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We studied the exchange-spring behavior in FePt-Fe hard-soft magnetic heterostructures. We present a study
of the spin structure of the soft Fe layer of Fe-FePt bilayers by nuclear forward scattering of synchrotron
radiation. The orientation of the Fe moments close to the top of the soft layer was determined quantitatively as
a function of the soft-layer thickness. We show that for a few monolayers of Fe, the magnetically hard FePt
layer pins the magnetization in the soft Fe layer to the out-of-plane direction. With increasing Fe-layer thick-
ness, the influence of the FePt diminishes and the magnetization cants toward the in-plane Fe�001� direction.
The significance of the exchange coupling constant as the relevant parameter for the exchange-spring behavior
is demonstrated by one-dimensional micromagnetic simulations.
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I. INTRODUCTION

The exchange-spring magnet, which is based on interfa-
cial exchange-coupled soft and hard ferromagnetic materials,
combines the high magnetization of the soft phase with the
high magnetic anisotropy of the hard phase.1 With advanced
preparation techniques researchers aim to achieve spring
magnets with high values of the maximum energy product
and of the remanent magnetization.2,3 This kind of system is
of interest for low-cost permanent magnets and novel func-
tional magnetic nanostructures. Fe-FePt bilayers are proto-
types of exchange-spring magnets.4–6 FePt in the L10 phase
is a hard material with a high magnetocrystalline
anisotropy7,8 while Fe is a soft ferromagnetic material with a
low anisotropy and high spontaneous magnetization. So far,
experimental studies mainly concentrated on thin exchange-
spring bilayers with both the hard and the soft magnetic mo-
ments oriented in the film plane.4,9–12

Nowadays, the focus is on magnetic structures having the
easy magnetization axis orthogonal to the film plane. Epitax-
ial FePt thin films stabilized in the L10-crystal structure show
this property when grown on MgO�100�.13–17 Moreover, by
depositing a thin Fe film onto a L10 FePt layer, an interesting
phenomenon appears: while the hard FePt layer forces its
magnetization perpendicular to the film plane, the soft Fe
layer tends to orient its magnetic moments in the plane. This
perpendicular exchange coupling is an interesting field of
study with direct applications in the ultrahigh density mag-
netic recording industry.18–20 Casoli et al.5,21 macroscopi-
cally studied the exchange interaction between the hard FePt
and the soft Fe phases via measuring the orthogonal magne-
tization of Fe-FePt bilayers as a function of the external field.
On the microscopic scale, little is known about the spin
structure within this system.

The spin structure inside the soft and the hard layers can
be theoretically modeled by means of micromagnetic calcu-
lations both for lateral exchange-spring systems1,9,22 as well
as for perpendicular magnets.6,23 In perpendicular exchange-

spring bilayers the moments of the soft phase are predicted
to vary from along the sample normal to along the in-plane
direction as the distance of the moments from the interface is
increased. However, experimental evidence for this gradual
spin rotation is lacking. In this work, we experimentally
study the magnetic moment orientation in the soft phase of
Fe-FePt.

A local probing of the magnetization inside the Fe layer of
Fe-FePt bilayers is possible via nuclear-resonant scattering
of synchrotron radiation �NRS�. NRS, being a time analog to
classical Mössbauer spectroscopy, is sensitive to Mössbauer
nuclei only. The high brilliance of third generation synchro-
tron sources allows one to probe very thin and even mono-
atomic probe layers of the resonant isotope 57Fe within a
nonresonant sample. The use of an inclined probe layer and
the ability to focus the beam down to micrometer size makes
it possible to address different depths within the same sample
by lateral displacement of the beam. The combination of the
high brilliance, the isotope sensitivity and the use of very
small beams make NRS a unique tool for the study of mag-
netic nanostructures.4,24–26

II. EXPERIMENTAL

An Fe-FePt bilayer is prepared by molecular-beam epi-
taxy onto a preannealed MgO�100� substrate. The substrate
is 20�20�2 mm3 in size. The pressure during growth re-
mained below 5�10−10 Torr. We used calibrated quartz
crystal monitors to control the thickness, the deposition rate,
and the relative atomic flux. The deposition rates for 56Fe
and Pt were 0.029 Å /s and 0.039 Å /s, respectively. The
56FePt film with a nominal thickness of 30 nm was prepared
at a temperature of 500 °C and contains the nonresonant
isotope 56Fe. The elevated temperature results in a highly
ordered and magnetically hard L10 phase with perpendicular
magnetization.15 As illustrated in Fig. 1, a tilted probe layer
of 57Fe �0.7 nm� was prepared onto an 56Fe-wedge-shaped
layer. The wedge was prepared by linearly moving a shutter
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plate in front of the sample. The wedged probe layer allows
one to study the moments in the top monolayers of the Fe
layer as a function of the soft-layer thickness by growing one
single-bilayer system with unique properties of the hard
layer. The Fe structure was deposited at 100 °C. The sample
was capped with an additional layer of 56Fe �0.6 nm� and a
protecting layer of Ag �3 nm�.

The crystallographic structure and the texture of the thin
film was characterized by high angle x-ray diffraction �XRD�
experiments. An x-ray diffractometer with a Cu x-ray source
�K��Cu�=1.5401 Å� was used. Figure 2�a� displays the
XRD scan of the Fe-FePt bilayer. The K� and K� x-ray
reflections on the substrate result in the diffraction peaks at
38.65° and 42.97°, respectively. The diffraction peaks at 2�
=24.0°, 49.1°, and 77.2° are attributed to the �001�, �002�,
and �003� reflections of the L10 crystal. The presence of only
�00n� diffraction peaks indicates that the FePt is textured in
the FePt�001� direction perpendicular to the substrate and
that the film grows epitaxially on MgO�100�. The results are
in agreement with earlier work on L10-FePt thin films di-
rectly grown on MgO�100� substrates.15 The diffraction peak
around 64.0° shows that the Fe layer is in the bcc-crystal
phase.

The in-plane structure and epitaxial relations were ex-
plored by asymmetric diffraction scans. Figure 2�b� shows
two � scans of the Fe-FePt bilayer. The spectra indicate the
measured Fe�110� �2�=44.76°� and FePt�101� �2�=33.06°�
intensities at 45° from the sample normal while rotating the
bilayer thin film about the sample normal. The offset be-
tween adjacent Fe�110� and FePt�101� peaks being 45° con-
firms that the bcc-Fe unit cell grows at 45° rotated in plane
with respect to the L10-FePt unit cell. Further, we found that
the Fe unit cell is rotated 45° with respect to the MgO sub-
strate �for the epitaxial relations between MgO and FePt we
refer to the pole figures in Ref. 15�. The epitaxial relations
between the Fe, the FePt, and the MgO unit cells are illus-
trated in the inset of Fig. 2�b�. The slope of the Fe wedge is
aligned with one of the edges of the MgO substrate. As il-
lustrated in Fig. 1, the synchrotron beam k� is aligned perpen-

dicularly to this wedge. Thus, the beam points along the
crystallographic �110� direction of the bcc-Fe layer or, in
other words, the angle between k� and Fe�100� is 45°.

We investigated the macroscopic magnetic properties of
the Fe-FePt bilayer at room temperature by means of vibrat-
ing sample magnetometry. The sample for the measurement
of the bulk magnetization was cut into three parts perpen-
dicular to the slope of the wedge. The magnetization curves
look similar as the loops reported by Casoli et al.,5 i.e., as the
soft-layer thickness increases, the perpendicular remanence
decreases. The moments of the bilayer could not be saturated
in the film plane with the maximum available field of 9 T.

The magnetic-moment orientation in the 57Fe layers of the
Fe-FePt bilayer was investigated at room temperature by
means of nuclear-resonant scattering of synchrotron radia-
tion. The sample was placed in grazing-incidence geometry
and measurements were performed at beamline ID18 of the
ESRF �Ref. 27� both in zero field and with an external field
applied parallel to the thin-film plane but perpendicular to
the synchrotron beam �see Fig. 1�. The width of the beam at
the sample position was 60 �m so that the depth resolution
is mainly determined by the thickness of the probe layer
�being 0.7 nm�. The energy of the beam was monochroma-
tized to 14.413 keV. This is the energy of the magnetic dipole
transition of 57Fe with spins Ig=1 /2 and Ie=3 /2. Synchro-
tron radiation, incident on the sample, will simultaneously
excite the hyperfine-split nuclear energy levels of the 57Fe
atoms. The intensity of the delayed photons is recorded as a
function of time. Apart from a decaying intensity related to
the lifetime of the excited state �141 ns in the case of 57Fe�,

FIG. 1. �Color online� Representation of the investigated Fe-
FePt bilayer. An 57Fe probe layer is grown on the wedged shape.
The direction of the external applied field �0H� and the direction of
the synchrotron beam k� with respect to the sample are indicated.
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FIG. 2. �Color online� �a� X-ray diffraction ��-2�� scan of the

Fe-FePt bilayer on MgO�100�. �b� Fe�110� and FePt�101� intensities
at 45° from the sample plane normal as a function of rotation angle
� about the surface normal. The inset illustrates the epitaxial rela-
tion between bcc-Fe, L10-FePt, and the substrate.
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the time spectra show rapid oscillations, i.e., quantum beats,
originating from the hyperfine splitting of the nuclear states.
The strength of the splitting is proportional to the total mag-
netic field at the position of the nucleus, which is the sum of
the hyperfine field and the externally applied field. In the
case of 57Fe, the magnetic hyperfine field vector is antipar-
allel to the net atomic magnetic moment m� . Hence, knowl-
edge of the direction of the magnetic hyperfine field implies
the knowledge of the direction of the spin orientation.28

The quantum beat pattern depends strongly on the relative
orientation of the magnetic moments m� with respect to the
direction and polarization of the incident synchrotron radia-
tion �here, the magnetic field of the incident synchrotron ra-

diation is along the sample normal�. This is illustrated by the
simulated time spectra in Fig. 3. The simulations are ob-
tained by the program CONUSS �Ref. 29� for an 57Fe�2.0 nm�
thin film. When m� is along the sample normal �Fig. 3�a�, �
=0°�, only the nuclear transitions which require an angular-
momentum change 	m=0 can be excited, i.e., the two tran-
sitions depicted in the energy spectrum of Fig. 3�a�. In the
time domain, the interference between the two nuclear tran-
sitions results in a beating pattern with a single frequency.
When the angle � between the sample normal and m� in-
creases, additional nuclear transitions are allowed, each with
a different weight. Consequently, the time spectrum shows
multiple frequencies �see Figs. 3�b�–3�d��.

FIG. 3. �Color online� Right column: simulated time spectra for different orientations of the magnetic moments relative to the beam
direction and the bcc-Fe axes. k� is a vector along the photon beam and Fe�001� is aligned with the sample normal. The �k� ,Fe�110�� plane
lies in the plane of the synchrotron. The polar angle � is defined as the angle between the sample normal, Fe�001�, and the magnetic moment
m� . The azimuthal angle � is the angle between Fe�110� and the projection of m� in the sample plane. The simulations are obtained by the
program CONUSS �Ref. 29� for an 57Fe�2.0 nm� thin film. The model consists of four hyperfine sites with the same hyperfine field strength
of −33 T. Yet, they have different but complementary orientations: m1�� ,��, m2�
−� ,��, m3�� ,2
−��, and m4�
−� ,2
−��. The spectra
in the second column show the nuclear-resonance lines in energy-domain relative to 14.413 keV ��=4.65 neV�.
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III. MICROSCOPIC SPIN STRUCTURE

To investigate the local Fe magnetization in the top mono-
layers of the Fe layer as a function of the soft-layer thick-
ness, the focused synchrotron beam was aligned at 11 posi-
tions on the ultrathin 57Fe �0.7 nm� probe layer. At these
positions time spectra were recorded under grazing incidence
conditions. Figure 4�a� shows a selection of the recorded
time spectra. We denote the distance of the probe atoms to

the FePt interface with the parameter d. For the 57Fe located
at a distance of d=1.4 nm from the FePt interface, the time
spectrum shows a pronounced beating pattern with a single
frequency similar to the simulation for m� along the sample
normal in Fig. 3�a�. The time evolution of the intensity
changes to a pattern with multiple frequencies as the distance
to the interface is increased.

To account for magnetic domain formation we defined
complementary hyperfine-field sites in our model. These
sites are characterized by the same hyperfine field strength,
yet with different rotation angles, namely, m1�� ,��, m2�

−� ,��, m3�� ,2
−��, and m4�
−� ,2
−��, and they inter-
fere coherently. Hence, the polar angle � is defined as the
angle between the sample normal and the magnetic moment.
The azimuthal angle � is the angle between Fe�110� and the
projection of the vector m� in the sample plane �see Figs. 3�c�
and 3�d��. The rotation of the vectors m� i is limited between
two perpendicular easy axes of the bcc-Fe layer, for instance,
Fe�001� and Fe�100�, and thus 0���
 /2 and �=45°.
Analysis of the quantum beats with this model permits an
accurate determination of the local moment direction.

The analysis of the 11 time spectra with the NRS fitting
interface24 for CONUSS �Ref. 29� indicates a magnetic hyper-
fine field of −33 T with a Gaussian width of 1.7 T. From
each spectrum a unique rotation angle � is obtained. Figure
4�b� shows the rotation angles as a function of the distance to
the FePt interface. At a distance to the FePt interface of less
than 3 nm, the Fe moments are oriented perpendicular to the
thin-film surface whereas at a distance of 9 nm they are
almost parallel with the surface. In between, the moments
gradually rotate from the out-of-plane to in-plane direction.
Hence, we observe a clear exchange-spring behavior in the
perpendicular direction.

The exchange-spring behavior could be simulated by the
application of the Landau-Lifschitz equation of motion for
the one-dimensional classical spin chain30,31

�M� i

�t
= M� i � F� i − 
�M� i � �M� i � F� i�� . �1�

with 
 a very small dimensionless dissipation constant and
M� i the unit magnetization of the ith sublayer. We divided the
Fe layer into N sublayers of thickness tFe=0.2 nm such that
d=0.2�N. The FePt layer is kept as a single layer. F� i is the
effective field related to the energy density W via F� i

=−�W /�M� i. The energy density is the sum of several contri-
butions. The Zeeman term is described by WZee

=−�i=1
N �M� i ·H� �tFemFe+ �M� 0 ·H� �tFePtmFePt with M� 0 the unit

magnetization of the FePt layer. We used the magnetization
per volume mFe=1.76�106 J / �T m3� and mFePt=1.14
�106 J / �T m3� for Fe and FePt, respectively.1 For FePt the
uniaxial anisotropy contribution to the total-energy density
can be described by Wani=

1
2KutFePtM� 0z

2 with Ku=4
�106 J /m3. The cubic magnetocrystalline anisotropy of the
Fe layer is described by Wani=�i=1

N Kct�M� ix
2 M� iy

2 +M� iy
2 M� iz

2

+M� iz
2 M� ix

2 �. Finally, we used the phenomenological model for
exchange coupling: Wexc=−�i=0

N−1Ja�M� i ·M� i+1�2 with Ja the
exchange coupling constant. Note that in this model Ja is
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FIG. 4. �a� Selection of time spectra of the wedged Fe-FePt
bilayer. The parameter d is varied by changing the lateral position
of the focused synchrotron beam onto the canted 57Fe�0.7 nm�
probe layer. The spectra are recorded at zero field and at room
temperature. The solid lines are the fits obtained by the fitting pro-
gram CONUSS �Ref. 29�. �b� Dependence of the spin rotation in the
Fe layers on the distance d from the FePt interface. The angles � are
extracted from the fits of the NRS time spectra. The dashed line
represents the simulation result as discussed in the text.
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defined as the exchange coupling constant per sublayer
thickness tFe=0.2 nm. Further we will report on the more
commonly used exchange-spring constant per unit length J.

To reproduce the Fe wedge in the simulations, we in-
creased the number of Fe sublayers N :7→28 which corre-
sponds with a thickness range of 14→96 nm. For each N,
the Landau-Lifschitz equation was solved in the presence of
external fields from −6 till 6 T. Finally the remanent magne-
tization was extracted. The dashed line in Fig. 4�b� is the
result of simulations with exchange constant J=2.0
�10−11 J /m. This value is obtained after analysis of the
depth dependence of the magnetic spins in the probe layer
and the magnetization curves discussed in the next para-
graph. Moreover, the value is consistent with the results re-
ported in literature.6

The strength of the coupling between the soft Fe layer and
the hard FePt layer and the validity of our model were fur-
ther investigated by means of magnetization measurements.
That is, time spectra are recorded in external fields in the
range of 0–5.6 T while the synchrotron beam was fixed at

certain positions on the probe layer. Two positions on the
wedge are selected, corresponding to a distance of 1.4 and
5.4 nm to the FePt interface. The field was directed parallel
to the in-plane bcc-Fe�110� direction and thus, at saturation
the moments are expected to align with this direction. As a
consequence, the magnetic moments have an additional de-
gree of rotation in the thin-film plane.

A selection of time spectra recorded on the bilayer in an
external field are shown in Figs. 5�a� and 5�b�. For both
positions of the probe layer, the spectra recorded in a field of
3.5 T look similar. However, in a field of 1.0 T the moments
in the probe layers behave differently. At a probe distance of
1.4 nm to the interface the spectrum is comparable to the
low-field spectrum whereas at a distance of 5.4 nm the spec-
trum shows more similarities with the spectrum obtained in a
field of 3.5 T. A more detailed analysis of all spectra allows
us to reconstruct the magnetic moment orientation as a func-
tion of the external field. The angles � and � are plotted as a
function of the external field in Figs. 5�c� and 5�d�, respec-
tively. A three-dimensional representation of the moment ro-
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FIG. 5. �Color online� First column: time spectra taken in various external fields for the 57Fe probe nuclei located at �top� d=1.4 nm and
�bottom� d=5.4 nm from the FePt interface. The solid lines are the fits obtained by the fitting program CONUSS �Ref. 29�. Second column:
rotation angles � and � as a function of the external field for the moments located at a distance ��� d=1.4 nm and ��� d=5.4 nm of the
FePt interface. The colored line represents the simulation result with J=0.2�10−11 J /m �magenta thin dotted line�, 0.4�10−11 J /m �yellow
thin solid line�, 1.0�10−11 J /m �blue thick dotted line�, 2.0�10−11 J /m �red thick solid line�, and 3.0�10−11 J /m �green thin dot-dashed
line�. The oscillations seen in the simulation results for the angle � are due to numerical noise �Wani�W�. The polar angles �, � and the
direction of the applied field are defined in the text and illustrated in Fig. 3. Third column: the rotation of the moments shown in a spherical
axis system. The arrows indicate the direction of the canting as the field increases. For the sake of clarity the error bars are omitted.
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tation is given in Figs. 5�e� and 5�f�. For ��20° it is difficult
to obtain a unique value of � as in this region, m�� ,�=0°� is
almost identical to m�� ,�=45°�. This is the case for the
low-field measurements obtained with the beam pointed in
the beginning of the wedged probe layer �d=1.4 nm�. There-
fore no value for � is given in this field region. When no
error bar is indicated in Fig. 5�c�, the angle was kept fixed
during the fitting process.

A small field on the order of �100 mT is needed to rotate
the moments toward �=0° which corresponds with a mag-
netic harder direction. This effect can be attributed to the
magnetocrystalline anisotropy of bcc-Fe.

The moments of the probe layers located at 1.4 and 5.4
nm from the FePt interface gradually rotate from canted out
of the film plane toward the plane of the thin film. At a field
of 5.6 T the moments at a distance of 1.4 nm from the inter-
face are nearly saturated in the thin-film plane whereas for
d=5.4 nm saturation ���90°� is reached at 4.5 T.

To demonstrate the significance of the exchange coupling
constant J as the relevant parameter for the exchange-spring
behavior, simulation results obtained with exchange-spring
constants in the range of 0.2�10−11–3.0�10−11 J /m are
shown in panels �c� and �d� of Fig. 5. J=2.0�10−11 J /m
gives the best match with both magnetization curves. The
micromagnetic simulations show that the strength of the ex-
change coupling constant J strongly influences the spring
stiffness as well as the critical thickness at which the transi-
tion from rigid magnet to exchange spring occurs. The re-
maining deviations of the simulated curves from the experi-
mental data may be attributed to the adopted approximations
of the model. For example, in our model we do not discrimi-
nate between the exchange coupling between two adjacent
Fe sublayers and the coupling between Fe and FePt at the
interface �JFe-Fe=JFe-FePt�. Second, the FePt thin film is con-
sidered as one single rigid magnet, not allowing for spin
canting within the FePt film. Third, possible effects of strain
relaxation and related variations in the magnetostriction in
the Fe film due to the epitaxial mismatch32 to the FePt un-
derlayer are not considered. Nevertheless, the major features
of the experimental observations, both the thickness depen-
dence as well as the field dependence, are qualitatively well
reproduced with the simple micromagnetic model. This dem-
onstrates that the exchange interaction within the Fe layer is
the key mechanism that determines the spin orientation in the
soft magnetic layer of the bilayer system.

Both the zero- and the nonzero-field measurements indi-
cate that the spins behave like an exchange spring in the
orthogonal direction for Fe-FePt bilayers with a total soft-
layer thickness �4.1 nm, which is the sum of the three
sublayers of the wedge: 56Fe�2.8 nm� / 57Fe�0.7 nm� /
56Fe�0.6 nm�. At zero field the Fe moments in the top mono-
layers are canted away from the sample normal. Conse-
quently, the remanent magnetization of the total bilayer in

the perpendicular direction is lower than the saturation mag-
netization. This experimental result is in agreement with the
macroscopic magnetization curves of Fe�x�-FePt bilayers re-
ported by Casoli et al.5 There, depending on the thickness of
the soft phase two coupling regimes were observed, i.e., the
rigid magnet regime and the exchange-spring regime.6 The
rigid magnet is characterized by a square loop with high
remanence and by a single critical magnetization reversal
field whereas the exchange-spring bilayer shows a magneti-
zation loop with reduced remanence and the inversion of its
magnetization starts in the first quadrant. In that work, a
critical thickness for the Fe layer of �2 nm is experimen-
tally identified for the transition from the rigid magnet to the
exchange-spring magnet regime. We found that for a soft
layer with a thickness less than 3.3 nm the Fe moments are
aligned with the easy axis of the L10-FePt layer and the
bilayer behaves like a rigid magnet.

IV. CONCLUSIONS

We have studied the magnetization direction in the top
layer of the soft Fe layer in an Fe-FePt bilayer as a function
of the Fe-layer thickness. The bcc-Fe layer, which tends to
align its magnetization in the thin-film plane, is exchanged
coupled to an L10-FePt layer of which the magnetization is
perpendicular to the film plane. We identified an exchange-
spring behavior on the microscopic scale by locally probing
an ultrathin 57Fe layer with nuclear-resonant scattering of
synchrotron radiation. The Fe-moment rotation is quantified
in the perpendicular direction. That is, the Fe moments
gradually cant away from the sample normal as the thickness
of the Fe layer increases. In addition, we performed magne-
tometry measurements to investigate the strength of the ex-
change coupling with the external field applied along the
in-plane Fe�110� direction. From the NRS time spectra we
could deduce that the field required to cant the moments
toward the external field decreases as the distance from the
interface increases. Finally, our one-dimensional micromag-
netic simulations show that the spring stiffness and the criti-
cal thickness at which the transition from rigid magnet to
exchange spring occurs is determined by the strength of the
exchange coupling constant J within the Fe layer of the Fe-
FePt bilayer system with J=2.0�10−11 J /m.
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