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Engineering coercivity in epitaxially grown (110) films
of DyFe ,—YFe, superlattices
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Molecular beam epitaxial methods have been used to grow single crystal Laves phase ;e
superlattice samples with @10 growth direction. It is shown that it is possible, in principle, to
engineer a desired coercivity between the Iir’mggjpezs K=o, This can be achieved by adjusting

the relative thickness of the individual Dyfand YFe layers, in multilayer films This novel feature

is illustrated, using the superlattice filig A DyFe,/(100x) A YFe,] x40, with x=80, 60, 50,

and 45. It is found that the measured coercivity is in semiquantitative agreement with a simple
theoretical expression, for the nucleation fields in both bilayer and multilayer compounds. However,
in practice, exchange spring penetration into the Dylegers can set a limit to the maximum
coercivity that can be achieved. @000 American Institute of Physid§0003-695(100)03730-X]

In recent years, research into layered magnets has be- While all of the above features are also present in the
come a hot topic in magnetistn? For example, it has been MBE grown thin films, there is one important difference.
argued theoretically that composite magnets with a giant erBecause of strain, induced during crystal growth, the direc-
ergy product BH)yax of 120 MGOe might be feasible, if tion of magnetization is temperature dependeNeverthe-
the exchange-spring mechanism in nanostructured orientddss, at temperatures belowl00 K, the direction of easy
magnets could be exploitéd. This work has been comple- magnetization in MBE grown Dyhkdilms reverts tq001].2°
mented experimentally, with magnetic measurements on fer- Recently, all of the above features have been used to
romagnetically coupled hard and soft layers such as spuengineer: (i) a magnetic compensation point in a
tered SmCpeand Fe layers. For a review of the present statu§25 A DyFe/50 A YFe,| X 40 superlattice sample, with rela-
of this field, the reader is referred to Refs. 1 and 2. tively short individual layers(~50 A),° and (i) magnetic

However, there are novel applications, which are onlyexchange springs in YEevith relatively long individual lay-
possible if the hard and soft layers involved are coupled aners (=100 A).2° However, in this letter, we concentrate on a
tiferromagnetically. One of these applications, namely grow-+hird application: namely engineering the magnetic coerciv-
ing superlattice films with increased coercivity, is discussedty of superlattice films of DyFeand YFe. This is illus-
in this letter. Results are presented for molecular beam epirated using MBE grown fiims of [x A DyFe,/
taxial (MBE) grown, antiferromagnetically coupled Dyfe  (100-x) A YFe,]x 40, withx=80, 60, 50, and 45. For com-
YFe, superlattice samples, at the nanostructure level, whiclparative purposes magnetization curves are also presented
clearly demonstrate that the coercivity of the multilayer filmsfor an MBE grown DyFe film, and an MBE grown alloy
can be engineered. This is achieved, simply by adjusting th&lm Dy, 5Y sFe. From these results, it will be seen that the
relative thickness of the component DyFend YFe layers, coercivity of a given multilayer sample can be increased,

in an appropriate fashion. either by reducing the relative thickness of the individual
Both DyFe and YFe are isomorphic with the cubic DyFe, layers, or by growing selected MBE alloy films.
Laves OZ—FSdegCuz-type intermetallic compound® The DyFe-YFe, multilayer samples were grown by

They are characterized byi) high Curie temperatures in MBE techniques, using the Balzers UMS 630 ultrahigh
excess of 600 K as a result of strong Fe—Fe magnetic exracuum facility at Oxford, in the manner described in Ref. 8.
change, (i) relatively strong rare-earttRE)—Fe magnetic The samples were grown on epi prepa@d20) sapphire
exchange fields-100 K, which gives rise to antiferromag- substrates (1812 mm) with a 1000 A110 Nb buffer and
netic (ferromagnetig coupling in the heavylight) RE com- a 30 A layer of Fe. The superlattice films were grown by
pounds, respectively, aridi ) strong crystal field interactions codeposition of elemental fluxes at a substrate temperature of
at the RE site, which control the direction of easy400 °C in(110) orientation and with the major axes parallel
magnetizatior. For bulk DyFe the direction of magnetiza- to those of niobiunf. Since the bulk lattice parameters for
tion is[001] at all temperatures, whereas for fteis [111].  DyFe, and YFe are 7.325 and 7.363 A, respectively, the
However since the magnetic anisotropy associated with, YFemismatch at the superlattice interfaces is expected to be on
is very weak, it can be considered as magnetically soft.  the order 0.5%EXx situthe samples were analyzed by x-ray
diffraction techniques, to confirm their single crystal nature

aAuthor to whom correspondence should be addressed; electronic maifNd check the b?layer repeat distance.
gib@phys.soton.ac.uk The magnetic measurements reported here were made
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FIG. 1. Selected in-plane magnetization curves for the superlattice sample

for magnetic fields directed along g001] axis: (& [80 A
DyFe/20 A YFe,] X40, (b) [60A DyFe/40 A YFe,x40, (c) [45 A
DyFe,/55 A YFe;] X40. As an aid to the eye, the ratios of the thickness
(80/20, 60/40, and 45/9%ave also been included in the diagrams.

using an Oxford Instruments Aerosonic 3001 vibrating
sample magnetometél/SM). The temperature range cov-
ered was 10-300 K, in applied fields of up to 12 T. In all
cases, the magnetic field was applied alori@@l] axis.
Typical in-plane magnetization curves, fofx A
DyFe,/(100-x) A YFe,] x40, wherex=80, 60, and 45,
can be seen in Figs(d), 1(b), and 1c), respectively. It will

be observed that there is a small jump in the magnetization
in all the magnetization curves, as the magnetic field passe:

through zero. This step could be due eithefijmonepitaxial
layers at the bottom of the samplé) slight misorientation
of the sample, of(iii) contamination of the sapphire sub-
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FIG. 2. Selected in-plane magnetization curves for MBE grown
[4000 A DyFe], for magnetic fields directed along[@01] axis.

that while the accuracy of the magnetic moment does not
allow us to distinguish between the bulk and epitaxial mag-
netic moments, the relative high accuracy of the VSM still
allows us to follow the temperature dependence of the mag-
netization accurately.

From an examination of Figs(d), 1(b), and 1c), it will
be seen that the coercivity of the samples increases as the
thickness of the DyFelayers is reduced, reaching in excess
of 10 T in the [45A DyFe/55A YFe,] x40 multilayer
sample. For comparative purposes, the measured magnetiza-
tion curve for “pure” DyFe is shown in Fig. 2. It will be
observed that the measured coercivity in Dyfe3T) is
lower than that of any of the superlattice samples shown in
Figs. 1a-1(c). Finally, in Fig. 3 the magnetization curves
for the alloy Dy sY o sF& can be seen. The coercivity of this
alloy is practically identical to that of the[50 A
DyFe/50 A YFe)] X 40 multilayer sample reported in Ref.
10. Next we will provide a simple theoretical interpretation
for all of these results.

It has been known for some tinisee Refs. 1, 2, 11, and
12), that the nucleation-fiel8, (coercivity) in layered mag-
Prets can be described by the relationship
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strate, which could occur during sample shaping, with a BIT]

diamond/steel cutting wheel. Nevertheless, this annoyin

g

feature does not negate any of the principle ConCIUSionfiIG. 3. Selected in-plane magnetization curves for the alloy Py sFe,,

reached in this letter. Finally, it should also be acknowledgedor magnetic fields directed along[801] axis.
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22— N I A B netization curve at 160 K, in Fig.(d). Here the intrinsic
- \ M—B loop associated with the Dykdayers is now quite
10} ® T=10K small, and so the large increase in magnetization, associated
! \ with magnetic exchange spring formation, is more pro-
8f e nounced. Note that the magnetic moment in the positive
_ AN d quadrant rises in the classic curved manner seen in magnetic
- el AN spring formationt® Moreover, this part of thél—B loop is
o Tl “o- reversible, yet another characteristic of exchange springs.
) At first sight, this observation is somewhat surprising.
[ ° For example, it might be argued that a 55 A YFayer is too
2L short for the formation of a magnetic spring in fields of less
[ than ~10 T2 But, in practice, it is likely that exchange
o] HEP T S T e springs, which originate primarily in the soft Ygéayers,
00 02 04 06 0.8 10 will penetrate into their neighboring Dyk&yers. Moreover,
x this feature will become more pronounced, as the thickness

FIG. 4. The experimentally determined coercivityTat 10 K, as a function ~ Of the DyFe layers is reduced, and the temperature in-
of the thickness of the Dykdayers (bullets; (dashed ling a theoretical ~ creased. Thus the effective length of the exchange spring can

plot, based on Eq(1). exceed the thickness of the individual Y,Hayers, and may
even penetrate the entire sample. In summary therefore, ex-
2(Kyty+Kgts) change spring formation will set a limit to the maximum
sz' @) coercivity that can be achieved in superlattice samples. How-

ever, this limitation does not apply to the MBE grown alloy

whereKy, (Ks) are the anisotropies of the haisbff) layers, g, 5jes with modest Dy content, because exchange spring

and ty (tg) the thickness of the har@soft) layers, respec- formation is now essentially forbidden.
tively.

h has b diod ibe th | It has been shown how antiferromagnetic coupling be-
. In t e past, Eq(1) has been use to describe the nucle-, aen hard and soft magnetic layers can be used to engineer
ation fields of ferromagnetically coupled hard and soft mag

| H 1 th der di . h ‘the coercivity of a given bilayer or superlattice film, by ad-
net!c ayers. However in the case under discussion, the ma%sting the thickness of the component layers. In addition, it
netization of the hard (Dykg layer is antiparallel to that of has been noted that exchange spring formation can occur in

the soft (YFg) magnetic layer. To emphasize this differ- superlattice films, where the thickness of the hard layers is

ence, we rewrite E¢(1) in the form not thick enough to pin the edges of an exchange spring.
2Kty However, this difficulty can be circumvented by growing
By= T v ) MBE alloy films free of exchange springs.
Mty — Mt
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