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We have studied bilayers and trilayers of FePd thin-film alloys, where each of the constituting layers has a
different magnetic anisotropy, as controlled by the growth conditions. The competition between the magneto-
crystalline anisotropy and the shape anisotropy in these films leads to the formation of stripe domains with a
period of ,100 nm, which has been imaged by magnetic force microscopysMFMd. The average magnetic
anisotropy has been obtained from the in-plane and perpendicular magnetic field dependence, measured using
vibrating sample magnetometrysVSMd. We measured the soft x-ray resonant magnetic scatteringsSXRMSd at
the FeL3 edge usings linearly polarized light, which is sensitive to the magnetization profile in the layers. The
magnetic configuration of the layer systems was modeled using micromagnetic softwaresGL-FFT, ©CNRSd.
The results of the micromagnetic modeling were used for a numerical simulation of the reflectivity scan and the
magnetic rod scans of the SXRMS. This allowed us to determine parameters, such as the lateral roughness, the
magnetic period, the magnetic correlation length, and the magnetic layer thickness. The good agreement
obtained with the experimental results demonstrates that SXRMS provides in-depth information that cannot be
obtained from either MFM or VSM.

DOI: 10.1103/PhysRevB.71.184436 PACS numberssd: 75.75.1a, 75.25.1z, 78.70.Ck, 75.50.Bb

I. INTRODUCTION

Recent developments in magnetic data storage have re-
sulted in a strong interest for ferromagnetic materials dis-
playing perpendicular magnetic anisotropy. Among the most
promising systems are alloys exhibiting theL10 structure,
such as FePt, CoPt, and FePd, displaying periodic stripe for-
mations of alternating up and down domains.1 Several meth-
ods are available to characterize the magnetic properties of
thin films. Among these, magneto-optical methods are most
prominent and have the advantage that they can be per-
formed under applied magnetic and electric fields. However,
magneto-optics in the visible region lacks element specificity
and moreover the ultimate spatial resolution is limited by the
wavelength. The discovery of strong magneto-optical effects
in the core level x-ray absorption edges of magnetic
elements2 has opened up new possibilities, such as the sepa-
ration of the spin and orbital part of the magnetic moments3

and the determination of the magnetic anisotropy.4 Such
techniques strongly benefit from the advent of undulator de-
vices offering variable linear and circular polarization of the
intense synchrotron radiation.

Scattering experiments have so far mainly been restricted
to the region of the hard x rays, offering high spatial resolu-
tion and large penetration. However, in the soft x-ray range
the resonant magnetic scattering cross sections are much
stronger and although the soft x-ray wavelength is normally
too long to determine the unit cell structure, its length scale

matches perfectly to the nanoscopic structure of domains and
artificially structured devices. Soft x-ray resonant magnetic
scatteringsSXRMSd has the ability to cover the length scale
from 1 to 1000 nm and is relatively easy to perform onex
situ prepared samples.5,6 Element specificity and magnetic
sensitivity are obtained by tuning the x-ray energy to the
appropriate absorption edge. For 3d transition metals, the
excitation of 2p electrons into unoccupied 3d states leads to
strong absorption edges with energies in the soft x-ray
region.7 Applications of SXRMS include the characterization
of structural and magnetic properties of layered and domain
systems especially their interface roughness, induced mag-
netic order in nonmagnetic spacer layer, layer-resolved mag-
netic moments, and local magnetic configuration using co-
herent radiation.8–21

FePd thin films can be grown with varying degrees of
perpendicular magnetic anisotropysPMAd by codepositing
Fe and Pd at elevated temperatures. Depending on the pre-
cise growth conditions, the alloy layers are more or less
chemically ordered, with Fe and Pd occupying alternating
layers in a tetragonally distorted face-centered-cubic phase
L10. This chemical ordering leads to the PMA, so that the
anisotropy increases with the degree of order.22 The compe-
tition between the PMA and the thin-film shape anisotropy
leads to domains with up and down magnetization perpen-
dicular to the film plane. The formation of magnetic closure
domains will reduce the energy of the magnetic flux lines
outside the sample. Dürret al.8 demonstrated the presence of
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these closure domains using SXRMS at the FeL3 absorption
edge with circularly polarized x rays. Dudziket al.23,24 stud-
ied the influence of PMA on closure domains in FePd films
using SXRMS by fitting the circular dichroism in the mag-
netic scattering in combination with the structure in the mag-
netic rod scans. Closure domains with in-plane magnetiza-
tion become energetically unfavorable in samples with
strong PMA because of the preference for the easy-axis to be
perpendicular to the surface.

In this paper we present a study of FePd bilayer and
trilayer samples, where each layer has a different magnetic
anisotropy due to growth conditions. Comparative studies on
a single homogeneous FePd layer were already presented in
Ref. 25. We use various techniques, such as magnetic force
microscopysMFMd, vibrating sample magnetometrysVSMd,
micromagnetic modeling, and SXRMS. The stripe pattern
can be observed using MFM imaging. MFM probes the mag-
netic stray fields and the images reveal the magnetization in
the perpendicular direction. The technique of VSM gives the
average information about the magnetization. SXRMS gives
access to information which is complementary to MFM and
VSM, such as the closure domains, thesmagneticd depth
profile, and thesmagneticd correlation length. In order to
analyze the SXRMS results, we use the micromagnetic simu-
lation of the magnetic configuration of the layer system cal-
culated with the Gilbert-Landau-Lifshitz method. The mod-
eled magnetic configuration is used to calculate the
reflectivity and the magnetic rod scans using the formalism
for SXRMS. The results allow one to reiterate some of the
parameters in the micromagnetic simulations. Some prelimi-
nary results have been published elsewhere.26

The outline of this paper is as follows. Section II de-
scribes the thin-film preparation, which tailors the magnetic
anisotropy. Section III describes the characterization of the
magnetic anisotropy of the bilayer and trilayer systems using
MFM imaging and VSM measurements. Section IV gives
some experimental details of the SXRMS technique and pre-
sents the measured results of the reflectivity and magnetic
rod scans. Section V outlines the theoretical background of
the micromagnetic simulations and gives the results of the
numerical modeling for the different systems. Section VI de-
scribes the numerical simulation of the SXRMS measure-
ments for the magnetic configurations obtained by the micro-
magnetic numerical modeling. It is also shown what kind of
information can be obtained. Finally, conclusions are drawn
in Section VII.

II. SAMPLE PREPARATION

The systems of interest are self-organizing magnetic pat-
terns as formed in thin films of FePd alloys,1 where the mag-
netization breaks up in domains of different directions in
order to reduce the stray field energy.27 The samples were
grown at the Commissariat à l’Energie AtomiquesCEAd in
Grenoble, by molecular beam epitaxysMBEd, on MgOs001d
substrates. Growth conditions were varied to obtain a range
of different anisotropies. The perpendicular magnetic aniso-
tropy can be quantified by the quality factorQ=Ku/2pMs

2,
whereKu is the perpendicular anisotropy constant andMs is
the saturation magnetization per volume unit. The magnetic
configuration depends on both the layer thickness and theQ,
which strongly depends on the disorder as controlled by the
deposition temperature.22,28 We can distinguish between
weak anisotropysQ,1d, where the magnetization gradually
rotates over the domain walls, forming closure domains, and
strong anisotropysQ.1d that gives rise to the interlaced
domains with smaller wall thickness.25

We have grown successive FePd layers with different
anisotropies and thicknesses on top of each otherscf. the
schematic diagrams in Fig. 1d in order to study their mag-
netic interactions. We select the mode of codeposition, for
which the degree of anisotropy is controlled by the deposi-
tion temperature. Room temperature givesQ<0, while an
elevated temperature of 400 °C givesQ<1.8. However, the
specific values ofQ for each of the layers cannot be mea-
sured. Once the deposition is completed, the VSM measure-
ments in the perpendicular and parallel geometry can only
give the average anisotropyQav of the entire sample.

The different bilayers and trilayers that were characterized
and studied are shown in Table I. The thickness of each
individual layer is 10, 20, or 30 nm. The six bilayers can be
divided into two groups according to their deposition order.
A first group includes the bilayers B1, B2, B3, and B4,
grown by first depositing, at ambient temperature, the disor-
dered FePd layer with quasi-zero anisotropy, then subse-
quently, at elevated temperature, the ordered layer with
strong anisotropy. The bilayers B5 and B6, forming the sec-
ond group, were grown in reversed order.

The trilayers correspond to a kind of “magnetic sand-
wich” where the central layer with strong anisotropy is en-
closed between two disordered layers of 10 nm thickness.
The central layer has a thickness of 20 nmsT1 and T3d or
10 nm sT2 and T4d. Moreover, in the samples T3 and T4,

FIG. 1. sColor onlined Sche-
matic diagrams of the multiple
layer systems. Left-hand side: bi-
layer; right-hand side: trilayer.
The different thicknesses and
growth temperatures are denoted
by ei andTi, respectively.
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nonmagnetic Pd spacer layers of 2 nm thickness were depos-
ited at the position of the magnetic interfaces. The thickness
of the spacer layers was 2 nm, which is within the limit of
the exchange coupling between the magnetic FePd layers.

III. MAGNETIC CHARACTERIZATION

A. MFM

MFM gives access to the stray fields and hence allows us
to image the magnetic domains. The MFM images of the
samples as deposited are reproduced in Fig. 2. All samples
exhibit domains of perpendicular magnetization, except B4.
In this sample the layer with strong anisotropy is indeed too
thin s10 nmd compared to the soft layers30 nmd, which im-
poses an in-plane magnetization up to the surface. Therefore
the exchange coupling dominates over the anisotropy and
prevents the formation of perpendicularly magnetized do-
mains.

The samples B1, B2, and B3, with a layer of strong an-
isotropy grown on top of a soft layer, exhibit well-aligned
stripes, whereas samples B5 and B6, grown in reversed or-
der, show interlaced domains. The latter is due to the in-
plane magnetization of the soft layer, which influences the
formation of domains in the anisotropic layer during its
growth, whereas the domains form without any restraint
when the anisotropic layer is grown first. This is an effect of
the dipole coupling between both layers, which is strong
enough to align domains during their nucleation but not once
they are already formed. The MFM image of the bilayer B6
shows less contrast than that of B5, because the disordered
layer is thicker, so that the in-plane magnetization compo-
nent is reinforced at the cost of the perpendicular component,
thereby diminishing the stray fields.

Looking at the images of the trilayers, the samples T1 and
T2 exhibit aligned stripes, while T3 and T4 show interlaced
domains. This is another consequence of the dipolar coupling
of the layers. In T1 and T2 the domains are influenced during
their nucleation by the in-plane magnetization of the under-
lying layer, whereas in T3 and T4 the Pd spacers reduce the

strength of the coupling. Furthermore, the number of forks is
higher for sample T1 than for T2 because of the larger thick-
ness of the ordered layer, i.e., the effect of the magnetic
anisotropy, is more important.

The average period of the magnetic stripes, deduced from
the MFM images, varies from 85 to 200 nm, as listed in
Table II. This magnetic period decreases strongly with the
total FePd thickness, going from a period of 133 to 85 nm
when the total thickness changes from 60 to 20 nm. This
trend is in agreement with the theoretical prediction devel-
oped by Kaplan and Gehring.29,30The width of the interlaced
domains also increases with thickness and they are also
wider than the stripe domains for samples with comparable
thickness.

B. VSM

VSM has been performed in both parallel and perpendicu-
lar geometrysFig. 3d in order to obtain information about the

TABLE I. Description of the studied FePd bilayers and trilayers,
with nominal thicknessesei snmd and growth temperaturesTi s°Cd
for each layeri and the total thicknessetot. sSee Fig. 1 for the layer
index i.d

Sample T1 e1 Spacer T2 e2 Spacer T3 e3 etot

B1 20 30 400 30 60

B2 20 10 400 30 40

B3 20 10 400 10 20

B4 20 30 400 10 40

B5 400 30 0 10 40

B6 400 30 0 30 60

T1 20 10 400 20 20 10 40

T2 20 10 400 10 20 10 30

T3 20 10 2 400 20 2 20 10 44

T4 20 10 2 400 10 2 20 10 34

FIG. 2. sColor onlined MFM images of the samples, measured
“as deposited.” The image size is 4mm34 mm.
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global magnetization of the samples. In the parallel geom-
etry, the curves exhibit a magnetization step around zero
field, due to the very low coercivity of the FePd soft layers
which follows the field direction. The step height corre-
sponds to the total amount of in-plane magnetization in the
sample and agrees well with the relative amount of FePd soft
layer as obtained from the thicknesses. The bilayer B4 is
saturated in-plane by a quasi-zero magnetic field, which con-
firms that the sample magnetization is nearly completely in-
plane and which explains the absence of magnetic domains
in the MFM image.

The measurements under perpendicular field exhibit a
kink sexcept for B4d corresponding to the saturation of the
hard layer, which is easier to saturate than the soft layers. As
expected, samples with a thicker anisotropy layer and a thin-
ner soft layer are easier to saturate. In the trilayers, the satu-
ration of the anisotropic layer is achieved at lower field for a
sample with Pd spacers between the magnetic layers com-
pared to an equivalent sample without Pd spacers. This
shows that the 2 nm thick spacer layers decouple the FePd
layers.

The difference between the in-plane and perpendicular
magnetization curves allows one to evaluate an average an-
isotropy constantQav for the entire sample. In a simple
model we can write the magnetic energy per unit volume in
the sample as the sum over the different contributions for the
dipolar term, the magnetic anisotropy term, and the Zeeman
term,

Emag= 2pMs
2 cos2 a + Ku sin2 a − HMs cosb, s1d

wherea is the angle between magnetization and surface nor-
mal andb is the angle between magnetization and applied
field. The energy difference between the two saturated states
sa=0° and 90° withb=0°d is DEsat=Ku−2pMs

2.
The energy required to make a small change in the mag-

netic state isHdM, so that the energy difference between the
nonmagnetized state and the saturated state ise0

MsHdM.
Therefore the energy difference between the two saturated

states isDEsat=e0
MssH'−HiddM, which is the area between

both magnetization curvessFig. 4d. From this we deduceKu
and thereforeQav=Ku/2pMs

2 since we knowMs.
SinceKu is an energy per unit volume, we can evaluate a

“theoretical” global value for the sample from the layer
thicknesses according toKth=soieiKid / soieid, whereei is the
thickness of the layeri. Assuming the magnetization is the
same for each layer, we can write

Qth =
oi

eiQi

oi
ei

. s2d

The numerical values were calculated assumingQi =1.8 in
FePd layers grown at elevated temperatures andQi =0 in
FePd layers grown at room temperature. Table II compares
the values of the quality factorQav, deduced from the VSM
measurements, with the theoretical valuesQth, calculated us-
ing Eq. s2d. The measuredQav is in relatively good agree-

TABLE II. Magnetic characteristics of the studied FePd bilayers
and trilayers. The magnetic stripe periodpmag snmd evaluated from
the MFM image, the average quality factorQav snmd swithin 10%d
obtained from VSM measurements, and the theoretical quality fac-
tor Qth snmd fsee Eq.s2dg.

Sample MFM pmag sMFMd Qav sVSMd Qth

B1 Parallel stripes 133 0.95 0.80

B2 Parallel stripes 107 1.35 1.20

B3 Parallel stripes 85 0.86 0.8

B4 No domains ,0.2 0.4

B5 Interlaced serpentines 133 1.25 1.20

B6 Interlaced serpentines 150 0.65 0.80

T1 Parallel stripes 105 0.9 0.8

T2 Parallel stripes 92 0.7 0.53

T3 Interlaced domains 172 1 0.8

T4 Interlaced domains 192 0.6 0.53

FIG. 3. sColor onlined VSM measurements of the magnetization
cycles in parallelsdark gray or blue curved and perpendicularslight
gray or green curved magnetic field. The magnetization is normal-
ized to the saturation magnetizationMs.
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ment with the estimatedQth. The small differences can be
ascribed to several origins, in particular, a temperature
change during the fabrication can generate diffusion phe-
nomena, modifying the chemical structure at the interfaces
and consequently changing the degree of anisotropy.

IV. SXRMS

While MFM gives access to the stray fields and VSM
measurements show the global anisotropic magnetic behav-
ior of the sample, SXRMS allows the study of the in-depth
magnetic profile. The absorption length,labs, of x rays tuned
to the FeL3 edge in FePd alloy is,30 nm, which is suffi-
cient to study the magnetic profile in our samples, whose
total FePd thickness is below 2labs. The coupling between
layers of different anisotropy should show up in the magnetic
profile as a rather sharp transition between in-plane and per-
pendicular magnetization and gives a propagation of the
magnetic periodicity into the soft layer.

The magnetic scattering experiments were carried out in a
two-circle diffractometer using polarized x rays from beam-
line 1.1 of the Synchrotron Radiation SourcesSRSd at Dares-
bury LaboratorysUKd. Details of theu-2u in-vacuum dif-
fractometer can be found elsewhere.5,6,31 All experimental
results presented and simulated here were obtained with the
samples mounted in the transverse geometry, i.e., with the
scattering planesx,zd perpendicular to the stripe direction
syd. Figure 5 shows the schematics of the experimental ge-
ometry. The light was tuned to the FeL3 edge sE
=709 eV,l=1.75 nmd and s polarized, i.e., linearly polar-
ized perpendicular to the scattering plane, hence probing the
electronic density through thes→s polarization channel
and the magnetization through thes→p8 polarization chan-
nel. Given the geometrical factor in the magnetic scattering
fEq. s10dg, only the component of the magnetization parallel
to the outgoing beam, which is in thexz plane, is probed.
Three different types of measurements were performed on

each sample, namely reflectivity measurements, transverse
scans, and truncation rods.

Resonant reflectivity measurements probe the laterally av-
eraged electronic and magnetic depth profile. In our samples,
only the y component of the magnetization, which is not
probed in the transverse geometry withs-polarized light, has
a nonzero constant part. Therefore no magnetic effect was
observed in the resonant reflectivity measurements, and the
contrast between off-resonance and on-resonance can be as-
cribed to nonmagnetic anomalous effects. This is very clear
in the case of sample B3, for which reflectivity curves on
resonances708.2 eVd and off-resonances705 eVd are very
similar sFig. 6d. In the case of sample B1, the strong increase
in absorption at the edge explains the doubling of the peri-
odicity for the Kiessig fringes. Off-resonance, the x rays pen-
etrate deep enough to give interferences between both FePd
layers, whereas on-resonance the x rays barely reach the
deeper interface of the bottom FePd layer, so that the inter-
ference is mainly between both interfaces of the top FePd
layer. The x rays reveal here the existence of a structural
interface between both FePd layers, which is probably due to
the segregation of Pd atoms to the surface, while heating the
sample before the second layer is grown. Such an interface is
not visible in the reflectivity from sample B3.

Rocking curves probe the lateral charge and magnetic or-
der of the sample. Thus their magnetic periodicitysexcept for
B4d gives rise to first-order magnetic satellites at either side
of the specular peak.6,23 The satellite position gives the av-
erage magnetic periodicity and the satellite width gives the
dispersion of the periodicity around its average value. The
observed magnetic periodicities are given in Table III. They
agree within 10% with the MFM results, which is a local
measurement. The width of the satellites shows that this dif-
ference is within the dispersion of the magnetic periodicity.

We measured magnetic rod scans, i.e., at constantqx, cor-
responding to the magnetic periodicity found with the trans-
verse scans. Magnetic rod scans probe the periodic compo-
nent of the magnetization. As can be seen from Fig. 7, the
magnetic rod vanishes when the x rays are tuned off-
resonance. Samples without spacers whose FePd layers all
have the same thickness display Kiessig fringes correspond-
ing to this thickness, whereas the other samples do not show
oscillations. This can be explained by the weakness of the
magnetic amplitude compared to the specular amplitude.

FIG. 4. sColor onlined Comparison of the magnetization curves
in parallelsdark gray or blue curved and perpendicularslight gray or
green curved magnetic fields for the sample B1.

FIG. 5. sColor onlined Schematics of the transverse geometry
used in the scattering measurement.
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Strong interference effects, such as those obtained with peri-
odic multilayers, are required to obtain measurable oscilla-
tions. The two samples with Pd spacers show strong oscilla-
tions because of the strong contrast between the magnetic
density of the FePd layer and Pd spacer layer without Fe
atoms.

Figure 7 also shows rod scans measured in the diffuse
scattering of the specular peaksqx=0.02 nm−1d and in the
background of the transverse scansqx=0.07 nm−1d. The
long-period oscillation appearing in the diffuse scattering
corresponds to the small thicknesss,2 nmd of the protecting
Pd coating, whose roughness is the main reason for the dif-
fuse scattering around the specular peak. More precise quan-
titative information can be extracted from these magnetic rod
scans, which requires the simulations that are presented in
Sec. VI B.

V. MICROMAGNETIC MODELING

We will first outline the principle of the Gilbert-Landau-
Lifshitz method34 before presenting some results of the algo-
rithm applied to the FePd thin-layer systems.

A. Principle of the GL OFFT method

The principle of the simulation is based on dividing the
magnetic volume into basis cellssnodesd that carry a local
magnetic momentM i or, in reduced variables,mi =M i /Ms,
and the minimization of the free energy calculated over the
totality of these cells. The total energy can be written as

Etot = Eext + Eex + Eani + Edemag, s3d

whereEext is the Zeeman energy due to the external field,Eex
is the exchange energy, characterizing the ferromagnetism of
the materialswith exchange constantAex

i for layer id, Eani is
the anisotropy energy related to the constantKu, andEdemag
is the demagnetization energy connected to the shape of
magnetic volume and the saturation magnetizationMs. In
order to find an equilibrium magnetization distribution, the
energyEtot must be minimized by respecting two constraints:
s1d the modulus of the magnetization vector is conserved and
s2d the Brown condition at the interface of the two ferromag-

netic materials is respected, which reads asAex
1 ]m /]n

=Aex
2 ]m /]n, wheren is the normal direction. The latter ex-

pression reduces toAex]m /]n=0 at the free surface of the
sample.

The solution of the problem can be also carried out by
applying the Gilbert-Landau-Lifshitz equation, which ex-
presses the dynamic evolution of the local moment in the
applied effective field

dm

dt
= − gm 3 Heff, s4d

where the effective field is given byHeff=H +asm3Hd, the
coefficient g is the gyromagnetic component anda is the
Gilbert damping coefficient. The micromagnetic magnetic
field H is obtained by derivation of the free energyEtot with
respect tom. To find the equilibrium state amounts to releas-
ing the system according to the evolution equationfEq. s4dg.
This approach has the advantage that the criterion of cancel-
ling the exerted couple is more precise. Ideally, the minimiz-
ing process stops as the exerted torque vanishes. In practice,

FIG. 6. sColor onlined Soft x-ray reflectivity at the FeL3 absorption edgeslight gray or green curved and off-resonancesdark gray or blue
curved from the bilayers B1sleftd and B3srightd.

FIG. 7. sColor onlined SXRMS rod scansslog scaled from the
bilayer B1: magnetic rod scans on-resonance at 709 eV and off-
resonance at 705 eV, diffusesqx=0.02 nm−1d and background with
qx=0.07 nm−1.
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our approach assumes that the equilibrium configuration is
achieved when the misalignment between the magnetization
vector and the micromagnetic field is less than 10−6.

The simulation algorithm, developed by Toussaintet al.,35

consists of incrementing the variable of the time by a stepdt
and evaluating the magnetic configurationmi and the effec-
tive field hi

eff on each node of the magnetic volume. The
evolution ofmi at each value of timet is then given by

mist + dtd = mistdcosshi
effdtd +

sinshi
effdtd

hi
eff fhi

eff 3 mistdg.

s5d

The time stepdt is chosen smaller than the critical time step
to observe convergence and stability during the numerical
integration of the Gilbert-Landau-Lifshitz equations. This
condition ensures that the magnetization distribution is lo-
cally quasiparallel to the effective magnetic field lines. In
this sense, the algorithm leads well to a local minimum of
the micromagnetic energy while respecting the normalization
constraint of the vector magnetization.

Finally, the calculation of the effective magnetic field is
considerably accelerated using the fast Fourier transform
sFFTd technique that allows one to reduce a convolution op-
eration in real space to a simple multiplication in reciprocal
space, hence the name “GLIFFT method.”35,36

B. Modeling results

Micromagnetic simulations were carried out with the aim
to obtain the three-dimensional magnetization profiles in the
FePd layers. The parameters were chosen as follows: the
exchange lengthlex=3.2 nm, the exchange constantAex
=6.8310−7 erg/cm; for the magnetic anisotropy we take the
typical values,Q=0 and 1.8, describing the soft and the
strong anisotropy layers, respectively.

The representative magnetic volume corresponds to a sec-
tion of the film whose width is equal to the stripe periodpmag
and whose height is equal to the film thicknesse stypically
20–60 nm for bilayers and trilayersd. The system is assumed
to be invariant along they direction, i.e., parallel to the
stripes, and therefore depends only on thex and z dimen-
sions. The division in cells was carried out using a grid of
128364 magnetic nodes. The size of these magnetic cells is
,1 nm, which corresponds typically to an in-plane density
of 10 Fe atoms per cell. The results obtained for the bilayers
and trilayers are presented in Fig. 8. The presentation of the
three-dimensional magnetization profiles is accomplished in
the xz plane with vectors to indicate themx andmz compo-
nents and with color to describe the third componentmy
fgradually increasing from light graysgreen in web versiond
to dark graysred in web versiondg. Simulations for monolay-
ers, which can be found in Ref. 25, show that for fixed thick-
ness the magnetic period increases with increasing aniso-
tropy. For the bilayers and trilayers, this is less obvious to
conclude, since the magnetic period not only depends on the
total thickness but also on the individual layer thicknesses.
The periods resulting from the simulations are roughly com-
parable with the ones imaged by MFM and measured by

SXRMS, and the evolution from one sample to the next
shows the same trend.

For the bilayer B4, the simulation leads to the formation
of alternating up and down domains, whereas neither the
SXRMS nor the MFM measurements showed evidence for a
magnetic periodicity. This suggests that the simulations de-
scribe the system in the ideal situation. The particular depo-
sition conditions and the presence of defects can consider-
ably deteriorate the theoretically expected magnetization
profile.

VI. NUMERICAL SIMULATION OF SXRMS

A. Theoretical description of the method

In the following numerical simulations for the SXRMS,
the reflection and transmission through interfaces will be
treated in an optical way, but the magnetic scattering occur-
ring in the FePd layers will be based only on the kinematical
model.

The first step in the simulation is the calculation of the
wave vectors of the incident and outgoing waves in the dif-
ferent layers of the sample. The normal componentki

z of the
wave vector in layeri swhere 0 stands for the vacuum, 1 for
the Pd capping layer, and 2 for the FePd layers considered as
oned is obtained as

ki
z = k0ÎSk0

z

k0
D2

− 2di − 2ibi , s6d

wheredi andbi are the optical constants of the layeri with-
out the magnetic part, andk0 is the modulus wave vector in
vacuum. We defineq=k2

out−k2
in as the scattering vector in the

FePd layers. Sincebi Þ0 in the sample,ki
z and q have an

imaginary part related to the absorption. The absorption

FIG. 8. sColor onlined MicromagneticGLIFFT simulations for the
bilayers B1, B3, B4, and B6 and the trilayers T1, T2, T3, T4 with
Q=0 for the disordered layers andQ=1.8 for the ordered layers. It
is noticed that the result of simulation for B6 corresponds to that of
B1 turned by 180°. Each cells,1 nm containing,10 Fe atomsd is
represented by a normalized magnetization vector, shown in themx

andmz direction while the third componentmy is represented by the
color fgradually increasing from light graysgreen in web versiond
to dark graysred in web versiondg.
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length in FePd, defined as the length where the beam inten-
sity is reduced bye−1, is directly related to the optical pa-
rameters in FePd, which vary strongly across the FeL3 edge.
Therefore the photon energy is one of the most important
parameters.

The second step in the simulation is the calculation of the
transmission coefficientsTin and Tout through the capping
layer, representing the effects on both incident and outgoing
amplitudes, at the vacuum–capping layer interface and at the
capping layer–magnetic layer interface.Tin is calculated as

Tin =
t01t12 expsik1

ze1d
1 + r10r12 exps2ik1

ze1d
, s7d

where

tij =
2ki

z

ki
z + kj

z , s8d

r ij =
ki

z − kj
z

ki
z + kj

z s9d

are the Fresnel coefficients for transmission and reflection,
respectively.Tout is calculated in the same way.

The third step in the simulation is the calculation of the
diffraction process in the magnetic layers, starting from the
micromagnetic modeling results and stretching over three
stages, corresponding to the three different spatial scales,
namely atomic, nanoscopic, and micromagnetic.

s1d The atomic scaledetermines the scattering factors of
the Fe and Pd atoms. While the scattering factor of the Pd
atoms can be directly obtained from the international data
tables and has no magnetic part since the x-ray energy is far
from any Pd edge, the scattering factor of the Fe atoms is
given in good approximation by32,33

fFe= F0se8* ·ed − iF1se8* 3 ed ·m, s10d

wheree ande8 are the polarization directions of the incident
and scattered beam, respectively, andm is the magnetic mo-
ment of the Fe atom obtained from the micromagnetic simu-
lation swhere we assume that it is homogenous over a micro-
magnetic celld. The scattering amplitudesF0 and F1 vary
strongly across theL3 edge, so that the precise choice of the
photon energy is important to reproduce the experimental
curves. With the incident polarization perpendicular to the
scattering planesi.e., s polarizationd, Eq. s10d reduces to

fFe= F0 − iF1k2
out ·m. s11d

s2d Thenanometric scaledetermines the scattering factors
f jk of each cells,1 nmd of the micromagnetic simulation.
Assuming that the crystallographic structure and the mag-
netic moment of the Fe atoms are uniform over each micro-
magnetic cell, we only need to determine a nanoscopic struc-
ture factor Sjk of the cell by summing the scattering
amplitudes over the atoms of the micromagnetic cells j ,kd.
This is achieved in two steps, first by summing the scattering
amplitudes over the atoms of the crystallographic cell, then
by summing the resulting amplitudes over the crystallo-
graphic cells of the micromagnetic cell. In the disordered fcc

structureswith a quasi-isotropic distribution of Fe and Pd
atomsd the average scattering factor is used, while in the
orderedL10 structure the Fe and Pd planes are alternating.
We obtain three reference values: one for the fcc structure
and two for theL10 structure, because the charge and mag-
netic amplitudes have different distributions in the latter
case. Thus we have to decomposeSjk into its charge and
magnetic parts,Sjk

ch andSjk
mag, respectively. The scattering fac-

tor f jk of the cell s j ,kd can then be written as

f jk = F0se8* ·edSjk
ch − iF1se8* 3 ed ·m jkSjk

mag. s12d

s3d For themicromagnetic scalewe need to sum the con-
tributions of the different cellsswith index j ,kd over the en-
tire volume of the micromagnetic simulation, in order to ar-
rive at the scale of the magnetic periods,100 nmd,

Fsqd = o
jk

f jke
iq·r jk. s13d

In the case of transverse scans, the broadening of the
magnetic satellites can be well-reproduced using a Lorentz-
ian functionLmagsqxd. This broadening takes into account the
variation of the magnetic period over the illuminated area.
The width of the Lorentzian function is 2p / lmag, wherelmag
is the correlation length of the magnetic periodicity. Like-
wise, the broadening of the specular peak is given by a
Lorentzian functionLchsqxd. However, no practical informa-
tion could be extracted from its width due to the low number
of experimental points describing the peak shape.

The total scattering amplitudeFtot, which can be decom-
posed into a charge termFtot

ch and a magnetic termFtot
mag, is

then expressed by the convolution of the line shape functions
with the summation over the volume of the micromagnetic
simulation,

Ftotsqd = Ftot
ch + Ftot

mag

= F0se8* ·edSo
jk

Sjk
cheiq·r jkDLchsqxd

− iF1se8* 3 ed·So
jk

m jkSjk
mageiq·r jkDLmagsqxd.

s14d

Finally, the theoretical intensity is obtained as

I th = uFtotsqdu2. s15d

It is also necessary to include the experimental back-
ground noisesconstantI0d, a correction for the illuminated
sample areassin−1 ud, the vertical roughnesss sfor specular
and magnetic rod scansd occurring in the Debye-Waller fac-
tor Rzsqzd=exps−s2qz

2d, and the diffuse background modeled
by a GaussianIdsqxd connected to a lateral roughnessjh sfor
transverse scansd. The calculated intensity is then for trans-
verse scans,

I = I0 + uTinu2uToutu2sId + CIthdsin−1 u, s16d

and for the magnetic rod scans,
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I = I0 + CuTinu2uToutu2RzI th sin−1 u, s17d

where C in both cases is an experimental multiplication
factor.

B. SXRMS simulation results

Simulations were carried out for transverse scanssFig. 9d
and magnetic rod scanssFig. 10d on the bilayers B1 and B3
and the trilayers T3 and T3, starting from the micromagnetic
simulations containing 128 nodes alongx and 32 or 64 along
z. The dimensionspmag and emag, initially imposed by the
micromagnetic simulation, were readjusted in order to give a
better agreement with the SXRMS measurements. If such a
readjustment proves to be necessary, it reveals that certain
intrinsic parameters used for the micromagnetic calculations
ssuch as the anisotropyQ or the exchange lengthlexd also
require readjustment in order to find an agreement with the
SXRMS measurements.

The simulated results agree remarkably well with the
measured results, which makes it possible to determine vari-
ous parameters, whose values are collected in Table III.

The transverse scans give the values of the average mag-
netic stripe periodpmag and the magnetic correlation length
lmag s5–50 stripes, depending on the sampled directly from
the magnetic satellite positions and widths. The average
magnetic periodicity can be obtained within an accuracy of
1 nm. The asymmetry ratio of the two magnetic peaks at
either side of the specular peak in the rocking curves in Fig.
9 is related to the in-plane and perpendicular component of
the magnetization, as has been described in Ref. 26. It leads

to the degree of perpendicular anisotropy and the closure
domain size. Whilepmag and lmag can be estimated without
any simulation, the asymmetry ratio requires a simulation
using the model presented in Sec. VI A. From the width of
the diffuse scattering around the specular peak, we obtain the
lateral roughnessjh.

TABLE III. Parameters obtained from the numerical simulation
for the bilayers B1 and B3 and trilayers T3 and T4. From the trans-
verse scan, the magnetic periodpmag, magnetic correlation length
lmag, and lateral roughnessjh sdiffuse backgroundd. From the mag-
netic rod at the indicated photon energy of the calculation, the cor-
responding absorption lengthlabs, magnetic layer thicknessemag sin-
cluding spacersd, the coating layer thicknessecoating, and the vertical
roughnesss.

Sample B1 B3 T3 T4

Simulation energyseVd 708 706.2 707.9 707.7

labs snmd 33 47 32 30

Transverse scanssFig. 9d
pmag snmd 118 76 132 137

lmag snmd 420 200 300 230

jh snmd 71 40 47 40

Magnetic rodssFig. 10d
emag snmd 58.0 19.4 43.7 32.4

ecoating snmd 2.0 0.8 3.1 3.4

s snmd 0.28 0.33 0.48 0.39

FIG. 9. sColor onlined SXRMS transverse scans and their numerical simulations using the calculated micromagnetic configurations.
Experimental curvessgreen/gray filled dotsd and simulated curvessblue/black lined.
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From the magnetic rod scans, we can determine the total
magnetic thickness, including the two, or three, FePd layers
and their spacer layers. For soft x rays the reflectivity mea-
surements are accurate to 1 Å. In the case of sample B1, the
main fringes observed in the magnetic rod scan are primarily
due to the interference in the FePd top layer only, because
the absorption is such that the x rays barely penetrate the
FePd bottom layer. The thickness of the Pd coating can also
be determined, but being only 2 to 3 nm thick, it just gives a
single large oscillation in the specular and magnetic rod
scans. It is therefore difficult to evaluate within good accu-
racy, unless the sample is very well aligned in the diffracto-
meter. This was probably the case for sample B1, but cer-
tainly not for sample B3. We used a single roughness
parameter to reproduce the decrease in the curves. This pa-
rameter includes the roughness at the layer interfaces, but
above all it is dominated by the surface roughness. We know
from reflection high energy electron diffractionsRHEEDd
measurements during the deposition that the interfaces have
a very small roughnesssless than one atomic layerd and their
effect is reduced by the absorption of the x rays in the
sample. A more sophisticated model with different rough-
nesses was developed, but the results did not give a signifi-

cantly better improvement. The choice of the photon energy,
determining the absorption length, is crucial: it must be ad-
justed within 0.1 eV. Since the photon energy of the beam-
line was drifting slowly with time we do not know the abso-
lute experimental energies within 1 eV and we only give the
energies for the simulations in Table III.

Finally, the good agreement between measured and calcu-
lated magnetic rod scans confirms the vertical magnetic pro-
file calculated by the micromagnetic simulations. In Fig. 10,
three different simulations are presented for sample B3: one
from the calculated magnetic configuration, another one
from the same structure with both FePd layers in reverse
order, and the last one from a structure where the magneti-
zation in the bottom layer has been set to zero. The huge
difference between the three simulated magnetic rods shows
the sensitivity of the technique to the magnetic configuration,
which in this case cannot be probed by specular measure-
ments.

The information that can be obtained from the SXRMS
measurements on this type of system can be summarized as
follows. sid Transverse scans give the average magnetic
stripe periodpmag and the magnetic correlation lengthlmag
directly from the magnetic satellite positions and the widths,

FIG. 10. sColor onlined SXRMS magnetic rods and their numerical simulations using the calculated micromagnetic configurations.
Experimental curvessgreen/gray filled dotsd and simulated curvessblue/black lined. For sample B3stop rightd, two others simulations are
performed: one with the FePd in reverse ordersblack dashed curved and one with the magnetization of the bottom layer set to zerosblack
dotsd.
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as well as the lateral roughnessjh from the width of the
diffuse scattering around the specular peak. The intensity ra-
tio of the magnetic satellites leads to the closure domain size.
sii d The reflectivity measurements at the FeL3 resonance
give the in-depth profile of the zeroth-order coefficient of the
lateral Fourier transformsi.e., the laterally constant partd of
the magnetization. In our case, the only component with a
zeroth-order contribution, which is parallel to the stripes, is
not probed in this geometry.siii d The magnetic rod scans
give the in-depth profile of the first-order coefficient of the
magnetization. This measurement is complementary to re-
flectivity measurements for laterally periodic systems.

VII. SUMMARY AND CONCLUSIONS

Epitaxially grown thin films of FePd alloy form self-
organizing magnetic patterns with periodic structures. By us-
ing layers of different magnetic anisotropy in bilayers or
trilayers of FePd alloys it is possible to change the magnetic
interaction and the stripe pattern, which is of great scientific
and technological interest because it allows one to tailor the
properties of these self-organizing magnetic systems.

Magnetic domain patterns of FePd samples were mea-
sured by imaging the magnetic stray lines using MFM, while
the global magnetic anisotropy of the samples was obtained
from VSM performed in both parallel and perpendicular ge-
ometry. The perpendicular magnetic anisotropy can be quan-
tified by the quality factorQ which depends on both the
thicknesses and the growth conditions of the layers. The av-
erage values of the quality factor obtained by VSM were
compared with theoretical values of the average anisotropy
weighted by the film thicknesses. The measured average val-
ues are shown to be in relatively good agreement with the
theoretical values. SXRMS at resonance shows a strong sen-
sitivity to the different magnetization components and the
periodicity of the profile in the layers. Measurement of mag-
netic rod scans, which can be compared with the reflectivity
rod scans, makes it possible to obtain the in-depth magnetic
profile.

The FePd bi- and trilayers were numerically modeled with
micromagnetic simulations using the Gilbert-Landau-
Lifshitz method with the aim to obtain the three-dimensional

magnetization profiles within the various layers. The simu-
lated stripe periods are roughly comparable with the stripe
periods measured by MFM and SXRMS. For some particular
depositions conditions no stripe pattern was observed, al-
though it was predicted for ideal samples without defects.

The simulation of the diffraction process in the magnetic
layers was performed, starting from the micromagnetic mod-
eling results, stretching over three stages, corresponding to
the three different spatial scales, namely atomic, nanoscopic,
and micromagnetic. The dimensions of the magnetic stripe
period and layer thickness, initially imposed by the micro-
magnetic simulation, were iterated to give a better agreement
with the SXRMS measurements. These numerical simula-
tions were carried out for both transverse scans and magnetic
rod scans. The positions and widths of the magnetic satellites
in the transverse scan give directly the values of the average
magnetic stripe period and the magnetic correlation length.
The asymmetry ratio of the magnetic peaks around the
specular reflection in the rocking curve gives, with the use of
simulations, the degree of perpendicular anisotropy and the
closure-domain size. The width of the diffuse scattering
around the specular peak gives the lateral roughness.

The good agreement between the micromagnetic model-
ing simulations and the experimental SXRMS results dem-
onstrate that SXRMS provides in-depth information that can-
not be obtained from either MFM or VSM. Thus using the
results of micromagnetic modeling, numerical simulation of
the SXRMS makes it possible to account for the magnetic
profile and its evolution within the film. Such numerical
simulations allow modeling of the experimental reflectivity
and magnetic rod scans in order to verify a variety of quan-
tities, such as the absorption length at resonance, layer thick-
nesses, structural roughness, average magnetic stripe period,
magnetic correlation length, and the presence of magnetic
interfaces.
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