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Exchange springs in antiferromagnetically coupled DyFe2-YFe2 superlattices
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Molecular beam epitaxy methods have been used to grow single-crystal Laves phase DyFe2-YFe2 superlat-
tice samples with a~110! growth direction. In this paper, magnetization curves for the multilayer samples
@wDyFe2 /wYFe2#340, with w550, 75, 100, 150, and 300 Å, are presented and discussed. BelowTC , the
magnetic moments of the DyFe2 layers are coupled antiferromagnetically to those of the YFe2 layers. However,
in applied fields, it is possible to generate magnetic exchange springs in the YFe2 layers, with well-defined
bending~onset! fields BB . In particular, it is demonstrated, both experimentally and theoretically, that the
bending fieldBB is closely proportional to 1/w2, wherew is the thickness of the magnetically soft YFe2 layer.
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I. INTRODUCTION

In recent years, research into magnetic exchange spr
has received fresh impetus, because it holds out the pro
of increasing (BH)MAX in permanent magnet applications.1–4

For example, it has been argued that it should be possib
produce magnets with a giant energy product (BH)MAX of
120 MGOe, by exploiting the exchange-spring mechanism
nanostructured oriented magnets.3,4 In general, this researc
has been directed towards sputtered compounds, suc
SmCo5 and Fe, where the hard and soft magnetic layers
coupled ferromagnetically. Such a combination enables
magnetic designer to increase the net magnetization, w
maintaining the coercivity associated with the hard layer

In this paper, we report magnetic measurements on a
ferromagnetically coupled hard and soft multilayer samp
grown epitaxially with nanometer control. While antiferro
magnetic coupling leads naturally to a decrease in the m
mum energy product, it does permits interesting applicatio
These include engineering magnetic compensation point~in
a digital fashion!, increasing coercivity, and fabricating ma
netic exchange springs. In this paper, we present results
molecular beam epitaxy~MBE! grown, antiferromagneti-
cally coupled, DyFe2-YFe2 superlattice films. In zero field
the larger Dy moments are coupled antiferromagnetically
the weaker Fe moments, and hence to their Fe counterp
in neighboring YFe2 layers. However, this is not necessar
the case in applied fields above a critical value, known as
bending fieldBB . For fields in excess ofBB , model ex-
change springs can be set up in the YFe2 layers, whose prop-
erties are dictated by the thicknesses of the component
ers. A schematic drawing of an exchange spring in a sin
YFe2 layer can be seen in Fig. 1.

II. SAMPLE DETAILS, CRYSTAL GROWTH,
AND MEASUREMENT

The two magnetic layers in question, DyFe2 and YFe2,
belong to the cubic Laves Oh

7-F3dm MgCu2-type interme-
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tallic compound.5,6 They are both characterized by high C
rie temperatures in excess of 600 K, as a result of str
Fe-Fe magnetic exchange. In addition, they also exhibit r
tively strong RE-Fe magnetic exchange fields;100 T
~;100 K!, which gives rise to antiferromagnetic~ferromag-
netic! coupling in the heavy~light! RE compounds, respec
tively. Finally, the direction of easy magnetization is co
trolled primarily by crystal-field interaction at the RE ion7

FIG. 1. A schematic drawing of an exchange spring in a YF2

layer.
5817 ©2000 The American Physical Society
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5818 PRB 62M. SAWICKI et al.
For bulk DyFe2 the easy direction of magnetization is@001#
at all temperatures, whereas for YFe2 it is @111#. But since
the magnetic anisotropy of YFe2 is very much weaker than
that of DyFe2, the YFe2 layers can be considered as magne
cally soft. Thus the direction of easy magnetization in t
samples is likely to be dictated by the properties of
DyFe2 layers. Finally, it should be noted that the easy dir
tion of magnetization in an MBE grown~110! DyFe2 film
differs from that of the bulk, because of strain induced d
ing crystal growth. Nevertheless, at low temperatures the
rection of easy magnetization in MBE DyFe2 reverts to
@001#.8,9

All of the above-mentioned features have recently be
used to engineer a magnetic compensation point in
@25-Å DyFe2/50-Å YFe2#340 sample, with relatively thin
individual layers.9 Because of the strong Fe-Fe exchan
fields, all the Fe atoms, in both the DyFe2 and YFe2 layers,
are constrained to be parallel to each other. So it is poss
to balance the net magnetic moments associated with the
and Fe atoms, in a digital fashion.

In this paper, we present results for@wDyFe2/wYFe2#
340 samples, withw550, 75, 100, 150, and 300 Å. In thes
superlattices, exchange springs can be set up in the mag
cally soft YFe2 layers. This leads to an increase in the sa
ration magnetization, in applied fields greater than a criti
field. We shall refer to this field as the bending fieldBB ,
after Ref. 10.

The DyFe2-YFe2 superlattice samples were grown by m
lecular beam epitaxy~MBE! techniques using the Balzer
UMS 630 UHV facility at Oxford, following a procedure
described in Ref. 8. The samples were grown on e
prepared (112̄0) sapphire substrates with a 1000-Å~110! Nb
buffer and a 30-Å layer of Fe. Thew550-Å sample only
was grown with an additional YFe2 seed layer to facilitate
crystal growth, as reported in Ref. 9. However, no signific
improvement in quality was observed and the additio
YFe2 layer only serves to confuse the magnetic mom
analysis. The Laves phase compounds were grown by
deposition of elemental fluxes at a substrate temperatur
400 °C in ~110! orientation and with the major axes parall
to those of niobium.9 Because the bulk lattice parameters f
DyFe2 and YFe2 are 7.325 and 7.363 Å, respectively, th
mismatch at the multilayer interfaces is only;0.5%.Ex situ
the samples were analyzed by x-ray-diffraction techniqu
to confirm their single-crystal nature and check the bila
repeat distance.

The magnetic measurements reported here were mad
ing an Oxford Instruments Aerosonic 3001 vibrating sam
magnetometer~VSM!. The temperature range covered w
10–300 K, in applied fields of up to 12 T. Typical in-plan
magnetization curves for fields applied along the@001# axis
can be seen in Figs. 2~a!–~c!. Note that the magnetization i
given in terms of magnetic moment per formula unit, whi
we define as Dy0.5Y0.5Fe2 for all the samples studied.

It will be observed that there is a small jump in the ma
netization, in all the magnetization curves, as the magn
field passes through zero. This step could be due either t~i!
nonepitaxial layers at the bottom of the sample,~ii ! slight
misorientation of the sample, or~iii ! contamination of the
sapphire substrate, which could occur during sample sh
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ing, with a diamond/steel cutting wheel. Nevertheless, t
annoying feature does not negate any of the principle c
clusions reached in this paper. Finally, it should also be
knowledged that while the accuracy of the magnetic mom
does not allow us to distinguish between the bulk and e
taxial magnetic moments, the relative high accuracy of
VSM still allows us to follow the temperature dependence
the magnetization accurately.

III. RESULTS

From an examination of Figs. 2~a!–~c!, it will be observed
that all threeM-B loops show a relatively sharp increase

FIG. 2. Selected in plane@001# magnetization curves~mag-
netic moment per average formula unit Dy0.5Y0.5Fe2!
for ~a! @150-Å DyFe2/150-Å YFe2#340, ~b! @100-Å DyFe2/
100-Å YFe2#340, and~c! @75-Å DyFe2/75-Å YFe2#340.
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magnetization, in the positive right-hand quadrant. For
ample, in Fig. 2~a!, the overall increase in magnetizatio
from 2 to 4mB , commences at the bending field ofBB
51.2 T, at 10 K. This increase in magnetization is read
understood in terms of exchange springs. If we ascribe
ments of 10 and 1.5mB to the Dy and Fe atoms, respectivel
then in the antiferromagnetic state, the net magnetic mom
per formula unit (Dy0.5Y0.5Fe2) is 2mB . Thus the increase
from 2 to 4mB is entirely due to the creation of exchang
springs. Furthermore, after saturation, the magnetiza
curve is found to be reversible if the field is ramped up a
down between the coercive field2BC and112 T. This re-
versibility is a characteristic feature of magnetic exchan
springs.1 Moreover, from an examination of Figs. 2~a!–~c!, it
is clear that larger bending fieldsBB are required when the
thickness of the YFe2 layers is reduced. This property
highlighted in Fig. 3, which shows the measured bend
fieldsBB versus the thicknessw of the YFe2 layer, plotted on
a log-log scale. It will be observed that the points fall almo
on a straight line. From a least squares fit we find that

BB5kwn, ~1!

where

n521.8360.12,

log10~k!54.160.2. ~2!

This behavior can be explained in terms of a neare
neighbor exchange model, which we outline briefly below

IV. DISCUSSION

Following Ref. 1, but with minor changes in notation, th
total energy for a soft domain wall, with nearest-neighb
interactions only, takes the form

E5(
n

«~n!, ~3!

where

FIG. 3. The bending fieldBB as a function of the width of the
YFe2 layer w, plotted on a log-log scale.
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«~n!52mFeBAPPcosun2 1
2 mFeBEX@cos~un2un21!

1cos~un112un!#. ~4!

Note that any anisotropy associated with the YFe2 layer has
been neglected. Also care must be exercised with the spin
the beginning and end of the magnetic exchange spr
which are pinned by the DyFe2 layers.

For stability, the energy of the entire domainE wall must
be stable with respect to small partial variations inun :

]E

]un
50. ~5!

Proceeding in this fashion, it is possible to determine the
of equilibrium angles$un%, in an iterative fashion.11 More-
over, given the equilibrium set$un%, it is a straightforward
matter to calculate the energy of the entire exchange sp
and to compare it with the energy of the simple ferroma
netic state~i.e., no exchange spring!. In practice, exchange
springs will only form when the gain in Zeeman energy o
weighs the concomitant loss in magnetic exchange ene
The transition takes place at the bending fieldBB , and from
both computer and analytical calculations we find that

BB

BEX
5S p

ND 2

, ~6!

whereBEX is the Fe-Fe exchange field andN is the number
of soft YFe2 monolayers. A more detailed proof of thi
simple result will be given elsewhere.11 But for the present
we note thatBB}1/w2, wherew is the thickness of the sof
layer. This inverse square law was first derived, many ye
ago, for bilayer samples.10 More recently, a similar result ha
been obtained for the case of a soft magnetic sphere of ra
R, embedded in a hard magnetic medium.12

As noted earlier, the experimentally determined expon
of w falls slightly below that of22. However, we believe
that the experimentally determined figure of21.8360.12 is
acceptable, given the uncertainties associated with spin
ning at the edges of the YFe2 layer. In this regard, prelimi-
nary TEM measurements show that the surface roughnes
the interfaces could be as high as65 Å.13

Finally, we can use Eq.~6!, and the bending fields show
in Figs. 2~a!–~c!, to make an estimate of the magnetic e
change field. For example, for thew5100-Å sample, the
effective number of Fe monolayersN is ;55, where we have
assumed that there are four Fe layers per unit cell. Thus
usingBB53.0 T, we findBEX;910 T. This figure is in ex-
cess of the figure of 680 T, given by Ref. 6 and may refl
the inadequacies of the nearest-neighbor effective-fi
model.

V. CONCLUSIONS

We have presented magnetization results for MBE gro
DyFe2-YFe2 superlattice samples, with antiferromagne
coupling between the two component layers. The res
show the existence of model exchange springs in the m
netically soft YFe2 layers, pinned at their edges by the ma
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netically hard DyFe2 layers. These exchange springs a
characterized by well-defined bending~onset! fields BB ,
which are proportional to 1/wn, where the experimentally
determined exponentn is almost 2.
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