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Soft x-ray resonant magnetic reflectivity study of thin films and multilayers
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Soft x-ray resonant magnetic reflectivity measurements on thin films and multilayers in atransverse
geometry using linear polarized photons are presented. Magneto-optic calculations taking into
account the layer roughness allows us to reproduce all the experimental features of the angular and
energy reflectivity curves as well as the asymmetry ratio in both cases. Application to FexMn12x

alloy films epitaxially grown on Ir~001! brings more insights on the magnetic transition occurring at
x50.75. © 1998 American Institute of Physics.@S0021-8979~98!49911-0#
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Magnetism in artificially made materials has become
area of intense activity. The study of magnetism of ultrat
films and multilayers has revealed new properties which
different from bulk materials and have technological pote
tial, especially in magnetic memories and magnetic ba
sensors. Since the devices to be implemented concern m
layered and multielement systems, it is necessary to go
yond the measurements of the macroscopic magnetic p
erties and to separate out the magnetic signatures of
different species within the different layers. In order to s
lectively probe the magnetic contributions, we develop
use of the x-ray resonant magnetic scattering~XRMS!, espe-
cially in the soft x-ray range.

XRMS, which is x-ray magnetic dichroism in a scatte
ing condition, presents the advantage of being atom and s
selective and then allows one to probe the magnetism of
different atomic levels of a specific element in a magne
material.1,2 The angular dependence inherent to a scatte
measurement brings furthermore the spatial selectivity.
XRMS is a two photon process, the effects related to m
netic circular dichroism~XMCD! are observable not only
with circular polarized photons but also with linear polariz
ones.3,4 Moreover, they are enhanced in diffraction cond
tions due to interference effects and, in that case, the m
netization dependent contribution may be of the same o
of magnitude as the nonmagnetic one.5 This has been shown
by using artificial large period structures, like Ag/Ni an
Ag/NiFe multilayers, in order to diffract photons of larg
wavelength~l'15 Å at the NiL2,3 edges!. These first ex-
periments, where the energy dependence of an asymm
ratio R5(I 12I 2)/(I 11I 2) is measured,I 1 and I 2 being
two Bragg peak intensities collected for two opposite dir
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tions of an applied magnetic field, allowed us on one hand
demonstrate the equivalence between the XMCD and
XRMS6 and on the other hand to determine the amplitude
the magnetic moment of both 3d transition metals in a binary
alloy.7 In order to study thin films, which do not give Brag
peaks at small values, we have to turn to the analysis
magnetic specular reflectivity measurements.

Following the success of XMCD measurements in t
soft x-ray range, specular resonant magnetic reflectivity
been mainly measured using circular polarized incident p
tons in a geometry similar to thelongitudinal magneto-optic
Kerr effect.4,8,9 In the simulations, although general tren
are well understood,4 some discrepancies still remain. On
possible reason is related to the difficulty to take into acco
the roughness at the interfaces when both states of lin
horizontal and vertical polarization of the photons a
coupled and then to account for its effect on the change
the circular polarization rate at each interface. Therefore,
first focused on the development of the resonant magn
reflectivity in the transverse magneto-optic Kerr effectge-
ometry, using linearp-polarized photons. The fact that th
photon beam has only one polarization state allows us
straightforwardly extend the Vidal and Vincent formalism
treat the interface roughness.10

The measurements were conducted at theU4B beam
line at the National Synchrotron Light Source. A vacuu
compatible u–2u spectrometer, working in the horizonta
plane, was used.11 The sample was magnetized by using
Bitter electromagnet capable of delivering a field up to 14
G perpendicular to the diffraction plane. First results we
obtained from a bcc W~32 Å!/Fe~91 Å!/W~129 Å! deposited
by laser ablation on a Al2O3 substrate. Figure 1~a! shows an
angular scan where the reflected intensities and the asym
try ratiosR are collected at a selected energy in the vicin
of theL3 Fe edge. Figure 2~a! displays an energy scan whe
3 © 1998 American Institute of Physics
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the angular position is kept fixed and the incident pho
energy is scanned through the FeL2,3 edges. In this trans
verse geometry, the amplitude at maximum ofR are typi-
cally of the order of 5% to 15% depending on both the in
dent angle and energy. Both scans depend on the st
resonance available at theL2,3 edges and on the structur
features of the layers: thickness and density of the layer
well as interface roughness. The energy scan is more se
tive to the spectroscopic aspect~amplitude of the magnetic
moment! and the angular one to the structural aspect~ar-
rangement of the moments!.

To analyze the data, we have developed a numer
calculation based on an optical approach, where the M
well’s equation are solved in a matrix formalism. It allows
to reproduce all the features of the experimental curve@Figs.
1~b! and 2~b!#. The main part is to calculate the dielectr
tensor which has only diagonal terms in a cubic symme
and to take into account the magnetic effects through non
nishing off-diagonal elements. Both the imaginary and r
parts of the charge dielectric constant were derived from
sorption data and their Kramers–Kronig transformation,
spectively. Their magnetic counterparts are determined in

FIG. 1. Fixed energy angle scans~solid line, left side legend! and asymme-
try ratio ~open circles, right side legend! measured on a W/Fe/W thin film in
the vicinity of FeL3 edge~703.2 eV!: experiment~a! and calculation~b!.

FIG. 2. Fixed angle energy scans~solid line, left side legend! and asymme-
try ratio ~open circles, right side legend! measured on a W/Fe/W thin film a
5° at the FeL2,3 edges: experiment~a! and calculation~b!.
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same way from XMCD data obtained from thin Fe film
That amounts to considerMFe52.1mB as derived from sum
rules.12 Since it is usually accepted that XMCD is propo
tional to the magnetic moment, we use a multiplying fac
to reduce or increase the magnetic contribution to the refl
tivity in order to fit our data. More details on the calculatio
will be given in an upcoming article.7

We turn next to the discussion of an example where s
x-ray resonant magnetic reflectivity has been used to inv
tigate the magnetic transition occurring in thin FexMn12x

alloy films epitaxially grown on Ir~001!. While bulk alloys
present a fcc structure and are antiferromagnetic~AF! over
the whole range of composition, it has been shown that
FexMn12x /Ir superlattices~SL!, the alloy is body-centered
tetragonal~bct! and exhibit a magneto-structural transition
x50.75 from a ferromagnetic state (x.0.75) to an antifer-
romagnetic one (x,0.75).13 In the present study, we fo
cused on two superlattices Fe0.9Mn0.1~27 Å!/Ir~18 Å! and
Fe0.7Mn0.3~27 Å!/Ir~18 Å!, grown on a Ir buffer layer, whose
concentrations have been chosen on each sides of the tr
tion. In the 70% Fe sample, the alloy layer is uniform
strained all through the stacking sequence of the superla
in a bct structure withc/a51.23.14 In the 90% Fe sample
two phases have been identified.14 In the first phase, labelled
SL1, the alloy and Ir layers undergo the influence of the
buffer layer and the alloy layer is bct withc/a51.16. In the
second one, SL2, both layers have relaxed the strain impo
by the buffer layer and may be considered as free layer
mutual strain. In that case, the alloy tends to the Fe
structure with c/a51.08. The analysis of a series o
reciprocal-space maps of the diffracted intensities, collec
around the~111! Bragg peak of the buffer layer for differen
grazing incident angles, allowed us to appreciate their p
portion, which corresponds to 60% and 40%, respective
and their localization.15 These findings have been support
by the characterization of two thin alloy films of the sam
composition~x50.7 and 0.9! with similar thicknesses~'30
Å! sandwiched between Ir layers, aimed at the determina
of the structural properties of the alloy layers at the beg
ning of the elaboration process. This is of particular inter
in order to separate out the magnetic properties of SL1
SL2.

Figure 3 shows the energy dependence ofR measured at
15° on both multilayers around the FeL2,3 edges. The shape
of R are similar and they exhibit two resonances at theL3

~707 eV! andL2 edge~720 eV!. Fe atoms in the Fe 90% SL
give rise to a strong asymmetry ratio of about 40% while
the Fe 70% SL,R values are at most 4%. This reduction
the magnetic signal of the Fe atoms is far beyond the cha
one would expect from its concentration reduction. T
simulation of the energy dependence ofR has been carried
out using the structural parameters deriving from the str
tural studies and by assuming that the alloy is a solid solu
where the Fe atoms bear the same magnetic momen
through the layers. As in the preceding section, the magn
moment of Fe is initially assumed to be 2.1mB. In the case
of the Fe-rich SL, the calculation~solid line! fits quite well
the experiment in Fig. 3~b!. For the Fe 70% SL, it is required
to reduce the dichroism signal by a factor 0.13
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order to fit the data@Fig. 3~a!#. Therefore, we observe
transition for the Fe magnetic moment from 2.160.05 to
0.2760.05mB. The uncertainties derive from the dispersi
of the fitting parameters of reflectivity curves measured
other angular positions. It is worth recalling that the value
the Fe-rich SL is an averaged one since two phases h
been evidenced in the SL. In order to separately determ
the magnetic moment in the SL1 phase, we measured
energy dependence ofR for the thin Fe0.9Mn0.1 films at dif-
ferent angular positions. Using the same set of structural
magnetic parameters, we obtained a good agreement
tween experiments and calculations. Figure 4~a! shows the
asymmetry ratio values obtained at 26° while the ensem
of R measurements will be published in a full article15

Again, a fairly good agreement has been obtained with a
magnetic moment of 2.1mB, leading us to conclude that th
Fe atoms in SL1 and SL2 carry about the same magn
moments. Gathering the structural and magnetic inform
tions on the three different phases of the alloy thin films,
observe that the magnetic transition is related neither to

FIG. 3. Energy dependent asymmetry ratio measured at 15° at the FeL2,3

edges on Fe0.7Mn0.3/Ir ~a! and Fe0.9Mn0.1/Ir ~b!: experiment~open circles!
and calculation~solid line!.

FIG. 4. Energy dependent asymmetry ratio measured on Ir/Fe0.9Mn0.1/Ir
thin film at 26° at the FeL2,3 edges~a! and at 20° at MnL2,3 edges~b!:
experiment~open circles! and calculation~solid line!.
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hypothetical fcc or bcc structure of the unstrained layer,
to the Fe magnetic volume. It actually depends on thec/a
value and the transition occurs forc/a51.215 which is in
agreement with the theoretical prediction for a bct iron.16

Work is under progress to understand the magnetic pr
erties of the Mn atoms. Figure 4~b! displays the weak mag
netic signal measured at theL2,3 edges of Mn in the thin
Fe0.9Mn0.1 films. It shows that Mn atoms carry a net ma
netic moment. We observe theR spectrum has the sam
shape than that measured at the FeL edges at the sam
incident angle. In order to determine the amplitude of the M
magnetic moment as well as the coupling between Fe
Mn, we have to fit theR values. In the case of Mn, this is no
so straightforward, since bulk Mn is antiferromagnetic a
shows no circular dichroism. Here, the calculation is p
formed using the XMCD data from Mn@1 monolayer
~ML !#/Fe~001!,17 where the coupling is found to be ferro
magnetic and the Mn magnetic moment estimated to
about 1.7mB.18 However, to fit theR values, it has been
necessary to change the sign of the XMCD data used in
calculation, which implies to consider an AF coupling of M
moments to the Fe ones. It appears that the amplitude o
XMCD allows us to simulate the amplitude ofR and, hence,
we estimate the Mn magnetic moment to be about 1.7mB.

In summary, we have shown that XRMS intransverse
modeallows to investigate quantitatively the magnetic pro
erties of thin films and multilayers. It turns out that it
possible to analyze small changes in the energy depen
magnetic contribution to the reflectivity. This allows us
measure weak magnetic moment~here 0.2mB! in a thin
buried layer. A refinement procedure applied simultaneou
to the angular and energy scans should give more insi
about the amplitude of the moments, their distribution ins
the layer, and likely about the magnetic roughness at in
faces. Moreover, we show that large magnetic contributi
to the reflectivity are available at large angles which sho
allow developments towards element specific imaging
magnetic domains. This approach could be useful for im
ing the behavior of buried magnetic layers.

The authors thank Y. Souche and F. de Bergevin
fruitful discussions on magneto-optic calculations.
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