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We used x-ray resonant magnetic scattering(XRMS) across the WL3 absorption edge in combination with
x-ray magnetic circular dichroism and anomalous x-ray reflectivity to obtain the magnetic polarization profile
in a Fes30 Åd /Ws11 Åd multilayer. This extends the use of XRMS to the 5d transition metals for the study of
induced magnetization. Analysis of our experimental results shows that there is a strong oscillatory behavior of
the magnetization in the W layer. This tendency is in good agreement with the recent theoretical predictions by
Tyer et al. [Phys. Rev. B67, 104409(2003)].
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I. INTRODUCTION

Driven by the unique properties of synchrotron radiation
and progress in materials science in supplying materials with
ever increasing complexity, scientific interest in the use of
x-ray scattering to determine the magnetic structure and or-
bital ordering has significantly grown over the last few years.
Traditionally, x-ray reflectivity measurements have been
used to determine structural information, such as layer thick-
ness, effective electron density, and interfacial roughness.
However, conventional x-ray reflectivity is limited when it
comes to separating structural parameters for layers of dif-
ferent elements in the Periodic Table. One way to enhance
the chemical contrast is to take advantage of the tunability of
the incident photon energy using synchrotron radiation.
Close to an absorption edge of an atom the scattering factor
is resonantly enhanced. Moreover, by using polarized x rays
the resonant scattering becomes sensitive to the magnetiza-
tion profile in the material.

X-ray magnetic scattering experiments were pioneered by
de Bergevin and Brunel on NiO using a tube source.1 Early
calculations by Blume2 showed that resonance effects occur
near an absorption edge and a very small effect was indeed
observed by Namikawaet al.3 in ferromagnetic Ni by tuning
the incident x-ray energy to theK edge. Large resonant en-
hancements of the magnetic scattering were discovered at the
L2,3 edges of the rare earths4 and theM4,5 edges of the
actinides,5 which could be explained in terms of atomic
physics.6 Strong magnetic dichroism was predicted7 and,
soon after, observed8 in x-ray absorption(i.e., forward scat-
tering) proportional to the element-specific magnetic mo-
ment. Thus, x-ray resonant magnetic scattering(XRMS)
combines the advantages of magnetic x ray dichroism with
those of x-ray scattering. Although soft x rays usually have
prohibitively long wavelengths for Bragg diffraction from
crystal lattices, in 3d transition metals the wavelength of the
L2,3 absorption edges9 matches perfectly onto the nanometric
length scale of artificial multilayers10 and periodic domain
structures.11

Despite the extraordinary potential of such an approach
for studying magnetic nanostructures, only a few scattering
experiments have been reported so far in the hard x-ray
range, and these concerned rare-earth elements,12–14 where
the localized 4f electrons play a key role in the magnetic
properties and strongly influence the 5d valence electrons. A
previous study13 reports on the study of the magnetic struc-
ture of Ce through theg to a phase transition. An oscillating
profile was found fora-Ce and a simple decreasing profile
for g-Ce. It is known that thea-Ce sCe/Fed ground state is a
mixture of 4f1 and 4f0 states with a strong hybridization
between the 4f state and the valence electrons, which plays a
key role in the properties of such Ce based system. In theg
phase, the ground state is a well-localized 4f1 state, and the
behavior resembles a normal metallic system. Therefore, the
logical conclusion of this study13 was that the oscillating
behavior is strongly related to the presence of mixed-valence
4f states, which strongly interact with the 5d band.

In this paper we report the magnetic behavior of W in a
Fe/W multilayer, where only the 5d conduction electrons are
of importance, which gives a completely different physical
mechanism for the magnetism than in the case of Ce. An
oscillating behavior of the W magnetic moment has recently
been predicted in Fe/W multilayers.15 Electron hybridization
at interfaces can change the spin magnetic moments of the
magnetic layers and induce magnetization in adjacent “non-
magnetic” layers.15 In giant magnetoresistive(GMR) materi-
als, such as Fe/Cr multilayers, the magnetic layers are(an-
ti)ferromagnetically coupled by the Ruderman-Kittel-
Kasuya-Yosida (RKKY ) interaction, which induces an
oscillatory spin magnetic moment in the nonmagnetic layer.
However, experimental evidence for an oscillatory spin be-
havior in Fe/W is so far lacking. Furthermore, such systems
that combine a large 3d spin moment with a strong 5d spin-
orbit interaction are of special interest because of their en-
hanced magneto-optical response.

Improved understanding of the mechanism giving rise to
magnetic interaction in multilayered systems can be gained
by studying directly the induced magnetic properties of the
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nonmagnetic constituent near the interface. Recent x-ray
magnetic circular dichroism(XMCD) studies at the WL2,3
absorption edge, probing specifically the 5d valence states in
Fe/W multilayers, evidenced a significant induced magnetic
moment in an ultrathin W spacer layer.16 However, XMCD
only gives the magnetic moments averaged over all W layers
(properly corrected for the sampling depth). XRMS would
give the layer-resolved magnetic moments if we are able to
detect the magnetic contribution to the different order Bragg
peaks using circular dichroism.12–14 In the particular case of
Fe/W, the line shape of the WL3 XMCD gives a character-
istic signature of the magnetic polarization,16 so that the en-
ergy dependence of the asymmetry ratio for the different
Bragg peaks can be used to provide a probe for the profile of
the magnetic polarization. Furthermore, measurement of the
intensity at the Bragg peaks, which originate from the inter-
ference process between periodically stacked layers, strongly
reduces the influence of the capping layer, buffer layer and
substrate.

The outline of this paper is as follows. In Sec. II we
describe the sample preparation and the structural character-
ization of the Fe/W multilayer. We present experimental re-
sults using x-ray diffraction(XRD), XMCD, and XRMS. In
Sec. III we briefly explain the data analysis of the XRMS
results, which can give the layer resolved induced magneti-
zation within the W layer. The obtained results are discussed
in Sec. IV and compared to those from recent band-structure
calculations. Finally, conclusions are drawn in Sec. V.

II. EXPERIMENTAL RESULTS

The Fe/W multilayer for this study was grown in a
computer-controlled ion-beam Nordiko™ 3000 sputtering
system equipped with two rf-excited filamentless guns and
filamentless cold-cathodes for plasma neutralization. A sap-

phire s11̄20d substrate was fixed on a rotating substrate
holder that included a heating stage. Prior to the multilayer
deposition, a 4 nm Mo buffer layer was deposited at 1020 K
in order to favor epitaxial growth. The anticipated thick-
nesses for the Fe and W layers were 30 and 10 Å, respec-
tively. A total of 25 alternating layers was deposited giving a
nominal multilayer thickness of 100 nm.

The structural characterization of the multilayer has been
performed with high-angle XRD using a conventional Cu
rotating anode source and proportional counter. A graphite
monochromator was used to select the CuKa radiation. The
measurements were performed in the symmetric reflection
geometry at ambient temperature. In order to extract the lat-
tice parameter required for the XRMS analysis, the measured
spectra were fitted by using a modified version of the super-
lattice refinement code SUPREX.17 The position of the main
diffraction peak gives directly the averaged spacing and the
multilayer period. The fitting algorithm is used to reproduce
the entire XRD pattern, i.e., the peaks positions, relative in-
tensities and lines profiles. The best-fit curve(solid line) is
shown in Fig. 1 together with the experimental curve(dashed
line). A rather good overall agreement is observed except for
the main peak arising from the sapphire substrate that has not
been included in our calculations. The slightly higher inten-

sity of the high-order satellite peaks could be assigned to a
lack of coherence through the entire multilayer stacking
which was not taken into account in our simulation. The
results of the XRD analysis for the Fes30 Åd /Ws11 Åd
multilayer are the following: the texture is(110) with d spac-
ings (normal to the layers) of dFe=2.06 Å (bulk like) and
dW=2.235 Å. In order to account for the important Fe and W
lattice mismatch of 9.4%, two atomic planes were allowed to
expand or contract at the bottom and the top of each layer
assuming an exponential profile. The result of the fit indi-
cates a relative expansion of 0.12 Å fordW and a contraction
of 0.07 Å for dFe following this exponential law. Simulta-
neously, to compensate for this behavior, according to the
elastic theory, the best-fit of the measured XRD profile was
obtained with a 5% increase of the in-plane density for the W
layers(lattice contraction) and a mandatory 5% reduction of
the in-plane density of the two first Fe planes at the interface
(lattice expansion). In agreement with the thicknesses of the
W and Fe layer, we found that the whole W layer is con-
strained.

Anomalous reflectivity, XRMS and XMCD experiments
were carried out using 95% circularly polarized x rays from
beamline ID12 of the European Synchrotron Radiation Fa-
cility (ESRF) at Grenoble. For the XMCD measurements the
sample was mounted at grazing incidence in the bore of a
7 Tesla superconducting magnet. Anomalous reflectivity and
XRMS were measured using a UHV two-circle reflectometer
at low grazing incidence anglesu of the x rays. The sample
was magnetically saturated using a rotatable array of perma-
nent magnets producing a field of 0.5 Tesla, which was ap-
plied along the intercept of the sample surface and the dif-
fraction plane. A field of few hundred G is sufficient to fully
saturate the sample. In order to avoid any experimental arti-
facts, the XMCD and XRMS were recorded by reversing the
photon helicity vector as well as by reversing the direction of
applied magnetic field. All data have been corrected for the
incomplete degree of circular polarization. The beamline
quality combined with a high efficiency of the detection
system18 allowed us to extract the very low asymmetry ratios
with good signal-to-noise ratiosø2310−4d. While prior to

FIG. 1. (Color online) X-ray diffraction (black dashed line with
dots) measured with CuKa sources1.54 Åd together with simula-
tion (red drawn line), see text for details.
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the experiments the quality of the stacking of the superlattice
was properly checked using a CuKa source, we also re-
corded the anomalous reflectivity at the photon energies of
the W L2 and L3 edges, showing a superior signal-to-noise
ratio, as is seen in Fig. 2. The reflectivity curves contain
distinct Bragg peaks separated by sinu /l<0.013 Å−1, cor-
responding to the Fe/W period. The first four Bragg peaks
are very prominent while the fifth peak starts to submerge in
the background. There are also short-period oscillations,
known as Kiessig fringes, arising from the interference be-
tween the scattering amplitudes from top and bottom of the
multilayer stack. There are indeed 25 oscillations between
adjacent Bragg peaks, corresponding to the number of peri-
ods. The experimental curves were refined using a modified
version of the SUPREX package.17 Figure 2 illustrates the
good agreement between the experimental and simulated re-
sults, which are consistent with a thickness of 29.7 Å and
11.4 Å for the Fe and W layers, respectively. Furthermore,
an interdiffusion corresponding to two atomic plane at each
interface was obtained, in good agreement with the high-
angle diffraction results.

Figure 3 shows the XAS and XMCD recorded at the WL3
edges of the Fe/W multilayer atT=300 K andH=4 T. De-
spite its very small amplitude(multiplied by 50 for clarity in
Fig. 3) a clear XMCD signal was detected assuring the pres-
ence of a nonvanishing induced magnetization in the W 5d
states. The XMCD spectrum agrees well with the shape mea-
sured previously on a similar sample16 but was smaller in
magnitude due to the thicker W layer. Applying the magneto-
optical sum rules19,20 to the measured WL2,3 edges gives an
average total 5d magnetic momentmav=−0.038mB/atom
and an orbital-to-spin magnetic moment ratio of 0.085.

The layer-resolved magnetization can be obtained by
analysing the XRMS of all of the four distinct Bragg peaks.
Figure 4 shows the energy dependence of the asymmetry
ratio R=sI+− I−d / sI++ I−d across the WL3 edge measured on

top of the Bragg peaks, whereI+ and I− are the diffracted
intensities for opposite alignments between magnetic field
and photon helicity. The strongly different energy depen-
dence ofR for each Bragg peak is a direct indication that the
magnetic polarization is not constant throughout the W layer.

FIG. 2. Upper panel: X-ray reflectivity mea-
sured with CuKa sources1.54 Åd and at reso-
nance with the WL3 s1.21 Åd and WL2 s1.07 Åd
absorption edges. Lower panel: Simulation, see
text for details.

FIG. 3. (Color online) (a) XAS and XMCD(red) recorded at the
W L3 edge; (b) real part sm8d of the magnetic scattering factor
calculated as the Kramers-Kronig transform of the XMCD.
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These variations could only be observed because of the suf-
ficiently small energy step in the measurements0.25 eVd as-
sociated with the high stability of the x-ray beam. If the
asymmetry ratio would have displayed the same shape for

each diffraction order, then both the charge and the magnetic
structure factors have the sameq dependence.

III. ANALYSIS METHOD

In order to explain how the magnetization profile can be
extracted from the XRMS, we briefly outline the theoretical
interpretation of the spectra. To first order in the magnetiza-
tion, the atomic scattering factor can be written as6

fsEd = sêf
* · êidF0sEd − isêf

* 3 êid · ẑF1sEd,

with the charge and magnetization dependent scattering am-
plitudes

F0sEd = f0 + f8sEd − i f 9sEd,

F1sEd = m8sEd − im9sEd,

respectively, whereE is the energy of the incident x-rays,êi
andêf are the unit polarization vectors of the electric field for
the incident and scattered x rays, respectively, andẑ is the
magnetization unit vector.f0 is the regular charge scattering
factor andf8 and f9 are the energy-dependent resonant con-
tributions associated with the absorption edge.m9 is the
imaginary part of the forward scattering, which is directly
obtained from the XMCD.m8 is derived fromm9 by using
the Kramers-Kronig relation and the result is displayed in
Fig. 3(b).

Away from the critical angle, the first Born approximation
remains valid, and we can define the complex charge and
magnetic structure factors,

Fsq,Ed = F8 − iF9 = o
j

Cjs jF
0sEdeiq·r j ,

Msq,Ed = M8 − iM 9 = o
j

Cjm j

mav
s jF

1sEdeiq·r j ,

respectively, wherej runs over the different layers, whose
composition, especially in the interface region, may be al-
tered by changing the concentrationCj of the different
atomic species.s j corresponds to the planar atomic density
divided by the layer thickness,m j is the magnetic moment
per atom. The average magnetic momentmav
;S jCjm j /S jCj is obtained from the XMCD. In the complex
structure factor,r j gives the position of the layers andq the
scattering vector perpendicular to the surface. Since the
XRMS is sensitive toCjm j /atom, x-ray reflectivity measure-
ments are required to findCj. Therefore, the real structure
characterization of the sample is an important prerequisite
for the analysis of the XRMS. The element-specific magnetic
profile is obtained using a refinement procedure12,13 that cal-
culates the energy dependence of the asymmetry ratio,R,
which for a longitudinal geometry and circular polarization
can be written as21

R=
− 2 cos3 u sF8M8 − F9M9d

1 − 1
2 sin2 2u uF2u + cos2 u uM2u

.

Details about the refinement procedure can be found in
previous papers.12,13,22,23We only like to mention here that

FIG. 4. X-ray resonant magnetic scattering results. Energy de-
pendence of the asymmetry ratio,R, measured for the first four
low-order Bragg peaks across the WL3 edge. Experimental(open
circles) and calculated curves(drawn lines) leading to the magnetic
profile given in Table I.
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the number of atomic planes, their interplanar distances and
the concentrationsCj are directly obtained from the analysis
of the XRD and reflectivity data. In order to restrict as much
as possible the number of free parameters, the structural pa-
rameters mentioned above were kept fixed during the refine-
ment of the XRMS spectra. Furthermore, an additional con-
straint was added imposing that the average magnetic
momentmav=S jCjm j /S jCj in the W layer is equal to the one
obtained from XMCD.

IV. DISCUSSION

The results of the simultaneous refinement of the asym-
metry ratios, measured across the WL3, are shown by the
drawn curves in Fig. 4, and yield the W 5d induced magnetic
profile presented in Table I for the different layers. We find
that the W magnetic moment in the first layer at both inter-
faces is antiparallel to the Fe magnetic moment, which is
,2 mB. Interestingly, the W moment of the second layer is
antiparallel to that of the first layer. The magnetization pro-
file therefore shows a damped oscillation similar to that ex-
pected from the RKKY interaction. This tendency is in
agreement with results from recent band-structure
calculations,15 which are reproduced in Table I for compari-
son. The theoretical results are for ideal interfaces without
any roughness and give therefore a profile that is symmetric
around the middle of the stack. This is clearly not the case
for the experimental results(cf. Table I), where the interdif-
fusion at the two interfaces is different because W on Fe has
a different growth than Fe on W. Furthermore, the measured
W moments for the interface layers are much larger than the
theoretical values. This increase in moment can be ascribed
to the higher Fe coordination of the W atoms. This is sup-
ported by calculations, which find increased W moments for
a 5 ML Fe/1 ML W multilayer[−0.311mB (Ref. 15)] and
for W impurities in Fe[−0.45mB (Ref. 24)]. It is important
to note that despite the unavoidable interface roughness and
disorder the oscillatory behavior does not disappear. How-

ever, the damping is stronger and the period is shorter than in
the ideal theoretical case that does not include interdiffusion.

Recently, Qian and Hübner25 performedab initio full-
potential linearized augmented plane-wave calculations of
1 ML Fe on both W(100) and W(110). Since these calcula-
tions show a magnetic moment oscillation in 1 ML Fe/5 ML
W(100) but not in 1 ML Fe/5 ML W(110), they would seem
to be in apparent disagreement with our experimental results.
However, we would like to emphasize several points indicat-
ing that a direct comparison between the results obtained for
a multilayer and for a monolayer on a surface is ambiguous:

(i) The theoretical results for 1 ML of Fe on a W single
crystal25 cannot be directly compared with our multilayer
result because of the huge difference from a structural point
of view. While in the case of Fes1 MLd /W, the Fe structure
tends to adapt to the W bulk structure, the situation for a
multilayer is more complicated. As shown by our XRD mea-
surements on the multilayer, the thin W layer is contracted
in-plane due to the thick Fe layer. Even though it could not
be properly distinguished in a conventional XRD experi-
ment, this strain is expected to be different for the two inter-
faces. The XRMS results(cf. Table I) clearly show strong
differences between both interfaces. It is indeed one of the
great strengths of our approach enabling us to distinguish the
magnetic behavior of the two different interfaces.

(ii ) The interdiffusion at the interfaces associated with the
in-plane strain in the W layer does not justify a direct com-
parison based on the crystal structure and symmetry alone,
however, it does allow the layer-by-layer type of comparison
presented above. The capability to prepare high quality
Fe/W multilayers(see e.g., the XRD reflectivity curves in
Figs. 1 and 2) was of crucial importance because alloying at
the interface is known to be an experimental limitation for
the evidence of such a spin behavior.

(iii ) The calculation by Qian and Hübner25 does not in-
clude the spin-orbit coupling for the valence electrons. How-
ever, the calculations by Tyeret al.15 show that the 5d spin-
orbit coupling is rather important, resulting in an orbital
moment that is about 20% and −40% of the spin moment for
the first and second W layer, respectively.

(iv) While the calculation by Qian and Hübner25 is done
for a free-standing slab, the one by Tyeret al.15 uses a “sand-
wich” structure that resembles the multilayer system. The
study by Tyeret al.shows that the oscillatory spin oscillation
can be understood as a consequence of the hybridization be-
tween the W 5d and Fe 3d states, which is mostly due to
band filling, and to a lesser extent due to geometrical effects,
such as the crystal structure(100 or 110) as singled out in the
study of Qian and Hübner.25

V. CONCLUSIONS

We have used a combination of complementary x-ray
based techniques to resolve experimentally the in-depth W
5d magnetization in Fe/W multilayers. X-ray anomalous re-
flectivity was used to obtain the multilayer period, the W and
Fe layer thicknesses and the interface roughness. The crys-
tallographic parameters have been extracted from x-ray dif-
fraction at high angles. XMCD was used to obtain the mean

TABLE I. Layer dependent W atomic concentrations,Cj, and 5d
total magnetic momentsm j /atomsmBd for the Fe/W multilayer ob-
tained from the simultaneous refinement of the experimental x-ray
reflectivity and WL3 XRMS results. Comparison with theoretical
results form j /atom.

Layer
j

Experiment Theory

Cj m j 5Fe/7Wa 5Fe/5Wb

1 0.4 −0.377±0.017 −0.127 −0.136

2 0.8 0.063±0.015 0.025 0.019

3 1 −0.025±0.012 0.032 0.049

4 1 0.041±0.041 0 0.019

5 1 −0.017±0.014 0.032 −0.136

6 0.6 0.094±0.013 0.025

7 0.3 −0.427±0.014 −0.127

a5 ML Fe/7 ML W(001) multilayer with Cj =1 (Ref. 15).
b5 ML Fe/5 ML W(001) multilayer with Cj =1 (Ref. 15).
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value of the induced W 5d polarization averaged over the W
layer.

We have shown that, in addition to the detailed structural
analyses combined with magnetic dichroism, the x-ray mag-
netic scattering in resonance with the WL3 absorption can be
utilized to resolve the W 5d magnetization profile. We have
demonstrated the usefulness of this technique by verifying
the existence of the recently predicted W 5d spin oscillations
in Fe/W multilayers. We find the W magnetic moment in the
first layer at both interfaces antiparallel to the Fe magnetic
moment. Further, the moment of the second W layer is anti-
parallel to that of the first W layer. The magnetization profile
shows a damped oscillation in agreement with recent results
from band-structure calculations.15 Despite the unavoidable
interface roughness and disorder the oscillatory behavior
does not disappear, however, the damping is stronger and the
period is shorter than in the ideal theoretical case that does
not include interdiffusion. We cannot confirm theoretical re-
sults predicting an absence of magnetic moment oscillations
in 1 ML Fe/5 ML W(110).25 This is primarily because, as
shown by our XRD measurements, in the multilayer the thin

W layer is contracted in-plane due to the thick Fe layer,
making it structurally different from a monolayer on a sur-
face.

The presented results open the way for further studies of
periodic magnetic nanostructures containing 5d metals, of
high potential interest for GMR, where XRMS measures the
weak induced 5d magnetization, independently from the
large 3d transition metal moments. XRMS offers a large
sampling depth ideal for buried interfaces and can be per-
formed in the presence of externally applied magnetic and
electric fields. The use of the kinematical approximation
which proved to work in the specific case of multilayers,
allows us to use a rather simple refinement procedure to ob-
tain the magnetization of the probed atom in each atomic
plane without having to assume a specific model. We would
like to point out, that such an approach using diffraction
peaks provided by the chemical modulation of the multilayer
can be extended to the soft x-rays range, even though the
accessible reciprocal space is restricted, however, at the ex-
pense of having to use dynamical diffraction theory.
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