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Negative coercivity in epitaxially grown „110… DyFe2 ÕYFe2 superlattices
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Molecular beam epitaxial methods have been used to grow single crystal Laves phase DyFe2/YFe2

superlattice samples with a~110! growth direction. Detailed magnetization curves have been
obtained for YFe2 dominated multilayer samples@wDyFe2/4wYFe2#316 with w545, 50, and 55
Å. In particular, it is shown that the formation of magnetic exchange springs in the magnetically soft
YFe2 layers, can be used to engineer multilayer samples with a negative coercivity. Further, by
using asymmetric field cycling procedures, we have investigated the irreversible parts of theM –B
loop, associated with the switching of the DyFe2 multilayers. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1344594#
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Recently, it has been shown that the magnetic proper
of epitaxially grown~110! multilayers of DyFe2/YFe2 can be
engineered with specific magnetic properties. In particu
films have been produced with~i! magnetic compensatio
points,1 ~ii ! tailored coercive fields2 within the limits
BC(DyFe2)<BC<`, and ~iii ! model magnetic exchang
springs, that scale closely with 1/d2, whered is the width of
the magnetically soft YFe2 layers.3 In this letter we will
show that by utilizing the properties of magnetic exchan
springs, it is possible to grow YFe2 dominated films with a
tailored negative coercivity. Such films should find applic
tions in devices that require specified exchange bias fie
such as magnetostrictive and spintronic devices.4,5

The problem of inverted magnetic hysteresis loops,
sputtered multilayer films, has been of increasing interes
recent years.6–12 In the main, such behavior has been attr
uted to ‘‘exchange-field biasing’’ across the interface b
tween two layers, characterized by different magnetic ha
ness and coupled antiferromagnetically. Examples are~i!
CoO–Co composite films,6,7 ~ii ! d-MnGa/~Mn, Ga, As!/d-
MnGa trilayer films,8 ~iii ! Gd–Fe/Tb–Fe bilayer films,9 ~iv!
Gd/Co bilayer films,10 and ~v! NiFe/TbCo bilayer films.11

Finally, it should be noted that a different mechanism, ot
than exchange-field biasing, has been proposed in Ref. 1
the latter, dipolar fields emanating from the hard magne
layers demagnetize the soft layers, giving rise to nega
coercivities.

In this letter, another mechanism for engineeri
multilayer samples with negative coercivity is demonstrat
Unlike previous work, this mechanism is based primarily
the properties of magnetic exchange springs, which ‘‘u
wind,’’ and ultimately disappear, as the applied field a
proaches the critical bending fieldBB .13–16 The effect is
demonstrated using epitaxial, YFe2 dominated, superlattice
@wDyFe2/4wYFe2#316 with w545, 50, and 55 Å, grown
by molecular beam epitaxial~MBE! methods. It is shown
that magnetic exchange springs in the YFe2 layers are re-
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sponsible for~i! the negative coercive field, and~ii ! the re-
versible parts of the magnetic hysteresis loop. By way
contrast, the irreversible parts of theM –B loop are associ-
ated with the switching of the DyFe2 layers.

Details of the cubic LavesOh
72F3dm intermetallic

compounds DyFe2 and YFe2 can be found in various review
articles~e.g., Refs. 17 and 18!. These compounds have hig
Curie temperatures (TC'600 K), due to the strong Fe–F
exchange interactions. The Dy–Fe exchange interact
give rise to antiferromagnetic coupling between the Dy a
Fe moments. The direction of easy magnetization is c
trolled by the crystal field interactions at theRE site.19 For
bulk DyFe2 the direction of magnetization is@001# at all
temperatures, whereas for YFe2 it is @111#. However, since
YFe2 is characterized by very weak magnetic anisotropy
can be considered magnetically soft. Recent work has sh
that the direction of magnetization in DyFe2 thin films is
temperature dependent,20 probably due to lattice mismatc
strains. Nevertheless, at temperatures below;100 K, the
direction of easy magnetization in MBE grown DyFe2 films
reverts to@001#.1,20

We used a Balzers UMS 630 ultrahigh vacuum facil
to grow epitaxial DyFe2/YFe2 superlattice samples, by MBE
techniques.1,20 The films were grown on epiprepared (1120̄)
sapphire substrates (10312 mm) with a 1000 Å~110! Nb
buffer and a 30 Å layer of Fe. The films were grown b
codeposition of elemental fluxes at a substrate temperatu
400 °C in ~110! orientation, with the major axes parallel t
those of niobium. Given that the bulk lattice parameters
DyFe2 and YFe2 are 7.325 and 7.363 Å, respectively, th
mismatch at the superlattice interfaces is expected to b
the order 0.5%.Ex situ x-ray diffraction studies confirmed
the single crystal nature of the samples. Superlattice satel
were clearly defined and confirmed the programmed rep
distances. In addition, high resolution transmission elect
measurements indicate an interface roughness of less tha
Å.21 Finally, we note that the superlattices are strained, b
by their coherency strain, and thermal expansion misma
with the substrate. For more details the reader is referre
Ref. 22.
© 2001 American Institute of Physics
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Magnetic hysteresis loops were measured using an
ford Instruments Aerosonic 3001 vibrating sample magne
meter for 10 K,T,300 K and for fields of up to 12 T ap
plied along the@001# axis. A typical in plane magnetizatio
curve, forw550 Å, can be seen in Fig. 1. For convenien
the magnetizationM has been converted to Bohr magneto
per average formula unit (Dy0.2Y0.8Fe2). Note that in going
from 212 to 112 T, the magnetization crosses zero atBC

520.50 T. Thus, the film in question is characterized by
negative coercive field.

An interpretation of this data is summarized in Fig.
Here various schematic spin configurations can be seen,
function of the applied magnetic field. In a large negat
applied field~212 T!, the minimum energy state is achieve
with the net moment of the DyFe2 layers ~;7 mB per for-
mula unit! pointing along the applied field, as shown in Fi
2~a!. This means that magnetic exchange springs are ne
sarily set up in the thicker YFe2 layers. However, as the
strength of the applied field is reduced, the YFe2 exchange
springs unwind, until the applied field reaches a critic
bending field BB .13–16 For a symmetric exchange sprin
(0°→f→0°) this bending field is determined by

BB5BEXS p

ND 2

, ~1!

where~i! BEX is the exchange field, and~ii ! N is the number

FIG. 1. In plane @001# magnetization curves for the superlattice fil
@50 Å DyFe2/200 Å YFe2#316, obtained atT520 K.

FIG. 2. Schematic representations of the magnetic moments and exch
springs in the@50 Å DyFe2/200 Å YFe2#316 multilayer film, as the mag-
netic field is increased from a large negative to positive value. The la
~small! arrows represent Dy~Fe! magnetic moments, respectively.
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of monolayers in the spring.16 When the applied field falls
below this value, the exchange spring becomes unstabl
the creation of the antiferromagnetic state shown in Fig. 2~b!.
Since this state is characterized by a positive magnetic
ment;1.0mB , the magnetization goes positive even thou
the applied field is still negative. Thus, theM –B loop is
characterized by a negative coercivityBC520.50 T. Further
support for this interpretation can be gleaned from the pr
erties of exchange springs in DyFe2/YFe2 multilayer
samples.3 Using the experimental data shown in Fig. 4
Ref. 3, the predicted value of the bending fieldBB is ;0.75
T, for a 200 Å thick YFe2 layer. This is close to, but no
identical to the measured coercivity ofBC520.50 T for the
sample in question. The difference may be due to penetra
of the exchange springs in the DyFe2 layers or interface
roughness.

On increasing the field still further, the magnetic m
ment stays constant at;1.0mB per formula unit, until the
applied field exceeds a particular valueBIRR ~the irreversibil-
ity field!. Indeed, provided the magnetic field is not tak
aboveBIRR , the magnetization curve between212 T and
BIRR is completely reversible. This is a clear signature o
magnetic exchange spring.13–16 However, whenBIRR is ex-
ceeded, the system becomes unstable to irreversible flip
the magnetic moments of the DyFe2 layers, accompanied by
the simultaneous creation of magnetic exchange spring
the YFe2 layers. Finally, when all the DyFe2 layers have
been flipped over, we arrive at the spin configuration sho
in Fig. 2~c!.

By performing partial hysteresis loop measurements,
have been able to probe the irreversible nature of the flipp
of the DyFe2 layers. This can be done by first saturating t
sample in a large positive magnetic field~112 T! and sub-
sequently reducing the field toBMIN , before increasing the
field back again to112 T. The results of this asymmetri
cycling procedure can be seen in Fig. 3. It can be seen
the degree of irreversibility is strongly dependent on t
magnitude ofBMIN reached during this asymmetric magne
cycle. For example, if the magnetic cycle is only taken
BMIN527 T, the magnetization curve is practically rever
ible. This suggests therefore that all of the DyFe2 layers re-
main pointing in the positive field direction, during th
whole of this asymmetric magnetic cycle. However, wh
the field is taken below27 T, increasing numbers of DyFe2

layers are flipped over, presumably layer by layer. A poss

nge

e

FIG. 3. In plane @001# magnetization curves for the sampl
@50 Å DyFe2/200 Å YFe2#316 at T520 K, for various asymmetric mag
netic cycles~see text!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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interpretation of this effect is shown schematically in Fig.
For simplicity, only three DyFe2 layers are shown in this
diagram. Initially, we shall assume that the sp
configuration is in the antiferromagnetic state, illustrated
Fig. 4~a!. Here all of the net moments of the DyFe2 layers are
pointing to the right. However, as the field is decreased
say below27 T, the top DyFe2 layer is flipped over. This
event is accompanied by the simultaneous creation o
(0→180°) magnetic exchange spring in the neighbor
YFe2 layer, as shown in Fig. 4~b!. As the field is further
decreased, the next DyFe2 layer is flipped over, resulting in
the creation of a new (0→180°) exchange spring in th
second YFe2 layer, while the original (0→180°) exchange
spring is converted into a (0°→f→0°) exchange spring, a

FIG. 4. Schematic representation of the successive reversals of DyFe2 mag-
netic moments accompanied by the simultaneous creation of (0→180°) and
(0°→f→0°) magnetic exchange springs in the YFe2 layers. Notations
the same as in Fig. 2.
Downloaded 01 Jul 2004 to 128.122.53.5. Redistribution subject to AIP
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illustrated in Fig. 4~c!. Further experiments, with fewer mu
tilayers, are in progress to see if this interpretation is corr
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