
magnetization and an almost vanishing hysteresis loop
observed.

IV. CONCLUSIONS

We have performed magnetization studies
@wDyFe2/4wYFe2#3N superlattices withw520– 55 Å. It
was found that while magnetic properties of all these sam
are largely determined by the formation of exchange sprin
the coercive fieldBc and the ruminant fieldmr are strongly
dependent on the thicknessw. For w>45 Å the superlattices
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showBc,0 andmr,0. Whereas forw<40 Å, bothBc and
mr are positive and the magnetization curves are practic
reversible. We attribute these changes to an increase in
Birr of the superlattice as a whole, as the thicknessw is de-
creased. In particular, forw<40 Å flipping of the DyFe2
layers is effectively suppressed by the energy requirem
associated with the setting up of exchange springs in
YFe2 layers. In such samples, the DyFe2 moments are frozen
in an antiferromagnetic state and make little or no contrib
tion to the net magnetic moment. Thus the magnetizat
loop is almost entirely determined by the magnetic excha
springs, in the soft YFe2 layers.
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