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Abstract. Spin-polarized low-energy electron microscopy (SPLEEM) is a technique for imaging magnetic
microstructures at surfaces and in thin films. In this article, principles, advantages and limitations of
SPLEEM are reviewed. Several recent studies illustrate how SPLEEM can be used to investigate spin
reorientation transition phenomena, to determine magnetic domain configurations in low-dimensional
structures, or to explore physics of magnetic couplings in layered systems. The work highlights the
capability of the technique to reveal in situ and in real time quantitative information on micromagnetic
configurations and structure-property relationships. In addition, spectroscopic reflectivity measurements
with spin-polarized low-energy electron beams can be a useful tool to probe spin-dependent unoccupied
band structure of magnetic materials and electronic properties of buried magnetic interfaces.

1 Introduction

To explore magnetic properties and phenomena in low-
dimensional systems, tools that allow us to image mag-
netic domains and domain walls with spatial resolution
down to the nanometer scale are important [1]. In the
past decades, many microscopy techniques have been de-
veloped to image magnetism of bulk materials, thin lay-
ers, surfaces and interfaces [2]. These techniques include
a range of different approaches:

— optical microscopies, where magneto-optic Kerr mi-
croscopy is one of the most widely known tech-
niques [3,4];

— electron microscopies, including scanning electron mi-
croscopy with polarization analysis (SEMPA) [5,6],
Lorentz microscopy [7,8], and electron hologra-
phy [9,10];

— scanning probe microscopies such as magnetic force
microscopy (MFM) [11,12], spin-polarized scanning
tunneling microscopy (SP-STM) [13], or ballistic emis-
sion magnetic microscopy (BEMM) [14,15];

— soft X-rays microscopies, including X-ray photoemis-
sion electron microscopy (X-PEEM) [16,17] and scan-
ning transmission X-ray microscopy (STXM) [18,19].

This far-from exhaustive list shows the remarkable
progress made by the scientific community to develop, im-
plement, and improve many complementary methods for
imaging magnetic materials. For example, unprecedented
spatial and temporal resolutions have been obtained re-
cently: SP-STM now allows insights into magnetism down
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to the atomic scale [20,21], while magneto-optic Kerr mi-
croscopy has the potential to probe dynamic processes in
the femtosecond range [22]. Moreover, the spectroscopic
resolution of several microscopy techniques based on syn-
chrotron radiation enables element-specificity and layer se-
lective imaging of magnetic heterostructures [23,24].

The significant progress in magnetic imaging opens
new windows into a host of scientific questions, includ-
ing phenomena of nucleation and propagation of mag-
netic domains and domain walls, magnetic phase tran-
sitions, magnetic coupling in multilayers, magnetization
dynamics, etc. These issues are fundamentally interest-
ing and they are linked to technological applications. In
the area of information storage, progress both benefits
from and drives micromagnetic imaging research. This
has been particularly true in the last few years, with a
rapidly growing number of studies now focusing on con-
trolling, manipulating [25,26], and moving the nano-scale
internal magnetic configuration of domain walls [27,28].
These examples highlight the importance of combining
nanometer-scale spatial resolution, sub-nanosecond tem-
poral resolution, three-dimensional mapping of magneti-
zation and element-specificity, by providing more detailed
understanding of the correlation between structure and
magnetism.

Only a few years after Telieps and Bauer published
their first (non-polarized) low-energy electron microscope
(LEEM) images [29,30], a team led by Poppa and Bauer
outfitted the instrument with a spin-polarized electron
source, allowing first demonstration of the principle of
spin-polarized low-energy electron microscopy (SPLEEM)
imaging of magnetic domain structures [31,32]. Soon
after that, a versatile vector-magnetometric imaging
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technique was achieved when Duden and Bauer developed
a compact electron spin polarization manipulator [33],
turning SPLEEM into a powerful tool for mapping spin-
structure with very good spatial- and angular resolu-
tion. An additional compact LEEM instrument designed
by Grzelakowski and Bauer [34] was also equipped with
an electron spin polarization manipulator. Both these
SPLEEM instruments are still in use today, the first
was recently moved to Hong Kong University of Sci-
ence and Technology and installed in the group of M.
Altman, the second is being operated as a user-facility
at the National Center for Electron Microscopy of the
Lawrence Berkeley National Laboratory in California. In
addition, a commercial SPLEEM instrument [35] was in-
stalled in the Solid State Physics group at the University
of Twente, The Netherlands; and a new instrument was
equipped with an advanced high-brightness spin-polarized
source at the Osaka Electro-Communication University in
Japan [36,37].

Goal of the present article is to review how application
of SPLEEM can contribute to the field of magnetism at
small scales. Complementing several excellent earlier re-
views [38-40], this paper highlights recent advances. The
diversity of the materials and phenomena that have been
investigated by SPLEEM [31-88] underlines the maturity
of the technique as a micromagnetic imaging tool, and the
results also point to extensive opportunities for new ap-
plications. At this time scientific output remains limited
by the number of available instruments and we anticipate
that the field will benefit from the availability of new mi-
croscopes.

The basic principles of SPLEEM instrumentation are
described in Section 2, with brief attention to common
methods to produce spin-polarized electron beams, and a
summary outlining the basic approach to forming images
with magnetic contrast under such a beam. Advantages
and limitations of the technique are also discussed to il-
lustrate its complementarity with other magnetic imaging
methods. Sections 3-5 are dedicated to examples for which
SPLEEM has been used: to investigate spin reorientation
transitions in Ni/Cu(001) ultrathin films and Fe nanowires
self-organized on W(110) surfaces, to study micromag-
netic configurations and bistability phenomena in Co dots
grown on Ru(0001), and to explore magnetic couplings
in ferromagnetic/antiferromagnetic/ferromagnetic layered
structures, respectively. These different studies highlight
how the combination of in situ and real time magnetic
imaging give new insights into the physics of these sys-
tems. In Section 6 we review how SPLEEM also allows
spectroscopic measurements, which can be a useful tool to
probe spin-dependent unoccupied band structure of mag-
netic materials as well as electronic properties of buried
magnetic interfaces. Finally, concluding remarks are given
in Section 7.

2 SPLEEM microscopy: basics

In a SPLEEM microscope, spin-polarized, low-energy elec-
trons are projected toward the sample surface through

Sample

Beam splitter Spin-polarized

electron gun

Fig. 1. (Color online) Schematics of a SPLEEM microscope.
Spin-polarized electrons, photoemitted from a GaAs photo-
cathode, are injected into a spin manipulator where azimuthal
and polar orientation of the polarization is adjusted (see text
for details). Then, the electron beam passes through an il-
lumination column, before being decelerated in the objective
lens. Electrons finally hit the surface with normal incidence.
Electrons that are backscattered elastically are collected in an
imaging column and focused on a phosphorous screen, where
a magnified image of the surface is obtained. The incoming
and reflected electron beams are separated in a magnetic beam
splitter using the Lorentz force.

an illumination column. Just before reaching the surface,
the electron beam is decelerated within a cathode lens
and illuminates the surface in normal incidence (Fig. 1).
The incoming electron beam and the backscattered elec-
tron beam are separated in a magnetic beam splitter. A
magnified image of the surface is obtained by passing the
backscattered beam through an imaging column, similar
as in a conventional transmission electron microscope. The
typical energy of the electron beam (at the specimen sur-
face) is a few eV above the vacuum level. As a consequence
of the low inelastic mean free path of ballistic electrons
inside solids, the technique is extremely surface sensitive,
and the properties of the top few atomic layers of the
sample dominate image contrasts. In this sense, depth-
resolution of SPLEEM is extremely high (atomic-scale).
Lateral resolution is moderate, perhaps of the order of
10 nm in conventional instruments. It should be noted
that with the development of aberration correction tech-
niques [35,89-91], remarkable improvements of lateral res-
olution are becoming available in LEEM instruments and
we can anticipate that resolution of the order of 2 nm will
soon be possible in SPLEEM.

Employing a spin-polarized electron beam for illu-
mination, the technique is also sensitive to the surface
magnetization. In this section, we briefly recall three as-
pects of the technique: the working conditions of the spin-
polarized electron gun, the origin of magnetic contrast,
and the advantages and limitations of SPLEEM for mag-
netic imaging. For a more complete analysis of resolution
and magnetic contrast, and for further details on the in-
strumentation, we refer the reader to other LEEM and
SPLEEM review papers [38-40,92,93].
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2.1 The spin gun

As in many other electron microscopes, the (unpolarized)
electron source in a conventional LEEM is often a LaBg
filament. SPLEEM, however, requires spin-polarized elec-
trons, and the LaBg filament is replaced by a spin gun.
The spin gun is composed of two main elements: the spin-
polarized electron source that produces electron beams
with a known spin polarization, and a spin manipulator,
which allows accurate control of the spin polarization vec-
tor before the electron beam hits the sample surface.
Optical spin orientation in semiconductor photocath-
odes [94,95] is nowadays widely used for producing in-
tense and highly polarized electron beams, and most spin-
polarized electron sources rely on GaAs photocathodes
(or strained GaAs-based heterostructures) under optical
pumping conditions. In bulk-like, pT-doped GaAs pho-
tocathodes under illumination with circularly-polarized
near-bandgap laser light, electrons with up to 50% lon-
gitudinal spin polarization Py are excited in the bottom
of the conduction band. This spin polarization can be
switched from + P, to — Py by reversing the helicity of the
laser light polarization. Since the bottom of the conduc-
tion band in the bulk material is typically 2.5 eV below
the vacuum level for a clean GaAs surface, these polar-
ized electrons are not emitted spontaneously into vacuum.
Electron emission can be achieved by lowering the work
function of the GaAs surface by coadsorption of cesium
and oxygen in ultrahigh vacuum conditions (activation to
negative electron affinity) [96]. The 50% polarization limit
mentioned above is a consequence of the degeneracy of
two different electronic bands at the valence band edge,
with both bands contributing carriers during photoexci-
tation. The band degeneracy can be lifted by straining
the crystal. When a strained GaAs crystal is illuminated
with a precisely tuned laser, photoexcitation can be lim-
ited to involve carriers from only one of the valence bands;
in principle this permits the excitation of 100% polarized
carriers. In practice, spin-polarized electron sources based
on strained GaAs heterostructures exhibiting spin polar-
ization higher than 80% and quantum yield of about 0.1%
have been demonstrated [97], and this type of sources
can be used for SPLEEM [36,37]. For bulk-like, p™-doped
GaAs photocathodes and typical laser wavelength of ap-
proximately 800 nm, spin polarization is of the order of
25—30%. Such cathodes can be robust sources of quasi
mono-kinetic spin-polarized electrons (the quantum yield
can be as high as several percent, and the energy spread
of the electron beam can be low, of the order of 100 meV).
To control the orientation of the polarization of
the electron beam, a specially designed electron optics
called spin manipulator is inserted between the GaAs
photocathode and the illumination column. This electron
optics combines electrostatic and magnetic deflectors to
control the trajectory of the electron beam and the pre-
cession of its spin polarization. Spin manipulators used
on SPLEEM instruments are described in more detail in
references [33,36] and [64]. Figure 2 sketches the main fea-
tures. Longitudinally spin-polarized electrons are injected
into an electromagnetic deflection system which bends the

GaAs
photocathode

Magnetic rotator

Fig. 2. (Color online) Schematics of the spin manipulator (re-
produced from Ref. [64]). Longitudinally spin-polarized elec-
trons are emitted by a GaAs photocathode under optical
pumping conditions. These electrons are injected into a first
set of electrostatic and magnetic elements (blue and orange
elements, respectively), where the polar angle of the spin po-
larization is adjusted. Azimuthal orientation of the spin polar-
ization is adjusted in a second electromagnetic element: this
magnetic rotator is used to control the precession of the spin
polarization around a horizontal, static magnetic field, parallel
to the z-axis.

trajectory of the beam by 90° (the element is similar to a
Wien filter). Within this element, a vertical (along the z-
axis in Fig. 2) static magnetic field is applied to rotate the
spin polarization in the horizontal (z, y) plane. In a sub-
sequent electron optical element (essentially a weak mag-
netic lens) a horizontal (along the a-axis) static magnetic
field is used to rotate the polarization in the vertical (y,
z) plane, without affecting the beam trajectory. Using this
manipulator, the spin polarization of the incident electron
beam can be precisely oriented in any spatial direction.

2.2 Origin of magnetic contrast

When a spin-polarized electron beam strikes a ferromag-
netic surface, the number of electrons backscattered elas-
tically from that surface depends, among other things,
on the relative orientation of the spin polarization Py
of the incident electrons and the surface magnetization
M. In practice, M is unknown and |Py| is modulated
between +Py and —Py (see Sect. 2.1). The asymmetry
(Iy — I-)/(I+ + I-) of the corresponding reflected in-
tensities I, and I_ gives the magnetic contrast, which
is proportional to Py - M. Conventional SPLEEM images
are simply pixel by pixel representations of this reflection
asymmetry. Relatively bright or dark features in the im-
ages result from relatively large values of the component
of the surface magnetization vector along the axis defined
by the orientation of the spin polarization of the illumi-
nating beam. No magnetic contrast, i.e. 50% gray color in
a SPLEEM image, is observed if |M| = 0 (nonmagnetic
surface) or if the spin polarization of the incident electron
beam is perpendicular to the direction of magnetization in
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a ferromagnetic surface. This latter point can be very use-
ful when one is interested in good angular resolution in
measuring magnetization direction: finding null-contrast
as a function of varying the spin direction of the illumi-
nating electron beam, rather than searching for maximal
magnetic contrast, often provides greater angular sensitiv-
ity (an illustrating example is described below in Sect. 2.3
and Fig. 4).

Spin-dependent reflectivity of a ferromagnetic surface
originates from two effects. First the elastic scattering
potential between the spin-polarized incident electrons
and the electrons in the ferromagnetic target is spin-
dependent. In principle, both the spin-orbit and exchange
interactions make the cross section in these electron-
electron elastic collisions spin-dependent. However, under
the conventional condition of normal incidence of the in-
coming and reflected electron beams, the spin-orbit inter-
action does not contribute to the intensity asymmetry. In
good approximation, the exchange interaction often dom-
inates SPLEEM magnetic contrast.

Inelastic electron-electron collisions also contribute to
the SPLEEM contrast, because the inelastic mean free
path (IMFP) of hot electrons is not only material de-
pendent [98,99] but also spin-dependent in a ferromag-
net [100,101]. Approximately, the IMFP is inversely pro-
portional to the number of unoccupied s and d electronic
states above Fermi energy in which a hot electron can
“fall” (see Fig. 3a) [102]. Since the number of unoccu-
pied states is larger for minority-spin electrons than for
majority-spin electrons, minority electrons are more ef-
fectively scattered than majority electrons. Consequently,
reflectivity of majority electrons is larger than the re-
flectivity of minority electrons. Note that in this simple
description where spin exchange scattering is neglected,
the scattering potential in electron-electron collisions does
not need to be spin-dependent: only the Coulomb poten-
tial is taken into account in the calculation of the spin-
dependence of the IMFP.

Both effects become less efficient as the energy of the
incoming electrons increases. This is so because i) the ex-
change potential decreases rapidly with energy; and ii) the
spin-dependence of the IMFP decreases when the elec-
tron kinetic energy becomes large compared to the ex-
change splitting in the density of states of the d bands
(see Fig. 3a). For this reason, the best magnetic contrast
in SPLEEM is usually obtained for low-energy electrons,
with energy of a few eV.

One way to visualize the origin of SPLEEM magnetic
contrast is to consider the spin-split band structure of fer-
romagnetic materials (see Fig. 3b). Ballistic electrons can
penetrate into a crystal if unoccupied electronic states are
available. If there is an energy-gap in the material for the
wave vector of the injected electrons, then most of the
incident beam will be elastically reflected (within a band-
gap, electrons only penetrate into the crystal as evanescent
waves). In a ferromagnet, due to the exchange interac-
tion, bands are energy split for the two spin directions. In
the energy range between the onsets of the majority- and
minority-spin bands, electrons whose spin is parallel to the

a) E
o
e
. Er
< = 1 1 R
Density of states r Wave vector X

Fig. 3. (Color online) Two mechanisms leading to a differ-
ent number of majority- and minority-spin electrons reflected
from a ferromagnetic surface. (a) Density of states in a fer-
romagnetic metal. Due to the different number of unoccupied
electron states above Fermi energy for the two spin directions,
the inelastic mean free path between electron-electron colli-
sions is larger for majority spins than for minority spins. (b)
Sketch of the spin-split band structure in a ferromagnet along
the (I'X) crystal direction. For an incident beam of energy
ranging from FE; to F2, majority-spin electrons enter the crys-
tal, while minority-spin electrons are effectively reflected due
to the lack of available states.

majority spins penetrate into the crystal, while electrons
whose spin is parallel to the minority spins are reflected.
This difference in reflectivity can lead to strong magnetic
contrasts.

An additional contrast mechanism appears in very thin
films where quantum well resonances can occur. In this
case, the magnetic contrast can be enhanced, reduced or
inverted due to Fabry-Pérot interferences in the quantum
well [41,77-80]. Consequently, a given ferromagnetic sur-
face can exhibit very different energy-dependencies of the
magnetic contrast when the electron beam is injected into
the surface of a bulk-like material or of an ultrathin film.
This mechanism is illustrated in more detail in Section 6.

2.3 Advantages and limitations

Like in conventional LEEM microscopy, the surface sen-
sitivity of SPLEEM is very high. This fact limits the
usefulness of SPLEEM for studying samples that have
been prepared elsewhere: with most materials, contami-
nants from exposure to atmosphere strongly affect what
SPLEEM images show, and must be removed for imaging.
To derive optimal advantage from the high surface sensi-
tivity, it is most useful to equip SPLEEM instruments
with a full suite of in situ surface preparation tools (sput-
tering and annealing procedures in well-controlled atmo-
spheres) and film deposition sources (either in the micro-
scope chamber or in other attached chambers). SPLEEMs
are operated under good ultra-high vacuum conditions
(base pressure in the low 10~!! Torr range), and it can
be very useful to add complementary characterization ca-
pabilities on the same vacuum system, such as Auger
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spectroscopy. Combined with other surface characteriza-
tion techniques, SPLEEM allows quantitative analysis of
structure-magnetic property relationships. Materials and
structures can be grown or annealed in situ, while imag-
ing. One might look at the instrument as a molecular beam
epitaxy sample preparation system first, and consider the
SPLEEM optics a monitoring instrument: this perspective
highlights the strengths of SPLEEM for in situ micromag-
netism research.

As a diffraction experiment, SPLEEM works well with
crystalline samples. Non-crystalline or polycrystalline sur-
faces can be more problematic, because in this case the
distribution of backscattered electrons over a wide an-
gular range can lead to very low image intensity. With
single-crystal samples, the high intensity of the specular
beam often permits imaging at relatively high frame rates.
LEEM images with useful signal-to-noise quality can be
collected at video rate. Magnetic contrast is often weaker
than other surface-structure contrast, which is why pixel
by pixel difference images taken with two opposite spin
polarizations are usually formed; in practice acquisition
time for SPLEEM with good signal-to-noise quality is of
the order of 1 s (of course optimal image integration time
can strongly depend on sample material and many other
factors). As we review in later sections, typical SPLEEM
image acquisition time is very suitable to study in real
time dynamical magnetic phenomena, such as spin reori-
entation transitions.

SPLEEM images are two-dimensional, but magneti-
zation is a vector with three components. Of course the
three-dimensional nature of magnetization is at the basis
of the richness of micromagnetic phenomena and it can
be interesting to map all components of the magnetiza-
tion vector. This can be done by measuring image contrast
in several SPLEEM images of the same surface area. For
example, one can align the spin manipulator in three dif-
ferent settings, with spin polarization of the electron illu-
mination aligned along either of two orthogonal directions
parallel to the sample surface, or in the direction along the
surface normal. Comparing magnetic contrast in triplets
of SPLEEM images acquired with the three orthogonal
settings of the spin manipulator then permits determina-
tion of the sample magnetization vector with good spatial
resolution and good angular resolution. This type of ap-
proach can be used to understand the internal structure of
domain walls or other more complex magnetization pat-
terns. Angular resolution can be quite good, for exam-
ple Figure 4a—4c¢ shows SPLEEM images of a 3 nm-thick
Fe/W(110) film where the orientation of local magnetiza-
tion is precisely measured and the internal magnetic con-
figuration of a 180° domain wall resolved. Note that a 1°
variation of the incoming spin polarization results in a de-
tectable change in magnetic contrast (see intensity profiles
reported in Figs. 4d, 4e). This advantage of SPLEEM was
used in the work reviewed in Sections 3 and 4.

Although SPLEEM is a surface sensitive technique,
magnetic domain imaging of buried ferromagnetic films or
interfaces is sometimes feasible. SPLEEM measurements
on nonmagnetic (metal or oxide) thin layers deposited in

o
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Fig. 4. (Color online) Magnetic domains and domain walls in
a 3 nm-thick Fe film grown on a W(110) single crystal. Field of
view is 5 pum. (a) The spin polarization of the incident electron
beam is aligned along the direction of magnetization (white
arrows) in the Fe film ([1-10] direction). (b, ¢) The incident
spin polarization is rotated by 90° and 89° respectively to spa-
tially resolve the internal chirality of the 180° domain wall.
(d, e) Intensity profiles across the 180° domain wall, averaged
within the black frames shown in (b, c¢). Although no obvi-
ous contrast is observed in (b, ¢) between the two magnetic
domains, intensity profile reported in (e) clearly reveals their
orientation, demonstrating in that example that sensitivity to
the local direction of magnetization is better than 1°.

situ on top of ferromagnetic films can sometimes reveal the
domain microstructure of the underlying magnetic mate-
rial (see Sect. 6). In some cases, the magnetic domains in
such capped ferromagnetic films can still be imaged after
exposure of the sample to air [76]. These results illustrate
the versatility of SPLEEM, pointing to possible techniques
for studing ex situ prepared crystalline samples.

The spin-polarized electron beam propagating along
the optical axis makes it challenging to image with an
applied magnetic field. Even moderate-strength magnetic
fields applied within the surface plane would deflect the
electron beam too much for imaging. However, it is pos-
sible to apply magnetic fields in the surface-normal direc-
tion while imaging. This geometry minimizes deflection
of the electron beam. An example of a magnetization re-
versal experiment can be found in reference [71], where a
hysteresis loop of perpendicularly magnetized Fe/Cu(100)
films is deduced from SPLEEM images.

In the following sections, several examples will be re-
viewed to show how the combination of in situ and real
time 3D mapping of local magnetization makes SPLEEM
a useful tool to reveal new insights into the physics of
spin reorientation transition phenomena, micromagnetic
configurations in low-dimensional structures or magnetic
couplings in multilayers.
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3 Spin reorientation transitions

In low-dimensional ferromagnetic systems, the direc-
tion of spontaneous magnetization generally results from
the interplay between magnetocrystalline, magnetoelas-
tic and shape anisotropies. The balance between these
anisotropies can vary, particularly in magnetic films and
layered structures, when temperature, sample thickness,
or surface composition is changed. These effects often re-
sult in reorientations of the magnetization. Because any
change of magnetic domain microstructure in a material
can be studied in situ and in real time, SPLEEM is a
powerful tool to investigate spin reorientation transitions
(SRT) in low-dimensional structures. The direction of the
magnetization vector can be mapped with high angular-
and spatial resolution while the spin transition occurs, for
instance when the thickness of the structure is increased,
when the temperature is changed, or when the surface
topography, morphology or chemistry is modified. Co on
Au(111) [54], Co on Ru(0001) [61] and Co/Ru(0001) with
noble-metal capping layers [62], Au/Co on Ru(0001) [54]
and on W(110) [53,59], Fe on Cu(001) [67], Fe/Ni bilayers
on Cu(001) [73] and Fe-Co alloys on Au(111) [82] are ex-
amples of systems exhibiting SRT's that have been investi-
gated using SPLEEM. The capabilities of SPLEEM make
it a complementary approach to other techniques, but also
open new opportunities for magnetic investigations. In
this section, we review two studies where SPLEEM was
used to investigate SRT phenomena in magnetic thin films.

3.1 Ni on Cu(001)

Thickness-dependent SRT's from out-of-plane to in-plane
magnetization often occur in ferromagnetic thin films. At
low thicknesses, surface effects dominate and give rise to
large, perpendicular magnetocrystalline anisotropy, while
for thicker deposit dipolar shape anisotropy forces the
magnetization to lie in the film plane. Co ultrathin films
grown on Au(111) are one well-known system showing
such a SRT when the film becomes thicker than 4-5
monolayers [103,104].

Ni thin films epitaxially grown on Cu(001) also show
a magnetization reorientation transition. It is of particu-
lar interest because an unusual, inverse SRT from in-plane
to out-of-plane is observed when the thickness of the Ni
film is increased. This unexpected SRT has stimulated
a large number of experimental and theoretical studies,
and the atomic structure of Ni/Cu(001) films has been
shown to play a key role. In fact, due to a small lat-
tice mismatch (about 2.5%) between the two materials,
pseudomorphic Ni films can be grown on Cu(001) sin-
gle crystals up to a thickness of 11 monolayers [105]. The
strained Ni crystal structure in these films causes a nega-
tive magnetocrystalline surface anisotropy that favors in-
plane magnetization, and a positive volume anisotropy fa-
voring out-of-plane magnetization [106]. Since the dipolar
shape anisotropy is smaller than the volume anisotropy

in these films, the SRT proceeds from in-plane to out-
of-plane. Although this system is now quite well under-
stood, there remain questions whether the SRT proceeds
via a discontinuous (first order transition) or a continu-
ous (second order transition) rotation of the magnetiza-
tion [107-110]. SPLEEM was used to address this issue,
taking advantage of the possibility to map the magneti-
zation vector in real time as the SRT occurs during film
deposition.

SPLEEM results show that the SRT is surprisingly
complex and there is no simple answer as to whether the
kinetics of the SRT phase transition is of first- or sec-
ond order [65]. Consider Figure 5, reproducing maps of
the surface magnetization vector of a Ni thin film during
growth on a stepped Cu(001) single crystal with a 2° mis-
cut in the [011] direction. Three orthogonal components
of the magnetization have been probed: one out-of-plane
component (normal to the surface) and two in-plane com-
ponents, parallel and perpendicular to the mean direction
of the Cu atomic steps, which was determined from LEEM
images (not shown here). At 7.68 ML Ni film thickness,
the dark color of the upper left panel in Figure 5 indicates
that the value of the in-plane component of the magne-
tization vector following the substrate step direction is
large, while the absence of bright or dark color in the two
panels below shows that the in-plane component orthog-
onal to the substrate steps and the out-of-plane compo-
nent are both small: i.e., before the SRT, the magneti-
zation lies in the film plane and is aligned along the Cu
atomic steps. Around 8 Ni monolayers thickness, the dark
color of images in the middle row indicates that magne-
tization abruptly rotates within the film plane, into the
direction perpendicular to the steps. This rotation takes
place via nucleation and growth of domains (see 8.00 ML
and 8.08 ML panels), suggesting first order kinetics. At
slightly higher film thickness (for example up to 8.24 ML)
magnetic contrast is visible for all three probed compo-
nents of magnetization. The magnetization vector is in
a canted state with respect to the surface normal, and
the in-plane component of the magnetization vector is
rotated by about 70° with respect to the atomic steps
of the Cu substrate. As more Ni is deposited, the pro-
gressively evolving contrast in the SPLEEM images re-
veals that the magnetization continuously rotates towards
the out-of-plane direction. In the last column of images
(9.36 ML Ni thickness) the bright color of the bottom
right image, together with absence of bright or dark color
in the corresponding in-plane images, indicate that the
SRT is complete and the magnetization vector is now per-
pendicular to the surface. The relatively wide range of
thickness where the SRT occurs suggests that the kinetics
of the rotation of the surface magnetization from in-plane
to out-of-plane is of second order. SPLEEM thus reveals
that the SRT in stepped Ni/Cu(001) films proceeds via a
discontinuous rotation of the in-plane component of the
magnetization from parallel to roughly perpendicular to
the substrate atomic steps, followed by a continuous rota-
tion of the magnetization from in-plane to out-of-plane.
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Fig. 5. From reference [65] with permission. In situ SPLEEM observation of the thickness-dependent spin reorientation transition
that occurs when Ni thin films are grown on a stepped Cu(001) single crystal. Incident spin polarization direction is indicated by
black arrows. For Ni deposits thinner than about 7.7 monolayers, the surface magnetization lies within the film plane, parallel to
the Cu atomic steps (white line in upper left SPLEEM image). For thicker deposits, nucleation and growth of magnetic domains
with a canted magnetization is observed (see evolution of both in-plane and out-of-plane components). For a Ni thickness of
about 9.4 ML, the Ni film is completely magnetized perpendicular to the surface. Field of view is 7 um.

These results show an influence of the substrate step
structure on the direction of magnetization during the
SRT and raise the question whether the kinetic order
of the SRT might be changed by changing the atomic
step morphology of the Cu surface. In reference [66], the
capability of SPLEEM to prepare and characterize in
situ the Cu(001) substrate, together with the possibil-
ity to map the magnetization vector during Ni deposi-
tion, were used to investigate this issue. Controlled Ar
ion bombardment cycles combined with careful anneal-
ing schedules result in the promotion or suppression of
step-bunching on the Cu(001) single-crystal. Thus, one
can tune the local step density of the Cu(001) surface
prior to Ni deposition. Image sequences similar to the one
reproduced in Figure 5, but obtained for different sub-
strate step morphologies, show that second-order SRT's are
observed when atomic step-bunches are suppressed (not
shown here; see Ref. [66]), while first-order transitions are
found for step-bunched Cu surfaces. These results suggest
that the atomic step structure of the Cu(001) single crystal
influences the kinetic order of the in-plane to out-of-plane
SRT. Dependence of magnetic anisotropy contributions on
substrate topography must be taken into account to de-
scribe the SRT in Ni/Cu(001) thin films. For this purpose,
the magnetization-dependent, anisotropic part of the free-
energy density f can be written [66]:

f~—Kycos®f — éKZ; (3 4 cos4y) sin? 0. (1)
In equation (1), Ky and K, are the second-order and
fourth-order anisotropy constants, while # and ¢ are the
angles between the magnetization vector and, respectively,
the surface normal and the [001] direction [111]. To vi-
sualize the relative weight of Ko and K, in the SRT, it
is convenient to plot the Ky—K, phase diagram corre-
sponding to the minimization of the free energy density
f- The thickness dependence of Ky and K, is shown in
Figure 6, using the values found in reference [106]. The

phase diagram can be divided into four regions; three sta-
ble regions, where the magnetization is purely out-of-plane
(vertical-hatched), purely in-plane (horizontal-hatched),
in a canted state (not hatched), and a metastable region
(cross-hatched) separating the first two stable regions. The
plot shows that when the Ni film thickness is in the range
7.3 ML < d < 7.8 ML, the K4 vs. K5 curve crosses the
un-hatched region where the magnetization is in a canted
state, and the transition is of second order. A first-order
transition would be expected when the K4 vs. Ky curve
crosses the cross-hatched metastable region. For this, the
K4 vs. K9 curve would have to shift either towards the
right (larger value of K3) or upwards (larger value of Ky).
Increasing Ko to the point where a first order transition
results would imply that the critical thickness of the SRT
decreases by more than 1 ML. Although surface roughness
or adsorbates are known to change the critical thickness
for which SRTs occur, such a change was not observed in
these SPLEEM experiments. On the other hand, even a
moderate increase of the fourth-order anisotropy constant
can shift the phase diagram into the coexistence region,
and previous work [112] has already pointed out the effects
of inhomogeneities at interfaces on the K, constant. To
illustrate the impact of step-bunches (inhomogeneities),
a +15 peV/atom was added to the Ky value from refer-
ence [106], and the minimization of the free-energy density
was recompiled to obtain the phase diagram. The results
plotted in Figure 6 using triangular symbols show that
this plausible change is sufficient to avoid the stable re-
gion where magnetization is in a canted state, and thus
can explain the observation of an abrupt transition from
in-plane magnetized Ni films to an out-of-plane configura-
tion (first order transition) for the case of step-bunching
on the Cu(001) substrate surface.

In summary, a careful preparation of the Cu(001)
surface atomic step structure allows the control of the
SRT kinetic order. The density of atomic steps on the
Cu substrate is found to be the crucial parameter to
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Fig. 6. From reference [66] with permission. K4 vs. K phase
diagram for Ni/Cu(001) films deduced from the minimiza-
tion of f (see Eq. (1)). Three stable regions are observed
where magnetization is purely in-plane (horizontal hatched),
out-of-plane (vertical hatched), or in a canted stated (no
hatch). A metastable region (cross-hatched) separates the two
regions where magnetization is purely in-plane and out-of-
plane. Square symbols are obtained from values given in refer-
ence [106]: in-plane to out-of-plane SRT occurs via the canted
state, and transition is of second order. If these K4 values are
increased by 15 peV/atom to account for substrate topogra-
phy effects, then the SRT crosses the metastable region, and
transition is of first order.

observe either first order or second order SRT, thus rec-
onciling discrepancies between reports in previous liter-
ature [107-110]. Beyond the interpretation of SRTs in
Ni/Cu(001) films, this work illustrates the strength of
combining, in situ and in real time, topography and struc-
tural information with accurate 3D mapping of the lo-
cal magnetization distribution to reveal phenomena that
would have been invisible otherwise.

3.2 Self-organized Fe wires on W(110)

An in-plane SRT also occurs in epitaxial, nanometer-
thick Fe films grown at room temperature on W(110) sur-
faces. Fe films become magnetic at a thickness of about
1.5 ML [113] with an easy axis of magnetization parallel
to the [1-10] direction, due to a strong surface anisotropy.
This magnetization axis remains stable up to about 50 ML
thickness [114], above which a SRT occurs and the [001]
direction becomes the new easy axis of magnetization (i.e.
the magnetization rotates 90° within the surface plane), as
expected for bulk Fe. This SRT is also observed for thin-
ner deposits, when room temperature grown Fe films are
subsequently annealed a few minutes at several hundred
K [115,116]. However, in that case, the SRT is accompa-
nied with the dewetting of the Fe film and the formation of
islands elongated along the [001] direction. Different fac-
tors have been suggested as the driving mechanism for this
SRT: reduction of magnetoelastic anisotropy (stress relief

during the annealing procedure), strong shape anisotropy
of the elongated islands, or reduction of surface anisotropy
(due to the change in the film morphology, islands are
much thicker than the nominal thickness of the as-grown
Fe film) [115]. In this context, a key question is: what in-
fluence has the dewetting dynamics on the SRT? For this
type of problem, SPLEEM is ideally suited to obtain spa-
tially resolved magnetic information in real time, during
morphological changes that occur while annealing. For the
Fe/W(110) system, SPLEEM measurements added new
insights into the origin of this SRT [74,84].

Results are summarized in Figure 7 for a 14 monolayer-
thick Fe film grown on a W(110) single crystal exhibiting
pronounced step-bunching (see LEEM image in Fig. 7a).
The surface topography in an early stage of the dewetting
process is shown in Figure 7b. Dark regions are places
where the Fe film had already dewetted. Dewetted zones
are often found to nucleate at step-bunches and to extend
roughly along the [001] direction, forming very long, par-
allel grooves in the Fe film, as observed in Cr/W(110) thin
films [117]. As the annealing proceeds, Fe removed from
the grooves accumulates on the remaining Fe ribbons,
increasing locally the film thickness. The corresponding
magnetic images for a spin polarization of the incident
electron beam along the [1-10] and [001] directions are
given in Figures 7c and 7d, respectively. Away from the
dewetted regions, magnetization lies along the [1-10] di-
rection (large black magnetic domain), as observed for
continuous films before annealing (see Fig. 4). Note that
no magnetic contrast is found in the voids (Fig. 7c), since
only one atomic wetting layer, which is not ferromagnetic
at room temperature, remains on the W surface [118].
However, a local in-plane canting of magnetization is ob-
served in the regions adjacent to the voids (see black and
white magnetic contrast around the voids in Fig. 7d). Ev-
idently the SRT starts at the same time as the Fe film
starts to dewet and concludes with the formation of the
Fe islands (Fig. 7e). These observations support the notion
that magnetoelastic effects are not the key driving force for
the reorientation of magnetization, and highlight the role
of the dewetting dynamics on the SRT mechanism [74].
With increasing annealing time, SPLEEM measurements
show that the canted magnetization around the voids pro-
vides a bias to initiate the magnetization reorientation.
Mapping the surface magnetization reveals that it follows
the edges of the voids, and is not necessarily oriented ex-
actly along the [001] crystal axis. In other words, while
the magnetization of the continuous films is aligned along
the [1-10] direction of the W substrate, the direction of
magnetization in the elongated Fe islands may or may not
be aligned along the [001] direction, depending on how
these islands are oriented after the annealing is complete.
Reduction of surface anisotropy does not appear to be a
key driving force in the observed SRT. Rather, dipolar
forces associated with the shapes of the voids that form
when the film starts to dewet appear to initiate the rota-
tion of magnetization while annealing, and ultimately the
shape anisotropy of the islands determines the final easy
axis of magnetization, as pointed out in other work [84].
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Fig. 7. From reference [74] with permission. In-plane spin reorientation transition in annealed Fe films grown at room temper-
ature on two different W(110) single crystals. (a, f) Topographic image (LEEM mode) of the stepped and atomically flat W
crystals (see text for details) prior to Fe deposition. (b, g) Topographic images of the surface upon annealing at about 600 K
a 14 ML-thick Fe film deposited on these two W single crystals. Dewetted regions appear dark. The corresponding magnetic
images for a spin polarization along the [1-10] and [001] are shown in (¢, d) and (h, i), respectively. The shape of the dewetted
regions depends on the substrate step structure and affects the magnetization distribution of the continuous film. (e, j) Complete
annealing leads to the formation of a self-organized array of Fe wires. Field of view is 7 pm.

The influence of the void geometry on the canting of
magnetization can be tested by initiating the dewetting
process on surfaces with different step/terrace morpholo-
gies. One can compare substrate regions where atomi-
cally flat terraces are separated by step-bunches com-
posed of multiple atomic-height steps, versus substrate
regions where terraces are separated by single monolayer
height steps. Indeed, under otherwise very similar exper-
imental conditions, the SRT occurs via different mech-
anism in these two cases. When the W substrate does
not show step-bunching (see Fig. 7f), voids appear at
random locations on the surface (preferential nucleation
sites where the film could start to dewet can not be
identify with LEEM) and grow along the [001] direc-
tion (Fig. 7g). Here, voids have a pronounced rectangu-
lar shape and often proceed to grow at both their ex-
tremities. Contrary to what is observed during dewetting
that is initiated at step-bunches (Fig. 7d), no magnetic
contrast is detected along the edges of the grooves, and
the magnetization of the continuous film remains aligned
along the [1-10] direction (Figs. 7h and 7i). With fur-
ther annealing, more grooves form and the width of the
Fe ribbons trapped between them progressively shrinks.
When the ribbon-width decreases below approximately
150 nm, shape anisotropy dominates over magnetocrys-
talline anisotropy, and the magnetization of the ribbons
flips into the [001] direction. During dewetting at step-
bunches on the W(110) substrate, voids often provide a
bias for the canting direction of the magnetization. Here,
the magnetization reorientation is often accompanied with
the transient formation of a multidomain magnetic mi-
crostructure (Fig. 7j). Figure 8 shows a ribbon for which
the SRT has taken place. From the topographic LEEM im-
age the width of the wire is estimated to be about 200 nm.
In Figures 8b—8d, bright and dark contrasts indicate the
component of the magnetization along the orthogonal in-
plane directions [1-10] and [001], and along the in-plane
direction at 45 degrees between [1-10] and [001], respec-

400 nm

a) b) c¢) d) e)

Fig. 8. From reference [74] with permission. (a) LEEM image
of a Fe ribbon formed by annealing a 14 ML-thick Fe film grown
at room temperature on an atomically flat W(110) surface (see
text for details). Corresponding magnetic images when one
probes the components of magnetization along the orthogo-
nal in-plane directions [1-10] (b) and [001] (c¢) and, in panel
(d), along the in-plane direction at 45 degrees between [1-10]
and [001] (out-of-plane SPLEEM images, not reproduced here,
show null-contrast). (e) Sketch of the magnetization distribu-
tion in the ribbon as deduced from the three SPLEEM images.

-« —> -

tively. On the upper and lower parts of the wire, magne-
tization has already rotated 90° and is aligned along the
long axis of the Fe ribbon. However, the middle region
of the ribbon exhibits flux-closure domain patterns. The
local direction of magnetization within these domains, as
deduced from the three SPLEEM images, is sketched in
Figure 8e.
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In summary, ribbon-shaped Fe islands that nucleated
at substrate step-bunches are magnetized along their long
axis, while Fe ribbons that nucleated within atomically flat
substrates tend to exhibit flux-closure magnetic domain
patterns. These results show how the relative importance
of different magnetic anisotropy energies contributing to
the SRT observed in Fe/W(110) films can be influenced
by carefully tuned annealing schedules and by the choice
of the substrate atomic step structure. Complementing in-
formation on island morphologies and magnetic properties
of annealed Fe/W(110) films available from prior stud-
ies [119,120], the capability of SPLEEM to directly corre-
late, on the basis of real time in situ observations, surface
morphology and local distribution of magnetization, has
provided crucial insights into these SRT mechanisms.

4 Micromagnetic configurations
of low-dimensional systems

Besides SPLEEM investigations of SRT phenomena, easy
control of the incident spin polarization in all spatial di-
rections allows one to map conveniently and accurately
unknown micromagnetic configurations of small magnetic
elements. As illustrated in Section 3, these magnetic con-
figurations are governed by competition between several
anisotropy energies. Below a critical dimension, elements
are usually in a magnetic single-domain (SD) state, i.e.
the magnetization is uniform across an element. As the
size of elements increases, magnetostatic energy accumu-
lates in the system until the magnetic single-domain state
becomes unstable and breaks up into a multidomain con-
figuration to minimize magnetic charges at the bound-
aries [26,86]. In highly symmetric objects, a vortex (V)
state might be preferred compared to a multidomain con-
figuration. This is sometimes the case for instance in disk-
shaped magnetic elements. In the V state the in-plane
magnetization curls around a central core while, at the
vortex core, magnetization turns into the surface normal.

Micromagnetic computations can often predict the
magnetic ground state of small elements and compari-
son of theoretical predictions with experimental images
can reveal interesting effects. For example, for dots falling
into a certain size range, micromagnetic calculations pre-
dict that the V state should be the ground state. In con-
trast, SPLEEM observations of as-grown Co nanodots
have shown that SD states persist over a surprisingly large
size range. This surprising observation can be understood
by combining micromagnetic simulations with in situ mea-
surements exploring the stability of magnetic domain con-
figurations with respect to thermal activation. Based on
the results, a new extended phase diagram with magnetic
bistability of V and SD states near the phase boundary
was proposed [50].

Co dots were epitaxially grown on a Ru(0001) surface,
in the microscope chamber, and their aspect ratios were
controlled by adjusting the deposition temperature and
Co dose [50]. Co dots with a wide range of lateral dimen-
sions (20—800 nm) and thicknesses (1-4 nm) were studied.
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Fig. 9. (Color online) (a—c) Courtesy of Ding, Argonne Na-
tional Laboratory, (unpublished) [121]. SPLEEM images of five
Co nanodots on a Ru(0001) surface, showing bistable magneti-
zation states. (a) On four of the dots, simultaneous presence of
bright and dark regions indicates non-uniform magnetization
states: the contrast variation on the two dots near the lower
edge of panel (a), labeled V, is indicative of magnetic vortex
states. (b) After application of a magnetic field (1400 Oe, paral-
lel to the sample surface) the dark and homogeneous color of all
five nanodots indicates that they have remained magnetized in
single-domain states. (c¢) After briefly heating to 910 K, several
of the nanodots are again in magnetic vortex states (labeled
V). (d) From reference [50] with permission. Computed phase
diagram showing the magnetic ground state configuration of
Co nanodots as a function of height and lateral size. Regions
(III) and (IV) illustrate the magnetic bistability of these dots
in a wide range of size (see text for details).

Figure 9 shows SPLEEM images of an ensemble of five
such Co dots with sizes in the neighborhood of 500 nm.
These images show how individual nanodots in this size
range can be switched from V states to SD states by ap-
plication of external magnetic field pulses (Figs. 9a, 9b).
Conversely, the dots can often be switched from SD to V
states by thermal activation (Figs. 9b, 9¢) [121].

To understand this metastability, the 3D solver of the
OOMMEF code [122] was used to compute the energy
of magnetic states as a function of nanodot dimensions.
In these simulations, Co dots were modeled as hexago-
nal prisms to simulate the shapes of the experimentally
observed elements. Parameters used for the calculations
are those of bulk hcp Co: exchange constant is set to
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2.5 x 107! J/m, magnetization at saturation is chosen to
be 1.4 x 10 A/m, and the dots are assumed to have uni-
axial anisotropy along the c-axis with a constant equal to
5.3x10° J/m3. In the computation, cell size is 2x2x1 nm3,
which is much smaller than the exchange length in Co
(about 16 nm). Interactions between dots were neglected,
i.e. distance between dots is assumed to be large enough so
that influence of dipolar interaction does not significantly
modify the equilibrium magnetic domain configuration.

The equilibrium boundary between the SD and V
states was estimated by computing the total energy of SD
and V states for different heights and lateral sizes. Height
and lateral size were varied from 1 to 10 nm and from 4
to 6000 nm, respectively. Results are shown in Figure 9d
as open circles. It is also noted that for small lateral di-
mensions, particularly for thick dots, a spin reorientation
transition (open triangles boundary) from perpendicular
to SD in-plane configuration is found.

To explore possible bistability, nanodots were set in
the energetically un-favored states (SD or V on the right
side or on the left side of the equilibrium boundary (open
circles), respectively) and were then allowed to relax. If the
initial and the relaxed magnetic configurations are found
to be the same, then the nanodot geometry is still in the
bistability region, while it is out of the bistability zone
when the relaxed magnetic configuration is different from
the initial state. In Figure 9d, the solid square symbols
boundary gives the lower limit where the V state can be
stabilized, and the solid triangle symbols boundary gives
the upper limit where the SD state can exist. Interestingly,
this phase diagram shows broad bistability regions where
V and SD states can both be stable (regions IIT and IV
in Fig. 9d): transition from one state to the other requires
the crossing of an energy barrier. For example, a 4 nm
thick Co dot can be found either in the V state or the SD
state for lateral sizes ranging from ~40 nm to ~1600 nm.

Thus, the initial observation that in freshly grown en-
sembles of Co nanodots SD states are very commonly ob-
served and V states only very rarely can be understood
as a consequence of sample history. In an early phase of
their growth, the Co dots are so thin and small that the
stable magnetic configuration is the SD state (region IT in
Fig. 9d). As deposition continues, the Co dots grow in size
and thicken, but remain in the SD state throughout the
bistability region. This picture explains the experimental
observation that the as-grown dots tend to be in a SD
state, even for dimensions that favor the V configuration
as the ground state.

The authors of reference [50] computed the height of
the transition barrier between SD and V states using an
analytical model, and used SPLEEM to test whether ob-
servations of thermally activated transitions across this
barrier are consistent with this theory. Indeed, transitions
are observed after flashing the sample to 910 K. The ob-
servations of thermally activated transitions from SD to V
states for a few nm-thick Co dot with typical 500 nm lat-
eral dimensions are consistent with the calculated energy
barrier and with the phase diagram (bistability region IV
in Fig. 9d). This work demonstrates how the capability

to prepare, characterize and image magnetic structures
during deposition or annealing procedures, without losing
the region of interest, makes SPLEEM a powerful tool for
micro- and nano-magnetism.

5 Magnetic coupling in layered structures

Some spintronics devices, such as magneto-resistive sen-
sors, hard disks read heads or non-volatile memories, re-
quire structures composed of ferromagnetic thin layers
separated by nonmagnetic spacers [123]. In these systems,
one ferromagnetic layer is made magnetically “hard” to re-
verse, while the second one, the “soft” layer, has a smaller
coercive field so that its magnetization can be reversed,
leaving the magnetic state of the “hard” layer unchanged.
That way, the magnetic configuration in the overall struc-
ture can be prepared in two magnetic states (one magnetic
bit) depending on the alignment (parallel or antiparallel)
of the two magnetizations. Magnetic couplings may ap-
pear between the ferromagnetic layers, and understanding
their origin is particularly interesting for spintronics ap-
plications, as well as for fundamental reasons. Magnetic
imaging of layered systems can provide crucial informa-
tion that may not be accessible otherwise. For example,
magnetic stray fields generated by domain walls in the
hard layer of a tunnel junction can significantly reduce the
energy barrier to nucleate domains in the soft layer dur-
ing magnetization reversal [124]. In micron-sized, ellipse-
shaped spin valve structures, the magnetic stray field of
the hard layer is also known to induce 360° domain walls
in the soft layer [125].

Due to its small sampling depth, SPLEEM is not ideal
for imaging separately the micromagnetic domain con-
figuration of several nanometer-thick layers in a sand-
wich system; X-ray photo-emission electron microscopy
(X-PEEM) is a better tool for such measurements. In
that respect, X-PEEM offers more flexibility, especially to
image ex situ prepared samples. However, the capability
of SPLEEM (like X-PEEM) to image magnetic surfaces
in situ allows one to study magnetic layers in a stack
sequentially, during sample preparation. This was done
for example in Co/Au/Co and Co/Cu/Co multilayers de-
posited on W(110) single crystals to study interlayer ex-
change coupling [57,58]. While X-PEEM microscopy also
allows in situ magnetic imaging, the high surface sensi-
tivity of SPLEEM can be beneficial, particularly when
the two ferromagnetic electrodes are of the same chem-
ical element (studying multilayer stacks, X-PEEM per-
mits imaging of two ferromagnetic layers separately if they
are composed of different elements. If the magnetic layers
are made of the same element, then X-PEEM imaging
may show superpositions of the domain structures of the
layers).

Magnetic coupling also occurs at interfaces between
ferromagnetic and antiferromagnetic materials. One im-
portant application of this type of coupling is the “ex-
change biasing” effect, which can be used to stabi-
lize the magnetization of “hard” magnetic layers in
spintronics devices. Understanding and measuring the
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Fig. 10. SPLEEM images in panels (a, b) show magnetic do-
mains in the first Fe electrode for two orthogonal spin po-
larizations of the incident electron beam. Large domains are
magnetized along either [010] or [100] easy axes (local mag-
netization is represented by a white arrow), and width of the
observed 180° domain wall is 6 ~ 200 nm. Panels (c, d) show
images of magnetic domain structures in the top Fe-layer after
completion of the Fe/NiO/Fe(001) trilayer structure. Delicate
Ising-like domain structures include very small “bubble”- and
“channel”-domains with widths as small as 70 nm. Domain
wall width is below resolution of these images.

strength of the exchange interaction across ferromag-
netic/antiferromagnetic interfaces is important, and mi-
croscopy is a useful tool in this field.

In ferromagnetic / antiferromagnetic / ferromagnetic
sandwiches, the capability to image magnetic layers in a
stack sequentially, and in situ during growth, has provided
new insights into the origins of an unusual magnetic
domain structure [75]. In this work, Fe/NiO/Fe(bulk)
trilayers were grown on MgO(001) single crystals. First,
a thick (300 nm typically) Fe film is grown on the
MgO(001) crystal. Then, a 4 nanometer-thick NiO film is
prepared by electron beam evaporation of pure Ni under
an oxygen pressure of about 7 x 107 Torr, following a
well established procedure [126]. Finally, the Fe top layer
is deposited (film thickness in the 0—6 nm range) onto
the freshly grown NiO film. As confirmed by low-energy
electron diffraction (LEED), these structures are epitaxial
with the [100] direction of the NiO lattice parallel to
the [110] direction of the Fe lattice (45° orientation of the
two cubic cells). Being grown at room temperature and
under conditions of very low magnetic stray fields, these
multilayers do not show macroscopic exchange bias.

The bulk-like Fe layer has macroscopic magnetic do-
mains, with in-plane magnetization aligned either along

the [010] or [100] crystal directions, due to the fourfold
symmetry of the system (Figs. 10a, 10b). Domain walls
are straight and run along the [100]- or [110]-type direc-
tions. The domain wall width observed in SPLEEM im-
ages, 0 ~ 200 nm (see Fig. 10b), is consistent with what
one would expect from a textbook picture [1]: usually,
wall width is proportional to the square root of the ex-
change/anisotropy energy ratio, § ~ ab(.Jg/K)/?, (where
Jr is the strength of the exchange interaction, K is the
magnetocrystalline anisotropy energy, b is the Fe atomic
lattice spacing, and the constant a depends on details
of the internal spin structure of the domain wall). From
generally accepted values for bulk Fe (Jp ~ 100 meV,
K ~ 4 peV/atom, b = 0.287 nm, a ~ 10) one expects
that domain walls are a few hundred nm wide. However,
SPLEEM images taken after completion of the whole tri-
layer reveal dramatically different micromagnetic pattern
in the thin Fe capping layer (Figs. 10¢, 10d) with remark-
ably thin domain walls.

Interestingly, large regions of the top layer are cov-
ered with convoluted magnetic domains separated by 180°
domain walls that have complex, meandering structures
and uniaxial anisotropy, even though the crystal structure
of this system has fourfold symmetry. The capability of
SPLEEM to monitor in situ preparation of stacks of mag-
netic layers without losing the region of interest reveals
the origin of this uniaxial anisotropy. Figure 10 shows how
the observation that the top Fe layer “chooses” one of the
two degenerate easy axes ([010] and [100]) and “ignores”
the other one is a consequence of interfacial exchange cou-
pling [127]: the two ferromagnetic layers are magnetically
coupled through the NiO spacer (see replication of the
large magnetic domains and straight domain walls in the
two Fe layers). These results validate the interpretation
that, within the NiO grown on top of the Fe substrate film,
the antiferromagnetic easy axis latches onto the Fe mag-
netization direction via antiferromagnetic/ferromagnetic
interfacial exchange coupling. When the NiO spacer is cov-
ered with the second Fe layer, exchange coupling at this
upper interface results in the stabilization of a preferred
axis of magnetization that is collinear with the magneti-
zation of the substrate Fe film, although the sign of the
magnetization direction is lost. Thus, the antiferromag-
netic domains in the NiO spacer scramble the coupling
direction with respect to the subsequently deposited Fe
layer, but conserve the magnetization axis of the underly-
ing domain in the Fe substrate layer.

Another key observation is the extremely small width
of domain walls in the top Fe layer. These domain walls
are at least one order of magnitude narrower than the
size of 180° walls in the buried Fe layer; their widths are
so small that, given the resolution of the SPLEEM im-
ages, one can only estimate an upper limit of a few tens
of nanometers. In many cases, diameters of the entire do-
mains are even smaller than the widths of domain walls
in the bulk-like buried Fe film. Clearly, description of the
magnetic pattern in the Fe top layer of these structures
is not compatible with conventional models of domain
walls [1]. The extremely small width of domain walls in
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the top Fe layer can be understood as a consequence of
exchange coupling at the ferromagnetic/antiferromagnetic
interfaces [127]. Frustrated exchange forces at such inter-
faces can be far greater than anisotropy forces, and favor
the stabilization of domain walls that are narrower than
conventional domain walls by a substantial factor. Ref-
erence [75] shows how one can estimate the strength of
the interfacial exchange coupling, a,, by measuring the
minimum radius 7y, of magnetic domains in the top Fe
layer. The basic idea is to consider a circular, uniformly
magnetized domain in the Fe overlayer, fully surrounded
by a domain of opposite magnetization. The circular do-
main wall separating the two magnetic domains is asso-
ciated with an energetic cost that is proportional to the
length of the wall, i.e., it is a function of the domain’s
radius 7. This energy Epw (r) provides a driving force fa-
voring collapse of the domain. A driving force that may
prevent collapse and stabilize small domains is exchange
coupling at the Fe/NiO interface in the footprint of the do-
main. The value of this exchange coupling energy Fr./nio
is a function of the domain size, and it is also a function
of the local distribution of interfacial spin structure in the
footprint of the domain. When a small domain is stable
enough to be observed in the SPLEEM, the exchange cou-
pling energy Ep./nijo in the footprint of the domain must
be sufficiently large to balance the domain wall energy
Fpw. In this picture, it is plausible that a critical radius
Tmin €xists, below which any domain would collapse un-
der the pressure of the domain wall energy, even when the
local distribution of interfacial spin structure favors the
magnetization direction of the domain. According to this
argument, for the smallest observed magnetic domains the
equality Epw(rmin) = Ere/Nio(min) holds. Invoking a
theoretical model [127] describing the strengths of these
forces at this type of interface, and solving the equation
result in a prediction of how 7,;, depends on the thickness
of the top ferromagnetic layer and on the strength of the
interfacial exchange coupling a, [75]. Comparing the pre-
dicted dependence with SPLEEM measurements of the
critical domain radius ryi, therefore permits the deter-
mination of an experimental estimate of a,,. Variation of
minimum domain size with thickness of the Fe capping
layer (Figs. 11a, 11b) has been measured using fractal di-
mension analysis as well as pair correlation analysis of
SPLEEM images. A best-fit of the predicted functional
dependence with the experimental data, as reproduced in
Figure 11c, gives an estimated value of the interfacial ex-
change coupling o, = (1.1 4+ 0.3) £ 1072 [75].

6 Electron spectroscopy with SPLEEM

In a SPLEEM microscope, the direction of spin polariza-
tion and the energy of the incident electron beam can
be adjusted. However, the minimum energy these elec-
trons can have in a material is defined by the work func-
tion of the surface, 4 to 5 eV is typical for many ma-
terials. If the energy of the incident electron beam is
smaller than the work function, the beam gets totally re-
flected (mirror mode) above the sample surface. SPLEEM
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Fig. 11. (Color online) From reference [75] with permission.
4 x4 pm SPLEEM images of a Fe(t nm)/NiO(4.5 nm)/Fe(001)
trilayer with (a) ¢ = 1.3 nm and (b) ¢ = 6 nm. These two images
show domain coarsening as the thickness of the Fe top layer in-
creases. Local magnetization is given by direction of the white
arrows. (c) Inverse of slope S of pair correlation functions and
minimum radius rmin of stable magnetic domains as a function
of thickness ¢ (see text and Ref. [75] for more details). Error
bars are indicated for rmin. Solid line: rmin = A + B\/f best fit
which allows relative adjustment of the two vertical scales and
estimation of strength of interfacial exchange coupling.

is thus exclusively sensitive to the electronic structure a
few eV above Fermi-level, i.e. SPLEEM only probes unoc-
cupied electronic states. In that sense, it is an interesting
complementary tool to photoemission techniques, which
address electronic structure below Fermi energy. In this
section, we review examples how SPLEEM can be used
for spectroscopy purposes, in particular to measure the
unoccupied band structure of magnetic or non-magnetic
materials, and to probe the electronic properties of buried
magnetic interfaces.

When an electron beam hits the surface of a single
crystal, part of the beam is reflected while a certain frac-
tion, depending on the electronic band structure in the
material (see Sect. 2.2), enters the crystal. If an ultrathin
film is epitaxially grown on a single crystal, part of the
incident electron beam is also reflected at the interface
between the two materials. Depending on the energy e of
the injected electron beam and on the thickness d of the
film, beams reflected at the vacuum/film interface and at
the film/substrate interface may interfere, giving rise to
constructive or destructive interference fringes. This in-
terference effect is analogous to an optical Fabry-Pérot
interferometer [77].

This quantum well (QW) effect is illustrated in Fig-
ures 12a, 12b where the electron reflectivity of an in situ
grown Cu/Co(5 ML)/Cu(001) multilayer is plotted as a
function of the incident electron energy and thickness of
the Cu top layer [77]. Interference effects are clearly ob-
served after normalizing the measurements by the reflec-
tion curve obtained from bulk-like Cu film that does not
show quantum well states. In these plots, bright and dark
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Fig. 12. From reference [77] with permission. (a, b)

Electron  reflectivity from the Cu surface in a
Cu(t ML)/Co(5 ML)/Cu(001) layered structure, with ¢
ranging from 0 to 16 ML and incident energy varying between
7 and 24 eV. Dashed lines in these two plots represent
predictions derived from equations (3) and (4). (¢) Cu band
structure deduced experimentally from (a, b), compared with
theoretical calculations of reference [129].

regions correspond to high and low reflectivity, respec-
tively. To model these QW effects, the authors of ref-
erence [77] define the complex reflectivities Ry at the
surface (Cu/vacuum interface) and R, at the Cu/Co
interface: Ryt = Tsurf €XP(iPsurf) and Riny =
Tint €xp(iPint ), where r and @ are the magnitude and phase
gain of the electron reflection at the corresponding inter-
faces. Then the total electron reflectivity can be written:

_ Tgurf+ri2nt+2rsurfrint COS(2deu +¢surf + dsint) .
1 + Tfurf’r?nt + 2TsurfTint COS(deCu + sturf + ¢int)

(2)
In this equation, d¢y, is the Cu film thickness and k is
the electron momentum vector in the Cu film. The overall
reflectivity then oscillates when e or d is varied, and is
maximum when the following quantization condition is
fulfilled:

2k(e)dcy + P(e) = 27, (3)

where n is an integer (number of nodes of the electron
wave function) and @(g) = Pyt + Ping. If the phase @
is unknown and energy dependent, it can be eliminated
from the quantization condition by choosing an appro-
priate energy for which this equation is verified for two
(d, n) pairs. The quantization equation then becomes
k(e) = m(n1 — n2)/(dy — dz). The wave vector k can be
measured as a function of €, i.e. the dispersion relation is
obtained.

The electron wave interacts with the QW and with the
lattice periodic potential in the Cu film. As a result, Bloch
waves that propagate in the film have an envelope func-
tion [128]. The quantization equation described above is

thus valid for wave vector smaller than half of the Brillouin
zone wave vector kp. For larger k, this equation has to be
rewritten:

2(]63 - k)dcu - @(E) = 2mm, (4)

where m is the number of nodes of the envelope function.
These two quantization conditions lead an opposite en-
ergy vs. thickness dispersion relation, with a crossover for
k = kg/2. For Cu, in the (I"X) direction, theoretical work
predicts that the crossover occurs around 19 eV [129].
This crossover is found in the SPLEEM measurements
(Fig. 12b). Figure 12¢ shows the Cu band structure (open
circles) derived from the oscillations of the reflectivity with
energy and Cu thickness reported in Figures 12a, 12b. For
comparison, experimental data are plotted together with
band structure calculation of reference [129] (dashed line).

The study of QW resonances can be particularly in-
teresting with spin-polarized electrons. When one looks
at a ferromagnetic film, the reflectivity depends on the
relative orientation of the incoming spin polarization and
local direction of magnetization. In other words, QW res-
onances are spin-dependent. Using the same procedure as
described for the Cu top layer in Cu/Co/Cu(001) sam-
ples, the spin-resolved band structure of a ferromagnetic
material can be measured. Zdyb and Bauer originally used
this procedure to measure the unoccupied band struc-
ture of Fe, after growing Fe thin films on W(110) [80]. In
particular, the authors have determined the unoccupied,
exchange-split band structure of Fe in the (I"'N) direc-
tion. These results highlight that, in addition to topogra-
phy and magnetic images, SPLEEM can also be used to
obtain quantitative spectroscopy information.

In the case of Cu/Co(5 ML)/Cu(001) multilayer, the
Cu/Co interface separates a noble metal and a ferro-
magnetic material. Consequently, the reflectivity Rint is
expected to be spin-dependent, and the Fabry-Pérot in-
terferometer should also be spin-selective. This effect is
indeed visible in SPLEEM images (Fig. 13). Compar-
ing reflectivity data of Co(5 ML)/Cu(001) (Fig. 13a) and
Cu/Co(5 ML)/Cu(001) (Figs. 13b, 13¢) samples, the con-
tributions coming from the ferromagnetic layer alone and
from the QW can be distinguished. For the uncapped
Co film (Fig. 13a), the magnetic contrast between the
two domains varies when increasing the injection energy,
but does not change sign. When the same Co film is
capped with a 6 ML-thick Cu film (Fig. 13b) the way
the magnetic contrast changes as a function of energy is
different. In particular, the sign of the spin asymmetry
changes with energy, supporting the spin-dependent na-
ture of the Fabry-Pérot interference in the Cu film. This
work highlights that, although SPLEEM is a very surface
sensitive technique, interfaces buried below several mono-
layers of material still contribute substantially to the re-
flected intensity. This shows that SPLEEM can be used
to image magnetic microstructure in ferromagnetic films
capped with a non-magnetic material or to study elec-
tronic properties of buried magnetic interfaces.

This capability can be used to study basic phenom-
ena related to spintronics applications. For example, ul-
trathin MgO films deposited on a Fe(001) surface have
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Fig. 13. (Color online) From reference [77] with per-

mission. SPLEEM images illustrating the spin-dependence
of Fabry-Pérot interferences in the Cu top layer of
Cu/Co(5 ML)/Cu(001) trilayers. (a) Evolution of magnetic
contrast in a Co(5 ML)/Cu(001) film for different electron en-
ergies. (b) Evolution of magnetic contrast at the same location
on the surface after deposition of a 6 ML-thick Cu layer on the
Co(5 ML)/Cu(001) film. (c¢) Evolution of magnetic contrast
at the same location on the surface as a function of thickness
of the Cu top layer, for a 11.3 eV electron beam. SPLEEM
contrast in (b) and (c) shows that both magnitude and sign of
the electron reflection asymmetry oscillate with electron energy
and Cu film thickness. Arrows in (a) indicate local direction of
magnetization in the Co layer. Field of view is 7 pm.

been shown to be very promising candidates for magnetic
tunnel junctions as they exhibit very high tunneling mag-
netoresistance (TMR). In fact, TMR ratios of ~200% have
been observed at room temperature in Fe/MgO /Fe mag-
netic tunnel junctions [130,131], and TMR ratios of about
1000% have been predicted theoretically [132,133]. These
effects are related to the electronic properties of the MgO
barrier, and to support the use of MgO in spintronics ap-
plications it is useful to measure its electronic structure ex-
perimentally, especially in ultrathin films and structures.

SPLEEM was used to study the MgO/Fe(001) inter-
face during in situ deposition of the MgO layers. SPLEEM
images were taken in real time, while scanning the en-
ergy of the incident electron beam. As expected, MgO
is found to grow pseudomorphically, in a layer by layer
manner. Figure 14 shows, for a thin MgO film deposited
on a Fe(001) single crystal, the reflectivity (Fig. 14a) and
its spin asymmetry (Fig. 14b) as a function of the elec-
tron energy and MgO film thickness [78]. Note that spin-
dependent QW states are found in the oxide overlayer,
although MgO is not magnetic. Similar to the case of a
(non-magnetic) Cu layer grown on top of a Co/Cu(001)
film, the reflectivity at the buried MgO/Fe interface is
spin-dependent. The spin-dependent QW states are still
observed up to 10 MgO monolayers, highlighting the ca-
pability of SPLEEM to image buried interfaces. Interest-
ingly, the SPLEEM-based band-structure measurements
show that even films as thin as 3 ML (not shown here) are
electronically very similar to bulk MgO.
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Fig. 14. (Color online) From reference [78] with permission.
Quantum well states in MgO thin films grown on Fe(001).
(a) Reflectivity and (b) spin asymmetry as a function of MgO
thickness and kinetic energy of the incoming electrons. Oscil-
lations of these two quantities are related to the quantum well
states in the MgO thin film. Due to the spin-dependence of the
reflectivity at the MgO/Fe(001) interface, these quantum well
states are spin-polarized.

7 Summary and outlook

Spin-polarized low-energy electron microscopy is a mag-
netic imaging method based on the spin-dependence of the
elastic backscattering of slow electrons from ferromagnetic
surfaces. The possibility to manipulate spin polarization of
the electron beam in all spatial directions allows accurate
and comprehensive determination of magnetic domain mi-
crostructures. As a non-scanning, full-field imaging tech-
nique, SPLEEM combines the high performance poten-
tial of low-energy electron microscopy with good magnetic
sensitivity: spatial resolution, image acquisition rate, en-
ergy resolution, the sensitivity to surface composition and
structure, and the capability to image samples in real time
during in situ processing have made SPLEEM a valuable
tool for surface and thin-film magnetism research.
Currently, dramatic advances in electron-optical tech-
niques are becoming available and we can anticipate sub-
stantial performance leaps in this type of microscopy. The
recent construction of a high-brightness/high-polarization
electron source will permit enhanced imaging rates [36,
37]. The possibility to combine improved electron source
performance with solid state pixel detectors replacing
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multichannelplate image amplifiers with background-free
detectors with an unlimited dynamic range [134], promises
enhanced capabilities for observation of time-dependent
phenomena. Moreover, mirror-based aberration correction
techniques are now possible [35,89-91] and it is expected
that implementation of these advances will improve spatial
resolution by a substantial margin over currently avail-
able instruments. Exceeding the limitations of previous
imaging optical methods, aberration-corrected SPLEEM
may permit 3D vector-magnetometric measurements with
2 nm resolution. Reaching micromagnetic imaging resolu-
tion that is of the same length scale as the range of the
exchange interaction in many ferromagnetic materials is
an exciting prospect for SPLEEM research.
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