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We report on a unique magnetic exchange interaction in a thin film of FePt3, comprising an artificially
created ferromagnetic �FM�/antiferromagnetic �AFM� modulation, but homogeneous chemical composition
and epitaxy throughout the film. The chemical order, on the other hand, is modulated resulting in the formation
of alternating FM/AFM layers. To determine the existence and form of the magnetic structure within the
monostoichiometric thin film, we use a unique combination of polarized neutron reflectometry, x-ray/neutron
diffraction, and conventional magnetometry. This artificial stratified AFM/FM FePt3 exhibits a high magnetic
exchange bias thus opening up possibilities to study such magnetic phenomena in a perfectly lattice-matched
system.

DOI: 10.1103/PhysRevB.82.134409 PACS number�s�: 75.70.Cn

Artificially modulated structures have formed the main-
stay of modern day magnetism as completely novel magnetic
properties may be fabricated, many of which are crucial to
numerous spin-electronics applications.1,2 Typical structures
are thin-film multilayers, heterostructures, and superlattices
of varying elemental composition and/or stoichiometry,
whereby the layering leads to a set of unique, and in some
cases, tunable properties.3 In many of those chemically
modulated multilayers, however, the desired physics, such as
the exchange-bias �EB� effect, may be affected by incom-
mensurate growth, interface roughness and strain. On the
other hand, chemical order, that is, the ordered distribution of
the constituent atoms in a material of a single chemical com-
position, affects magnetic phases and magnetic phase transi-
tions without structural variation, which drives the scientific
interest in these systems �see, for example, Refs. 4–6�. For
example, several magnetic alloys, such as CoxPt1−x,
FexRh1−x, and FexPt1−x have already been investigated in
view of their magnetocrystalline anisotropy and magnetic
phases depending on chemical order.7–10

In this paper we present a unique way to create a modu-
lated antiferromagnetic �AFM�/ferromagnetic �FM� structure
without changing material composition or lattice structure
but rather based solely on a modulated chemical ordering. In
thin films of FePt3 we control the degree of chemical order
through temperature modulation during growth, thus creating
a single-crystalline FePt3 film of homogeneous composition
throughout consisting of alternating chemically ordered anti-
ferromagnetic and chemically disordered ferromagnetic lay-
ers. Since AFM and FM phases of the same material coexist
at the same temperature, this multilayer shows a distinctive
structural and electronic compatibility at the interface be-
tween different layers, i.e., no lattice mismatch, identical
chemical composition and similar electronic structure.
Therefore it offers the intriguing possibility to study intrinsic
magnetic exchange coupling phenomena between two mag-

netic phases of a single crystal. In the progress of this paper
we will illustrate the successful preparation and complete
characterization of our magnetically modulated quasisingle-
crystal FePt3 thin film. Although structurally very simple,
this artificially created material shows a unique self-
exchange biasing effect, whose physics is only governed by
direct magnetic exchange between different magnetic phases
of FePt3. A combination of magnetically sensitive neutron
techniques is used to verify the modulated AFM/FM nature
of the thin-film structure, separating the unique magnetic
structure from the compositionally homogeneous thin film.

In general, the crystal structure of FePt3 is similar to
Cu3Au which is prototypical for a chemical order-disorder
transition.11 Stoichiometric FePt3 bulk crystals in perfectly
chemically ordered face-centered-cubic �fcc� L12 structure
show antiferromagnetic order below TN=160 K.12 In this
structure, the chemical order corresponds to the Fe atoms
occupying the corners and Pt atoms located at the faces of
the cubic cell. The Fe moments �mFe=3.3 �B extrapolated to
T=0 K� order on �110� alternating ferromagnetic subsheets
while the Pt atoms carry a small moment �mPt�0.2 �B�.

Prior to growing films with chemical order modulation,
we established the growth conditions of individual FePt3
films at different substrate temperatures.13 The films were
grown via magnetron sputtering on MgO�001� substrates and
compositionally calibrated to better than 1 at. % using Ru-
therford backscattering spectrometry. Depositing the FePt3
films at substrate temperatures TS in the range of 873 to 973
K resulted in epitaxial growth with a high degree of chemical
order. The FePt3 layers grow along the �001� direction as
determined by x-ray diffraction. A � scan of the �220� reflec-
tion performed at �=45° showed a fourfold symmetry and
confirmed the epitaxial nature of the films with no in-plane
rotation between the MgO�001� substrate and the FePt3�001�
layers. The �001� reflection is structure factor forbidden in a
fcc lattice and its presence allows to quantify the degree of
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chemical order in Cu3Au-type systems �for details, see Ref.
13�. By comparing the intensities of the �001� and the �002�
reflections the following order parameters were determined:
S=89% �TS=873 K� and S=99% �TS=973 K�. Thus, FePt3
layers grown in this temperature range are highly ordered
chemically �S=100% corresponds to perfect chemical order�.
Chemical disorder involving random exchange of Fe and Pt
atoms is introduced by lowering the growth temperature. For
FePt3 films grown at TS=673 K the �001� reflection was
found to be completely absent and the resulting chemical
order parameter to be S=0%.

Alternating the substrate temperature between TS
=937 K and TS=673 K during the growth of the films re-
sulted in the highest degree of order modulation but lead to
reduced interface qualities due to prolonged cooling proce-
dures. According to x-ray diffraction analysis, a reduced
growth temperature of TS=873 K for the ordered material
still results in a very high degree of modulation without com-
promising interface sharpness as well as reducing impurity
adsorption.13 Therefore, in this study, the magnetic properties
of a superlattice of five repetitions 200 Å FePt3 �TS
=873 K⇒S=89%� /100 Å FePt3 �TS=673 K⇒S=0%� are
presented. As a direct effect of the chemical order modula-
tion, AFM/FM interfaces are created which leads to magnetic
exchange bias as determined using vibrating sample magne-
tometery �VSM�. Figure 1 shows the exchange-bias field
measured from low to high temperatures after cooling the
sample in a 1 T field. With increasing temperature the initial
exchange bias of HE=44 mT at 5 K rapidly decreases until it
is no longer detectable at temperatures higher than 150 K. A
comparison with experimental exchange bias fields from dif-
ferent systems is difficult since in the literature reported val-
ues are widely spread and strongly depending on growth
technique, conditions, and interface characteristics �see Refs.
14–17 for recent comprehensive reviews on exchange bias�.
However, in comparison to the biasing effect in a similarly
prepared lattice matched CoPt3 /FePt3 system we investi-
gated earlier, an enhancement of 30% of the exchange field is
observed.18 The widespread of EB values not only gives a
motivation for further investigations but impressively high-

lights the complex manner of the origin of the effect.14 Since
exchange bias is agreed to be an interfacial dominated
effect,19 detailed knowledge of magnetic and structural prop-
erties of the interface is crucial for understanding exchange
anisotropies between different magnetic phases. Here, due to
elimination of structural uncertainties by ensuring homoge-
neous single-crystalline quality of both phases throughout
the interface, the observed exchange bias is arising from pure
magnetic exchange interactions, unaffected by structural
contributions. As such, this material exhibits the unique op-
portunity to study purely magnetic exchange interactions, as
exchange bias, completely without structural assumptions.
The HE enhancement with respect to CoPt3 /FePt3 can be
understood taking into account the reduced temperature dur-
ing growth of the chemically ordered structure leading to
additional FM/AFM phase separation and interfaces within
the layer with an order parameter of S=89%. This will be
discussed in more detail further below. The inset of Fig. 1
shows the temperature dependence of the ac susceptibility �a
5 Oe/1000 Hz oscillating field was applied in the plane of the
sample�. The observation of two peaks, corresponding to two
magnetic phase transitions, underlines the magnetic quality
of the sample. The narrow peak at approximately 300 K
indicates a paramagnetic �PM�/ferromagnetic transition and
agrees well with the Curie temperature found for disordered
FePt3 thin films.13 The observed Curie temperature, which is
slightly above 300 K, is slightly lower than that reported for
bulk systems.20 Centered at 150 K, a second much broader
peak is observed which, according to neutron-diffraction data
�Fig. 2� and polarized neutron reflectometry �PNR� analysis
presented below, can be identified as a true paramagnetic/
antiferromagnetic transition. In contrast to strongly coupled
thin magnetic bilayers of magnetic material, in which only a
single transition is observed,21,22 FM, AFM, and their transi-
tions, can be clearly separated. The existence of a PM phase
in the temperature region 150�T�300 K indicates a more
bulklike behavior of the ordered layer, mostly decoupled
from the FM disordered layer. The broadening of the second

FIG. 1. �Color online� Exchange bias after field cooling to 5 K
in an applied field of 1 T �the line is a guide to the eyes�. Inset: ac
susceptibility as a function of temperature

FIG. 2. �Color online� Integrated antiferromagnetic Bragg peak
intensities as a function of temperature. The squares represent the
data recorded at IN12, which are shown in the inset �symbols
=data and lines=Gaussian fits�. The circles have been recorded
with TAIPAN in similar geometry to IN12 �profiles not shown�.
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transition peak indicates a wider distribution of AFM order-
ing temperatures, presumably due to slight local variations in
the degree of chemical order. Note that the appearance of the
Nèel peak at a temperature of 150 K corresponds well to the
onset of the observed exchange bias.

In order to further elucidate the antiferromagnetic order-
ing in the superlattice, high-angle neutron diffraction was
performed using the triple-axis spectrometers IN12 �Institute
Laue Langevin, Grenoble� and TAIPAN �Australian Nuclear
Science and Technology Organisation, Sydney�. In both ex-
periments the incoming neutron wavelength was fixed
�IN12:3.141 Å, TAIPAN:2.35 Å� and the spectrometers
were setup to detect elastic scattering. High-angle diffraction
peaks of the FePt3 superlattice were recorded by setting the
spectrometer to particular combinations of incident and scat-
tered angles and subsequently measuring rocking curve pro-
files. Similar to chemically ordered FePt3 bulk crystals �TN

=160 K�, the superlattice exhibits the onset of a � 1
2

1
2 0�

AFM Bragg peak below a temperature of 140 K �Fig. 2�.
Rocking curve profiles recorded at IN12 are shown in the
inset of Fig. 2. This half-order magnetic Bragg peak demon-
strates the existence of antiferromagnetism within the chemi-
cally ordered FePt3 layers. The main graph in Fig. 2 shows
the temperature dependency of the integrated AFM peak in-
tensity. The results from both instruments, TAIPAN and
IN12, agree very well with each other. Reference scans mea-
sured along the �200� and �220� directions by TAIPAN as
well as the �111� and �002� directions measured by IN12
revealed no significant intensity changes with varying tem-
perature, thus indicating ferromagnetic ordering only occurs
along these directions. Furthermore, no � 1

2 0 0� reflection
could be observed at any temperature, implying the chemi-
cally ordered phase of the sample fully orients in the antifer-
romagnetic Q1 phase.12

A detailed layer-resolved characterization of the magnetic
superlattice was carried out using the polarized neutron re-
flectometer NERO at the GKSS research facility in Geesth-
acht, Germany. Spin-resolved neutron reflectivity from strati-

fied media is sensitive to depth-dependent chemical and
magnetic structures and interfaces making neutrons an excel-
lent tool to study magnetic multilayers.23 Of particular inter-
est in the current system is the magnetic and nuclear struc-
ture and quality of the AFM/FM interface, both can be well
separated using PNR. In the experiment the specular re-
flected intensity of a monochromatized neutron beam ��
=4.33 Å�1%� as a function of incident angle � in different
polarization stages �R�� is detected. The superscript +�−�
denotes the direction of the neutron polarization of the in-
coming beam as parallel �antiparallel� with respect to the
external field direction. Note that the scattering vector is very
small in PNR measurements. Therefore, in contrast to high-
angle neutron diffraction, PNR is not sensitive to AFM order
on atomic scales, but reveals the averaged FM volume mag-
netization of each layer.

The momentum transfer in the direction parallel to the
surface normal �z direction� is defined by Qz=4� /� sin �,
where � is the neutron wavelength and � is the angle of
incidence. The data sets in Fig. 3 were recorded from low to
high temperatures with an applied field of 620 mT in the
plane of the sample in order to saturate the ferromagnetic
areas. Prior to the PNR measurements the superlattice was
cooled in an external field of 1 T �analogous to the VSM and
ac susceptibility measurements� in order to induce an ex-
change bias. Figure 3 shows reflectivity profiles �open dots�
in the temperature range between 24 and 300 K as function
of the out-of-plane scattering vector Qz. In all measurements
only the nonspin-flip channels �i.e., neutron polarization does
not reverse upon scattering� produced significant intensities,
indicating that the vast majority of the magnetic moments in
the sample are aligned with the external field.24

Simulations of the experimental PNR data �solid lines in
Fig. 3�, performed with the polarized neutron reflectivity
simulation program SIMULREFLEC,25 allow the determination
of depth-resolved chemical and magnetic structures in form
of nuclear and magnetic scattering length density �SLD� pro-
files �Fig. 4�. The structural model consists of a uniform

FIG. 3. �Color online� Recorded polarized
neutron reflectivity �open symbols� in R+ �red�
and R− �blue� polarization and simulations
�lines�. The data have been background corrected
and normalized to 1. Individual data sets have
been offset from one another by two orders of
magnitude for clarity.
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single-crystalline FePt3 film of total thickness Tt=150 nm
with a calculated scattering length density of 6.2
�10−6 Å−2. Apart from magnetic information, no composi-
tional modulation of the FePt3 multilayered structure is in-
cluded, which can be seen by the flat black line between
region ® and ± in Fig. 4. Only the interfaces of substrate,
seed and capping layer have a 0.5–1 nm nuclear root-mean-
square �rms� roughness in the simulation. At a temperature of
300 K, close to the Curie temperature of the system, the
ferromagnetic magnetization approaches zero and the re-
flected intensities become almost equal for both neutron po-
larizations. Therefore the reflectivity at 300 K approaches the
reflectivity of a thick single-crystalline film of nonmagnetic
FePt3, showing almost no signatures of multilayer modula-
tion. As the superlattice is cooled below the Curie tempera-
ture the critical angles of total reflections for opposite neu-
tron polarizations split and provide a measurement of the
average volume magnetization of the sample. This magneti-
zation is translated into a magnetic scattering length density
and subtracted �added� to the nuclear scattering length den-
sity to account for parallel �antiparallel� neutron polarization
with respect to the external field �see Fig. 4�. As the magne-
tization increases, a first-order Bragg peak arises at Qz
=0.028 Å−1 �Qz=0.030 Å−1� in the R+ �R−� reflectivity. It
has to be noted that the contrast at the interface, which de-
termines the height and splitting of the Bragg peaks, is only
determined by the magnetic contrast of neighboring layers
due to the different averaged volume magnetizations. With
decreasing temperature the magnetization of the FM layer
steadily increases, whereas a perfect AFM layer should show
zero net magnetization at all temperatures. This behavior
would lead to continuously increasing contrast between re-
gions ¯ and ° of Fig. 4 and subsequently increasing Bragg
peak intensities. On the contrary, the first-order Bragg peaks
of Fig. 3 �marked region on right-hand side� show an almost
constant intensity with temperature, indicating a constant in-

terface contrast. Attempting to decrease the interface contrast
of higher magnetizations by assuming a magnetic rms rough-
ness of up to 10 nm could not reproduce the experimental
results. The best match to the data has been achieved simu-
lating the structure with a magnetic interface roughness of 1
nm �rms� but attributing an essential part of the averaged
magnetization to the nominally AFM layers �Fig. 4�. There-
fore not only FM regions show a split magnetic SLD at
lower temperatures but also nominally AFM layers show a
similar splitting to the disordered FM layers.

Figure 5 is derived from the simulated profiles in Fig. 4
and shows the layer resolved magnetization as a function of
temperature. Tracking the differences in the polarized reflec-
tivities with increasing temperature, the filled/open squares
show the evolution of the layer averaged magnetization of
the disordered/ordered FePt3 layers, respectively. Clearly
both layers show a significant increase in magnetization,
which adds up to the averaged magnetization of the system
�filled green triangles�. This behavior suggests the presence
of FM domains within the nominal AFM layers. The lateral
size distribution of the domains did however not produce any
significant off-specular diffuse neutron scattering. Such do-
mains can be understood taking into account the nonperfect
growth temperature used to avoid increased magnetic inter-
face roughness and contamination. Figure 5 also shows a
comparison of the overall magnetization as analyzed by
VSM �filled triangles, green� and PNR �open triangles, dark
green�. Both VSM and PNR results are in good agreement
with each other. The simplicity of our magnetic model,
which is sufficient to account for every feature of the real
magnetic structure and its behavior in great detail, highlights
the successful artificial control of magnetic order and ex-
change bias within a quasisingle-crystalline film.

To summarize, a magnetic FM/AFM superlattice consist-
ing only of single-crystalline FePt3 has been successfully

FIG. 4. �Color online� SLD profiles for selected temperatures
resulting in the best fit to the PNR data. Different regions in the
multilayer are labeled with ¬ MgO�001� substrate, − Cr�50 Å�
buffer layer, ® Pt�120 Å� seed layer, ¯ 5�FePt3�200 Å�-ordered,
° 5�FePt3�100 Å�-disordered, and ± Pt�80 Å� capping layer.
SLDs above the nuclear SLD �black line� correspond to parallel
polarization while SLDs below correspond to antiparallel polariza-
tion with respect to the external magnetic field.

FIG. 5. �Color online� Filled/open squares �red/blue�, PNR de-
rived layer-resolved magnetization of the disordered/ordered FePt3
layers, respectively. Triangles represent overall volume magnetiza-
tion as determined by PNR �filled triangles, bright green� and VSM
�open triangles, dark green�.
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fabricated by modulation of the chemical order parameter.
This artificial phase separation leads to a fascinating material
which is exchanged biased with itself in a thoroughly con-
trolled way. Furthermore, the exchange bias is not affected
by structural roughness at the interface. The complementarity
of x-ray diffraction, polarized neutron, magnetization, and
susceptibility measurements allows not only confirmation of
the modulated structure but provides a very detailed picture

of the magnetic properties of this unique system. The mag-
netic superlattice structure reported in this work represents a
model system to study magnetic interfaces of exchange-
coupled materials with perfect structural interfaces.
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