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Imaging the Magnetic Spin Structure of Exchange-Coupled Thin Films
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We have investigated the magnetic spin structure of a soft-magnetic film that is exchange-coupled to
a hard-magnetic layer to form an exchange-spring layer system. The depth dependence of the
magnetization direction was determined by nuclear resonant scattering of synchrotron radiation
from ultrathin 57Fe probe layers. In an external field a magnetic spiral structure forms that can be
described within a one-dimensional micromagnetical model. The experimental method allows one to
image vertical spin structures in stratified media with unprecedented accuracy.
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FIG. 1. Left: scheme of the spin structure in an exchange-
spring bilayer consisting of a soft-magnetic layer (Fe) on a
hard-magnetic layer (FePt) with uniaxial anisotropy. An ex-
ternal field ~HH is applied perpendicular to the remanent mag-
netization ~MM of the hard layer. Right: to image the resulting
magnetic spiral, a tilted ultrathin probe layer of 57Fe is depos-
ited within the soft layer. The magnetic properties in depthD of
properties in thin films via selectively deposited Fe
monolayer probes [9]. While measurements in this field

the film are probed by adjusting the transverse displacement �x
of the sample relative to the scattering plane.
The exchange coupling between different magnetic
phases within thin films, multilayers, and nanoparticles
plays an important role in the development of novel func-
tional magnetic nanostructures. Applications include
magnetoelectronic devices that are based on the exchange
bias effect [1] and magnetostrictive heterostructures in
micromechanical devices [2], for example. The function-
ality of these systems relies critically on the magnetic
spin structure that develops in external magnetic fields
[3]. Moreover, nanocomposite materials consisting of
exchange-coupled soft- and hard-magnetic phases are
promising candidates for new permanent magnetic mate-
rials with giant magnetic energy products [4]. Thin bi-
layers consisting of a hard- and a soft-magnetic material
are ideal model systems to investigate the fundamental
properties of this coupling mechanism. As a character-
istic property of such systems, the magnetization of the
soft-magnetic film at the interface is pinned to the hard-
magnetic film as a result of the exchange interaction.With
increasing distance from the interface, the exchange cou-
pling becomes weaker and the magnetization may rotate
under the action of an external field. If, for example, the
external field is applied orthogonal to the magnetization
direction of the hard layer, the magnetic moments in the
soft layer arrange in a spiral structure along the normal,
as shown schematically in Fig. 1. Because of the revers-
ible nature of this rotation, this is called the exchange-
spring effect [5]. While a number of micromagnetical
models have been developed to describe this behavior
[6,7], direct measurements of the actual spin structure
are scarce. Methods applied so far such as polarized
neutron scattering either probe the whole volume of the
sample or they are too surface sensitive as in case of
electron scattering. In the former case, however, special
reconstruction techniques allow one to extract depth-
resolved spin structures as demonstrated recently [8]. In
the past, conversion electron Mössbauer spectroscopy
was applied to study the depth dependence of magnetic
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are time-consuming even with the use of strong radioac-
tive sources, the availability of high-brilliance synchro-
tron radiation has opened new avenues for the study of
thin films and low-dimensional structures [10,11], involv-
ing ultrathin probe layers as well.

In this Letter we report about the direct measurement
of the depth-dependent spin rotation in exchange-coupled
bilayers consisting of Fe on hard-magnetic FePt with
unidirectional magnetization, as shown in Fig. 1. The
experimental method is coherent nuclear resonant scat-
tering of synchrotron radiation from 57Fe probe layers in
different depths within the Fe layer. The simultaneous
excitation of the hyperfine-split nuclear energy levels
leads to characteristic beats in the time spectra of the
nuclear decay from which the magnitude and the orien-
tation of magnetic fields in the sample can be determined
with high accuracy. The method is the time-based analog
of classical Mössbauer spectroscopy that was introduced
as nuclear Bragg scattering by Gerdau et al. [12] and
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extended to nuclear forward scattering (NFS) by
Hastings et al. [13,14].

The sample investigated here is a bilayer system con-
sisting of 11 nm Fe on 30 nm Fe55Pt45, further denoted as
FePt. The layers were deposited by rf magnetron sputter-
ing in an Ar atmosphere of 1:5 � 10�2 mbar on a super-
polished Si wafer. FePt was sputtered from a composite
target consisting of a number of Pt chips on a high-purity
Fe foil to obtain the desired composition. After deposi-
tion, the layer was annealed for 30 min at 800 K to form
the hard-magnetic tetragonal L10 phase [15,16] with a
coercivity of 0.96 Tat room temperature, as controlled by
hysteresis measurements via the magneto-optical Kerr
effect. The rms surface roughness of the FePt layer was
determined by x-ray reflectivity to be less than 0.4 nm,
indicating that the grain size did not increase too much
upon annealing. To prepare a tilted probe layer within the
Fe film, as shown schematically in Fig. 1, a wedge-shaped
film with a slope of 0:5 nm=mm is produced by linear
variation of the exposure during sputter deposition of Fe.
After growth of a 0.7 nm thick 57Fe probe layer the same
wedge was deposited with opposite slope. Different
depths D in the sample can thus be probed by adjusting
the displacement �x of the sample transversely to the
incident beam. Finally, the layer system was coated with
3 nm Ag to minimize oxidation.

The experiment was performed in the single-bunch
filling mode of operation at the Nuclear Resonance beam
line (ID18) of the European Synchrotron Radiation
Facility [17]. At the sample position the beam cross
section was 150 �m �vertical� � 200 �m �horizontal�.
The sample was magnetically saturated in an external
field of 2.3 T so that the remanent magnetization of the
FePt layer was oriented along ~kk0, as shown in Fig. 1.
It was mounted in a cryomagnet system with an
FIG. 2. The Ag=Fe=FePt trilayer as an x-ray waveguide.
(a) Depth dependence of the electric field intensity at an angle
of incidence of ’m � 4:4 mrad. At this angle, the radiation
couples into a guided mode, forming a standing wave inside
the Fe layer. This shows up as a minimum in the rocking curve
of the nonresonant reflectivity (b) and as a pronounced peak in
the flux of the resonantly scattered radiation (c), recorded
within a time range from 20–160 ns after excitation.
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in-plane external field perpendicular to ~kk0 where it was
cooled to 4 K to increase the coercivity and the rema-
nence of the hard-magnetic layer [18]. To maximize the
delayed intensity, the radiation was coupled into a
waveguide mode of the layer system at an angle of
incidence of ’m �

������������������������������
’2
c � 
2=16d2

p
� 4:4 mrad, where

’c � 3:8 mrad is the critical angle of Fe and d is the Fe
layer thickness. This is illustrated in Fig. 2. The super-
position of waves that are multiply reflected at the
Ag=Fe=FePt boundaries led to a significant x-ray flux
enhancement inside the Fe layer, shown in Fig. 2(a). At
’ � ’m we have observed a maximum resonant (de-
layed) count rate of about 100 s�1, see Fig. 2(c), so that
time spectra with very good statistical quality were ob-
tained within only 15 min. A series of time spectra taken
at selected transverse displacements �x and external
magnetic fields B is shown in Fig. 4. The beat pattern in
the spectra undergoes characteristic changes that reflect
the rotation of the magnetization, as will be discussed in
detail below.

Because of the very small thickness of the probe layer
we can describe the delayed temporal response in the
kinematical approximation of NFS. In this case the am-
plitude of the resonantly scattered radiation is propor-
tional to the nuclear scattering amplitude f�!�. The
14.4 keV transition of 57Fe is a magnetic dipole transition
with spins Ig � 1=2; Ie � 3=2 of the ground and the
excited state, respectively, and a natural lifetime of �0 �
141 ns. Since in this scattering geometry the magnetic
field of the incident radiation is along the surface normal,
and the magnetization lies in the plane of the sample,
only transitions with a change in the magnetic quantum
number of �m � �1 can be excited. Assuming detection
without polarization analysis, the time dependence of the
resonantly reflected intensity is given by [19]

I�t� � j�~FF�1 � ~FF�1� � i cos��~FF�1 � ~FF�1�j
2e�� t=�0 ;

(1)

where the functions ~FF� � ~FF��t� are the Fourier trans-
forms of the energy-dependent resonant strengths F��!�
for dipole transitions with a change in the magnetic
quantum number of �m � �, shown in Fig. 3(a). The
exponential in Eq. (1) describes the acceleration of the
decay that results from the coherent nature of the resonant
scattering process [14]. At � � 0, Eq. (1) simplifies to
I�t� 
 j~FF�1j

2 � j~FF�1j
2. Since j~FF�1j

2 � j~FF�1j
2, the time

spectrum I�t� is a beat pattern with a single frequency
(see Fig. 4, bottom right), reflecting the energetic sepa-
ration of the two resonance lines that comprise the F��!�.
With increasing� the modulation becomes more complex
due to the admixture of three more frequencies and
merges into I�t� 
 j~FF�1 � ~FF�1j

2 at � � 90�. This behav-
ior can be observed in Fig. 4: With increasing �x the time
spectra probe the Fe layer from the FePt interface up to
the Ag interface. From the fit of the measured data
according to Eq. (1) the planar rotation angle � of the
237201-2



FIG. 3. (a) Modulus squared of the energy-dependent reso-
nant strengths F�1�!� (solid line) and F�1�!� (dashed line) for
the 14.4 keV transition in ferromagnetic 57Fe. (b) Hyperfine
field distribution that was used to simulate the time spectra of
the probe layer close to the Fe=Ag interface.
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magnetization in depth D of the Fe layer was derived,
with the magnetic hyperfine field given by B � 33:8 T. At
�x � 2 mm the magnetization is aligned close to the
FePt magnetization while at �x � 18 mm the magnetic
hyperfine field is almost parallel to the external field. The
evolution of the magnetization rotation between these
positions is plotted in Fig. 5. Data were recorded for
external fields of H � 160, 240, and 500 mT, all within
the reversibility range of the hysteresis loop.With increas-
ing external field greater parts of the Fe film become
aligned towards the external field. We have simulated
this behavior by application of a one-dimensional micro-
magnetic model [6]. The layer system is divided into N
sublayers of thickness d� �dFe �dFePt�=N.The total mag-
netic energy of this layer system is given by the sum of the
FIG. 4. Measured time spectra of grazing incidence reflec-
tion. Left: variation of the lateral positions �x in a perpen-
dicular magnetic field of B � 160 mT. Right: variation of the
external magnetic field at �x � 10 mm, where the 57Fe probe
layer is in the center of the Fe layer. In each case the change in
the beat pattern reflects the rotation of the magnetization
direction. Solid lines are theoretical simulations according to
Eq. (1). The rotation angles derived from the simulations are
shown in Fig. 5.
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magnetic exchange and anisotropy energies and the dipo-
lar interaction with the external field, respectively:

E��
XN�1

i�1

Ai;i�1

d2 cos��i��i�1��
XN

i�1

Ki cos2�i

�
XN

i�1

HMi cos��i��H�: (2)

In this experiment the external field H is oriented at an
angle �H � !=2 relative to the hard axis given by ~MM.
Ai;i�1 is the exchange constant between sublayers i and
i� 1, Ki is the anisotropy constant, and Mi is the mag-
netization of the ith sublayer. To find the equilibrium
spin configuration, the magnetic energy has to be mini-
mized for each of the �i. For a given sublayer i the new
orientation �i is determined from the condition @E=
@�i � 0. This procedure is repeated all over until equi-
librium for all sublayers is reached. The solid lines
in Fig. 5 are the results of the simulation showing a
reasonable agreement with the measured data. For the
FePt layer we have used the parameters Kh � 4:0 �
107 erg=cm3, Mh � 1100 emu=cm3, and Ah � 1:0 �
10�6 erg=cm, as given in [20]. For the Fe layer we have
assumed Ks � 1:0 � 103 erg=cm3,Ms � 1900 emu=cm3,
and As � 1:0 � 10�6 erg=cm. For the exchange constant
at the interface we have assumed Aint � �Ah � As�=2. The
anisotropy constant Ks was estimated from the coercivity
of a single Fe layer. Because of the polycrystalline nature
FIG. 5. Depth dependence of the spin rotation in the Fe layer
for external magnetic fields of 160 mT ( � ), 240 mT (�), and
500 mT (�). Shaded regions mark the Ag capping layer and the
FePt substrate, respectively. Solid lines are simulations accord-
ing to the model outlined in the text. The dashed lines are
simulations assuming a reduced exchange coupling in the first
3 nm of the Fe layer. The left inset shows the depth dependence
of the Fe oxide phase, given in at. %. The right inset displays
the rotation angle in the center of the Fe layer as a function
of the external magnetic field with simulations for As �
1:0 � 10�6 erg=cm (solid line) and As � 2:8 � 10�6 erg=cm
(dashed line).
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of the Fe layer the volume anisotropy becomes negligible,
resulting in an anisotropy constant that is more than
2 orders of magnitude smaller than the bulk value [6].
The exchange constant As of the Fe layer was the only
parameter that had to be adjusted in the simulation pro-
cedure [21]. Very likely, As depends on the microstructure
of the film that is determined by the deposition process. In
regions close to the top of the Fe layer the measured
rotation angle deviates significantly from the simulations.
The dashed lines are simulations under the assumption
that the exchange constant is reduced to As � 3:0 �
10�7 erg=cm in the top 3 nm of the Fe layer. This may
be due to diffusion of oxygen through the Ag and the
formation of a native Fe oxide. The hyperfine field distri-
bution used to simulate the time spectrum at �x �
18 mm is shown in Fig. 3(b). The broad component
around 27 T (a Gaussian with % � 5 T) is characteristic
for a native Fe oxide [23], which is to a great part
ferromagnetic and aligned collinear to the magnetization
of the Fe [24]. From the evaluation of the time spectra we
obtain a decreasing fraction of the oxide phase with
increasing distance from the Ag=Fe boundary, as shown
in the left inset of Fig. 5. To confirm the validity of our
model, we have recorded time spectra from the center of
the Fe layer (�x � 10 mm) as a function of the external
field, shown in the right column of Fig. 4. The field
dependence of the rotation angle � is shown in the right
inset of Fig. 5. The simulation (solid line) demonstrates
the significance of the exchange constant of the soft layer
as the relevant parameter for the exchange-spring behav-
ior in this system. For comparison, the dashed line rep-
resents the simulation for an exchange constant of
As � 2:8 � 10�6 erg=cm as given in [6]. The remaining
discrepancies are most likely due to the formation of
magnetic domains at low fields.

In summary, we have measured the vertical magnetic
structure of an exchange-coupled bilayer system via nu-
clear resonant x-ray scattering. The use of ultrathin probe
layers of the resonant isotope allows for a direct determi-
nation of the magnetic properties with a spatial resolution
below 1 nm. The intensity enhancement due to x-ray
interference effects allows for very short data acquisition
times of a few minutes at modern synchrotron radiation
sources. It is an intrinsic advantage of this technique that
isotopic probe layers do not disturb the electronic and
magnetic configuration of the system. The method can
also be applied to Mössbauer isotopes such as 149Sm,
161Dy, and 151Eu, for example, that are particularly inter-
esting as constituents of new magnetic materials.
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