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Sm overlayers on Fe(100) have been studied by use of spin-resolved photoemission with synchrotron
radiation, low-energy electron diffraction, and Auger spectroscopy. Sm grows on Fe(100) in the layer-
by-layer mode. Sm is trivalent (4" electronic configuration) for coverages up to 1 monolayer. At higher
coverage, Sm is mixed valent, with a divalent (4f° electronic configuration) surface monolayer on top of
the trivalent underlying layers. The surface valence transition of the topmost atomic layer allows one to
determine the spin polarization of the individual Sm atomic layers. Spin-resolved photoemission mea-
surements show that the Sm atomic layers near the interface are magnetically ordered, with a ferromag-
netic component in the interface plane. The in-plane spin moment of the 4f electrons is antiparallel to
the Fe 3d majority-spin direction. The in-plane ferromagnetic ordering is found to decrease rapidly
within the overlayer and to vanish three atomic layers away from the interface.

I. INTRODUCTION

Recent developments in the synthesis of layer and mul-
tilayer structures offer new models for the study of rare-
earth—3d-transition-metal (RE-TM) systems. The unusu-
al properties of RE-TM layered systems are of great in-
terest for application in information technology as mag-
netic storage media. From a fundamental standpoint, the
electronic origin of the RE-TM magnetic properties is
quite complicated, depending on the coupling between
the itinerant TM 3d and the localized RE 4f polarized
states. For example, it is well known that amorphous
rare-earth—transition-metal films present a perpendicular
magnetic anisotropy but the fundamental physical origin
of this property has remained until now controversial.!
The experimental information on the electronic and mi-
croscopic structure of RE-TM layered systems on an
atomic scale is still very limited. Shan et al. have recent-
ly studied the magnetic anisotropies and interface cou-
pling in RE-TM multilayers as a function of layer thick-
ness. They conclude that single-ion anisotropy is the ma-
jor contributor to the observed perpendicular anisotropy
of Dy/Co multilayers and similar systems.>? Fu, Man-
suripur, and Meystre, on the basis of model calculation
attribute the origin of the anisotropy to the RE-TM
pairs.> Landolt and co-workers have studied with spin-
polarized Auger spectroscopy the interface coupling be-
tween Fe and Gd.* They found that the Gd moment cou-
ples antiparallel to that of the Fe substrate. This work
was confirmed and extended to other RE elements in fol-
lowing studies by spin-resolved photoemission and Auger
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spectroscopy.>®

In this paper we present a study of the electronic and
magnetic structure of Sm ultrathin layers on an Fe(100)
single crystal. The main aim of this work is to provide a
microscopic characterization of the electronic and mag-
netic structure at a RE-TM interface. Photoemission, be-
ing highly surface sensitive, is well suited to study inter-
face phenomena on an atomic scale. Sm is characterized
in the metallic form by a surface valence transition,
which allows one to separate the surface signal from the
bulk one. We will show that Sm on Fe(100) is a con-
venient model case since the surface valence transition al-
lows us to resolve the contribution from sequential atom-
ic layers.

This paper is organized as follows. In Sec. II we
present a short account of the experiment procedure. In
Sec. III we discuss the growth mode and the Sm electron-
ic structure. In Sec. IV we discuss the spin-resolved pho-
toemission spectra and the magnetic order of the over-
layer. Finally the conclusions of this work are summa-
rized in Sec. V.

II. EXPERIMENT

Here we report on the main features of the spin-
resolved photoemission apparatus and on the experimen-
tal procedures. The spin-resolved photoemission system
consists of two interconnected chambers. The first
chamber is an ultrahigh-vacuum chamber (base pressure
2X107!° mbar) equipped with a photoelectron energy
analyzer and conventional facilities for the preparation of
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single-crystal surfaces. The second chamber contains a
Mott polarimeter. Clean Fe(100) surfaces were obtained
by evaporating a thick [more than 10 monolayer (ML)]
Fe layer on an Fe-3 at. % Si single crystal, whose surface
was previously prepared by repeated cycles of heating
(about 700 K) and Ar™ sputtering (1 kV, 4 pA). Pure Fe
(99.999% purity) has been evaporated from an electron-
beam-heated Fe rod contained in a water-cooled crucible.
After a careful degassing procedure, Fe evaporations
could be performed at a pressure below 8 X 10~ '° mbar.
No contaminants were detected by Auger and photoemis-
sion spectroscopy on the freshly prepared Fe surface.
The Fe crystal surface showed a very good low-energy
electron diffraction (LEED) pattern with sharp
diffraction spots on a low background. Sm layers were
deposited in situ by evaporation from a resistively heated
W basket. During Sm evaporation the pressure rose to
8X 1071 mbar. The Sm deposition rate, typically 1
A/min, was calibrated with a quartz oscillator microbal-
ance. Throughout this paper, one monolayer is defined as
the mass equivalent of one atomic layer calculated from
the Sm bulk density, assuming an interlayer spacing of 3
A. All the evaporations and measurements were per-
formed on the substrate at room temperature. The sam-
ple was shaped as a picture frame, with a magnetizing
coil wrapped around one of its legs. The Fe sample was
measured in remanence with the magnetization along the
in-plane { 100) easy axis direction.

The photoemission experiment was performed with
monochromatized s-polarized radiation from the
BESSY-TGMS undulator beam line.” The photoemission
spectra were measured for normal electron emission with
a 90° spherical analyzer. The total energy resolution was
about 0.3-0.4 eV. The spin analysis was performed by
Mott scattering at 100 kV on a thin Au target. The
geometry of the system allows the measurement of the
projection of the spin polarization vector along the in-
plane Fe (100) axis: P(E)=[I"(E)—IYE))/[I(E)
+I%(E)] where I'" V) are the spin-resolved energy distri-
bution curves (SREDC’s) for majority (minority) -spin
electrons. The measurement of the spin integrated ener-
gy distribution curve Io(E)=I"(E)+I‘(E) along with
the spin polarization P(E) then allows one to obtain the
SREDC’s: 1" Y'=I(E)[1£P(E)]/2.

III. OVERLAYER GROWTH
AND ELECTRONIC STRUCTURE

A. Growth mode

In order to determine the growth mode of Sm over-
layers on the Fe(100) substrate, we monitored the peak-
to-peak height ratio between the adsorbate Sm N, sVV
(103 eV) and the substrate Fe M, ; V'V (47 eV) Auger lines
as a function of Sm coverage. The Auger ratio versus
coverage turns out to be in good agreement with the
layer-by-layer growth mode, at least for the first 4 ML of
Sm. Moreover we measured the Fe 3p photoelectron
spectra. The binding energy and line shape of the Fe 3p
core levels remain unaffected upon Sm deposition. The
absence of chemically shifted components in the core-
level spectra gives a further indication that no Sm-Fe in-
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termixing or Fe surface segregation take place. Other
evidence in support of the layer-by-layer growth mode is
given by the valence-band photoemission spectra, which
will be discussed in detail in the following paragraph.

The overlayer growth has been further investigated by
low-energy electron diffraction. The clean Fe(100) sur-
face shows a sharp (1X1) LEED pattern. No extra
structure induced by Sm deposition could be detected in
the diffraction pattern. Instead, the diffuse background
was found to increase already with Sm coverage below
0.5 ML. With 61-eV primary electron energy the
diffraction pattern disappears with Sm coverages near 1
ML. We therefore conclude that Sm overlayers on
Fe(100) do not exhibit long-range atomic order.

B. Development of the electronic structure versus coverage

The study of the electronic structure of Sm overlayers
on Fe(100) is interesting per se, as proved by the several
recent studies on Sm/metal single crystals.® The Sm
atom is divalent with a 4% 5d6s)? configuration. In the
metallic state Sm becomes trivalent [4f°(5d6s)® valence
configuration] being energetically favorable to promote
an electron from the localized 4f level into the conduc-
tion band. However, the divalent and the trivalent
configurations have very similar energy in the metal.
Johansson’ suggested that the reduced atomic coordina-
tion at the surface of the solid could maintain the Sm sur-
face atoms in the divalent configuration. This forecast
has been experimentally confirmed by means of various
spectroscopic techniques.!® Similarly, recent theoretical
and experimental works have shown that the Sm valence
configuration in ultrathin overlayer and dilute adsorption
systems depends critically on the chemical environments.
The ground state is determined by a competition between
the electronic hybridization and the 4f promotion ener-
gy.

In order to study the electronic structure of the Sm/Fe
system, we have measured valence-band photoemission
spectra as a function of coverage. We took advantage of
the tunability of the photon energy through the Sm 4d
core level threshold, where the 4d —4f giant resonance
occurs.!! The resonance can be used as an amplifier of
the Sm 4f signal to greatly enhance the sensitivity of the
measurements down to very low coverage (about 0.1 ML
Sm). Also, by tuning the photon energy across the reso-
nance, the Fe and Sm emissions can be disentangled from
each other. As an example, we show in Fig. 1 the spectra
of 1.8 ML Sm on Fe measured across the resonance re-
gion. The spectrum measured with 125-eV photon ener-
gy (antiresonance) is dominated by the Fe 3d emission
near the Fermi level (see also Fig. 2). The Sm spectral
features, between 4 and 10 eV, are very weak because the
Sm 4f cross sections are extremely low at this photon en-
ergy. The antiresonance spectra show little change with
Sm coverage indicating that the Fe interface electronic
structure is not strongly affected by Sm deposition.

The divalent and trivalent 4f emissions resonate at
different photon energy, reflecting the different 4d —4f
multiplet excitation energies for the two configurations.

The Sm?* emission has its maximum intensity at 135-
eV photon energy, as shown in Fig. 1 by the resonating
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FIG. 1. Photon energy dependence of the Sm 4f spectral
features through the 4d —4f threshold.

multiplet split features (4f° final state) in the 0-5-eV
binding energy region.

The Sm** 4f emission is on resonance at 141 eV. The
characteristic Sm®" 4f multiplets (4f* final state) are
found in the 5-12-eV binding energy range. At 141-eV
photon energy the Sm?' emission contributes still to
most of the spectral features near the Fermi level, be-
cause the divalent resonance has a broad line shape.'?

In Fig. 2 we show a set of representative spectra mea-
sured at 141-eV photon energy (Sm>* and Sm?* reso-
nance) for increasing Sm coverage.
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An analogous set of spectra measured at the divalent
resonant energy is shown in Fig. 3. Figures 2 and 3 con-
tain two main pieces of information on the Sm valence
configuration which will be discussed in detail in the fol-
lowing: Sm>" emission is seen in the submonolayer spec-
tra; the Sm>" emission appears in the spectra at cover-
ages above 1 ML (see also the development of the di-
valent!® multiplet feature at 4-eV binding energy in Fig.
3).

In order to discuss the evolution of the Sm valence
configuration as a function of the coverage, we plot in
Fig. 4 the ratio of the areas under the divalent (2+) and
the trivalent (3+) peaks [([(Sm®*)/I(Sm**)]. These
values are obtained from the on-resonance spectra at
141-eV photon energy. To extract the 4f contribution
the antiresonance spectra were subtracted from the corre-
sponding on-resonance spectra. All the spectral intensi-
ties were normalized to the incident photon flux.

At submonolayer coverage the Sm*" component is by
far more intense than the Sm?* one. Little or no Sm*™
emission appears in the difference spectra in this coverage
range. The (weakly resonating) Sm 5d emission, overlap-
ping the Sm?* binding energy region, possibly accounts
for the small fraction attributed to Sm*>* below 1 ML in
Fig. 4. A steep increase of the divalent intensity takes
place between 1 and 2 ML coverage. The
ISm?*)/I(Sm>") ratio reaches its maximum just near the
completion of the second atomic layer. Above 2 ML cov-
erage the I(Sm?*)/I(Sm3™) ratio decreases towards a sat-
uration value which is approximatively reached at 5 ML
thickness.

The curve of Fig. 4 can be readily understood assuming
that the first deposited monolayer forms a trivalent inter-
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FIG. 2. Stack of photoemission spectra of Sm/Fe(100) as a function of Sm coverage. The photon energy (hv=141 eV) is at the
maximum of the 4d —4f resonance for the Sm trivalent configuration.
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FIG. 3. Stack of photoemission spectra of Sm/Fe(100) as a function of Sm coverage. The photon energy (hv=135 eV) is at the
maximum of the 4d —4f resonance for the Sm divalent configuration.

face layer. The second Sm atomic layer grows on top of
the first one in the divalent configuration, while the inter-
face layer remains trivalent. After completion of the
second monolayer the divalent surface layer is fully
developed and any further deposition of a Sm monolayer
leads to the addition of intermediate trivalent atomic lay-
ers. The asymptotic value of the curve in Fig. 4 reflects
thus the surface (2+) to bulk (3+) sensitivity ratio of the
measurement.

The evolution of the Sm valence with coverage here re-
ported for Sm on Fe displays a distinct behavior from the
other systems studied until now. In most other overlayer
systems the reduced atomic coordination in the dilute
adsorption regime is sufficient to maintain the Sm ada-
toms in the atomic divalent configuration. To our
knowledge isolated Sm atoms have been reported to be
completely trivalent only for Sm on Pd(100), reported by
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FIG. 4. Ratio of the areas of the Sm** and Sm*™* spectral
features as a function of the Sm coverage. The ratio is arbitrary
normalized to unity.

Faldt and co-workers. In that case, however, a divalent
component starts to develop just above 0.1 ML coverage.
With a monolayer coverage the average Sm valence was
reported to saturate to a value independent of the sub-
strate (Si, Cu, Al, and Pd). Faldt and co-workers attri-
buted this behavior to the Sm-Sm interaction, leading to
a degeneracy between Sm’" and Sm?%' configuration,
which prevails on the substrate interaction for a disor-
dered monolayer. Sm on Fe(100) does not follow such a
trend, remaining essentially trivalent from very low cov-
erage up to 1 ML coverage, a result which in fact points
out the importance of the interaction with the substrate.
The results for Sm on Fe present some analogy with those
on the ordered growth of Sm on Mo(110) studied by Sten-
borg and co-workers.® Sm on Mo(110) is divalent at low
coverage, then it undergoes several valence transitions in
the submonolayer regime corresponding to different ad-
sorption stages. An ordered Sm monolayer on Mo is
completely trivalent, similarly to the case of Sm on Fe.

Some more information on the overlayer growth mode
in the low coverage regime is provided by the binding en-
ergy and linewidth of the Sm** emission. The binding
energy of the main Sm>* peak is plotted in Fig. 5 as a
function of the overlayer thickness. The Sm>™ features
shift towards lower binding energy almost linearly with
increasing coverage up to 2 ML thickness. Above 2 ML
coverage the Sm*>" emission remains at a fixed binding
energy. The value of the binding energy shift for the first
two Sm monolayers on Fe compares well with other ex-
perimental observations for electropositive metals ad-
sorbed on metals. Stenborg and Bauer'* have pointed out
that the binding energy shift is mainly driven by the
changes of the local adsorbate-adsorbate atomic coordi-
nation.



4792
6.5
[
%‘ 6.3 Sm/Fe(100)
— 64
=
s 59
7]
~ 57
w
m 55
5.3 1 1 1 - | | T
0 1 2 3 4 5 6

Sm coverage (ML)

FIG. 5. Binding energy shift of the Sm®" spectral peaks
(main multiplet line °I) vs Sm coverage.

The shift of the Sm>* features is followed by their pro-
gressive narrowing which is completed only at 5-10 ML
thickness. A similar trend, already reported for other RE
overlayer systems,'® could be attributed either to strong
vibrational effects or to the presence of inequivalent
atomic sites at low coverage. Vibrational broadening
should be significantly more pronounced for submono-
layer than for bulk emission, since surface atoms should
have a higher degree of vibrational freedom.!® The
broadening of the Sm** 4f emission persists on Fe up to
several monolayers of coverage indicating that vibration-
al excitations are probably not the only mechanism at
work. We rather attribute the progressive narrowing of
the Sm*>* emission in the 2—10-ML range to the develop-
ment of short-range atomic order in the overlayer. The
Sm sites at the interface are out of register with the sub-
strate, as shown by LEED, because of the mismatch be-
tween the Sm and the Fe lattice constants. Short-range
order in the Sm overlayer can presumably be gradually
established away from the interface.

We briefly recall the main points discussed in this sec-
tion, which are important in the following discussion of
the magnetic properties. Sm grows on Fe in the layer-
by-layer mode. The Sm atomic layer in contact with Fe
is trivalent. Sm overlayers consisting of more than one
atomic layer have trivalent configuration with a divalent
topmost surface layer.

IV. MAGNETIC COUPLING

Sm is a convenient choice for studying in detail the
magnetic structure of ultrathin overlayers because the
Sm?* surface signal is well separated from the Sm3*
emission of the underlying layers. The magnetic proper-
ties of the Sm/Fe system have been investigated by spin-
and energy-resolved photoemission by directly sampling
the polarized electronic states.

Selected spin-resolved spectra, measured at 141-eV
photon energy, for various Sm coverages are reported in
Fig. 6. The photoelectron spin polarization has been
measured along the in-plane Fe (100) direction. The
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low coverage spectra are dominated by the Fe 3d-band
emission near the Fermi level. The polarized Fe 3d-band
emission contributes mostly to the spin-up channel. With
increasing coverage, the Sm®% 4f multiplet features
grow, between 5- and 10-eV binding energy, on the
smooth and polarized inelastic background.

The binding energy and line shape of the Sm** emis-
sion are very similar in both spin-resolved curves. How-
ever, the Sm®" intensity is not equally split between the
two spin channels. The Sm>" multiplet features appear
mostly in the spin-down channel, demonstrating that the
Sm 4f emission is polarized in opposite direction with
respect to the Fe 3d bands.

0 (Sm)=0.8 M 0 (Sm)=5.0 ML
c) g)
0 (Sm)=0.5ML

0 (Sm)=3.2ML

P PR P | 1 PR |
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FIG. 6. Stack of spin-resolved photoemission spectra of Sm
overlayers on Fe(100) as a function of the Sm thickness [©(Sm)].
In (c) the linear background used to estimate the effective polar-
ization of the trivalent layers is also reported. All the spectra
are taken at 141-eV photon energy, in normal emission, and
with s-polarized light.
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The Sm>* effective polarization Pz is (41— A')/
(A4 4 l), where A" and A ' are the areas between the
two spin-resolved curves and the inelastic background
(note linear background [see Fig. 6(c)]). Above 1 ML
coverage the Fe valence-band contribution has to be sub-
tracted from the spectra in order to determine the Sm?™*
polarization. These subtractions have been performed us-
ing the spin-resolved antiresonance spectra, properly nor-
malized to the incoming photon flux. The extracted
Sm?" features are found to have similar shape but
different intensities in the two spin channels, showing
that also the Sm surface layer has an in-plane spin com-
ponent antiparallel to the Fe spin moment.

The polarization values for the 4f emission obtained
from the photoemission spectra are plotted in Fig. 7 as a
function of Sm coverage. The experimental uncertainties
are larger for the Sm** polarization than for the trivalent
one because the divalent signal is smaller and superim-
posed to the Fe 3d emission. For coverage up to 1 ML
the Sm** photoelectron polarization is close to —50%.
The Sm3™ signal, originating from the Sm®* interface
layer, remains highly polarized between 1 and 2 ML cov-
erage. The Sm?™" surface layer is formed between 1 and 2
ML coverage with a polarization equal to —28%. When
the third monolayer begins to be formed, the Sm** emis-
sion becomes less polarized, containing contribution both
from the interface layer and from the second monolayer.
At 3 ML coverage the Sm** polarization is about —28%
whereas the polarization of the divalent surface layer is
close to zero. At higher coverage the Sm>" and Sm**
emissions are not polarized. Figure 7 also contains a
fitting of the experimental data assuming that the in-
plane polarization of each atomic layer depends only on
its distance from the interface.!” The estimated values of
the polarization are all negative and equal to —47.5,
—24.7, — 1.7 (£5%).

The polarization of the Sm emission proves that the Fe

100 |
- Sm/Fe(100)
80 | i trivalent
:\5 : divalent
R £ 60 § {
o 40

20

Sm coverage (ML)

FIG. 7. Effective polarization of the divalent (open symbol)
and trivalent (closed symbol) Sm layers vs Sm coverage. The
dependence of the effective spin polarization of the photoemit-
ted electrons in a model in which the in-plane magnetic order is
a function only of the distance of the Sm layer from the Sm/Fe
interface is also shown (solid curve).
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substrate induces long-range magnetic ordering in the Sm
overlayer, with a ferromagnetic component in the surface
plane. The negative sign of the polarization shows that
coupling between the 4/ and the Fe 3d spin moment is
antiparallel, as in other RE interfaces. The highly local-
ized character of the 4f shell prevents its direct interac-
tion with the Fe 3d states. The interaction between Sm
and Fe is thought to proceed through the hybridization
and spin coupling of the Fe 3d and Sm 5d states.!® In
turn, the 4f shell acquires a spin character from the local
exchange interaction with the valence electrons. Thus
the 5d spin moment is coupled antiparallel to the Fe 3d
moment and parallel to the 4f spin, producing an anti-
parallel spin coupling between the RE 4f and Fe 3d
states. It is worthwhile to remark that the sign of the po-
larization is found to be negative for all the Sm mono-
layers. This observation shows that the in-plane spin mo-
ments of surface and bulk Sm monolayers couple them-
selves parallel with each other. Thus the surface magnet-
ic structure of Sm overlayers on Fe does not present the
surface-induced magnetic reconstruction reported for Gd
overlayers on W(110),'” where antiparallel coupling
occurs between the surface and the bulk spin moments.

The in-plane polarization of the 4f emission is not
complete (less than 100%) at any coverage, indicating
that the 4f spin moments are not completely aligned
along the Fe (100) surface direction. Temperature-
induced magnetic disorder as well as magnetic anisotro-
pies which force the 4f spin vector out of the surface
could contribute to decrease the in-plane polarization.
Moreover both the Curie temperature and the magnetic
anisotropies of these films may depend on their thickness.

Whatever mechanism is responsible for the incomplete
polarization, the results presented here provide clear evi-
dence that the in-plane magnetization is not uniform
within the ultrathin Sm overlayer. The spectra of 2- and
3-ML Sm, for example, directly show that the emission
from the divalent surface is much less polarized than that
from the underlying trivalent layers. This observation
demonstrates that the magnetization vector near the inter-
face changes rapidly monolayer after monolayer. Figure 7
shows indeed that the decay of the in-plane component of
the spin polarization is very fast.

The results suggest that the main parameter control-
ling the in-plane ferromagnetic order within the Sm over-
layer reflects the interaction with Fe, being related to the
distance of a given atomic layer from the interface. In
fact, the spin polarization of a Sm monolayer seems to be
little sensitive on the valency and on the interaction with
the Sm layers deposited on top of it. Thus the polariza-
tion of the first Sm monolayer is little affected by the for-
mation of the second Sm layer on top of it. Similarly, the
polarization of the second monolayer is found to be about
—28% for the Sm?*t (surface) and estimated about
—24.7% for the Sm** (subsurface). This is remarkable
since the valence electronic structure should determine
the indirect 3d-4f exchange coupling discussed before.
Finally, the observation that Sm polarization becomes
equal to zero, within the experimental accuracy (+5%),
for coverage above 4 ML is obviously consistent with the
fact that bulk Sm is paramagnetic at room temperature.
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V. CONCLUSIONS

The growth of Sm on Fe(100) occurs in the layer-by-
layer mode. The first deposited monolayer is trivalent.
At higher coverage a divalent monolayer is formed on the
trivalent atomic layers. The coupling to the Fe substrate
induces a ferromagnetic order in the Sm atomic layers
near the interface. The spin moment of the 4f electrons
is antiparallel to the Fe 3d majority-spin direction. The
profile of the in-plane magnetization within the Sm over-
layer has been determined in the interface region.
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