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Soft x-ray resonant magnetic scattering has been used to investigate the element-selective
microscopic magnetization reversal behavior of room temperature perpendicular exchange coupled
ferromagnetic/antiferromagnetic 共F/AF兲 systems and to study the role of the interfacial coupling
strength on it. Different nucleation processes and domain size distributions along the decreasing and
increasing branches of the reversal have been found. The size of the magnetic domains during
reversal depends on both the F anisotropy and F/AF coupling strength, decreasing when one of them
increases. Evidence of the exchange bias 共coercivity enhancement兲 being induced by pinned
共unpinned兲 uncompensated AF interfacial spins is also shown. © 2006 American Institute of
Physics. 关DOI: 10.1063/1.2402882兴
The interfacial exchange coupling in ferromagnetic/
antiferromagnetic 共F/AF兲 systems is being extensively studied both for the key role it plays in spintronic devices and for
its interesting basic properties. The local character of the
phenomenon was correctly described in the original
publication,1 and it has been visualized recently at the atomic
scale.2 The most notable changes in the F hysteresis loops
are a shift away from the zero field axis, called exchange bias
HE, an enhanced coercivity ⌬HC, and a change of the overall
magnetization reversal of the F layer.3 The former features
are actually used in advanced magnetic in-plane spintronic
devices, by pinning the harder reference layer in spin valve
heads and magnetic random access memory circuits, and will
play an important role in future nanometer-sized magnetic
devices, by effectively increasing the stability of magnetic
nanostructures.2,4 Future advances are promoted by the recent observation of perpendicular exchange-coupling effects
in several F/AF systems below5–7 and above room
temperature.8–10
Most of the studies on F/AF systems have focused on
in-plane magnetization systems. Recently, it has been found
that the pinned and unpinned uncompensated AF spins at the
interface are correlated with HE 共Ref. 11兲 ⌬HC 共Ref. 12兲,
respectively, and that the competition between anisotropies
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determines the asymmetric behavior of the magnetization
reversal.13
In this letter we report on all of the aforementioned unusual magnetic properties but in room temperature perpendicular exchange coupled 关Pt共2.3 nm兲 / Co共0.4 nm兲兴n / 10 nm
FeMn films studied by means of soft x-ray resonant magnetic
scattering 共SXRMS兲. The preparation and structural characterization of the films as well as the SXRMS technique are
described in the supporting information.14 The study has
been performed on two samples, with n = 10 and 15, which
present different effects of the F/AF interface coupling. Enhanced coercivity is present in both samples, but there is
exchange bias only for the n = 10 sample, which has a smaller
number of repeats, i.e., smaller effective F thickness.8
Figure 1共a兲 shows typical x-ray absorption spectra
共XAS兲 and the corresponding dichroism spectra 关x-ray magnetic circular dichroism 共XMCD兲兴 recorded in transmission
geometry at the Fe and Co L3,2 absorption edges for the n
= 15 sample. The presence of XMCD signal at the Fe L3,2
edges clearly shows the existence of uncompensated Fe moments at the Co/ FeMn interface. The XMCD curve has a
maximum asymmetry 共i.e., dichroism divided by the helicity
averaged absorption兲 of about 3.1% at the Fe L3 white line.
We estimate a nominal thickness of uncompensated Fe moments of 1.8± 0.4 共1.4± 0.4兲 ML of FeMn for n = 15 共n = 10兲.
These values are somewhat larger than the ones obtained for
in-plane systems,11,12 which would indicate larger interdiffusion at the F/AF interface. In addition, the sign of the XMCD
signals reveals a parallel alignment between the Co and the
uncompensated Fe moments.
Element-selective hysteresis loops were obtained by
measuring the absorption signal as a function of applied
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FIG. 1. 共Color online兲 SXRMS element-selective magnetization reversal
study. 共a兲 XAS 共upper curves兲 and XMCD 共lower curves兲 spectra recorded
at the Fe 共left兲 and Co 共right兲 L2,3 edges of the sample with n = 15 measured
with a flipping field of 100 mT. 共b兲 Element-selective hysteresis curves of
the sample with n = 10 共left column兲 and n = 15 共right column兲. The filled
symbols and the left Y-axis scale correspond to the F layer, whereas the
open symbols and the right Y-axis scale correspond to the AF layer.

FIG. 2. 共Color online兲 SXRMS microscopic magnetization reversal study of
共a兲 the sample with n = 10, which shows both exchange bias and coercivity
enhancement, and 共b兲 the sample with n = 15, which only shows coercivity
enhancement. Field-dependent magnetization 共upper graphs兲, total scattering
intensity Iscatt over all the q space available with the diffractometer
共⬍1 m兲 共middle graphs兲, and magnetic domain period  共bottom graphs兲
measured at Co L3. The domain period  was extracted from 2D q-space
resolved images measured during the reversal, as shown the inset of the
right bottom graph. The continuous 共dotted兲 arrows are guidelines for the
eye to identify the evolution of the decreasing 共increasing兲 reversal branch.

field, at a fixed energy corresponding to the maximum
XMCD signal. The field dependence of the Co L3 absorption
intensity shown in Fig. 1共b兲 共filled symbols兲 reproduces the
magnetization hysteresis curves measured by magnetooptical Kerr effect. The interface exchange coupling leads to
an enhancement of the coercive field, from 5 mT in the same
Pt/ Co multilayer without AF layer to about 12.5 mT
共18.5 mT兲, as well as to an exchange bias field of 4.5 mT
nucleation point, i.e., at the onset of magnetization reversal,
共0 mT兲 for the sample with n = 10 共n = 15兲. The field depenIscatt increases. The slope of this increase gets smaller when
dence of the Fe L3 absorption intensity 关empty symbols in
the reversal transition becomes slower, and Iscatt reaches a
Fig. 1共b兲兴 indicates the presence of uncompensated AF spins,
maximum roughly at the middle of this slower transition.
aligned parallel to the F spins, which are dragged during the
The scattered intensity then decreases monotonously up to
reversal of the F layer. The unpinned uncompensated AF
the saturation field. This behavior is consistent with magnespins have been taken as responsible for the HC enhancement
tization reversal proceeding through nucleation, propagation,
in in-plane exchange F/AF systems.12 Note that the amount
and annihilation of magnetic domains.
of uncompensated AF spins that are dragged during the reThe microscopic information of the reversal process is
versal of the F layer is larger for the sample with n = 15. The
obtained by measuring two-dimensional 共2D兲 q-space redichroic asymmetry is proportional to the number of resolved images as a function of applied field, like the image
versed ferromagnetic spins. Assuming a similar spin strucdepicted in the inset of the bottom graph in Fig. 2共b兲. The
ture at the F/AF interface 共both samples were grown in the
ring shape of the scattered signal, also observed for the n
same run兲, the same density of uncompensated spins in the
= 10 sample 共not shown兲, indicates that a randomly oriented
two samples is expected. For the n = 15 sample all the unmagnetic domain structure is formed during the reversal. In
compensated spins are dragged during the F reversal. HE
this case, an average distance between domains 共domain pe= 0 and only HC enhancement is hence observed. For the n
riod兲 of  ⯝ 480 nm is extracted from the separation between
= 10 sample, about 60% of the total amount of uncompenthis ring and the transmitted beam. The evolution of the dosated AF spins is dragged during the F reversal, causing the
main period extracted from the 2D images is depicted in the
coercivity enhancement. The remaining 40% of the AF spins
bottom graphs of Fig. 2. The curves show a quasiparabolic
stays pinned, and this is the part that causes the exchange
shape: close to nucleation and saturation the period diverges
bias. Similar findings have been reported in in-plane exto values above 1 m, corresponding to the small q limit set
change coupled F/AF systems.11
by the beam stop. In particular, smaller domain period and
The field-dependent total scattered intensity loops
therefore smaller domain size are observed for the sample
Iscatt共H兲 are shown in the middle graphs of Fig. 2. In general,
with more 关Co/ Pt兴 periods, i.e., the n = 15 sample. In F thin
the two samples show similar features, which can be easily
films with perpendicular magnetic anisotropy, the low dicorrelated with the hysteresis curves Iabs共H兲 共upper graphs of
mensionality causes the domain sizes in the demagnetized
state to be small in order to minimize the dipolar energy.15
Fig. 2兲. Magnetic scattering originates from deviations from
Since the domain size is determined by the balance between
uniform magnetization, and is therefore extremely sensitive
the gain in magnetostatic energy realized by the formation of
to the nucleation processes at the onset of magnetization redomains versus the cost of creating domain walls, the differversal. In this context, for large fields, the F layer is uniThis article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
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In summary, we have investigated the microscopic magnetization reversal behavior of room temperature perpendicular exchange coupled 关Pt/ Co兴n / FeMn films by means of
SXRMS. The element selectivity reveals a parallel alignment
between the F and the uncompensated AF moments, as well
as the influence of the pinned 共unpinned兲 uncompensated AF
spins on HE 共⌬HC兲. The magnetization reversal is characterized by nucleation, propagation, and annihilation of magnetic
domains. The F domain size depends on the relative size of
the different anisotropy terms 共perpendicular, dipolar, unidirectional兲 and on the direction of the applied magnetic field.
When HE ⫽ 0, different nucleation processes and domain size
distributions are found when the field is applied antiparallel
or parallel to the exchange coupling direction. Our fundamental findings are of great importance for the development
of future spintronic devices with perpendicular magnetization with custom-chosen properties.

FIG. 3. 共Color online兲 Exchange-coupling dependent magnetization reversal
asymmetry. Field-dependent magnetization 共upper graphs兲, total scattering
intensity Iscatt 共middle graphs兲, and magnetic domain period  共bottom
graphs兲 measured at Co L3. The data shown on Fig. 2 have been corrected
for the average bias field HE and then plotted vs reduced field h = 兩H
− HE兩 / HC to compare the decreasing 共filled squares, against coupling兲 and
increasing 共open circles, coupling direction兲 magnetization branches.

netization and therefore dipolar interaction for the n = 15
sample.
Although the reversal in both branches of the hysteresis
takes place by nucleation and further propagation, a clear
difference in the nucleation behavior during F reversal is
observed for the sample with HE ⫽ 0, i.e., n = 10. In Fig. 3,
the data shown in Fig. 2 are corrected for the average bias
value and then plotted versus the reduced field value h = 兩H
− HE兩 / HC. The magnetization M Z共h兲 共upper graph兲 shows
identical behavior in both branches. The integrated scattering
intensity Iscatt共h兲 关middle graph of Fig. 3共a兲兴 shows a different initial nucleation behavior for the two reversal branches
but once h ⬎ 1.2 the reversal appears identical in both
branches. A less pronounced but similar feature was previously reported by Hellwig et al. in perpendicular exchange
coupled 关关Co/ Pt兴5 / CoO兴10 multilayers.7 The authors claim
that this feature is in contrast to many in-plane biased experiments where an asymmetry during the magnetization reversal appears to be a rather general property. However, the
bottom graph of Fig. 3共a兲 shows a clear asymmetry during
reversal. The domain period, and therefore the domain size
during magnetization reversal, is smaller for the decreasing
branch, where the field is applied against the exchange coupling direction. For the same reason, the density of F domains during reversal is larger when the field is applied antiparallel to the exchange bias field direction, like in in-plane
exchange-biased systems.16 This asymmetric behavior has
also been shown by Kerr microscopy measurements in perpendicular exchange-biased 关Pt/ Co兴n / IrMn films.10
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