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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 micros¢byM). The average magnetic
anisotropy has been obtained from the in-plane and perpendicular magnetic field dependence, measured using
vibrating sample magnetometfySM). We measured the soft x-ray resonant magnetic scatt€sXgMS) at
the Fel; edge usingr linearly polarized light, which is sensitive to the magnetization profile in the layers. The
magnetic configuration of the layer systems was modeled using micromagnetic sofewaer, ©CNRS.

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 nunt®er75.75+a, 75.25+z, 78.70.Ck, 75.50.Bb

[. INTRODUCTION matches perfectly to the nanoscopic structure of domains and
artificially structured devices. Soft x-ray resonant magnetic
Recent developments in magnetic data storage have rgeattering([SXRMS) has the ability to cover the length scale
sulted in a strong interest for ferromagnetic materials disfrom 1 to 1000 nm and is relatively easy to perform @n
playing perpendicular magnetic anisotropy. Among the mossitu prepared samplés® Element specificity and magnetic
promising systems are alloys exhibiting thé&, structure, sensitivity are obtained by tuning the x-ray energy to the
such as FePt, CoPt, and FePd, displaying periodic stripe fomppropriate absorption edge. Fod &ansition metals, the
mations of alternating up and down domatr8everal meth-  excitation of 2 electrons into unoccupiedd3states leads to
ods are available to characterize the magnetic properties atrong absorption edges with energies in the soft x-ray
thin films. Among these, magneto-optical methods are mostegion’ Applications of SXRMS include the characterization
prominent and have the advantage that they can be peof structural and magnetic properties of layered and domain
formed under applied magnetic and electric fields. Howeversystems especially their interface roughness, induced mag-
magneto-optics in the visible region lacks element specificitynetic order in nonmagnetic spacer layer, layer-resolved mag-
and moreover the ultimate spatial resolution is limited by thenetic moments, and local magnetic configuration using co-
wavelength. The discovery of strong magneto-optical effectdierent radiatiod2*
in the core level x-ray absorption edges of magnetic FePd thin flms can be grown with varying degrees of
element$ has opened up new possibilities, such as the sepaerpendicular magnetic anisotrofMA) by codepositing
ration of the spin and orbital part of the magnetic moménts Fe and Pd at elevated temperatures. Depending on the pre-
and the determination of the magnetic anisotrbfuch cise growth conditions, the alloy layers are more or less
techniques strongly benefit from the advent of undulator deehemically ordered, with Fe and Pd occupying alternating
vices offering variable linear and circular polarization of thelayers in a tetragonally distorted face-centered-cubic phase
intense synchrotron radiation. L1,. This chemical ordering leads to the PMA, so that the
Scattering experiments have so far mainly been restrictednisotropy increases with the degree of ofdéfhe compe-
to the region of the hard x rays, offering high spatial resolu-tition between the PMA and the thin-film shape anisotropy
tion and large penetration. However, in the soft x-ray rangdeads to domains with up and down magnetization perpen-
the resonant magnetic scattering cross sections are muclicular to the film plane. The formation of magnetic closure
stronger and although the soft x-ray wavelength is normallydomains will reduce the energy of the magnetic flux lines
too long to determine the unit cell structure, its length scaleoutside the sample. Diiet al® demonstrated the presence of
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these closure domains using SXRMS at the_gabsorption Il. SAMPLE PREPARATION

edge with circularly polarized x rays. Dudziit al?32*stud-

ied the influence of PMA on closure domains in FePd films ~The systems of interest are self-organizing magnetic pat-
using SXRMS by fitting the circular dichroism in the mag- terns as formed in thin films of FePd alloyshere the mag-
netic scattering in combination with the structure in the mag-etization breaks up in domains of different directions in
netic rod scans. Closure domains with in-plane magnetizaorder to reduce the stray field enefdyThe samples were
tion become energetically unfavorable in samples withgrown at the Commissariat a 'Energie AtomiqU@EA) in
strong PMA because of the preference for the easy-axis to ferenoble, by molecular beam epita®BE), on MgQ(002)
perpendicular to the surface. substrates. Growth conditions were varied to obtain a range

In this paper we present a study of FePd bilayer andf different anisotropies. The perpendicular magnetic aniso-
trilayer samples, where each layer has a different magnetigopy can be quantified by the quality fact@=K,/27M?Z,
anisotropy due to growth conditions. Comparative studies oivhereK, is the perpendicular anisotropy constant amgis
a single homogeneous FePd layer were already presentedtife saturation magnetization per volume unit. The magnetic
Ref. 25. We use various techniques, such as magnetic for&@nfiguration depends on both the layer thickness an®@the
microscopy(MFM), vibrating sample magnetometfySM), which strongly depends on the disorder as controlled by the
micromagnetic modeling, and SXRMS. The stripe patterrdeposition temperaturé:?®> We can distinguish between
can be observed using MFM imaging. MFM probes the magweak anisotropyQ< 1), where the magnetization gradually
netic stray fields and the images reveal the magnetization irptates over the domain walls, forming closure domains, and
the perpendicular direction. The technique of VSM gives thestrong anisotropy(Q>1) that gives rise to the interlaced
average information about the magnetization. SXRMS giveslomains with smaller wall thicknegs.
access to information which is complementary to MFM and We have grown successive FePd layers with different
VSM, such as the closure domains, tftreagneti¢ depth  anisotropies and thicknesses on top of each otberthe
profile, and the(magneti¢ correlation length. In order to schematic diagrams in Fig. In order to study their mag-
analyze the SXRMS results, we use the micromagnetic simuaetic interactions. We select the mode of codeposition, for
lation of the magnetic configuration of the layer system cal-which the degree of anisotropy is controlled by the deposi-
culated with the Gilbert-Landau-Lifshitz method. The mod-tion temperature. Room temperature giv@s:0, while an
eled magnetic configuration is used to calculate theslevated temperature of 400 °C giv@s=1.8. However, the
reflectivity and the magnetic rod scans using the formalisnspecific values of) for each of the layers cannot be mea-
for SXRMS. The results allow one to reiterate some of thesured. Once the deposition is completed, the VSM measure-
parameters in the micromagnetic simulations. Some prelimiments in the perpendicular and parallel geometry can only
nary results have been published elsewlere. give the average anisotrofy,, of the entire sample.

The outline of this paper is as follows. Section Il de- The different bilayers and trilayers that were characterized
scribes the thin-film preparation, which tailors the magneticand studied are shown in Table I. The thickness of each
anisotropy. Section Il describes the characterization of théndividual layer is 10, 20, or 30 nm. The six bilayers can be
magnetic anisotropy of the bilayer and trilayer systems usinglivided into two groups according to their deposition order.
MFM imaging and VSM measurements. Section IV givesA first group includes the bilayers B1, B2, B3, and B4,
some experimental details of the SXRMS technique and pregrown by first depositing, at ambient temperature, the disor-
sents the measured results of the reflectivity and magnetidered FePd layer with quasi-zero anisotropy, then subse-
rod scans. Section V outlines the theoretical background ofjuently, at elevated temperature, the ordered layer with
the micromagnetic simulations and gives the results of thetrong anisotropy. The bilayers B5 and B6, forming the sec-
numerical modeling for the different systems. Section VI de-ond group, were grown in reversed order.
scribes the numerical simulation of the SXRMS measure- The trilayers correspond to a kind of “magnetic sand-
ments for the magnetic configurations obtained by the microwich” where the central layer with strong anisotropy is en-
magnetic numerical modeling. It is also shown what kind ofclosed between two disordered layers of 10 nm thickness.
information can be obtained. Finally, conclusions are drawrThe central layer has a thickness of 20 il and T3 or
in Section VII. 10 nm (T2 and T4. Moreover, in the samples T3 and T4,
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TABLE I. Description of the studied FePd bilayers and trilayers, B1 | I | B2 )
with nominal thicknesses (nm) and growth temperatureg (°C) | /
for each layei and the total thickness,,. (See Fig. 1 for the layer } ‘
indexi.)
Sample T, e, Spacer T, e Spacer T3 €3 € , ] \

B1 20 30 400 30 60 s . ‘

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

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.

IIl. 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 (10 nm compared to the soft layéB0 nm), 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-  F|G. 2. (Color online MFM images of the samples, measured
isotropy grown on top of a soft layer, exhibit well-aligned «as deposited.” The image size isgmx 4 um.
stripes, whereas samples B5 and B6, grown in reversed or-
der, show interlaced domains. The latter is due to the instrength of the coupling. Furthermore, the number of forks is
plane magnetization of the soft layer, which influences thenigher for sample T1 than for T2 because of the larger thick-
formation of domains in the anisotropic layer during its ness of the ordered layer, i.e., the effect of the magnetic
growth, whereas the domains form without any restraintanisotropy, is more important.
when the anisotropic layer is grown first. This is an effect of The average period of the magnetic stripes, deduced from
the dipole coupling between both layers, which is strongthe MFM images, varies from 85 to 200 nm, as listed in
enough to align domains during their nucleation but not onc&able 1. This magnetic period decreases strongly with the
they are already formed. The MFM image of the bilayer B6total FePd thickness, going from a period of 133 to 85 nm
shows less contrast than that of B5, because the disordergghen the total thickness changes from 60 to 20 nm. This
layer is thicker, so that the in-plane magnetization compotrend is in agreement with the theoretical prediction devel-
nent is reinforced at the cost of the perpendicular componentped by Kaplan and Gehrirf§:2°The width of the interlaced
thereby diminishing the stray fields. domains also increases with thickness and they are also

Looking at the images of the trilayers, the samples T1 andvider than the stripe domains for samples with comparable
T2 exhibit aligned stripes, while T3 and T4 show interlacedthickness.
domains. This is another consequence of the dipolar coupling
of the layers. In T1 and T2 the domains are influenced during B. VSM
their nucleation by the in-plane magnetization of the under- VSM has been performed in both parallel and perpendicu-
lying layer, whereas in T3 and T4 the Pd spacers reduce thiar geometry(Fig. 3) in order to obtain information about the
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TABLE II. Magnetic characteristics of the studied FePd bilayers
and trilayers. The magnetic stripe peripgag (nmM) evaluated from
the MFM image, the average quality factQg, (nm) (within 10%)
obtained from VSM measurements, and the theoretical quality fac-
tor Qy, (nm) [see Eq(2)].

M/Ms

Sample MFM Pmag (MFM) Qg (VSM)  Qy,
Bl Parallel stripes 133 0.95 0.80
B2 Parallel stripes 107 1.35 1.20 o
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 1 B6
T2 Parallel stripes 92 0.7 0.53 " 0:8r-= /
T3 Interlaced domains 172 1 0.8 § 0
T4 Interlaced domains 192 0.6 0.53 -0.5 /,

3 -3-2-1 01 2 3

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- T3

M/Ms

3 -3-2-1 0 1 3

plane and which explains the absence of magnetic domains 2 05
in the MFM image. s 0
The measurements under perpendicular field exhibit a -0.5
kink (except for B4 corresponding to the saturation of the -1 LRI
hard layer, which is easier to saturate than the soft layers. As 2= (T%st;) 23 Sl (T%slg) 23

expected, samples with a thicker anisotropy layer and a thin-

ner soft layer are easier to saturate. In the trilayers, the satu- FIG. 3. (Color onliné VSM measurements of the magnetization
ration of the anisotropic layer is achieved at lower field for acycles in paralle(dark gray or blue curyeand perpendiculaflight
sample with Pd spacers between the magnetic layers congray or green curyemagnetic field. The magnetization is normal-
pared to an equivalent sample without Pd spacers. Thiged to the saturation magnetizatidfy,.

shows that the 2 nm thick spacer layers decouple the FePd

layers. states iSAEg,=[t's(H, —H,)dM, which is the area between

The difference between the in-plane and perpendiculapoth magnetization curveig. 4). From this we deduck,
magnetization curves allows one to evaluate an average agng thereforeQ,,=K,/27M? since we knowM;
s :

isotropy constantQ,, for the entire sample. In a simple  gincek, is an energy per unit volume, we can evaluate a
model we can write the magnetic energy per unit volume inspeoretical” global value for the sample from the layer

the sample as the sum over the different contributions for thenicknesses according t,=(Z;eK)/(S:e), wheree is the
dipolar term, the magnetic anisotropy term, and the Zeemaghickness of the layer. Assuming the magnetization is the

term, same for each layer, we can write

Emag= 27MZ co a + K, sir? a—HMgcosB, (1) > eQ
wherea is the angle between magnetization and surface nor- Qn >e '
mal andg is the angle between magnetization and applied !
field. The energy difference between the two saturated states The numerical values were calculated assun@¥wg1.8 in
(a=0° and 90° withB=0°) is AEsar:Ku—ZwMg. FePd layers grown at elevated temperatures @m0 in

The energy required to make a small change in the magrFePd layers grown at room temperature. Table |l compares
netic state iHdM, so that the energy difference between thethe values of the quality factd®,,, deduced from the VSM
nonmagnetized state and the saturated statgy®idM.  measurements, with the theoretical val@s calculated us-
Therefore the energy difference between the two saturateithg Eq. (2). The measured,, is in relatively good agree-

(2)
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0.1 —in Plan%_fielld ol FIG. 5. (Color online Schematics of the transverse geometry
0 pefpendiciiar e used in the scattering measurement.
0 0.5 1 15 2 25 3
H (Tesla)

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 they component of the magnetization, which is not
. . . probed in the transverse geometry wittpolarized light, has
ment with the estimate@y, The small differences can be 5 \\,h;6r0 constant part. Therefore no magnetic effect was
ascribed to several ongins, in particular, a temperalure),cerved in the resonant reflectivity measurements, and the
change during the fabrication can generate diffusion phezqnyast hetween off-resonance and on-resonance can be as-

homena, modifyling r;[he c;hen1r]ical structurfe at' the interface%ribed to nonmagnetic anomalous effects. This is very clear
and consequently changing the degree of anisotropy. in the case of sample B3, for which reflectivity curves on

resonanceg708.2 eV} and off-resonancé705 e\) are very
similar (Fig. 6). In the case of sample B1, the strong increase
IV. SXRMS in absorption at the edge explains the doubling of the peri-
] odicity for the Kiessig fringes. Off-resonance, the x rays pen-
While MFM gives access to the stray fields and VSM etrate deep enough to give interferences between both FePd
measurements ShOW the g|0ba| aniSOtropiC magnetic beha‘ayers’ Whereas on-resonance the X rays bare|y reach the
ior of the sample, SXRMS allows the study of the in-depthgeeper interface of the bottom FePd layer, so that the inter-
magnetic profile. The absorption length,, of x rays tuned  ference is mainly between both interfaces of the top FePd
to the Fel; edge in FePd alloy is-30 nm, which is suffi-  |ayer. The x rays reveal here the existence of a structural
cient to study the magnetic profile in our samples, whosgnterface between both FePd layers, which is probably due to
total FePd thickness is belowlgs The coupling between the segregation of Pd atoms to the surface, while heating the
layers of different anisotropy should show up in the magnetiGample before the second layer is grown. Such an interface is
profile as a rather sharp transition between in-plane and pefot visible in the reflectivity from sample B3.
pendicular magnetization and gives a propagation of the Rocking curves probe the lateral charge and magnetic or-
magnetic periodicity into the soft layer. _ _ der of the sample. Thus their magnetic periodi¢éxcept for
The magnetic scattering experiments were carried out in 84) gives rise to first-order magnetic satellites at either side
two-circle diffractometer using polarized x rays from beam-of the specular pea?3 The satellite position gives the av-
line 1.1 of the Synchrotron Radiation SOuf@RS at Dares-  erage magnetic periodicity and the satellite width gives the
bury Laboratory(UK). Details of theg-2¢ in-vacuum dif-  gispersion of the periodicity around its average value. The
fractometer can be found elsewh&®@! All experimental  opserved magnetic periodicities are given in Table Iil. They
results presented and simulated here were obtained with thgyree within 10% with the MFM results, which is a local
samples mounted in the transverse geometry, i.e., with thgyeasurement. The width of the satellites shows that this dif-
scattering planex,z) perpendicular to the stripe direction ference is within the dispersion of the magnetic periodicity.
(y). Figure 5 shows the schematics of the experimental ge- \We measured magnetic rod scans, i.e., at constaeor-
ometry. The light was tuned to the Fe; edge (E  responding to the magnetic periodicity found with the trans-
=709 eV)\=1.75 nm and o polarized, i.e., linearly polar- verse scans. Magnetic rod scans probe the periodic compo-
ized perpendicular to the scattering plane, hence probing theent of the magnetization. As can be seen from Fig. 7, the
electronic density through the— o polarization channel magnetic rod vanishes when the x rays are tuned off-
and the magnetization through the— 7’ polarization chan- resonance. Samples without spacers whose FePd layers all
nel. Given the geometrical factor in the magnetic scatterindnave the same thickness display Kiessig fringes correspond-
[Eq. (10)], only the component of the magnetization paralleling to this thickness, whereas the other samples do not show
to the outgoing beam, which is in the plane, is probed. oscillations. This can be explained by the weakness of the
Three different types of measurements were performed omagnetic amplitude compared to the specular amplitude.

FIG. 4. (Color onlineg Comparison of the magnetization curves
in parallel(dark gray or blue curyeand perpendiculafight gray or
green curve magnetic fields for the sample B1.
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— 705 eV BS
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FIG. 6. (Color onling Soft x-ray reflectivity at the F&; absorption edgéight gray or green curyeand off-resonancédark gray or blue
curve from the bilayers Bl(left) and B3(right).

Strong interference effects, such as those obtained with pemetic materials is respected, which reads Asom/dn

odic multilayers, are required to obtain measurable oscilla=A2 sm/dn, wheren is the normal direction. The latter ex-

tions. The two samples with Pd spacers show strong oscillgaression reduces t8.,0m/Jdn=0 at the free surface of the

tions because of the strong contrast between the magnetsample.

density of the FePd layer and Pd spacer layer without Fe The solution of the problem can be also carried out by

atoms. applying the Gilbert-Landau-Lifshitz equation, which ex-
Figure 7 also shows rod scans measured in the diffuspresses the dynamic evolution of the local moment in the

scattering of the specular pe##,=0.02 nmi?) and in the applied effective field

background of the transverse sc&n,=0.07 nm?). The

long-period oscillation appearing in the diffuse scattering d_m:_ym X H (4)

corresponds to the small thickngss2 nm) of the protecting dt eff:

Pd coating, whose roughness is the main reason for the dif- o

fuse scattering around the specular peak. More precise qual¥€re the effective field is given byle=H +a(m X H), the

titative information can be extracted from these magnetic ro§efficienty is the gyromagnetic component amdis the

scans, which requires the simulations that are presented filoert damping coefficient. The micromagnetic magnetic
Sec. VIB. field H is obtained by derivation of the free enerBy; with

respect tan. To find the equilibrium state amounts to releas-
ing the system according to the evolution equafigg. (4)].
V. MICROMAGNETIC MODELING This approach has the advantage that the criterion of cancel-
ling the exerted couple is more precise. Ideally, the minimiz-

We will first outline the principle of the Gilbert-Landau- . . .
ing process stops as the exerted torque vanishes. In practice,

Lifshitz method* before presenting some results of the algo-
rithm applied to the FePd thin-layer systems.

—— magnetic rod (E=709eV)
| = magnetic rod (E=705eV)
== background (E=709eV)

diffuse scattering (E=709e V)

107
A. Principle of the GL_FFT method

The principle of the simulation is based on dividing the
magnetic volume into basis cellsodes$ that carry a local
magnetic momenM; or, in reduced variablesn;=M;/Mj,
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 (3)

intensity (arbitrary units)

whereE,,; is the Zeeman energy due to the external fiElg,

is the exchange energy, characterizing the ferromagnetism of
the materiallwith exchange constamt,, for layeri), E,y; is 1073k
the anisotropy energy related to the constaptand Egemag

is the demagnetization energy connected to the shape of
magnetic volume and the saturation magnetizatibgn In
order to find an equilibrium magnetization distribution, the  F|G. 7. (Color online SXRMS rod scanglog scale from the
energyE,; must be minimized by respecting two constraints:pjlayer B1: magnetic rod scans on-resonance at 709 eV and off-
(1) the modulus of the magnetization vector is conserved angksonance at 705 eV, diffugg,=0.02 nntl) and background with

(2) the Brown condition at the interface of the two ferromag-q,=0.07 nm™.

@
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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

The simulation algorithm, developed by Toussainal.,®®
consists of incrementing the variable of the time by a gtep
and evaluating the magnetic configuration and the effec-
tive field hf™ on each node of the magnetic volume. The
evolution ofm; at each value of time¢is then given by

; eff
m;(t + 8t) = m;(t)coghf™at) + W[hf’“ X m;(t)].
|

T2

4 SEETommE
ARERRARRRRARS FERRRRRIRARRRES
e e e

—

5

The time stepst is chosen smaller than the critical time step
to observe convergence and stability during the numerical
integration of the Gilbert-Landau-Lifshitz equations. This  FIG. 8. (Color onling MicromagneticsL_FFT simulations for the
condition ensures that the magnetization distribution is lo-bilayers B1, B3, B4, and B6 and the trilayers T1, T2, T3, T4 with
cally quasiparallel to the effective magnetic field lines. InQ=0 for the disordered layers ari@=1.8 for the ordered layers. It
this sense, the algorithm leads well to a local minimum ofis noticed that the result of simulation for B6 corresponds to that of
the micromagnetic energy while respecting the normalizatior1 turned by 180°. Each celt~1 nm containing~10 Fe atomsis
constraint of the vector magnetization. represented by a normalized magnetization vector, shown imghe
Finally, the calculation of the effective magnetic field is andm; direction while the third componemt, is represented by the
considerably accelerated using the fast Fourier transforrfclor [gradually increasing from light graggreen in web version
(FFT) technique that allows one to reduce a convolution ope dark gray(red in web versioj.
eration in real space to a simple multiplication in reciprocal
space, hence the nameL‘FFT method. %536 SXRMS, and the evolution from one sample to the next
shows the same trend.
For the bilayer B4, the simulation leads to the formation
B. Modeling results of alternating up and down domains, whereas neither the
Micromagnetic simulations were carried out with the aim SXRMS nor the MFM measurements showed evidence for a

to obtain the three-dimensional magnetization profiles in than@dnetic periodicity. This suggests that the simulations de-

FePd layers. The parameters were chosen as follows: ﬂ,ﬁg.ribe the system in the ideal situation. The particular dgpo—
exchange length.,=3.2 nm, the exchange constas; sition conditions and the presence of defects can consider-
ex . ’ X

=6.8x 107 erg/cm; for the magnetic anisotropy we take theably_ deteriorate the theoretically expected magnetization
typical values,Q=0 and 1.8, describing the soft and the Profile.
strong anisotropy layers, respectively.

The representative magnetic volume corresponds to a sec-
tion of the film whose width is equal to the stripe periaghg
and whose height is equal to the film thicknesg&ypically A. Theoretical description of the method
20—60 nm for bilayers and trilaygrsThe system is assumed |, the following numerical simulations for the SXRMS,
to be invariant along the direction, i.e., parallel 10 the o reflection and transmission through interfaces will be
stripes, and therefore depends only on hendz dimen-  yeated in an optical way, but the magnetic scattering occur-
sions. The division in cells was carried out using a grid of_gnng in the FePd layers will be based only on the kinematical

odel

VI. NUMERICAL SIMULATION OF SXRMS

128x 64 magnetic nodes. The size of these magnetic cells i

~1 nm, which corresponds typically to an in-plane density  tpe first step in the simulation is the calculation of the
of 10 Fe atoms per cell. The results obtained for the bilayer§, 5 e vectors of the incident and outgoing waves in the dif-

and trilayers are presented in Fig. 8. The presentation of the, ... layers of the sample. The normal comporién the

IRave vector in layer (where 0 stands for the vacuum, 1 for

three-dimensional magnetization profiles is accomplished ig,
the xz plane with vectors to indicate th®, andm, COMPO- 6 py capping layer, and 2 for the FePd layers considered as
one is obtained as

nents and with color to describe the third componemnt
[gradually increasing from light grafgreen in web version

to dark gray(red in web versioy]. Simulations for monolay- k3 2 .
ers, which can be found in Ref. 25, show that for fixed thick- k'=ko <k_o) —-25-2p;,
ness the magnetic period increases with increasing aniso-

tropy. For the bilayers and trilayers, this is less obvious towhere s and g3, are the optical constants of the layewith-
conclude, since the magnetic period not only depends on theut the magnetic part, arig is the modulus wave vector in
total thickness but also on the individual layer thicknessesvacuum. We defing=k35"'-k} as the scattering vector in the
The periods resulting from the simulations are roughly com+ePd layers. Sincg, # 0 in the samplek? and g have an
parable with the ones imaged by MFM and measured bymaginary part related to the absorption. The absorption

(6)
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length in FePd, defined as the length where the beam intestructure (with a quasi-isotropic distribution of Fe and Pd
sity is reduced bye™, is directly related to the optical pa- atoms the average scattering factor is used, while in the
rameters in FePd, which vary strongly across thé fedge.  orderedL1, structure the Fe and Pd planes are alternating.
Therefore the photon energy is one of the most importantWe obtain three reference values: one for the fcc structure
parameters. and two for thel 1, structure, because the charge and mag-
The second step in the simulation is the calculation of thenetic amplitudes have different distributions in the latter
transmission coefficient;, and T, through the capping case. Thus we have to decompd3g into its charge and
layer, representing the effects on both incident and outgoingnagnetic partsSﬁi1 and%]}ag, respectively. The scattering fac-
amplitudes, at the vacuum—capping layer interface and at theer f; of the celi(j ,k) can then be written as
capping layer—magnetic layer interfade, is calculated as

) f.=Fqe - e)S"—iF,(e’" X e) -m; ST, 12

in~ : ' @) (3) For themicromagnetic scaleve need to sum the con-
1+ exp(2ikie e omag o .
1012 €XP(2IKzey) tributions of the different cell$with index j,k) over the en-
where tire volume of the micromagnetic simulation, in order to ar-
K rive at the scale of the magnetic perieg 100 nn),
tj=———, (8) _
K+ K F(q)= 2 f &9, (13
jk
K- K :
M= ——r»~ (9) In the case of transverse scans, the broadening of the
! k? + ka magnetic satellites can be well-reproduced using a Lorentz-

are the Fresnel coefficients for transmission and reflection'?n.fu.ncuonl‘mag(q")' Th|§ brogdenmg takes \ nto gccount the
respectivelyT,,, is calculated in the same way variation of the magnetic period over the illuminated area.
. OLI'[ . . - . .
The third step in the simulation is the calculation of the;I;hfh;V'Sg;rglf;rsoenl‘lzr:ntﬁ'z? {rl:gcrt#;n rlnsefclmagrivt\)lgﬁzri?lmﬁke-
diffraction process in the magnetic layers, starting from the . °ng g periodictty.
. . . : wise, the broadening of the specular peak is given by a
micromagnetic modeling results and stretching over thre orentzian functiorL(q,). However, no practical informa-
stages, corresponding to the three different spatial scale chl 0. FC - P
namely atomic, nanoscopic, and micromagnetic. 1bn coul_d be extra(_:ted from |_ts_ width due to the low number
(1) The atomic scaledetermines the scattering factors of of ?I_)r(]pet”T?mal t;t)m_nts descl_rtlbmg thehpeﬁk sha:)pe.d
the Fe and Pd atoms. While the scattering factor of the Pd e total scattering amplitude, which can be decom-

; ch ; mag ;
atoms can be directly obtained from the international datzi)osed into a charge terf, and a magnetic terrf,~, is

tables and has no magnetic part since the x-ray energy is fép.en expressed b_y the convolution of the line sh_ape functiqns
from any Pd edge, the scattering factor of the Fe atoms ig\{lth the summation over the volume of the micromagnetic

given in good approximation B%33 simulation,
fre=Fo(e"” -€) —iFy(e” X &) -m, (10) Fiol@) = i+ Fio2d

wheree ande’ are the polariz_ation dirgctions of the _incident =Fqe” -e)(Z gl?eiq-rjk) Ler(Qh)
and scattered beam, respectively, amds the magnetic mo- jk
ment of the Fe atom obtained from the micromagnetic simu- R agiq;
lation (where we assume that it is homogenous over a micro- —iFy(e” X e) (Ek mik$ © Jk) Lmag(qx)-
magnetic ce)l The scattering amplitudeB, and F; vary '
strongly across the; edge, so that the precise choice of the (14)
photon energy is important to reproduce the experimental o o )
curves. With the incident polarization perpendicular to theFinally, the theoretical intensity is obtained as
scattering planéi.e., o polarization), Eq. (10) reduces to

lth= |Ftot(q)|2' (15

— : out
fre=Fo=iFskz - m. (19 It is also necessary to include the experimental back-

(2) Thenanometric scaleletermines the scattering factors ground noise(constantly), a correction for the illuminated
f;. of each cell(~1 nm) of the micromagnetic simulation. sample aredsin™ ), the vertical roughness (for specular
Assuming that the crystallographic structure and the magand magnetic rod scansccurring in the Debye-Waller fac-
netic moment of the Fe atoms are uniform over each microtor Rz(qz):exp(—ozqﬁ), and the diffuse background modeled
magnetic cell, we only need to determine a nanoscopic strudy a Gaussiarhy(g,) connected to a lateral roughness(for
ture factor Sy of the cell by summing the scattering transverse scahsThe calculated intensity is then for trans-
amplitudes over the atoms of the micromagnetic ¢glk).  verse scans,
This is achieved in two steps, first by summing the scattering
amplitudes over the atoms of the crystallographic cell, then | =g+ | Tinl* Toul®(lg + Clg)sin ™t 6, (16)
by summing the resulting amplitudes over the crystallo-
graphic cells of the micromagnetic cell. In the disordered fccand for the magnetic rod scans,
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FIG. 9. (Color online SXRMS transverse scans and their numerical simulations using the calculated micromagnetic configurations.
Experimental curveggreen/gray filled doysand simulated curveblue/black line.

I =1lo+ C|Tind Toul*Rol i SNt 6, (17)  to the degree of perpendicular anisotropy and the closure

i . ) ... domain size. Whilgpy,g andly,,q can be estimated without
where C in both cases is an experimental multiplication any simulation, the asymmetry ratio requires a simulation
factor. using the model presented in Sec. VI A. From the width of

the diffuse scattering around the specular peak, we obtain the
B. SXRMS simulation results lateral roughness;,.

Simulations were carried out for transverse sdadig. 9) . ) _ .
and magnetic rod scariEig. 10 on the bilayers B1 and B3 TABL_E Ill. Parameters obtam_ed from the numerical simulation
and the trilayers T3 and T3, starting from the micromagnetid©r the bilayers B1 and B3 and trilayers T3 and T4. From the trans-
simulations containing 128 nodes alongnd 32 or 64 along verse scan, the magnetic perlpgag magnetic correlation length
z. The dimensiong,, and ey, initially imposed by the lma? and lateral _rou_ghneﬁ (diffuse background From the mag-
micromagnetic simulation, were readjusted in order to give 41 "0d at the indicated photon energy of the calculation, the cor-
better agreement with the SXRMS measurements. If such & -P°nding absorption lengtih, magnetic layer thickne g (in-
readjustment proves to be necessary, it reveals that cert CBUdIEg spacersthe coating layer thicknesgoaing and the vertical
intrinsic parameters used for the micromagnetic calculations vghness.

(such as the anisotrop® or the exchange length,) also

. ; ! . . Sample B1 B3 T3 T4

require readjustment in order to find an agreement with the
SXRMS measurements. Simulation energyeV) 708 706.2 707.9 707.7

The simulated results agree remarkably well with the | aps (N 33 47 32 30
measured results, which makes it possible to determine vari
ous parameters, whose values are collected in Table Ill.  Transverse scar(&ig. 9

The transverse scans give the values of the average mag- Pmag (NM) 118 76 132 137
netic stripe periogy,,g and the magnetic correlation length | mag (NM) 420 200 300 230
Imag (550 stripes, depending on the sampuléectly from & (nm) 71 40 47 40

the magnetic satellite positions and widths. The average
magnetic periodicity can be obtained within an accuracy oMagnetic rods(Fig. 10

1 nm. The asymmetry ratio of the two magnetic peaks at €mag (NM) 58.0 19.4 43.7 324
either side of the specular peak in the rocking curves in Fig. €coating (NM) 2.0 0.8 3.1 3.4
9 is related to the in-plane and perpendicular component of o (nm) 0.28 0.33 0.48 0.39

the magnetization, as has been described in Ref. 26. It leads
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FIG. 10. (Color onling SXRMS magnetic rods and their numerical simulations using the calculated micromagnetic configurations.
Experimental curveggreen/gray filled dotsand simulated curveglue/black ling. For sample B3top right), two others simulations are
performed: one with the FePd in reverse orfl@ack dashed curyeand one with the magnetization of the bottom layer set to gelack
dots.

From the magnetic rod scans, we can determine the totalantly better improvement. The choice of the photon energy,
magnetic thickness, including the two, or three, FePd layergetermining the absorption length, is crucial: it must be ad-
and their spacer layers. For soft x rays the reflectivity meajusted within 0.1 eV. Since the photon energy of the beam-
surements are accurate to 1 A. In the case of sample B1, thime was drifting slowly with time we do not know the abso-
main fringes observed in the magnetic rod scan are primariljute experimental energies within 1 eV and we only give the
due to the interference in the FePd top layer only, becausenergies for the simulations in Table IlI.
the absorption is such that the x rays barely penetrate the Finally, the good agreement between measured and calcu-
FePd bottom layer. The thickness of the Pd coating can alslated magnetic rod scans confirms the vertical magnetic pro-
be determined, but being only 2 to 3 nm thick, it just gives afile calculated by the micromagnetic simulations. In Fig. 10,
single large oscillation in the specular and magnetic rodhree different simulations are presented for sample B3: one
scans. It is therefore difficult to evaluate within good accu-from the calculated magnetic configuration, another one
racy, unless the sample is very well aligned in the diffracto-from the same structure with both FePd layers in reverse
meter. This was probably the case for sample B1, but cererder, and the last one from a structure where the magneti-
tainly not for sample B3. We used a single roughnesgation in the bottom layer has been set to zero. The huge
parameter to reproduce the decrease in the curves. This pdifference between the three simulated magnetic rods shows
rameter includes the roughness at the layer interfaces, bthe sensitivity of the technique to the magnetic configuration,
above all it is dominated by the surface roughness. We knowvhich in this case cannot be probed by specular measure-
from reflection high energy electron diffractiaiRHEED) ments.
measurements during the deposition that the interfaces have The information that can be obtained from the SXRMS
a very small roughnedsess than one atomic layesind their  measurements on this type of system can be summarized as
effect is reduced by the absorption of the x rays in thefollows. (i) Transverse scans give the average magnetic
sample. A more sophisticated model with different rough-stripe periodpy.g and the magnetic correlation length.q
nesses was developed, but the results did not give a signifdirectly from the magnetic satellite positions and the widths,
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as well as the lateral roughneggs from the width of the magnetization profiles within the various layers. The simu-
diffuse scattering around the specular peak. The intensity rdated stripe periods are roughly comparable with the stripe
tio of the magnetic satellites leads to the closure domain sizgperiods measured by MFM and SXRMS. For some particular
(i) The reflectivity measurements at the Eg resonance depositions conditions no stripe pattern was observed, al-
give the in-depth profile of the zeroth-order coefficient of thethough it was predicted for ideal samples without defects.
lateral Fourier transfornti.e., the laterally constant parof The simulation of the diffraction process in the magnetic
the magnetization. In our case, the only component with dayers was performed, starting from the micromagnetic mod-
zeroth-order contribution, which is parallel to the stripes, iseling results, stretching over three stages, corresponding to
not probed in this geometryiii) The magnetic rod scans the three different spatial scales, namely atomic, nanoscopic,
give the in-depth profile of the first-order coefficient of the and micromagnetic. The dimensions of the magnetic stripe
magnetization. This measurement is complementary to reperiod and layer thickness, initially imposed by the micro-

flectivity measurements for laterally periodic systems. magnetic simulation, were iterated to give a better agreement
with the SXRMS measurements. These numerical simula-
VIl. SUMMARY AND CONCLUSIONS tions were carried out for both transverse scans and magnetic

o o rod scans. The positions and widths of the magnetic satellites

Epitaxially grown thin films of FePd alloy form self- in the transverse scan give directly the values of the average
organizing magnetic patterns with periodic structures. By USmagnetic stripe period and the magnetic correlation length.
ing layers of different magnetic anisotropy in bilayers or The asymmetry ratio of the magnetic peaks around the
trilayers of FePd alloys it is possible to change the magnetigpecylar reflection in the rocking curve gives, with the use of
interaction and the stripe pattern, which is of great SC'e”“f'Csimulations, the degree of perpendicular anisotropy and the
and technological interest because it allows one to tailor thg|gsyre-domain size. The width of the diffuse scattering
properties of these self-organizing magnetic systems. around the specular peak gives the lateral roughness.

Magnetic domain patterns of FePd samples were mea- The good agreement between the micromagnetic model-
sured by imaging the magnetic stray lines using MFM, whilejng simulations and the experimental SXRMS results dem-
the global magnetic anisotropy of the samples was obtainegnstrate that SXRMS provides in-depth information that can-
from VSM performed in both parallel and perpendicular ge-not pe obtained from either MFM or VSM. Thus using the
ometry. The perpendicular magnetic anisotropy can be quanesyits of micromagnetic modeling, numerical simulation of
tified by the quality factorQ which depends on both the {he SXRMS makes it possible to account for the magnetic
thicknesses and the growth conditions of the layers. The awrofile and its evolution within the film. Such numerical
erage values of the quality factor obtained by VSM weregjmyiations allow modeling of the experimental reflectivity
compared with theoretical values of the average anisotrop¥ng magnetic rod scans in order to verify a variety of quan-
weighted by the film thicknesses. The measured average Vajties, such as the absorption length at resonance, layer thick-
ues are shown to be in relatively good agreement with th¢yesses, structural roughness, average magnetic stripe period,

theoretical values. SXRMS at resonance shows a strong Sefagnetic correlation length, and the presence of magnetic
sitivity to the different magnetization components and thejnterfaces.

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. We would like to thank M. D. Roper and I. W. Kirkman

The FePd bi- and trilayers were numerically modeled withfor beamline support at Daresbury, J.-P. Attané and Y. Sam-
micromagnetic simulations using the Gilbert-Landau-son for MFM measurements, and J. M. Tonnerre for provid-
Lifshitz method with the aim to obtain the three-dimensionaling atomic scattering factor files.
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