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Evidence for in-plane spin-flop orientation at the MnPt/Fe(100) interface revealed by x-ray
magnetic linear dichroism
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X-ray magnetic linear and circular dichroism at the Mn L, ; edges are used to determine the magnetic
properties of epitaxial MnPt films on Fe(100). The good agreement between experimental linear dichroism and
multiplet calculations reveals that the Mn spins are aligned in plane but perpendicularly to the underlying
in-plane Fe spins. The absence of magnetic circular dichroism rules out the presence of uncompensated Mn

spins at the interface.
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I. INTRODUCTION

The exchange bias effect is currently of great interest be-
cause of its application for magnetic devices with spin valves
and magnetic tunnel junctions,!?> where the local magnetic
structure at the antiferromagnet/ferromagnet (AFM/FM) in-
terface plays a key role.>™ The observation of pinned spins
at the AFM/FM interface was recently reported for polycrys-
talline sandwiches used in room-temperature device struc-
tures,'® including metallic or insulating AFM materials. It
has been speculated that the origin of the uncompensated
pinned spins resides at the grain boundaries and that the size
of their contribution can quantitatively explain the macro-
scopic exhange bias using a simple model.'""'> The relation-
ship between crystallographic direction and magnetization
reversal, due to the influence of the unidirectional anisotropy,
has been recently addressed in MnPd films.'® Exchange bias
effects have been observed for polycrystalline MnPt thin film
when the bilayer was made with FeNi or FeCo.!* Recent
experiments on MnPt/NiFe exchange-biased bilayers grown
by molecular beam epitaxy have shown that the magnetic
moments might be antiferromagnetically aligned parallel or
normal to the interface.'”~!” The delicate interplay of interfa-
cial magnetism with chemical and structural order has been
recently demonstrated in the epitaxial growth of Fe/twinned
MnPt bilayers studied by the magneto-optical Kerr effect.'®
In spite of extensive experimental and theoretical research
the basic mechanism of this effect is still unclear, and a better
control of the factors affecting the AFM/FM interface forma-
tion is highly desired. With this aim, the detailed study of
AFM/FM interfaces developed by epitaxy-based techniques
is important for the understanding of the interfacial effects
on magnetic properties.

In this work we investigated the magnetic structure of a
thin MnPt film with well-defined phase and thickness grown
by molecular beam epitaxy on the Fe(100) interface with use
of x-ray absorption spectroscopy (XAS) and x-ray magnetic
linear and circular dichroism (XMLD and XMCD) at the Mn
and Fe L,; edges. These techniques merge element and
chemical sensitivity with the information about the distribu-
tion of the magnetic moments. MnPt is an antiferromagnetic
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AuCu-I type ordered alloy with a magnetic moment of 4.3 ug
(Ref. 19) and Néel temperature of 970 K, which makes it —
and similar alloys like MnPd and Mnlr — appealing materi-
als to act as a pinning layer for giant-magnetoresistance
(GMR) devices. The MnPt tetragonal structure has lattice
parameters a=4.00 A and ¢/a=0.92, hence Fe(100) is a very
good candidate for epitaxial growth because its lattice pa-
rameter (2.87 A) favors a small mismatch of 1.5% with the
overlayer oriented with the a axis along the Fe{110} direction
and the ¢ axis perpendicular to the Fe(100) surface. In this
experiment we find a clear XMLD signal at the Mn edges for
in-plane sample magnetization indicating that the Mn mag-
netic moments are antiferromagnetically oriented parallel to
the surface. The measurements are compared with multiplet
calculations to obtain information about the ground-state
properties of the system. It turns out that the Mn XMLD is
related to AFM domains aligned perpendicularly to the
Fe[001] magnetization axis, leading to spin-flop AFM order-
ing parallel to the surface, whereas the AFM domains of bulk
MnPt are usually oriented along the c¢ axis. The interface
exhibits uniaxial magnetic anisotropy without exchange bias.
The absence of any Mn XMCD signal excludes the presence
of uncompensated Mn spins at the interface, while the sub-
strate maintains its single-domain ferromagnetic structure.

II. EXPERIMENTAL SETUP

The measurements were performed at room temperature
on the APE undulator beamline at the Elettra synchrotron
radiation facility. The Fe(3% Si) (100) single crystal was
prepared through repeated cycles of Ar* sputtering and an-
nealing at 400 °C. The presence of Si, C, and P segregated
impurities, as revealed by Auger electron spectroscopy, was
further confirmed by the sharp ¢(2 X 2) low-energy electron
diffraction (LEED) patterns.’® An 8 monolayer (ML) thick
MnPt film was grown on Fe(100) by in situ coevaporation.
The base pressure in the sample preparation chamber was
4% 107" mbar and during deposition the pressure remained
below 2X 107! mbar. After the deposition the Fe Auger
peaks retain a sizable intensity and we observe a (1X1)
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LEED pattern, thus confirming that the MnPt grows with the
¢ axis perpendicular to the surface. After the deposition, Si
and C disappeared from the Auger spectra and only a small
residual (<0.1 ML) P remains, indicating that Si and C are
not present in the MnPt film. In order to prevent oxidation
the film was capped with 4 ML Pt. Magnetic dichroism mea-
surements were done with the sample magnetized in plane at
remanence. The spot size was of the order of 120 um. The
absorption spectra were recorded by collecting the total elec-
tron yield (TEY). For normal incidence XMLD the x-ray
beam polarization was fixed and the sample was rotated
about the surface normal, to obtain E, (E,) parallel (perpen-
dicular) to M, where E is the linear polarization direction of
the light and M is the substrate magnetization directed along
the Fe[001] axis. We also recorded the spectra with the
sample rotated around the normal by 180°. The final results
are averaged over the two data sets. The XMCD was de-
tected with incidence angle 45° along the Fe[001] direction
and by averaging on the spectra collected by swapping the
magnetic field and the right (left) circular polarization. Char-
acterization of the Fe(100) magnetic ordering before MnPt
deposition was performed by XMCD and spin-polarized
measurements. The spin polarization of the secondary elec-
trons ejected from the iron surface was measured with two
60 kV Mott scattering polarimeters>'~>3 mounted at 90° with
respect to each other. The detection of the secondary elec-
trons in the Mott scattering experiments gives a spin-
polarization value proportional to the averaged surface mag-
netization of the sample.?*

III. RESULTS AND DISCUSSION

One advantage of growing AFM layers over a FM sub-
strate is that the latter can be magnetized to achieve a single
domain large enough to investigate the AFM-FM coupling
without using microscopy. In our experiment the typical size
of the ferromagnetic domains of the Fe(100) substrate was
0.5 mm, as revealed in Fig. 1 by XMCD and spin-
polarization measurements recorded by scanning the beam
position over the same sample surface in the same experi-
mental run. The XMCD image was obtained in TEY mode
by fixing the photon energy at the Fe L5 edge, i.e., at the
maximum of the dichroic signal. There is a remarkable
agreement between both XMCD [Fig. 1(a)] and in-plane spin
polarized measurements [Fig. 1(b)], both confirming the
single-domain surface magnetization along the Fe[001] di-
rection (look at the picture in the inset) whereas any contri-
bution along the [010] direction is absent [Fig. 1(c)].

The Mn L, 5 XAS of the 8 ML MnPt film capped with 4
ML Pt is shown in Fig. 2. The most remarkable features of
the spectrum are the distinctly split structure of the L, edge
and the two weak shoulders in the high-energy tail of L;. A
similar behavior has been observed for 3d metals with re-
duced coordination number, such as for submonolayer depo-
sition of Mn on Cu, Fe and Ni,2-%7 where the 3d orbitals are
more localized than in the bulk. Our sample is a thin layer
containing only four bilayers of alternating Mn and Pt layers,
which suggests that, although the system is an intermetallic
alloy, the Mn 3d states have some degree of electron corre-
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Fe [001]

FIG. 1. (Color online) Fe(100) picture frame detected by scan-
ning the sample under the beam. The sample shape and the scanned
area are reported in the picture. The in-plane remanence magneti-
zation is oriented along the Fe[001] direction. (a) is the TEY differ-
ence (XMCD) for fixed photon energy at the L; edge maximum
absorption. (b) and (c) show the in-plane spin-polarized measure-
ments along the Fe [001] and [010] directions, respectively. White
and dark areas correspond to different Fe domains whose orienta-
tion along the [001] direction is indicated by the arrows. Both tec-
niques show the presence of single domains at least of the order of
0.5 mm.

lation. The spectrum is compared with the one recorded from
a thin Mn film (8 ML) grown on Fe with identical experi-
mental conditions in order to verify the absence of any con-
tamination during the deposition, because the double-peak
structure of the L, peak and the shoulders for L5 could be due
to the presence of Mn oxide. The featureless spectrum of the
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FIG. 2. (Color online) X-ray absorption spectra of 8§ ML
MnPt/Fe(100) and 8 ML Mn/Fe(100). The spectra are normalized
to the L3 peak maximum and shifted vertically for clarity. Both
spectra were taken with x rays at normal incidence to the surface.
The conventional cell of epitaxial MnPt is rotated by 45° with re-
spect to the {100} surface directions of the underlying Fe substrate,
as shown in the inset.
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FIG. 3. (Color online) XAS (top) and XMLD (bottom) spectra
for 8 ML MnPt/Fe(100) compared to calculations [thin (red) lines].
The inset depicts the experimental geometry, showing the Fe[001]
magnetization axis. The sample was in-plane magnetized at rema-
nence. The orientation of the linear polarization with respect to the
magnetization is indicated by 7 (parallel) and o (perpendicular).
The XMLD is the difference E,—E .

pure metallic Mn makes us confident that the double-peak
structure of L, in MnPt is not caused by contamination.

We measured the Mn L, ; XMLD both for normal inci-
dence and at grazing angle. The dichroism is always in the
order of 1%. Figure 3 shows the isotropic spectrum and the
linear dichroism (signal X20) for normal incidence. The
presence of an XMLD signal means that the magnetic order-
ing of the Mn atoms is antiferromagnetic. For comparison
with the experimental results Fig. 3 also shows the XAS and
XMLD spectra calculated with atomic multiplet theory in
intermediate coupling using Cowan’s ab initio Hartree-Fock
code with relativistic correction’® and in the presence of
crystal field. Details of the calculations can be found in Refs.
29 and 30. A small octahedral crystal field of 10Dg
=0.15 eV is needed to obtain a line shape of the XMLD
compatible with experimental data. A larger crystal field
gives a less good agreement, which proves that we are not
dealing with an oxide, which would have a crystal field
larger than 1 eV. The calculated spectra are normalized to
the Mn L; peak maximum. Comparison of the experimental
spectra with calculations is essential to determine the spin
axis.’! In fact, the calculated XMLD spectrum agrees with
the experimental curve only for the case that the AFM do-
mains are aligned perpendicularly to the Fe magnetization
axis, thus providing evidence for in-plane spin-flop of the
Mn magnetic moments, in contrast with the typical AFM
orientation of bulk MnPt along the ¢ axis (the [001] direction
of the conventional cell, which in our case is perpendicular
to the surface). The presence of axial anisotropy perpendicu-
lar to the magnetization also differs from a recent XMLD
study on a single Mn layer deposited on Fe(100), where the
entire noncollinear magnetic structure of Mn is perpendicular
to the interface.??

We also measured the Mn L,; XMLD with the x-ray
beam at 55° off-normal incidence, making only a small angle
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FIG. 4. (Color online) Experimental Mn L,3; XMLD [thick
(black) line] for 8 ML MnPt/Fe(100) measured at normal (0°) and
grazing (55° off-normal) incidence. The spectra are shifted verti-
cally and are compared to theoretical calculations [thin (red) line]
with 10Dg=0.15 eV. The inset shows the experimental geometry.

with the substrate magnetization M (Fig. 4). This grazing
incidence geometry makes the XMLD sensitive to the aniso-
tropy in the plane normal to M, and hence measures the
AFM spin orientation in that plane. Both the overall shape
and magnitude of the XMLD obtained at 55° off-normal in-
cidence resemble those for normal incidence. The maximum
of the L; XMLD is larger while the other features are similar
in size. In the L, region the first feature is slightly enhanced,
and the second one is more pronounced. If the Mn spins
were aligned along M then the magnitude of the XMLD for
55° would be three times smaller than that for 0°.33 The
results clearly show that the AFM domains are mainly in the
surface plane and perpendicular to M, and that out-of-plane
spin orientation is quite small.

The magnitude of the theoretical dichroism is about six
times larger than the experimental result, which could have
several causes. First of all, the theoretical XMLD is obtained
for Mn &> atoms with a magnetic moment of 5ug, which
exceeds the value of 4.3up expected for MnPt at room tem-
perature. The magnitude of the XMLD depends mainly on
(M?), since for d° in the cubic symmetry the contribution of
the charge quadrupole moment is negligible; however, a re-
duction in (M?) by a factor of 6 seems hard to explain if all
moments are perfectly aligned antiferromagnetically.

Another possible reason for the reduced XMLD could be
the presence of uncompensated spins at the AFM/FM inter-
face belonging to the AFM material which results in a net
ferromagnetic orientation. This can be probed with XMCD,
and the results are shown in Fig. 5. The Mn L, 5 spectra were
collected with the incident x rays at 45° to the direction of
the applied magnetic field. The absence of any visible
XMCD signal for Mn confirms the AFM nature of the MnPt
film and the absence of any interplay with substrate which
could induce FM ordering of the Mn atoms, e.g., due to deep
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FIG. 5. XAS and XMCD measured at 45° incidence angle with
the magnetization direction. The Mn XAS line shape is averaged
over the two spectra measured with opposite circular polarizations
and it is identical to that of Fig. 2. Fe dichroic spectra were nor-
malized to the average absorption at the maximum of the L5 edge.
Fe XMCD for the bare substrate (solid line) is compared with that
obtained after MnPt deposition (circles).

intermixing and/or alloying at the interface.’®3’ Moreover
the overlayer thickness was chosen to still have a detectable
TEY signal from the substrate. The XMCD measured at the
Fe L, ; edges shown in Fig. 5 agrees with the values reported
in the literature for the bulk,** from which we can infer the
persistance of a single-domain magnetic structure for the un-
derlying substrate even after the MnPt deposition. We note
that the interface region strongly contributes to the Fe
XMCD because the sampling depth of the TEY signal (de-
termined by the electron inelastic mean free path) is
~50 A, and the interface is ~15 A deep; thus the sensitiv-
ity to the arrangement of the Fe magnetic moments at the
interface is enhanced.
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The persistance of the (1X1) LEED pattern supports
these considerations. However, the role of local defects is
essential for the AFM/FM systems. The microscopic Heisen-
berg model developed in Ref. 6 shows that for perfectly flat,
compensated interfaces the spin-flop coupling does not lead
to exchange bias but rather to uniaxial anisotropy, while ex-
change bias strongly depends on the presence of volume de-
fects such as atomic vacancies. Recent exper-
imental®® and theoretical’**° work about AFM-FM coupling
for AFM transition metal oxides investigated the conse-
quences of interfacial defects. Provided that such models
could apply even to the compensated MnPt/Fe interface, the
reduced XMLD can be explained through the presence of
dislocations which disrupt the in-plane coherency of the
spin-flop state.

IV. CONCLUSIONS

In conclusion, the combined experimental and theoretical
analysis of the epitaxial interface MnPt/Fe(100) enabled us
to identify an in-plane orientation of the Mn magnetic mo-
ments driven by a spin-flop mechanism leading to a domi-
nant orientation of the AFM domains perpendicular to the
substrate magnetization. The absence of uncompensated
spins is confirmed by the XMCD measurements. It is tempt-
ing to associate the absence of pinning configurations with
the presence of a sharp interface, as produced by ideal epi-
taxial growth.
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