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The magnetization reversal of a Laves-phase superlattice has been measured by using unpolarized neutron
diffraction and polarized neutron reflectometry. The superlattice �6 nm ErFe2 /6 nm DyFe2�40 consisted of two
hard magnetic materials and was grown by molecular beam epitaxy with the �110� axis along the growth

direction. The sample was mounted in a cryomagnet with a vertical field which was aligned along the �11̄0�
direction. The results of the diffraction experiment showed that during the magnetization reversal, the net
magnetization reverses through the �221� direction close to the growth axis. The polarized neutron reflectivity
confirmed this result and enabled the net layer magnetizations to be measured throughout the reversal. The
results showed that both magnetizations were similar, but that the magnetization of the DyFe2 reversed over a
smaller range of applied fields.
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I. INTRODUCTION

The need for magnetic materials for hard magnets, mag-
netic sensors, and magnetic recording materials requires the
ability to control and tune the exchange forces and the
magnetic anisotropy to produce useful materials. The mag-
netic rare earths are attractive materials because of their
large moments, variable crystalline anisotropy, and differing
exchange constants. However, with the exception of gado-
linium, the pure metals have magnetic transition tempera-
tures well below room temperature. In contrast, useful de-
vices require the transition temperature to be above room
temperature and this can be achieved by using the cubic
Laves phase, REFe2 compounds which are almost all ferro-
magnets with the anisotropy controlled by the rare earth �RE�
and the strong exchange interaction supplied by the Fe.1–3 In
recent years, it has become possible to grow thin films and
superlattices of these materials using conventional molecular
beam epitaxy �MBE� techniques and DyFe2 /YFe2 superlat-
tices are the most studied system.4–8 DyFe2 is a hard mag-
netic material, whereas the YFe2 is a soft ferromagnet with
very little anisotropy. When a magnetic field is applied to the
superlattices, they can exhibit an exchange spring behavior
in which the magnetic moments in the DyFe2 are pinned by
the anisotropy, while the magnetic moments in the YFe2 are
rotated by the applied field toward the direction of the ap-
plied field. In the absence of an applied magnetic field, YFe2
and DyFe2 have magnetic moments that are oppositely
aligned. If the lengths of the superlattice repeat are carefully
chosen and a field is applied, then the system may also ex-
hibit a spin-flop phase depending on the thickness of the two
layers.4–8

In this paper, we study the behavior of a different super-
lattice consisting of two hard magnetic materials ErFe2 and
DyFe2, which have differing easy axes for the magnetization.
In the cubic bulk materials, the easy direction for the ErFe2
magnetic moments is along the �111� directions, while for the
DyFe2, it is the �100� directions.1 The superlattice is, how-

ever, not exactly cubic, and the strain results in a magneto-
elastic anisotropy favoring the �110� growth direction for the
ErFe2 moments and a direction perpendicular to the growth
direction for the DyFe2 moments as determined from single
thin films.9,10 These layers are then coupled by the strong
Fe-Fe exchange interaction so that we have a system with
competing anisotropies and large exchange interactions.3 The
Fe-Fe exchange interaction for ErFe2 and DyFe2 is about
100 T, whereas the rare-earth–Fe interaction is about 20 T.
We shall study the anisotropy of this system at low tempera-
ture and the way in which the magnetization reverses when a
magnetic field is applied.

II. EXPERIMENTAL TECHNIQUES

The sample was grown at the MBE facility in the Claren-

don Laboratory, Oxford. A sapphire substrate with a �112̄0�
orientation was cleaned, and 100 nm niobium was deposited
as a chemical buffer layer, followed by a 2 nm iron seed.7

The multilayer was then grown by codeposition of the el-
ementary fluxes with a layer thickness of 6 nm for each
layer, repeating the �ErFe2 /DyFe2� sequence 40 times. Fi-
nally, the superlattice was covered with a 10 nm thick Y
layer as a protection against oxidation. Both layers, DyFe2
and ErFe2, grew epitaxially with one another with �110� as
the growth direction. These REFe2 systems form the so-
called Laves-phase structure �C15�, with the RE atoms form-
ing a diamond lattice and the Fe atoms forming tetrahedra
around the RE atoms.7

With the C5 triple axis spectrometer at the neutron re-
search reactor NRU in Chalk River, we performed unpolar-
ized large angle neutron diffraction as well as grazing inci-
dence polarized neutron reflectometry �PNR� experiments.
For the unpolarized setup, we used a focusing pyrolytic
graphite �PG� monochromator and a flat PG analyzer at a
neutron wavelength of �=0.237 nm, whereas a Cu2MnAl
Heusler crystal was used for the polarized setup, also at �
=0.237 nm. For both cases, a PG filter11 reduced the higher
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order contamination �� /2, � /3, etc.�. We performed large
angle diffraction experiments in a horizontal field of 2.6 T
and field reversal experiments in a vertical magnetic field up

to 7.5 T applied along the �11̄0� direction as shown in Fig. 1.
PNR experiments were performed in a vertical field up to
7.5 T, and the polarization of the incident neutron beam was
96%.12

The sample was aligned with the �11̄0� crystallographic
orientation perpendicular to the scattering plane �see Fig. 1�.
With diffraction, we were then able to measure reflections of
the type �HHL�. The intensity of the different reflections is
the sum of a nuclear term, resulting from the chemical order,
and a magnetic term, resulting from the ordered magnetic
moments. For unpolarized neutrons, the measured intensity I
can be written as I= �Fnuc�2+ �Fmag�2. The nuclear structure
factor Fnuc describes the scattered amplitude from all atoms
as function of the scattering vector q=4� sin��� /�. By ig-
noring the Debye-Waller factor, the structure factor can be
obtained by summing over the contributions of all atoms in
the unit cell:

�Fnuc�2 = �	
k

bk exp�iq · rk��2
, �1�

with bk being the nuclear scattering length of an atom at the
position rk. The scattered magnetic intensity can be written
as13

�Fmag�2 =
gn

2r0
2

16 	
k,l


fkf l„�k · �l − �q̂ · �k��q̂ · �l�…

�exp�iq · �rk − rl��� , �2�

with the neutron g factor14 gn=−3.826, the classical electron
radius r0=�0e2 /4�me, the q-dependent magnetic form factor
fk, the magnetic moment in Bohr magnetons �k of an atom
at the position rk, and the unit vector q̂ along q.

As can be easily seen from Eq. �2�, the magnetic contri-
bution to the scattered intensity is a maximum if q��,
whereas the contribution is zero for q ��. Ignoring the angu-
lar dependence the magnetic scattering length bmag,k of an
atom at the position rk is proportional to the magnetic mo-
ment �k and the form factor f�q�:

bmag =
�0e2gn

16�me
�kf�q� = 2.695 fm � �k � f�q� . �3�

By measuring the intensity of Bragg peaks associated with
different crystallographic orientations, neutron diffraction is
capable of determining the direction of the sample’s magne-
tization. The accessible Bragg reflections for the Laves phase
in the �HHL� scattering plane are listed in Table I together
with the structure factors for the nuclear part of the reflected
intensity. The �220� reflection depends only on the properties
of the rare earths, the �222� reflection only on the Fe prop-
erties, whereas the other reflections contain contributions
from both the rare earths and the Fe atoms. For the calcula-
tions listed in Table I, we used bFe=9.45 fm and bRE
=12.345 fm for the average of Dy and Er.15

III. EXPERIMENTAL RESULTS

In order to check the dependence of different Bragg re-
flections on the orientation of the magnetization with respect
to q, we applied a horizontal field �0Hext=2.6 T parallel and
perpendicular to the q of the measured Bragg reflections. We
did these measurements at 290 K to overcome the magnetic
anisotropies and saturate the sample. When the magnetiza-
tion is parallel to the field direction, only the nuclear inten-
sity �Fnuc�2 is measured, whereas the maximum magnetic
contribution is measured for Hext�q. Table II shows a com-
parison of the experimentally determined and calculated in-
tensity ratios at 290 K assuming �Fe=1.4 and �RE=5.91 at
290 K, and �Fe=1.6 and �RE=9.5 at 4 K,1,16 with the mag-
netic moment given in units of �B per atom.

As can be seen from Tables I and II, the �111�, �220�, and
�004� Bragg reflections have large magnetic components to
their intensity. The agreement between theory and experi-
ment in the ratios of the intensity is poor, possibly because
the magnetic field was not large enough to align all the mo-
ments parallel to the applied field, possibly due to errors in
the assumed magnitude of the magnetic moments, and, fi-
nally, possibly because the magnetic and nuclear scatterings
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FIG. 1. Sample and scattering geometry used for the PNR as
well as for the diffraction reversal experiments, with the external

field Hext along the in-plane �11̄0� direction and the scattering vec-
tor q parallel to the �110� out-of-plane direction. The spins �+ of
up-neutrons and �− of down-neutrons are parallel or antiparallel to
the external field, respectively.

TABLE I. Accessible Bragg reflections and their structure fac-
tors calculated using the coherent neutron scattering lengths, bRE

and bFe, and Eq. �1�.

Reflection �Fnuc�2
�Fnuc�2
�fm2�

�220� �2bRE�2 609.6

�004� 4�bRE−2bFe�2 171.9

�113� �
2bRE+2bFe�2 1321.9

�111� �
2bRE−2bFe�2 2.1

�222� �4bFe�2 1428.8
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could be altered by multiple scattering. Nevertheless, there is
a qualitative agreement with the theory showing which re-
flections have a large effect, and we shall only need the
changes in the magnetic intensity qualitatively in the analysis
of the data.

The magnetic contributions can be used to follow the
changes in the magnetization when an applied field is re-
versed. The sample was aligned in a vertical field cryomag-
net and then cooled to 4 K in a magnetic field of −7.5 T. The
field was then increased, keeping the temperature at 4 K and
measuring the scattered intensity for the �111�, �004�, �220�,
and �113� reflections. The measured intensities were normal-
ized to the observed intensities in a field of −7.5 T and are
shown in Fig. 2. The intensities in zero applied field are
virtually unchanged, showing that the structure at remanence
and at saturation are the same. On increasing the magnetic
field, there is a clear decrease in the intensity of about 50%
in the �220� and �111� Bragg reflections at about 2.5 T. On
further increasing the field, the intensity recovers and is the
same at 7.5 T as at −7.5 T. This result can be interpreted as

a rotation of the magnetization from the �11̄0� direction to-
ward the �220� and �111� directions. In more detail, the in-
tensity of the �004� reflection decreases by only about 10% at
2.5 T, and we can interpret this and the behavior of the �220�
and �111� reflections as consistent with the average magneti-

zation at 2.5 T being horizontal and about 20° away from the
�110� growth direction. This direction corresponds to the
�221� direction that was found to be the easy direction for
thin ErFe2 films9 at 4 K.

Further information about the magnetization could be
found from PNR. The sample was aligned in the same ge-
ometry as illustrated in Fig. 1 and the reflectivity measured
for wave vectors from 0 to 0.07 Å−1. Four different neutron
spin cross sections were measured at a temperature of 4 K
corresponding to R++, R−−, R+−, and R−+, where the first
superscript refers to the incident neutron spin state and the
second superscript refers to the scattered neutron spin state.
A selection of the results obtained is shown in Fig. 3 as the
strength of the applied field is varied. The displayed spin-flip
reflectivities represent as-measured data without a correction
based on the measured flipping ratio. Prior to the measure-
ments, the sample was saturated in a field of −7.5 T along

the �11̄0� direction.
The non-spin-flip reflectivity can be described with the

Fermi pseudopotential �nuclear interaction� and a Zeeman

TABLE II. Comparison of the calculated and experimentally
determined ratios of the maximum intensity �magnetic plus nuclear�
to the nuclear intensity for various Bragg reflections at 290 K.

Reflection
�Fmax /Fnuc�2
�Calc., 4 K�

�Fmax /Fnuc�2
�Calc., 290 K�

�Fmax /Fnuc�2
�Expt., 290 K�

�220� 4.4 2.3 1.5

�004� 17.4 8.6 6.3

�113� 1.5 1.1 1.5

�111� 869.7 390.7 3.6

�222� 1.1 1.1 1.0

FIG. 2. Bragg peak intensity for the �111�, �004�, �220�, and
�113� reflections measured at 4 K as a function of increasing mag-

netic field applied parallel to the �11̄0� direction. Prior to the mea-
surements, the sample was saturated in a field of −7.5 T.

FIG. 3. Neutron reflectivities R++ �solid circles�, R−− �open
circles�, R+− �up triangles�, and R−+ �down triangles� along with the
fits for R++ �solid line� and R−− �dashed line�, measured at 4 K in
magnetic fields of �a� 0.5 T, �b� 2.5 T, and �c� 6 T. Prior to the
measurements, the sample was saturated in a field of −7.5 T along

the �11̄0� direction.
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term �magnetic interaction�.17–19 For the neutrons with spin
parallel to the external field �spin-up neutrons�, the magnetic
potential adds to the nuclear one, whereas for the spin-down
neutrons, the magnetic potential is subtracted from the
nuclear potential. Therefore, the critical edge for spin-down
neutrons is different from the one for spin-up neutrons as can
be seen in Fig. 3, where the critical edge at small wave
vectors is different for R++ and R−−, and changes sign be-
tween 0.5 and 6 T. However, both cross sections are the
same for 2.5 T when the net magnetization along the field
direction was very small. A spin-flip intensity R+− or R−+

occurs if the sample has an in-plane magnetization compo-
nent perpendicular to the spin of the neutrons. In our setup
shown in Fig. 1, magnetization components along �001�
would cause spin-flip scattering. The complete theoretical
description of all four neutron cross sections requires a ma-
trix formalism.17–19

The critical edge of the reflectivity curves near q=0 gives
information about the average magnetizations of the ErFe2
and DyFe2 layers, while the position of the superlattice peak
at 0.055 Å−1 gives information largely about the layer thick-
nesses. The small differences in the position of the peak for
R++ and R−− arise because the spin-up and spin-down neu-
trons have slightly different refractive indices in the super-
lattice, giving a small dynamical scattering correction to the
peak position. The magnetic intensity of this peak depends
on the difference of the net magnetization in the two layers
of the superlattice. There is little difference in this for the
magnetic fields of 0.5 and 7.5 T, but for 2.5 T, the difference
is large and the intensity is largest for R++, while it is largest
for R−− for a field of 4 T. The reflectivity curves shown in
Fig. 3 were fitted in detail using the Parratt formalism20 and
by assuming that each type of layer had the same magneti-
zation profile throughout the superlattice. Our conclusions
from this analysis depend sensitively only on the reflectivity
near q=0 and near the superlattice peak. Discrepancies else-
where result largely from errors introduced by structural ef-
fects at the surface of the superlattice and the interface to the
buffer layer, and are not significant to our results.

The as-measured spin-flip intensities are displayed in Fig.
3 as triangles. The flipping ratio of our setup was about 30,
as can be determined from the data points in the low-q re-
gion, where no spin-flip intensity is present. During the mag-
netization reversal, no increase in the spin-flip intensity can
be observed. This supports the interpretation of the diffrac-
tion experiments that the sample’s magnetization is reversed
via a rotation mainly through the out-of-plane direction. Oth-
erwise, a large spin-flip signal should be observable close to
the coercive field as has been observed, e.g., in the exchange-
bias system Co /CoO.21,22 Simulations �not shown here� con-
firm that a deviation of 70° of the layer magnetization from
the �001� spin-flip axis does not give a detectable amount of
spin-flip intensity, i.e., the expected spin-flip contribution
would be within the error limits of the measurement. The
reason for the small spin-flip contribution is the angular de-
pendence of the spin-flip intensity, which is proportional to
cos2 �, with � being the angle between the spin-flip axis
�001� and the magnetization.22,23 Therefore, small perpen-
dicular in-plane magnetization components are hard to detect
with PNR.

From the fit data, we can infer the magnetization compo-
nent of the DyFe2 and ErFe2 layers parallel to the external
magnetic field independently. The values are shown in Fig. 4,
with the closed circles representing the magnetization com-
ponent of the DyFe2 layers and the open circles the magne-
tization component of the ErFe2 layers. The average value
that would be measured by classical magnetometry is dis-
played as triangles. The coercive field of 2.5 T nicely corre-
sponds to the minimum in the �220� peak intensity in Fig. 2.
The DyFe2 magnetization rotates faster through the �221�
direction than the ErFe2 magnetization because it is a mag-
netic hard axis for DyFe2.

IV. CONCLUSION

We have studied using both reflectivity and large angle
neutron scattering techniques a superlattice with equal thick-
ness layers of ErFe2 and DyFe2 and with a growth axis par-
allel to the cubic �110� direction. It was magnetized along the

perpendicular �11̄0� direction, and the field then reversed so
that the magnetization reverses through the �221� direction.
The �221� direction is the easy axis for ErFe2 thin films,9 but
is not an easy axis for bulk ErFe2, which has the �111� direc-
tion as the easy axis. The difference in the anisotropy arises
because the superlattice is strained when grown and the
strain makes a very significant contribution to the anisotropy
of these almost cubic materials. Furthermore, the strong
Fe-Fe exchange coupling between the layers has resulted in
the magnetization of the DyFe2 closely but not exactly fol-
lowing the ErFe2 magnetization. This �221� direction is not
an easy magnetic direction for the DyFe2. An easy direction
perpendicular to the growth direction9 was determined from
experiments on single DyFe2 films. Nevertheless, our results
show that the anisotropy of the magnetic moments of the
ErFe2 is considerably stronger than the anisotropy of the
magnetic moments for the DyFe2. This illustrates the unex-
pected nature of the anisotropy in this sample with two mag-
netically hard materials.

FIG. 4. Magnetization in the �11̄0� direction for the DyFe2 lay-
ers �solid circles� and the ErFe2 layers �open circles�, measured at
4 K. The average magnetization is displayed as triangles. Prior to
the measurements, the sample was saturated in a field of −7.5 T

along the �11̄0� direction and then the field increased.
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