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We show that magnetic exchange bias can be induced by means of chemical ordering. The effect was
observed on epitaxial thin film layers of FePt3, a material which has the remarkable property that, depending
on the degree of chemical order, a ferromagnetic and an antiferromagnetic magnetic state can coexist at the
same temperature. We demonstrate that the observed exchange bias originates at the interfaces between these
two different magnetic phases of FePt3.

DOI: 10.1103/PhysRevB.77.132404 PACS number�s�: 75.70.Cn

Direct magnetic exchange coupling at the interface be-
tween an antiferromagnet and a ferromagnet can result in a
shift of the magnetic hysteresis curve along the field axis.
This exchange bias effect �for recent reviews, see Refs. 1–3�
essentially is a magnetic pinning effect leading to a unidirec-
tional anisotropy. If a ferromagnetic �FM�/antiferromagnetic
�AFM� interface sample is cooled in an external magnetic
field from a temperature below the Curie temperature TC of
the FM through the Néel temperature TN of the AFM �TC
�Tstart�TN⇒TC�TN�Tend�, the interfacial AFM spins
may align in a preferential orientation relative to the FM
spins as the AFM order sets in. If subsequently, after comple-
tion of the cooling process, the direction of the external field
is reversed, the AFM interface spins exert a torque on revers-
ing FM interface spins, which effectively stabilizes their
field-cooled direction. As a precondition, the AFM interface
spins by themselves must be sufficiently stabilized and this is
indeed the case below the so-called blocking temperature TB,
a temperature that is often found to be significantly lower
than TN. Macroscopically, the exchange bias effect leads to
an offset of the center of the hysteresis loop by an amount
called the exchange bias field.

In recent years, significant research efforts went into ex-
ploring the exchange bias effect in thin film structures be-
cause of important spin electronic applications such as spin
valves implemented in magnetoresistive sensors and non-
volatile magnetic random access memory cells �for recent
reviews, see Refs. 4 and 5�. While the basic mechanisms
leading to exchange bias are qualitatively well understood, a
quantitative understanding of the effect is, in view of often
complex chemical structures and electronic interactions at
actual FM/AFM thin film interfaces, often challenging. In
particular, since atomic-scale roughness plays a very impor-
tant role,6 it would be highly desirable to investigate
AFM/AF interfaces that are structurally/magnetically as per-
fect as possible. So far, only exchange bias combinations of
two different materials with corresponding nonperfect inter-
faces have been investigated simply because, in order to
show AFM and FM magnetic phases at the same tempera-
ture, the two materials usually need to be chemically differ-
ent. In this regard, FePt3 is a remarkable exception because,
depending on the degree of chemical order, it can, at the
same temperature and composition, develop either FM or
AFM magnetic order.7,8

The crystal structure of FePt3 is similar to Cu3Au which is
a prototype for a chemical order-disorder transition. Stoichi-
ometric FePt3 in perfectly ordered face-centered-cubic �fcc�
L12 structure shows antiferromagnetic order below TN
=170 K. In this structure, the Fe atoms occupy the corners
and Pt atoms the faces of the cubic cell. The Fe moments
�mFe=3.3�B extrapolated to T=0 K� order on the �110� alter-
nating ferromagnetic subsheets, while the Pt atoms carry a
very small �or zero� moment �mPt�0.2�B�.

The AFM ordered magnetic phase of FePt3 is very sensi-
tive to plastic deformation resulting in chemical disorder.7,8

Plastic deformation with consequential increased dislocation
densities can be obtained by cold working the chemically
ordered alloy, which, in turn, leads to Fe atoms occupying
face centered positions rather than corner positions in the fcc
ordered lattice.9 As a result, the positive exchange between
next neighbor Fe atoms introduces a tendency to FM order.
Completely disordered FePt3 has an fcc structure in which
each lattice site is occupied by, on average, 1

4 Fe and 3
4 Pt

atoms, where the atomic fractions represent probabilities. It
was found that chemically disordered bulk FePt3 orders FM
at temperatures below about 425 K �mFe=4.0�B and mPt
�0.2�B�.

Here, epitaxial thin films of FePt3 with partial chemical
disorder are fabricated and characterized. As is demonstrated
below, the layers simultaneously have domains of chemically
ordered antiferromagnetic FePt3 and chemically disordered
ferromagnetic FePt3. This offers the intriguing possibility to
study intrinsic exchange bias between two different magnetic
phases of a single crystal material having virtually the same
chemical composition.

The sample was grown as FePt3 /CoPt3 superlattice to in-
terleave AFM FePt3 layers with FM CoPt3. This structure
was created to investigate the exchange bias for structurally
perfect lattice matched interfaces. CoPt3 is structurally very
similar to FePt3 with a lattice constant only 0.5% smaller. In
addition, it has a similar order-disorder transition. However,
CoPt3 is ferromagnetic in both chemically ordered and dis-
ordered phases �TC �ordered phase��293 K; TC
�disordered phase��474 K �Ref. 10��. CoPt3 has been stud-
ied earlier in regard to its growth-induced perpendicular
magnetic anisotropy,11 but in this investigation, the growth
conditions were chosen to obtain chemically disordered FM
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CoPt3 with in-plane anisotropy. The superlattice was depos-
ited via sputtering on a MgO �001� substrate at a temperature
TS=950 K. After deposition of a 10 Å Fe and a 20 Å CrPt3
buffer layer, five double layers of CoPt3 �110 Å� and FePt3
�200 Å� were grown. In order to have ferromagnetic material
on both sides of the individual FePt3 layers, an additional
CoPt3 �110 Å� layer was added. The stack was completed by
a 15 Å Pt capping layer. The Rutherford backscattering spec-
trometry was used for calibrating the alloy compositions to
better than 1 at. %.

X-ray diffraction determined that the CoPt3 and FePt3 lay-
ers grow in the �001� direction onto the MgO �001� substrate.
A phi scan of the �220� reflection performed at �=45°
showed a fourfold symmetry and confirmed the epitaxial na-
ture of the superlattice with no in-plane rotation between the
MgO �001� substrate and the FePt3 /CoPt3 �001� layers. The
�001� is a forbidden reflection in an fcc lattice and its pres-
ence allows us to quantify the degree of chemical order in
Cu3Au type systems �note that CoPt3 does not contribute to
the �001� reflection because at the given substrate tempera-
tures, CoPt3 grows completely disordered�. By comparing
the intensities of the �001� and the �002� reflections and tak-
ing into account the individual contributions of CoPt3 and
FePt3, we calculated an order parameter of 46%,12 i.e., the
FePt3 layers are in a partially disordered state. The origin of
the partially disordered chemical state is likely due to the
limited surface mobility of the adatoms since the growth
temperature, TS=950 K, is about 50 K below the optimal
temperature for chemically ordered growth of FePt3 �see be-
low�. It is also worthwhile to note that the �001� reflection is
much broader than the �002� reflection. Applying the Scher-

rer formula for the �002� reflection, the calculated �out-of-
plane� size for the average epitaxial FePt3 /CoPt3 crystallite
is 270 Å, while it is only 87 Å for the chemically ordered
part of the FePt3 �001� reflection.

The magnetic properties of the sample were investigated
by superconducting quantum interference device �SQUID�
magnetometry. In order to determine the exchange bias, hys-
teresis loops were recorded in the temperature interval from
18 to 300 K after initial field cooling the sample to 18 K in
an external field of 0.9 T. Figure 1 shows the temperature
dependence of the exchange bias field �the data were col-
lected from low to high temperature�. At 18 K, the hysteresis
curve offset is 21 mT. With increasing temperature, the ex-
change bias rapidly decays and at 170 K the effect is no
longer detectable. The decaying exchange bias is accompa-
nied by a qualitative change in the appearance of the hyster-
esis loops as is evidenced in Fig. 2. At the lowest tempera-
ture of 18 K, the sample cannot be fully saturated in the
highest applied field of 0.9 T. The sample magnetization ap-
pears to consist of two contributions. One part shows hyster-
etic behavior and can be saturated in relatively modest fields
�approximately 0.5 T at 18 K�. The other part shows a linear
�reversible� increase with increasing external field. With in-
creasing temperature, the high-field slope of the magnetiza-
tion response diminishes. This behavior likely is the result of
the antiferromagnetic pinning effect that is present at low
temperatures. For temperatures larger than 175 K, the high-
field slope reduces to zero and the sample can be saturated at
about 0.4 T. Above 175 K, all hysteresis loops appear quali-
tatively similar.

The exchange bias causing magnetic transition in the an-
tiferromagnetic part of the FePt3 layers was investigated by
ac susceptibility measurements. In the experiment, a
10 Oe /1000 Hz ac field was applied in the plane of the
sample. The inset of Fig. 1 shows the real part of the ac
susceptibility as a function of the �decreasing� temperature.
The signal shows the typical features of an antiferromagnetic
transition, namely, a maximum of the susceptibility �at about
160 K� and a strong decrease toward lower temperatures.
Note that the maximum of the susceptibility is not a clear
cusp but rather smeared out in temperature. This is likely due
to a distribution of the AFM ordering temperatures due to the
nonperfect chemical order. Although the detailed interpreta-
tion is difficult due to the contributions of the ferromagnetic
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FIG. 1. �Color online� Measured exchange bias after cooling to
18 K in a 0.9 T field �the dashed line is a guide for the eyes�. Inset
�lower right�: ac susceptibility.
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FIG. 2. �Color online� Hysteresis loops at 18 and 300 K.
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FePt3 and CoPt3 layers, the AFM transition temperature
agrees well with the onset of exchange bias.

Polarized neutron reflectometry �PNR� with polarization
analysis was performed in order to determine the temperature
dependence of the magnetic depth profile of the film. The
experiments were carried out using the PNR instrument at
the Geesthacht Neutron Facility and the ADAM reflectome-
ter at the Institute Laue Langevin, Grenoble. In PNR experi-
ments, the magnetic field Bext is applied within the sample
plane. The direction of Bext defines the polarization axis of
the neutron beam. Four different cross sections as a function
of the scattering vector Q are recorded. Both the PNR and
the ADAM instruments use monochromatized neutrons
�PNR: �=6.7 Å, �� /�=5%; ADAM: �=4.41 Å, �� /�
=0.6%�, therefore they scan the scattering vector by varying
the angle of incidence onto the sample. R++ and R−− are the
non-spin-flip reflectivities �the first superscript characterizes
the incident neutron polarization and the second the exit po-
larization; � ��� corresponds to neutrons polarized parallel
�antiparallel� to the external guide field�. These two cross
sections are sensitive to the chemical layering of the film
structure as well as the magnetic moment component M� that
is oriented parallel to the external field axis. R−+ and R+− are
sensitive to magnetic moment components M� that are in the
plane of the film and perpendicular to the external field axis
�for a detailed description of the PNR technique and its ap-
plications, see Refs. 13 and 14�.

The field and temperature history used in the PNR experi-
ments was identical to that used in the SQUID measure-
ments. The sample was cooled to 18 K in an external field of
0.9 T in order to develop exchange bias. The magnetic fields
available during the neutron scattering experiments were not
sufficient to fully saturate the sample at the two lowest tem-
peratures. The 40 K data set was recorded in a field of
500 mT at the ADAM reflectometer, while all other data sets
were recorded in a 410 mT field available at PNR. In com-
parison with the SQUID magnetization data, the fields ap-
plied during the neutron measurements were insufficient to

align those moments that are responsible for the high-field
slope of the magnetization curve at low temperature. Full
polarization analysis was carried out in all measurements,
except for the 200 and 250 K measurements. In all data sets,
only the R++ and R−− channels produced significant intensi-
ties. The spin-flip signals R−+ and R+− were always lower
than the background resulting from the nonperfect beam po-
larization characteristics of the polarizer and analyzer optics.
This result indicates that the majority of the magnetic mo-
ments in the sample are aligned along the axis of the external
field and that the amount of vertically correlated domains
having an effective magnetization vector perpendicular to the
magnetic field axis is small.

Figure 3 shows the measured �background corrected and
normalized� neutron reflectivity data together with the corre-
sponding fits. The data sets have three characteristic features
that change with temperatures. At low temperature, we ob-
serve a large spin splitting �difference in R++ and R−− reflec-
tivity� at the total reflection edge of the film at QC
�0.0192 Å−1. This edge solely results from FePt3 layers and
the spin splitting from its ferromagnetism. The CoPt3 total
reflection edge is located at a much lower Q
��0.0179 Å−1� and, therefore, cannot contribute to this fea-
ture. With increasing temperature, the splitting decreases sig-
nificantly indicating a reduction in the magnetization of the
FePt3 layers. The two other features are the first and second
order Bragg peaks resulting from the FePt3 /CoPt3 superlat-
tice periodicity, located at Q1�0.027 Å−1 and Q2
�0.047 Å−1, respectively. The spin splitting at these two
Bragg peaks depends on the ferromagnetism in both the
FePt3 and CoPt3 layers. Satisfying these three spin-splitting
features simultaneously is a very restrictive condition in the
data fitting process. All data sets were fitted satisfactorily
using the same set of structural parameters for all tempera-
tures. The nuclear scattering length densities which depend
on density and atomic composition of the layers were found
to be close to the bulk values and the film thicknesses were
within 5% of their nominal values. One should note that the
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FIG. 3. �Color online� Polarized neutron reflectometry. The round symbols �red: R++; blue: R−−� are the experimental data points and the
lines are fits to the data. The data sets have been normalized to R=1, but individual data sets have been offset by a factor of 100 relative to
each other for clarity reasons.
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fitting results displayed in Fig. 2 are based on homogeneous
magnetization profiles within the layers for all temperatures.
Nonhomogeneous magnetization profiles, for example, sig-
nificantly enhanced or reduced near-interface moments re-
sulted in a poorer match between the fits and the data. The
structural and magnetic interface roughness was determined
to be �15 Å, i.e., quite substantial in comparison to the layer
thickness.

The temperature dependences of the analyzed layer-
resolved volume magnetizations are shown in Fig. 4. Both
FePt3 and CoPt3 layers were found to be ferromagnetic in the
investigated temperature interval. The individual layer mag-
netizations show a smooth decrease toward higher tempera-
ture. In particular, no irregularities were observed at 160 K,
the temperature at which the order in the AFM parts of the
FePt3 layers sets in. The Curie temperature of the CoPt3 lay-
ers appears to exceed 400 K which is consistent with its
chemical disordered growth mode �the TC of bulk disordered
CoPt3 is about 474 K�. The temperature dependence of the
magnetization of the FM part of the FePt3 layers suggests a

Curie temperature of about 350 K which is well below its
bulk value �entirely disordered bulk FePt3 has a TC of about
425 K�. This may indicate the presence of a multidomain
state in which individual regions have various degrees of
disorder and a correspondingly lowered Curie temperature. A
good test for the validity of the neutron data fitting results is
the direct comparison of the weighted average magnetization
determined by PNR with the volume magnetization deter-
mined with SQUID, as is shown in Fig. 4. As can be seen,
both methods are in good agreement.

For comparison, a CoPt3 /FePt3 /CoPt3 �100� trilayer
grown at TS=1000 K, which exhibited a much higher chemi-
cal order of the FePt3 layers �order parameter=84%�, exhib-
ited more than two times lower exchange bias of 3 mT at
40 K. This suggests that the chemically disordered ferromag-
netic part of FePt3 and its direct contact to the chemically
ordered antiferromagnetic part of the FePt3 are at the origin
of the large exchange bias of the investigated sample.

To summarize, we have studied the exchange bias effect
of an epitaxial multilayer stack consisting of FePt3 layers
with 46% chemical order and ferromagnetic CoPt3 layers.
The complementarity of x-ray diffraction, polarized neutron,
magnetization, and susceptibility measurements lets us draw
a very detailed picture of the magnetic properties of this
exchange bias system. The measurements show that at low
temperature the FePt3 layers are in a magnetic state with both
AFM and FM domains present. The AFM part appears to be
paramagnetic at high temperature and, based on ac suscepti-
bility measurements, must have a Néel transition at about
160 K. Our experimental results indicate that the exchange
bias effect is created within the FePt3 layers at the interface
between the chemically ordered and disordered FePt3 do-
mains. This is the experimental evidence that a chemical
ordering process within a single crystalline material of ho-
mogeneous composition is causing exchange bias, and the
next step will certainly be to study the magnetic properties of
FePt3 �AFM� and FePt3 �FM� epitaxial interfaces.
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Energy �Grant No. DE-FG02-02ER45966 and Contract No.
DE-AC05-00OR22725� and by the National Science Foun-
dation Materials Research Science and Engineering Center
program �Grant No. DMR-0213985�.
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FIG. 4. �Color online� �Layer-resolved� volume magnetizations.
The round symbols are the analyzed values for ��� CoPt3 and ���
FePt3. ��� is the weighted average magnetization from the neutron
data and ��� is the volume magnetization from SQUID data. The
dashed lines are guides for the eyes.
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