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Abstract We have used time-resolved x-ray magnetic cir-
cular dichroism combined with photoemission electron mi-
croscopy (XMCD-PEEM) to investigate the layer-resolved
microscopic magnetization reversal in FeNi/X/Co (with X =
Cu, Al2O3) trilayer systems. These measurements were
performed in pump-probe mode, synchronizing magnetic
pulses with synchrotron x-ray pulses. The good magnetic
contrast observed for most samples reveals that in many
cases the magnetization reversal is reproducible. We have
used the measurements to obtain domain wall propagation
speeds as a function of applied magnetic field, and to in-
vestigate the influence of domain wall interactions on the
magnetic switching.
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1 Introduction

Many devices used in magnetic storage, like Magnetic Tun-
nel Junctions (MTJ) and Spin Valves (SV) rely on the giant
magnetoresistance effect [1, 2], the dependence of the re-
sistance of a multilayered magnetic system on the relative
orientation of the magnetization directions in different mag-
netic layers separated by nonmagnetic spacer layers. The in-
terplay between electron currents and local magnetization
through the electron spins can also lead to the inverse ef-
fect, the switching of magnetization by a spin-polarized cur-
rent, as has been shown recently [3, 4]. In both cases, it
is important to get microscopic information on the switch-
ing of each magnetic layer separately, and on the interac-
tion between the magnetic layers through the nonmagnetic
spacer layers. This information can be obtained by comb-
ing the element selectivity of time-resolved x-ray Magnetic
Circular Dichroism (XMCD) [5] with the spatial resolution
of Photoemission Electron Microscopy (PEEM) [6–8]. The
first time-resolved XMCD-PEEM results were published in
2003 [9, 10], and the technique has since then been used
mainly for studying magnetization dynamics in soft mag-
netic permalloy microstructures [11–14] and in FeNi/X/Co
(with X = Cu, Al2O3) trilayer systems [9, 15–20]. It has
enabled obtaining detailed information on the dynamics
of magnetic domains, domain walls and vortices in flux-
closure magnetic patterns [11–14], on domain wall propa-
gation speeds in continuous films [18] and on the influence
of magnetic anisotropy [16], domain wall interactions [17]
and layer topography [19] on the switching of the soft mag-
netic layer in trilayer systems. In this paper we review some
of the results we obtained on trilayer systems at the BESSY
synchrotron.
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2 Experimental details

All of the above-mentioned experiments were performed in
a pump-probe or stroboscopic mode, in which the system
was excited using magnetic pulses that were synchronized
with synchrotron x-ray pulses [5]. In our case, the measure-
ments were performed at the BESSY synchrotron in Berlin
(Germany), on beamlines UE56/2-PGM2 and UE52-SGM.
The synchrotron was operated in the single-bunch mode,
with one single bunch of electrons in the storage ring, giving
rise to x-ray photon pulses with a repetition rate of 1.25 MHz
and a bunch length of about 50–70 ps. Magnetic pulses were
applied to the sample at half (625 kHz) or one-quarter (312.5
kHz) of this repetition rate, to limit power dissipation in
the pulsed current supply. Details of the experimental setup
were given in [9] and [20]. With this system, bipolar mag-
netic pulses with amplitudes up to 15 mT and pulse dura-
tions of several tens of nanoseconds could be applied at rep-
etition rates up to 625 kHz.

3 Experimental results

3.1 Reproducibility

Since one single bunch of x-ray photons does not generate
a sufficient number of secondary electrons to create an im-
age of the sample surface, images have to be accumulated
over several tens of millions of photon pulses. An identical
magnetic pulse has to be associated to each of the photon
pulses, with a well defined delay between photon and mag-
netic pulses. Using this pump-probe technique, the magneti-
zation reversal induced by each magnetic pulse has therefore
to be reversible and reproducible in order to obtain good
magnetic contrast in the images. In general, the reversible
behavior is obtained by using a soft magnetic microstruc-
ture with an equilibrium, demagnetized multidomain state
(like a Landau pattern) at zero applied magnetic field [11–
14]. After the magnetic excitation pulse, the domain struc-
ture will go back to this equilibrium state if the time between
two magnetic pulses is sufficiently long. For the continu-
ous layers with in-plane magnetization that we have studied
this kind of equilibrium multidomain structure does in gen-
eral not exist. As the initial, reversible magnetization state
in our measurements we use thus either a saturated, single
domain state, or a domain state that is imposed by a mag-
netic coupling between the FeNi and Co layers through the
nonmagnetic interlayer. In the latter case, the sample was
first demagnetized to obtain a multidomain state, and the
nanosecond switching was then studied for magnetic pulses
with an amplitude sufficient to reverse the (soft magnetic)
FeNi layer without changing the domain state in the (mag-
netically harder) Co layer. The Co domain state acts then,

Fig. 1 Stroboscopic magnetic domain images of the FeNi layer
of different FeNi/X/Co trilayers observed using XMCD-PEEM at
the Fe L3-edge during magnetic field pulses of about 3–5 mT.
(a) FeNi(5 nm)/Cu(4 nm)/Co(8 nm) on Si(001), presenting an
in-plane uniaxial anisotropy with the easy axis vertical in the
image. (b) FeNi(5 nm)/Cu(4 nm)/Co(5 nm) on Si(001), present-
ing no clear anisotropy axis within the plane of the layers.
(c) FeNi(4 nm)/Al2O3(2.6 nm)/Co(8 nm) on step-bunched Si(111),
miscut by 6◦ along the (211) direction, presenting a strong uniaxial
magnetic anisotropy with the easy axis vertical in the image. The field
of view is about 100 µm for images (a) and (c), and about 30 µm for
image (b)

through the coupling, as a ‘template’ for the zero-field do-
main state of the FeNi layer.

In extended or continuous films, magnetization reversal
takes place by nucleation of domains and propagation of do-
main walls. These processes are thermally assisted, inducing
some nonreproducibility in the magnetization reversal. In
high-quality magnetic garnet films, for example, magnetic
defects are rare and nucleation of reversed magnetic do-
mains, starting from a saturated state, can take place with al-
most equal probability on any site of the sample [21]. How-
ever, once nucleated the domain walls will propagate with
a speed determined only by the magnetic field. In pump-
probe experiments on this type of materials, homogeneous
grey images will thus be obtained if starting from a satu-
rated state before each reversal. However, if domains are not
completely annihilated in between pulses, and only domain
wall motion takes place during the pulse, images with a good
magnetic contrast will be obtained.

We have studied FeNi/X/Co trilayer systems deposited
on different substrates and using different deposition con-
ditions. Examples of stroboscopic domain images obtained
during magnetic field pulses on different systems are shown
in Fig. 1. The samples were Fe20Ni80(5 nm)/Cu(4 nm)/
Co(8 nm) deposited on flat Si(001) under magnetic field
(sample 1, Fig. 1a), Fe20Ni80(5 nm) /Cu(4 nm) /Co(5 nm)
on flat Si(001) deposited without applied magnetic field
(sample 2, Fig. 1b), and Fe20Ni80(5 nm)/Al2O3 (2.6 nm)/
Co(8 nm) on step-bunched Si(111) (sample 3, Fig. 1c). The
images were obtained at the Fe L3 edge, showing the do-
main structure during reversal of the FeNi layer only. The
image of Fig. 1a shows rather weak contrast, with several
shades of grey. In this sample, the deposition under applied
magnetic field was at the origin of a small uniaxial in-plane
magnetic anisotropy, with the easy magnetization axis being
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vertical in the images. For this reason, some elongated ver-
tical structures can be seen, since the anisotropy favors do-
mains elongated in this direction. However, the weak con-
trast of this image indicates that both nucleation and do-
main wall propagation are not very reproducible in this sam-
ple. In the Stoner–Wohlfarth model [22], the field necessary
for magnetization reversal is proportional to the magnetic
anisotropy. This model is also frequently used for nucleation
of reversed domains in continuous films [23], indicating that
the nucleation barriers are quite small in this sample due to
the small anisotropy. In that case, several nucleation sites
with almost equivalent energy barriers are expected to exist
on the sample, which are activated randomly during the dif-
ferent magnetic pulses. The nonreproducibility of the prop-
agation of domain walls can be explained by the stiffness
of the domain walls due to the anisotropy, leading to propa-
gation by non-reproducible, thermally activated Barkhausen
jumps [16].

Sample 2 (Fig. 1b) was very similar to sample 1, the main
difference being the absence of a clear magnetic anisotropy
within the plane of the layers. However, the domain struc-
ture and magnetic contrast during reversal are very differ-
ent for this sample. The absence of a preferential direction
for the magnetization within the plane leads to irregularly
shaped domains and a high density of domain walls. This
favors the creation of 360◦ domain walls during the initial
magnetic pulses, which are then not completely annihilated
during subsequent pulses [20]. The observed dynamics af-
ter the initial pulses then corresponds to the expansion and
compression of these 360◦ Néel domain walls. Due to their
deformability the domain walls are easily pinned and their
propagation takes place by small jumps from one pinning
center to the next, which is much more reproducible than
the Barkhausen jumps in the previous sample. The differ-
ence in anisotropy for these otherwise very similar samples
causes therefore a large difference in dynamic behavior. Es-
pecially, the absence of nucleation of new domains and the
deformability of the domain walls leads to a much more
reproducible dynamic behavior for this sample without in-
plane anisotropy [15, 16].

Another type of samples for which we found a repro-
ducible dynamic behavior were trilayers deposited on step-
bunched Si(111) substrates [24, 25]. The topography of the
substrate, consisting of elongated terraces (∼1 µm long,
20–60 nm wide), is transmitted to the deposited trilayer
structure. This leads to a quite strong uniaxial magnetic
anisotropy of the layers with the easy axis parallel to the
long axis of the terraces [26, 27]. The magnetic anisotropy,
and therefore the domain wall stiffness, is larger than in sam-
ple 1. However, the magnetization reversal is much more re-
producible than in sample 1, as can be seen from the good
contrast in the image of Fig. 1c. The main difference to sam-
ple 1 is the topography of the magnetic layers, flat for sample

1 and modulated for sample 3. This modulated topography
leads to a stronger in-plane uniaxial magnetic anisotropy
as well as to structural and magnetic inhomogeneities of
the layers. As a consequence, the intrinsic barrier for do-
main nucleation, governed by the magnetic anisotropy, is
quite high and nucleation takes place at the inhomogeneities
where the nucleation barrier is lower [23]. This leads to a
wide distribution of energy barriers for nucleation, and each
nucleation site is activated for a well-defined value of the
magnetic field. The nucleation density, which is quite small
for low field values, slowly increases with increasing field
amplitude [18]. For this sample, with a miscut of 6◦, the en-
ergy to nucleate domains is higher than the energy barrier
for domain wall propagation [19]. For fields high enough to
nucleate domains the domain wall propagation is already in
a viscous regime [28]. In that regime, the domain wall prop-
agation speed is constant for a given value of the magnetic
field, and the domain wall motion is thus reproducible.

A certain degree of reproducibility of magnetization dy-
namics in thin films can thus be obtained either using
magnetic pulses that are not sufficiently strong to com-
pletely saturate the films or by combining uniaxial magnetic
anisotropy with magnetic sample inhomogeneity [29]. This
last condition is not really a constraint, since most thin films
used in applications are sputtered films with some degree of
inhomogeneity and uniaxial magnetic anisotropy. We have
observed magnetization reversal by nucleation and domain
wall propagation with a good degree of reproducibility also
in Co/Pt multilayers with perpendicular anisotropy, using
Kerr microscopy [30].

3.2 Domain wall propagation speeds

We have used images of sample 3 at different values of the
applied magnetic field to obtain information on the domain
wall propagation speed as a function of magnetic field [18].
An example is given in Fig. 2 for an applied magnetic field
of 6.3 mT. To diminish the effect of noise and limited con-
trast on the determination of the domain wall speed, we used
the increase of the perimeter of the domains and a constant
aspect ratio of the domain shape to evaluate the speed [18].
We found that the increase of the domain perimeter was con-
stant as a function of time for a given field (fields from 4 to
6.8 mT), except when the domains were small. This latter
effect can be explained by taking into account the important
influence of the increase in domain wall energy for small do-
mains, which opposes expansion of the domains [18]. In the
field range we investigated, the domain wall speed increases
linearly with applied field up to an effective field value of 5.2
mT, where it saturates at a value exceeding 2000 m/s. The
effective field is determined as HAppl −HCopl where HAppl is
the applied field and HCopl is the coupling field with the Co
layer of 1.2 mT, which is opposite to the applied field. The
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Fig. 2 Time-resolved XMCD-PEEM images of the FeNi layer of a
FeNi/Al2O3/Co trilayer at the Fe L3-edge during bipolar magnetic field
pulses with an amplitude of 6.3 mT as shown at the top left. The images
were acquired during the positive part of the pulse, with delays of 13,
15, and 18 ns between the beginning of the positive magnetic pulse
and the synchrotron x-ray photon pulses. The first, negative part of the
pulse was used to assure magnetic saturation in the negative (black)
direction before each positive pulse

saturation of the domain wall propagation speed can be as-
sociated to the Walker field, the magnetic field above which
changes of the internal magnetic structure take place while
it is moving [31–33].

The theoretical value of the Walker breakdown field (in
SI units) is given by 1

2αJS, where α is the damping parame-
ter and JS the magnetic saturation polarization of the mater-
ial. Taking often used values for permalloy of α = 0.01 and
JS = 1 T, we find HW = 5 mT, in excellent agreement with
our experimental value. The formula for the Walker break-
down field was derived for Bloch domain walls in infinitely
thick films. For thin films and nanowires, this formula has to
be modified to take into account demagnetizing effects [34].
In nanowires with perpendicular anisotropy, this can lead to
a reduction of the Walker field by an order of magnitude
[34]. For nanowires with in-plane magnetization, a Walker
breakdown field of about 1.5 mT was found for head-on do-
main walls [32], for a domain wall propagation speed of
about 400 m/s. The fastest domain wall speeds in our experi-
ment were found at the points of the ellipse-shaped domains,
where the domain walls are also head-on. However, in our
case these domain walls propagate in a continuous medium,
and the strong demagnetizing fields at the borders of the
nanowire in [32] are not present. In particular, the transfor-
mation during propagation of the domain wall from a trans-

verse wall to a vortex wall and back, which takes place in
the precessional regime above the Walker breakdown field
[33], is not expected in our case. Part of the stray fields as-
sociated to the domain wall can also be compensated by the
underlying Co layer, thus reducing the demagnetizing field
[35, 36]. The homogeneous movement at low fields might
therefore be stabilized up to much higher fields in the case
of continuous FeNi/X/Co trilayers.

3.3 Influence of domain wall stray fields on dynamics

In the magnetic trilayer systems we have studied, the unique
element-selectivity of time-resolved XMCD-PEEM can be
exploited to investigate the dynamics of the two magnetic
layers separately. In particular, the influence of the magne-
tostatic coupling between the two layers through the non-
magnetic spacer layer can be investigated. In our samples,
two kinds of interactions exist. In homogeneously magne-
tized regions, a collinear coupling between the two lay-
ers is induced by correlated roughness at the two non-
magnetic/magnetic interfaces (the so-called Néel orange-
peel coupling [37]). Close to the domain walls another type
of coupling, antiparallel in this case, is induced by the do-
main wall stray fields [35, 36].

An example of the influence of these domain wall
stray fields on the magnetization reversal dynamics is
shown in Fig. 3. These images were taken for a Fe20Ni80

(5 nm)/Al2O3(2.6 nm)/Co(8 nm) trilayer deposited on step-
bunched Si(111), miscut by 8◦ along the [112̄] direction.
They were recorded at different delays between the x-ray
photon pulses and the beginning of the magnetic field pulses
shown in the top left panel of Fig. 3. The first ten images are
taken with the x-ray photon energy tuned to the Fe L3 ab-
sorption edge (707 eV), for the delays indicated in Fig. 3a).
The last image shows the domain structure of the Co layer,
recorded with the x-ray photon energy tuned to the Co L3

edge (778 eV). This domain structure is not influenced by
the magnetic field pulses. At the beginning of the pulses
(delay 0 ns), the domain structure in the FeNi layer is very
similar to the one in the Co layer, due to the parallel orange-
peel coupling. Upon increasing field, the FeNi domain walls
start moving, from the central region of the image to the
right. After about 50 ns, at the end of the positive part of
the bipolar field pulse, the FeNi layer is almost completely
saturated in the direction of the field (black), apart from the
central region where the Co domain wall is present. When
the field direction changes, reversal in the white direction
starts from the central region, in the vicinity of the domain
wall in the Co layer. The domain wall then propagates to
the right, reversing the part of the FeNi layer where exter-
nal field and local coupling are parallel (white Co domains).
After that, also the part of the FeNi layer above the black Co
domain reverses by domain wall propagation, starting from
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Fig. 3 Time-resolved XMCD-PEEM images for a FeNi/Al2O3/Co
trilayer deposited on step-bunched Si(111) (8◦ miscut angle). (Top
left) Temporal shape of the bipolar magnetic field pulses. The images
marked FeNi are recorded with the x-ray photon energy tuned to the Fe
L3-absorption, at a delay between the beginning of the magnetic pulse
and the x-ray photon pulse indicated in (a). The Co domain structure,
which is not influenced by the magnetic field pulses, is given in the
bottom right image. The field of view for each image is 30 µm

the quasi-wall in the center. This behavior, where reversal
of the FeNi layer starts in the vicinity of domain walls in
the Co layer can be explained by the Co domain wall stray
fields, which tilt the FeNi magnetization away from the easy
magnetization axis. This was confirmed using micromag-
netic simulations performed by R. Hertel [17], showing that
the stray field of Co domain walls can influence the local
magnetization direction in the FeNi layer even for interlayer
distances up to 100 nm. Domain wall stray fields are well
known to influence the static domain configuration in tri-
layer systems [36, 38–42], but our measurements clearly
show that also the nanosecond dynamic behavior is affected
by these magnetostatic interactions. In particular, they allow
a more controlled magnetization reversal by a local decrease
of the energy barrier for domain nucleation.

4 Conclusions

We have used layer- and time-resolved XMCD-PEEM at
the nanosecond time-scale to study the microscopic switch-
ing of the magnetization in FeNi/(Cu,Al2O3)/Co trilayer
systems. We have developed a measurement technique that
allows investigating magnetic thin films deposited on ar-
bitrary substrates. Since the measurements are performed
in a pump-probe mode, reversible and reproducible switch-
ing dynamics is necessary. Reproducible switching was ob-
tained by either using magnetic pulses that are not suffi-
ciently strong to completely saturate the films or by using
samples with in-plane uniaxial magnetic anisotropy con-
taining structural and magnetic inhomogeneities. We in-
vestigated the influence of interlayer coupling, magnetic
anisotropy and domain wall energy on the nanosecond
switching in these samples. We found that domain wall
propagation speeds in the FeNi layer of these trilayer sys-
tems can exceed 2 000 m/s, much higher than in single FeNi
films or nanowires. The interaction with the Co layer might
stabilize the domain walls while moving. We also showed
that stray fields of domain walls in the Co layer locally
lead to a reduction of the barrier for nucleation of reversed
domains in the FeNi layer, increasing the local switching
speed.

The increase in spatial resolution of XMCD-PEEM down
to below 10 nm, which can be obtained using optics for
aberration corrections [43], and the upcoming availability of
x-ray free electron lasers allowing a temporal resolution be-
low 1 ps, will allow obtaining information on magnetization
dynamics with unprecedented detail.
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