
Magnetic Imaging

Wolfgang Kuch

Freie Universität Berlin, Institut für Experimentalphysik, Arnimallee 14, 14195
Berlin, Germany
kuch@physik.fu-berlin.de

Abstract. Imaging of magnetic domains has contributed significantly to our
present level of understanding of micromagnetic phenomena. A number of mod-
ern techniques is used nowadays routinely for magnetic imaging of magnetic ma-
terials and nanostructures. In this chapter, state-of-the art techniques for imaging
magnetic structures are introduced, and the underlying physical phenomena are dis-
cussed. The strengths and disadvantages as well as special features of the individual
techniques will be discussed in the light of their applicability and complementarity
for addressing specific questions and problems.

1 Motivation

Magnetic imaging techniques allow the most direct view on magnetic proper-
ties on a microscopic scale. Magnetic domains, microscopic regions of identical
magnetization direction, can be viewed in real space, and their arrangement
as a function of geometric and material properties can be studied immedi-
ately in a straightforward way. The parallel improvements of magnetic imag-
ing techniques and micromagnetic computer simulations have lead to our
substantial present level of understanding of magnetism on a microscopic
lengthscale.

There are numerous cases that show the importance of magnetic imag-
ing for the investigation of magnetic thin films and nanostructures [1]. One
example that should be mentioned here is the so-called spin reorientation
transitions in ultrathin magnetic films. In such films the energetically pre-
ferred axis of magnetization, the easy axis, can be either within the film
plane or perpendicular to it. Transitions between these two cases, the spin
reorientation transitions, may occur when changing the film thickness or the
temperature. Early works on spin reorientation transitions used laterally av-
eraging techniques, and reported a loss of magnetic order within a certain
temperature range right at the spin reorientation transition [2–4]. Later on,
however, it was discovered by magnetic imaging that a strong tendency to-
wards domain formation in films with out-of-plane magnetization close to the
spin reorientation transition explained the observation of zero macroscopic
magnetization [5–7].

Magnetic domains generally occur if a magnetic sample is confined in one
or more dimensions [8]. In this case the dipolar energy includes contributions
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from the magnetostatic poles at the sample boundaries, the energy of which
can be minimized by the formation of magnetic domains. The competition
between this energy and the magnetic exchange energy, which tries to align
neighboring magnetic spins in parallel, leads to the occurrence of charac-
teristic magnetic domain configurations. Figure 1 gives some explanatory
examples. Panels (a) and (b) show square-shaped thin film elements of differ-
ent sizes. Below a certain size, the exchange energy dominates, and a single
domain state is observed. At the boundaries where magnetic flux exits the
sample, the right and left edges in Fig. 1 (a), magnetic poles lead to a mag-
netic field, which inside the sample is opposite to the magnetization. The
Zeeman energy of that field, the demagnetizing field, in the sample can be
avoided if a magnetic domain configuration as shown in Fig. 1 (b) is assumed.
The magnetic flux is now confined inside the sample, however at the expense
of exchange energy at the boundaries between domains of different magneti-
zation direction, the domain walls. The competition between these two energy
contributions, demagnetizing energy and exchange energy, defines the ener-
getically most favorable domain configuration. In smaller elements generally
the exchange energy dominates, leading to a single domain configuration (a),
while in larger elements a multi-domain configuration (b) is generally more
favorable. Similar flux closure domain patterns are also observed in rectan-
gular elements (c).

As mentioned before, films with an out-of-plane easy axis of magnetization
have also a tendency towards domain formation. In an infinitely extended thin
film with perpendicular magnetization the magnetic flux exiting the two film
surfaces leads to a demagnetizing field inside the film equal in size to the
film magnetization, but opposite in sign. This demagnetizing field can be
lowered by the formation of stripe domains as shown in Fig. 1 (d). A partial
flux closure outside the sample at the domain boundaries between oppositely
magnetized domains leads to a reduced demagnetizing energy. Because of the
formation of domain walls, this happens at the expense of exchange energy
and anisotropy energy. The latter is the spin–orbit related energy difference
between a magnetization direction in the film plane and perpendicular to it,
the driving energy contribution for the out-of-plane magnetization direction.
Since in the domain walls a magnetization component in the film plane is
present, its size, together with the exchange energy, defines the total energy
balance. The anisotropy energy is reduced close to the spin reorientation
transition, thus facilitating the occurrence of stripe domains. An example
will be presented in Sect. 3.5.

In the case of small elements, i.e. when the sample extension is limited
along the magnetization axis, as well as in ultrathin films with perpendicular
magnetization, the magnetic flux closure occurs mainly outside the sample. If
the film thickness is increased, the formation of closure domains may become
favorable, as in the case of small elements (b), (c). Such a case is schematically
depicted in panel (e). Closure domains at the two surfaces of the film with
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Fig. 1. Schematic explanation of occurrence of magnetic domains in different sam-
ples. (a): Small square magnetic element in single-domain state. Providing the
demagnetization energy due to the poles at the left and right edges where magnetic
flux is exiting the element and avoiding domain walls is favorable for elements be-
low a certain size. (b), (c): In larger elements the energy needed for the creation of
domain walls is provided by avoiding demagnetization energy. Closed flux domain
patterns as the ones shown (Kittel, Landau pattern) avoid stray fields outside the
element. (d): Stripe domains in a thin film sample with out-of-plane magnetiza-
tion. Here the stray field outside the sample at the domain boundaries lowers the
demagnetization energy in the film. This energy is balanced by the energy needed
for domain wall formation. (e) Stripe domains in a thicker film with out-of-plane
magnetization. Here the stray field outside the sample is reduced by the creation
of closure domains with in-plane magnetization at the two interfaces

magnetization direction in the film plane lower the demagnetizing energy at
the cost of exchange and anisotropy energy. Depending on the parameters,
this configuration may be more favorable than the situation shown in panel
(d). The information depth of the magnetic imaging technique used for the
investigation of such samples is thus an important issue to disentangle exper-
imentally the domain structure. The information depth of several commonly
used magnetic imaging techniques together with their basic properties will
be surveyed in the following section. Examples of each of these techniques
will then be presented and shortly discussed along with the advantages and
shortcomings in Sect. 3.

2 Overview

This section gives a short overview of the physical interactions underlying
some of the most commonly used methods for magnetic characterization,
and explains which of them are used for magnetic imaging. A principal dis-
tinction of the techniques can be made by the way in which depth sensitivity
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Fig. 2. Sketch of the depth information provided by on-surface (a) and transmission
imaging methods (b). The surface sensitivity of the former can be characterized by
the exponential information depth λ, the surface sensitivity of the latter by the
maximum sample thickness d. Typically λ amounts to a few nm and d to tens
of nm

is achieved. Techniques that acquire the laterally resolved magnetic infor-
mation from the surface can be characterized by the information depth λ,
after which the signal has decayed by a factor of 1/e. This is schematically
shown in Fig. 2 (a). The signal in the final image represents an exponentially
weighted average over a certain thickness at the surface. This is represented
in Fig. 2 (a) by the gradually changing graytone at the surface. Depending
on the relation between sample thickness and probing depth λ, the com-
plete depth of the sample or only the sample surface are probed. We will
call techniques that work in such a way “on-surface” techniques. On-surface
techniques are well suited for the investigation of very thin samples, and of
samples in which the magnetic properties do not change within the sample
thickness. An advantage is the insensitivity to anything that is below several
times the probing depth, for example supporting layers or substrates.

A second class of magnetic imaging techniques provides information
throughout the thickness of the sample, averaged with identical weighting.
These are techniques in which magnetic information is gathered by a probe
beam that transmits the whole sample, as sketched in Fig. 2 (b). In this case
the depth sensitivity can be characterized by the upper limit on the sample
thickness d for which the technique provides data within a sensible measuring
time. Transmission methods are better suited for the investigation of sam-
ples in which the magnetic properties vary over the thickness (in such a case,
transmission methods provide a piece of information averaged over the sam-
ple thickness in opposition to surface sensitive methods) on, or of samples
that exhibit a substantial amount of non-magnetic material at the surface.
A disadvantage is that the sample has to be prepared in a free-standing way,
i.e., without a substrate or thick supporting layer.

Another distinction can be made by the way in which the lateral informa-
tion is acquired. As generally in imaging there are two basic ways to do this,
namely parallel imaging and scanning. Parallel imaging is the traditional way
of image acquisition as it is used for example in optical imaging like photo-
graphy etc. Parallel imaging techniques have the advantage of rapid image
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creation, but pose rather high requirements on the optical elements that are
used. Parallel imaging therefore often result in different image quality with
respect to resolution and distortion in different positions of the image. So
for example the resolution is typically higher in the center of an image than
at the edges. In scanning techniques a finely focused probe beam is moved
across the sample, and the image information is collected by recording a de-
tection signal together with the information about the spatial coordinates of
the probe position. The image is then reconstructed in an x-y-oscilloscope or
in a computer. The image acquisition time of scanning techniques is longer
compared to techniques that use parallel imaging, but the image quality is
identical over the entire image, and for several techniques it is much easier
to create a finely focused probe beam than to implement parallel imaging.

Magnetic imaging techniques can be further categorized by the physical
interaction with the sample magnetization, just like the laterally averaging
standard techniques for magnetic measurements. Table 1 lists some of the

Table 1. Commonly used physical interactions to measure integral magnetic prop-
erties and their use for magnetic imaging

Physical Interaction Integral Method Magnetic Imaging Method

force on electrons vibrating sample Lorentz microscopy
by B field of sample magnetometry (VSM)

superconducting quantum
interference device
(SQUID)

force on sample alternating gradient magnetic force
by external field magnetometer (AGM) microscopy (MFM)

precession of ferromagnetic resonance —
magnetic moments (FMR)

electronic properties magneto-optical Kerr microscopy
Kerr effect (MOKE)
x-ray magnetic circular XMCD + photoelectron
dichroism (XMCD) emission microscopy (PEEM)

XMCD + transmission
x-ray microscopy (M-TXM)
scanning electron microscopy
with polarization analysis
(SEMPA)
spin-polarized low energy
electron microscopy (SPLEEM)
spin-polarized scanning
tunneling microscopy (sp-STM)
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most commonly used techniques for magnetic characterization along with
the underlying physical interaction. This interaction can be the Lorentz force
on moving electrons by the B field of the sample, either outside or inside the
sample. Standard techniques are vibrating sample magnetometry (VSM), or
superconducting quantum interference devices (SQUID). In both techniques
the stray field outside the sample is measured. In VSM the sample is mov-
ing, and the force on electrons in a coil is measured as induced voltage. In
a SQUID also the magnetic flux outside the sample is detected by a ring
that contains two Josephson contacts. One can regard this as a force on the
electrons that form the supercurrent in that ring. To use the Lorentz force
for magnetic imaging, it has to be detected locally at each point of the sam-
ple. A straightforward way to achieve this is to use transmission electron
microscopy. This is called Lorentz microscopy and utilizes the deflection of
electrons that travel through a magnetic sample by the Lorentz force of the
sample’s B field, inside and outside the sample, to obtain magnetic informa-
tion with lateral resolution. This allows to obtain magnetic images with high
resolution. We will discuss examples of Lorentz microscopy in Sect. 3.2.

A second interaction that is used for magnetic characterization is the
force between the magnetic dipole of the sample and an external field. Rep-
resentative for that interaction is alternating gradient magnetometry (AGM).
In AGM an inhomogeneous magnetic field is created by a set of coils, and
the force on the sample is measured. To enhance the detection sensitivity, the
sign of the field is oscillating, and consequently also the resulting force on the
sample. To implement this mechanism into an imaging technique, the force
between sample and external field has to be probed locally. This is achieved
by magnetic force microscopy (MFM), in which the inhomogeneous exter-
nal field is generated by a sharp magnetic tip. The tip is brought into close
vicinity of the sample and then scanned across the surface, while the force
between sample and tip is detected. This has been successfully implemented
into atomic force microscopes (AFM), which are designed to detect the small
van der Waals forces between the tip and the sample surface. MFM will be
discussed in Sect. 3.6.

Excitation of resonant precession of the magnetic moments in an external
field by absorption of microwaves is employed during ferromagnetic resonance
(FMR) measurements. There is no standard technique for magnetic imaging
using local detection of FMR.

The largest number of standard techniques for magnetic imaging belongs
to the class of techniques measuring magnetic properties by the correspond-
ing electronic properties. The reason is that it is relatively easy to extend
these methods used for the integral characterization of electronic properties
like magneto-optical Kerr effect (MOKE) or x-ray magnetic circular dichro-
ism (XMCD) to microscopic lateral resolution. In MOKE measurements the
change in polarization of a light beam, typically from a laser, after reflection
at the sample surface is detected. It is usually described within the context
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of macroscopic dielectric theory. The magnetization dependent part of the
polarization change after reflection can be extracted when placing the sam-
ple into an external magnetic field of varying strength and direction. XMCD
measurements rely on the dependence of resonant absorption of circularly
polarized soft x-rays at elemental absorption edges on the helicity of the
x-rays. Here the magnetic properties of the sample enter from the spin po-
larization of the unoccupied part states just above the Fermi level. Both,
MOKE and XMCD, can be used for magnetic imaging. Laterally resolved
MOKE is termed Kerr microscopy, and will be discussed in Sect. 3.1. Lateral
detection of XMCD can be achieved in various ways; here we will focus on
the two most commonly used ones. Both employ already existing imaging
techniques. One is photoelectron emission microscopy (PEEM). PEEM is a
parallel imaging technique in which the local intensity of secondary electrons
is used to create an image of the sample. After x-ray excitation, the intensity
of secondary electrons is proportional to the x-ray absorption cross section,
so that PEEM can be used for the laterally resolved detection of the XMCD
effect. The other is transmission x-ray microscopy (TXM), in which an x-ray
optics is used to obtain an image of the sample from the transmitted x-ray
intensity. It is also straightforward to extend TXM for the laterally resolved
detection of XMCD. We will present PEEM and magnetic TXM (M-TXM)
in Sect. 3.5.

There are more magnetic imaging techniques that have to be counted
to the class of techniques employing the laterally resolved detection of elec-
tronic properties. All of them have in common that already existing imag-
ing techniques are extended to yield magnetic information. We will discuss
three of them, namely scanning electron microscopy with polarization analy-
sis (SEMPA), spin polarized low energy electron microscopy (SPLEEM), and
spin-polarized scanning electron microscopy (sp-STM). SEMPA is an exten-
sion of scanning electron microscopy (SEM). In SEM a finely focused electron
beam is scanned across the sample surface, and the local reflected electron
intensity provides the image information. SEMPA takes advantage of the
fact that secondary electrons scattered from a magnetic surface are in gen-
eral spin-polarized because of the spin-polarized electronic states. Inserting
a spin detector into a SEM and detecting the spin polarization of the sec-
ondary electrons as image information thus allows to obtain magnetic images.
SEMPA will be discussed in Sect. 3.3.

A low energy electron microscope (LEEM) comprises an electron optics
that uses elastically reflected electrons of low energy to create an image of
the sample. In SPLEEM a spin-polarized electron gun is used so that the in-
coming electrons on the sample are spin-polarized. The reflection coefficient
at low electron energies, close to the Fermi level, is strongly spin-dependent
due to the spin-polarization of the unoccupied states. The final image in
SPLEEM therefore contains magnetic information. SPLEEM will be pre-
sented in Sect. 3.4.
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Sp-STM is technically different from the other electronic-property-based
techniques since it is a scanning probe technique, similar to AFM and MFM.
It relies on the dependence of the electron tunnel probability between a mag-
netic tip and the magnetic sample on the spin-polarized electronic states of
both, tip and sample. This can be implemented into a scanning tunneling mi-
croscope (STM) by adding a magnetic tip and modulating the tunnel voltage
between tip and sample, or the magnetization direction of the tip, resulting
in magnetic imaging with highest lateral resolution. This will be discussed in
Sect. 3.6.

3 Techniques for Magnetic Domain Imaging

In this section the techniques already listed in the previous section will be
shortly presented. The sequence in which they will be presented differs from
the list of Table 1 for didactic reasons. A typical example is given for each
technique, and the specific features, advantages and shortcomings are dis-
cussed. The purpose of this chapter is to give an overview about a number of
existing and commonly used techniques for magnetic imaging, and put the
reader in a position to judge which of theses techniques is suited best for a
certain problem. It is not intended as a comprehensive introduction or text-
book for experimentalists who plan to use any of these techniques; for this
the reader is referred to the existing specific literature.

3.1 Kerr Microscopy

Kerr microscopy is the laterally resolved measurement of the magneto-optical
Kerr effect (MOKE). In macroscopic dielectric theory [9], the magnetization-
dependent part of the dielectric tensor leads to a magnetization-dependent
change of the light polarization after reflection at a magnetic sample. In a
simplified picture this may be considered as the action of the Lorentz force
on the oscillating charges in the sample that are induced by the incoming
electromagnetic radiation. The emission of an electromagnetic wave by the
deflected charges thus exhibits a characteristically different polarization. In
general both a rotation of the polarization plane and a change in the ellip-
ticity may occur. In a MOKE experiment this is detected as the intensity
change of the reflected beam after passing a polarizing filter as a function
of an applied external magnetic field [10]. To employ this effect for magnetic
imaging, the imaging process has to be performed either by an optical mi-
croscope set-up that provides parallel imaging of the reflected light, or by
scanning a focused incoming light spot across the sample. Both methods are
applied in laboratory use, where the latter is usually termed scanning Kerr
microscopy. For parallel imaging two different set-ups can be employed. For
use in an ultrahigh vacuum environment the distance between the sample and
the closest optical element has to be typically at least several centimeters.
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In this case a set-up can be employed in which the illuminating and imaging
paths are completely separated. For the imaging path a light microscope with
a corresponding working distance of several centimeters has to be used, which
allows to place a polarizing filter as polarization detector between sample and
objective lens. Because of the large working distance resolution in this case is
limited to one or even two microns. The advantage is the complete polariza-
tion analysis because there are no optical elements between sample and the
polarizing filters which may influence or diminish the polarization.

To obtain magnetic Kerr microscopy images with a resolution comparable
to the best optical microscopes (300–500 nm), the distance between sample
and objective lens has to be very small, typically one millimeter or less. This
is only possible if the sample is in air. The polarizing filters have then to be
positioned behind the objective lens, which has to serve both as a condenser
lens for the illuminating light and as objective lens for the reflected light.
In this case the polarization may be influenced by the objective lens, which
results in a loss of magnetic contrast. To enhance the magnetic contrast
and to get rid of other, topographic contrast sources, usually images are
digitally compared to a reference image which can be taken at the same spot
if the sample is magnetically saturated, for example by a high external field.
Compared to other magnetic imaging techniques in this chapter the resolution
of Kerr microscopy is quite moderate. In the case of parallel imaging the
acquisition time for an image is rather short. Depth information is obtained
in an on-surface way, with a probing depth of the order of some tens of
nanometers.

An example is shown in Fig. 3. It presents magnetic domains in strained
FeCoSiB amorphous ribbons [11]. Depending on the stress, different magnetic
domain patterns are observed. One notices that the field of view is several
hundreds of microns. This is typical for Kerr microscopy with its moderate
lateral resolution, but it may be regarded as a special feature that it is quite
easy to zoom out and obtain images with a large field of view. Another
advantage is that the method is purely optical, and therefore can be applied
in arbitrarily high external magnetic fields.

In layered systems of ultrathin films light reflection is influenced by the
interference of reflected waves from the separate interfaces between the dif-
ferent layers. It has been shown recently that this can be used for achieving
a depth selectivity by phase adjustment [12]. In this way contributions to the
Kerr signal from certain depths in a multilayered sample can be enhanced
or cancelled, leading to images that represent the magnetic domain pattern
at different depths or of different layers [12]. Since nearly all of the most
exciting new discoveries in thin-film magnetism are observed in multilay-
ered structures in which two or more magnetic layers have to be switched
separately, a magnetic imaging technique that is able to address the different
magnetic layers is a substantial advantage for the microscopic investigation of
such structures. With Kerr microscopy this is, within certain limits, possible.
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Fig. 3. Example of Kerr microscopy. Shown are magnetic domain images of Fe-
CoSiB amorphous ribbons that exhibit a stress-induced change in domain patterns.
(Reproduced from [11] with permission, copyright (2000) by Elsevier Science)

The details of how to access the magnetic information of the different mag-
netic layers, however, depend on the particular sample under study and have
to be optimized again for each new structure.

3.2 Lorentz Microscopy

In Lorentz microscopy the force exerted by the magnetic flux density B on
moving charges is used for magnetic imaging. It can be implemented without
too much effort in commercial transmission electron microscopes [13,14]. The
force F on a moving electron with velocity v is given by

F = |e|(v × B) , (1)

where e is the electron charge. This force can lead to a deflection in the
propagation direction of the electron if the integrated flux density, inside
and outside the sample, along the electron path does not vanish. This is de-
picted schematically in Fig. 4. Panel (a) shows the situation in which stripe
domains with in-plane magnetization are separated by domain walls aligned
with the magnetization direction. In this case there is no magnetic flux outside
the sample. Electrons that are transmitted through the sample experience a
Lorentz force according to (1), which at domains of opposite magnetization
direction points into opposite directions. The propagation paths of electrons
after transmission through the sample are bent into different directions, de-
pending on the local magnetization direction.
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Fig. 4. Schematic explanation of Lorentz microscopy. Electrons that transmit the
sample are deflected by the Lorentz force from the B field inside and outside the
sample. (a) Situation in which 180◦ domains are separated by domain walls running
along the magnetization axis. The B field is confined to the interior of the sample.
The deflection of the electrons after transmission through the sample leads to an
intensity modulation in out-of-focus images as shown schematically at the bottom.
(b) Situation in which 180◦ domains are separated by domain walls running per-
pendicular to the magnetization axis. In this case the B field lines are closed by
the stray field outside the sample. Electrons transmitted through the sample do not
experience a net deflection, since the contributions from the interior of the sample
and the stray fields in front and behind the sample cancel out

The situation in panel (b) is different. If stripe domains with in-plane
magnetization are separated by domain walls running perpendicular to the
magnetization direction, as in panel (b), the lines of the magnetic flux den-
sity are closed above and below the sample. Electrons that are transmitted
through that sample do not experience a net deflection, since the contribu-
tions from the Lorentz forces inside and outside (above and below) the sample
cancel out.

To implement Lorentz force contrast for magnetic imaging into a transmis-
sion electron microscope one has to recall some basic facts of optical imaging.
If an ideal lens is used to image an object, all parallel rays emanating from
the specimen meet in the focal plane behind the lens, located at the focal
length from the optical center of the lens. In other words, all rays that are
emitted at the specimen under identical angle pass the focal plane at identi-
cal position. Different emission angles, on the other hand, are represented by
different positions in the focal plane. A reciprocal space image is thus present
at the focal plane. The image plane, on the other hand, is defined as the plane
where all rays coming from the same spot of the specimen, irrespective of the
emission angle, meet again. This is where a focused real space image of the
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specimen is present. The consequence for Lorentz magnetic imaging is that a
deflection of the electron beam at the sample, like in Fig. 4 (a), is irrelevant
for the focused image acquired in the image plane. To obtain a magnetic con-
trast it is therefore necessary to defocus the image. The intensity distribution
of an underfocussed or overfocussed image contains a mixture of real space
and angular information. As shown schematically in Fig. 4, the defocused
image of the sample of panel (a) would lead to an intensity enhancement
or an intensity reduction at the domain boundaries. In analogy to the light
optical counterpart, in which the deflection of light in a specimen of varying
optical thickness is made visible in a defocused image, this mode of opera-
tion of Lorentz microscopy is called Fresnel mode. The contrast of the actual
domains in this mode is the same everywhere, but the domain walls appear
with a dark or bright contrast, depending on the orientation of the domain
wall with respect to the magnetization directions of the adjacent domains.

In another mode of operation part of the beam in the focal plane of the
objective lens is blocked or obscured by an aperture. This selectively removes
electrons from the final image according to their starting angle at the sample.
Domains that lead to a deflection of passing electrons in the direction which
is blocked in the focal plane consequently appear darker in the real space
image taken at the image plane. By moving the aperture to block different
positions according to different directions of electron deflection, the contrast
of the various domains can be varied, and statements about the magnetization
directions can be made.

Figure 5 shows a typical example of Lorentz microscopy from [15]. Lorentz
microscopy images of two different permalloy microstructures of 2.5 µm over-
all length are presented. The top row, panels (a) and (b), are examples for
the Fresnel mode of operation, while panels (c) and (d) show images taken in
the Foucault mode of operation. It is nicely seen that in the Fresnel images
(a) and (b) black and white lines are present that mark the borders between
domains of different magnetization direction. For the interpretation of such
images it is sometimes, in particular in the more complicated patterns as in
the elements shown in Fig. 5, necessary to simulate the Fresnel image nu-
merically and optimize the input domain configuration until agreement with
the experimentally observed image is achieved. The bottom row of images
in [15], panels (c) and (d), shows Foucault images of the same elements.
Note that, although panels (a) and (c), as well as (b) and (d) show the same
microstructures, they were imaged at different external magnetic fields and
after different external field history, so that the magnetic configuration is
not the same. All images were taken during application of an external field
prior to switching. For details see [15]. The difference between the Fresnel
and Foucault modes of operation is immediately recognized. In the Foucault
images (c) and (d) the different grayscale contrasts can be directly related
to the different deflection angles the electrons have acquired by the Lorentz
force during their passage through the sample, provided the exact position
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Fig. 5. Example of magnetic domain imaging by Lorentz microscopy. Shown are
magnetic images of two different permalloy microstructures during reversal by an
applied external magnetic field. (a), (b): Images obtained using the Fresnel mode,
(c), (d): images obtained in Foucault mode (Reproduced from [15] with permission,
copyright (2000) by the American Institute of Physics)

of the aperture in the focal plane with respect to the sample orientation is
known. However, as already mentioned, also the stray field outside the sample
contributes to this deflection. This can be nicely seen in panels (c) and (d)
from the dark and white contrast at some of the edges outside the magnetic
structure. At these edges stray magnetic flux is coming out of the sample. It
may be regarded as an advantage of Lorentz microscopy that the stray field
outside magnetic micro- and nanostructures can be imaged. For the design
of structures with desired magnetic reversal properties it can be useful to
know how much stray field is present at which edge of the sample. To know
the stray field outside the sample also helps with the interpretation of the
magnetic configuration. It has always to be kept in mind, however, that the
stray field above and below the microstructures contributes to the image in
an identical way, but is more difficult to separate from the actual domain
structure of the element.

Instead of the two modes of operation described above, which can be
implemented rather easily into transmission electron microscopes, another
way of Foucault imaging is being followed with more specifically dedicated
instruments. In a scanning transmission electron microscope four or more
electron detectors can be positioned off-axis in the back focal plane of the
objective lens in order to detect electrons passing that plane with a certain
offset from the optical axis, corresponding to electrons that have experienced
a deflection into a certain direction [16,17]. In this scanning mode of operation
the difference between pairs of oppositely placed detectors can be used as
deflection signal along one certain axis. It is then not necessary to have any
detector in the image plane, since the imaging process is realized by scanning
the electron beam across the sample. This mode of Lorentz microscopy is
referred to as differential phase contrast microscopy.
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The main advantage of Lorentz microscopy is the quite high resolution,
which can be also judged from the scale of the images of Fig. 5. It can be
used to study the details in switching of small magnetic structures. It is
only possible to perform Lorentz microscopy in transmission. The informa-
tion about the local magnetization direction is indirect, and comes from the
integrated magnetic flux density along the electron trajectory. If coils are
integrated into the sample holder, the technique tolerates some additional
in-plane fields. However, when studying the magnetic reversal or switching of
magnetic microstructures under an external field, it has to be kept in mind
that usually there is a quite high perpendicular field at the sample position
from the magnetic lens of the electron microscope. Lorentz microscopy is not
element-selective, and there is no means to obtain depth-selective informa-
tion.

3.3 Scanning Electron Microscopy
with Polarization Analysis (SEMPA)

While in the last section a technique for magnetic imaging that used a trans-
mission electron microscope has been presented, this section will deal with
a technique using the column of a scanning electron microscope. It takes
advantage of the fact that secondary electrons that are emitted after the ab-
sorption and inelastic scattering of a primary electron in a magnetic sample
are usually spin-polarized along the spin direction of the majority electrons.
Scanning the primary electron beam across the sample and detecting the spin
of the secondary electrons instead of their bare intensity, as it is done in stan-
dard scanning electron microscopy, should thus yield magnetic contrast with
the same high resolution as scanning electron microscopy. The difficulty is to
obtain reasonable statistics in the final image. The signal of a spin detector is
typically orders of magnitude lower compared to the total electron intensity,
and the resolution of an electron microscope column scales inversely with the
square root of the beam current.

Figure 6 sketches the set-up of scanning electron microscopy with po-
larization analysis (SEMPA, sometimes also termed spin-SEM). The electron
beam from the microscope column hits the sample under a certain angle from
the surface normal, and the emitted secondary electrons are collected by an
electron optics and transferred to a spin detector [18, 19]. A spin detector
usually employs the right–left asymmetry caused by the spin–orbit interac-
tion during the scattering of electrons at high Z materials. In a Mott type
detector electrons are scattered at a gold foil at rather high kinetic ener-
gies, typically 50–100 keV, while in a LEED type detector Bragg scattering
at a certain optimum energy (104.6 eV) at a tungsten single crystal surface
is used. The performance of a spin detector is characterized by its figure of
merit, a number giving the factor by which the acquisition time has to be
extended for spin detection compared to direct electron detection without
spin analysis in order to reach the same counting statistics. It is given by the
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Fig. 6. Schematics of magnetic imaging by scanning electron microscopy with
polarization analysis (SEMPA). A finely focussed electron beam from a scanning
electron microscope column is scanned across the sample surface, and the emitted
secondary electrons are transferred to a spin detector by an electron optics

square of the spin detection efficiency of the spin detector times the reduction
in intensity by the spin detection with respect to the incoming signal. Typical
numbers are 0.25 for the spin detection efficiency, and 1/1000 for the intensity
attenuation, so that figures of merit are typically of the order of 10−4. This
illustrates that it is not straightforward to implement magnetic imaging by
SEMPA into a standard commercial scanning electron microscope. There are
special requirements to the illuminating column with respect to electron cur-
rent and resolution, which can be met only with state-of-the-art field emission
cathodes. The first publication of magnetic imaging with SEMPA appeared
only about 20 years ago [20].

A spin detector is sensitive to the two transverse spin components of the
electrons as they enter the detector. In the sketch of Fig. 6 a set-up with
two spin detectors is shown. While the spin detector positioned along the
surface normal is sensitive to the two in-plane components of magnetization,
a second spin detector oriented at 90◦ delivers information about the out-of-
plane component and one in-plane component. Both spin detectors can be
alternatively operated by switching on and off an electrostatic electron beam
deflector as depicted as a white square. The quasi-simultaneous detection of
all three spin components, or in other words of all three magnetization com-
ponents in the images, is one of the specific strengths of the technique. Since
all the imaging process is done by the primary electron beam with a rela-
tively high kinetic energy, all the adjustment of the electron transfer optics
and the spin detectors does only influence the contrast, not the position on
the image. It is therefore possible to numerically compare images that have
been acquired at the same sample position but for different components of
magnetization, and calculate, for example, an image of the angle of magneti-
zation. This is one of the specific strengths of SEMPA, which is probably the
only method where magnetic images for different magnetization components,
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Fig. 7. Example of SEMPA. (a): A line scan of the two in-plane components of
spin polarization across a Bloch wall of an Fe(001) single crystal reveals that the
magnetization direction in the wall at the surface is rotated into the surface plane.
(Reproduced from [21] with permission, copyright (1989) by the American Physical
Society).) (b): Result of micromagnetic simulation demonstrating the magnetiza-
tion configuration of such a Néel cap of a Bloch wall at the surface. (Reproduced
from [22] with permission, copyright (1989) by the American Physical Society))

but with fully identical spatial information can be obtained. SEMPA images
in literature are therefore often found color-coded, with colors corresponding
to the two-dimensional information about the local magnetization direction,
the so-called color wheel.

A famous early example of magnetic imaging by SEMPA, in which the
simultaneous sensitivity to different magnetization components was used, is
shown in Fig. 7. SEMPA measurements at domain walls of an Fe single crystal
revealed that the magnetization direction in the wall at the surface is differ-
ent from the volume of the sample [21, 22]. Figure 7 (a) shows line profiles
of two components of the spin polarization across a domain wall separating
two domains of opposite magnetization in Fe(001), as sketched in the in-
set. The upper curve, labelled P+, represents the magnetization component
along the magnetization of the adjacent domains, and consequently changes
sign across the domain boundary. The lower curve, labelled P0, represents
the polarization of the spin component in the surface plane perpendicular to
the magnetization of the domains. It shows the presence of a magnetization
direction within the film plane inside the domain wall. This means that the
magnetization rotates within the surface plane between one domain and the
next. This is somewhat surprising if one considers the higher magnetostatic
dipolar energy connected to the stray field of such a domain wall structure
compared to the energetically more favorable configuration in which the mag-
netization rotates within the plane of the domain wall, a so-called Bloch wall.
Figure 7 (b) shows a micromagnetic simulation. It represents a cross section
through the near-surface region of a 180◦ domain wall. Crosses and full circles
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correspond to the magnetization directions of the two domains, pointing into
and out of the drawing plane, respectively. It is nicely seen how at the surface
the spin structure of the domain wall changes significantly. The magnetiza-
tion direction inside the wall changes from the direction perpendicular to
the surface into the surface, and the wall becomes wider. The reason is to
avoid magnetic poles at the surface by creating magnetic poles at the edges
of the domain wall. The energy balance between these two configurations
determines the actual three-dimensional spin structure of the domain wall,
as displayed in Fig. 7 (b). In analogy to the so-called Néel wall of ultrathin
films such a structure was termed “Néel cap” because of the similar surface
spin structure.

This example demonstrates another feature of SEMPA, namely its high
surface sensitivity. The attenuation length of secondary electrons is relatively
short, about 2 nm; in addition, secondary electrons are created in overlayers,
and the spin polarization of passing electrons is influenced by additional
scattering in an overlayer. All together the information contained in a SEMPA
image stems from the topmost layers in a sample. This means that surface
preparation under ultrahigh vacuum conditions is necessary. Often surfaces
for SEMPA imaging are prepared by depositing an ultrathin overlayer of a
material with a high spin polarization, mostly iron. It is then assumed that,
because of the extremely small thickness of this surface layer, the magnetic
properties of the sample are not significantly affected.

The high surface sensitivity of SEMPA can be an advantage in certain
cases. This is demonstrated in the next example, in which the surface of the
layered antiferromagnet La1.4Sr1.6Mn2O7 is imaged. The left image of Fig. 8
shows the surface topography of the single crystal sample. Steps correspond-
ing to the height of one unit cell, about 1 nm, are recognized as thin white

Fig. 8. Example demonstrating the surface sensitivity of SEMPA. Left : SEM im-
age of the surface topography of a La1.4Sr1.6Mn2O7 single crystal. Right : Mag-
netic SEMPA image of the same position of the sample. The alternating grayscale
contrast reflects the layered antiferromagnetic spin structure of the sample (Re-
produced from [23] with permission, copyright (2004) by the American Physical
Society)
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lines in the scanning electron microscopy image. The right panel is the mag-
netic image. It is clearly seen how the spin polarization contrast reverses its
sign at every terrace. The different grayscales in this image therefore reflect
the opposite spin directions of the topmost layer of the sample, characteristic
for such a layered antiferromagnet. This is only possible using an imaging
method with a high surface sensitivity. It should be mentioned here that sim-
ilar studies have been conducted also before by SEMPA on antiferromagnetic
Cr films on Fe(001) [24]. Spin-polarized scanning tunneling microscopy, which
is presented in Sect. 3.6, is another method that can be used to image the
surface spin structure of antiferromagnets [25,26].

To summarize, SEMPA is a method that can provide real vectorial infor-
mation about the sample magnetization distribution with high spatial reso-
lution. The resolution is in principle determined only by the electron column,
but since there is a certain trade-off between the intensity necessary for spin
polarization detection and the resolution, in general the resolution of SEMPA
does not exactly match that of scanning electron microscopy. It is a surface
sensitive scanning technique. The sample has to be in ultrahigh vacuum, and
the sample surface has to be clean and conducting. An advantage is also the
variable field of view, which allows to zoom in and out in a quite wide range.
SEMPA is not element-specific, and the size of the contrast may be weak
for certain elements or surfaces. Since all the imaging is done by the pri-
mary electrons of relatively high energy, special set-ups have been developed
and can be used to obtain SEMPA images even under moderate magnetic
fields [27]. A deflection of the emitted electrons is not critical as long as there
can be taken care that the electrons reach the spin detector.

3.4 Spin-Polarized Low-Energy Electron Microscopy (SPLEEM)

Instead of probing the sample with a finely focussed beam of unpolarized
high-energy electrons and detecting the spin-polarization of low-energy sec-
ondary electrons, as in SEMPA, also the reverse approach is applicable for
magnetic imaging. The reflection of spin-polarized low-energy electrons from
a magnetic surface can strongly depend on the electron spin direction if, for
example, the energy of these electrons matches a gap in the density of states
above the vacuum level of either minority or majority electrons, but not of
both [28]. The reflection of low energy electrons is enhanced in such gaps [29],
which occur at zone boundary crossings in the extended zone scheme.

This can be implemented into a low energy electron microscope (LEEM)
in the way shown in Fig. 9. LEEM is a parallel imaging technique, in which the
sample is illuminated by a beam of low energy electrons, and the reflected
electrons are used to create an image of the sample. As will be discussed
below, imaging of emitted electrons is only feasible using immersion electron
lenses as objective lens, in which a high voltage between sample and objective
accelerates the electrons towards the imaging optics. The only way to get
electrons as illumination onto the sample across the electric field in front
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Fig. 9. Schematics of magnetic imaging by spin-polarized low-energy electron emis-
sion microscopy. Except for the spin-polarized electron gun and the spin manipu-
lator at the left hand side, all other components are the same as for LEEM. An
electron beam is formed in the illumination column, and deflected towards the sam-
ple by a magnetic sector field. It reaches the sample surface after passing through
the objective lens. Reflected and emitted electrons from the sample are imaged by
the objective lens, and deflected into the opposite direction by the magnetic sector
field. The image is the projected by the imaging column on the imaging unit and
recorded by a CCD camera

of the sample surface is to pass these electrons through the same objective
lens. In a LEEM this is usually achieved by a magnetic sector field that acts
as a beam separator. The Lorentz force (1) of a magnetic field acting on
an electron contains the electron velocity vector, so that the deflection of the
illuminating and the reflected electrons has opposite sign. The left part of the
sketch of Fig. 9 is the illumination column. The only parts that are added for
magnetic imaging are the spin-polarized electron gun and a spin manipulator,
which will be described below. The right hand part is the imaging column, in
which a parallel image of the sample by the emitted electrons is projected onto
an imaging unit, usually a combination of an intensifying multi-channel plate
and a fluorescent screen, from which the image can be read by a standard
CCD camera.

The LEEM and later also the SPLEEM method were pioneered by E.
Bauer and coworkers. Imaging of emitted electrons, though, is much older
and dates back to the early work of Brüche in 1933 [30]. In order to obtain
a reasonable intensity usually the so-called immersion or cathode lenses are
used. Figure 10 shows a sketch of such a cathode lens. It shows an electric
tetrode lens, which is called like that because it contains four optical ele-
ments. If you are now counting and think that the fourth element is missing
in the drawing: It is not, the sample itself is the fourth element. By applying
a high voltage between sample and objective lens, electrons are accelerated
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Fig. 10. Sketch of an electrostatic tetrode lens used for electron emission mi-
croscopy. Electrons are accelerated towards the entrance of the lens by a high volt-
age HV . Extrapolating straight rays makes them look like originating from a virtual
sample under a virtual starting angle α′, which is determined by the size ra of the
contrast aperture, and is much smaller than the real starting angle α0

towards the entrance of the objective lens. This allows a higher solid angle of
emitted electrons to be used for the imaging, and increases the intensity sig-
nificantly. The electrons thus move on curved trajectories between the sample
and the entrance of the objective lens. Optically it is equivalent to assuming
that the electrons originate from a virtual sample at a larger distance from
the objective lens, and under a virtual starting angle α′ that is significantly
smaller than the real starting angle α0. These angles are determined by the
contrast aperture that is placed in the back focal plane of the objective lens.
By limiting its radius ra and thus the angle α′, spherical and chromatic aber-
rations can be reduced at the cost of reduced intensity. Magnetic cathode
lenses reach theoretical resolutions below 10 nm for monoenergetic electrons
and optimum aperture size. In practice, resolutions about a factor of 2–3
worse than the theoretical limit are achieved.

Figure 11 shows a sketch of the spin manipulator. It consists of a combi-
nation of electrostatic and magnetostatic electron deflectors, and is used to
orient the spin polarization direction of the illuminating electron beam. Elec-
trons that are emitted from the GaAs cathode of a spin-polarized electron
gun are spin-polarized in the longitudinal direction, i.e., along the propaga-
tion axis. A 90◦ deflection of the electrons by an electric field preserves the
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Fig. 11. Working principle of the spin manipulator for SPLEEM. Spin-polarized
electrons with polarization vector pointing along x are emitted from a GaAs pho-
tocathode. The electron spin direction is preserved after an electrostatic 90◦ deflec-
tion, while it turns into the z direction after a magnetostatic 90◦ deflection. Any
angle Θ between x and z can be selected by a combination of electric and magnetic
fields. A subsequent magnetic rotator lens is used to rotate the spin out of the x–z
plane by an angle Φ (Reproduced from [28] with permission, copyright (1998) by
the World Scientific Publishing Company)

spin direction of the electrons, which are now transversely polarized along
the x direction in the coordinate system of Fig. 11. On the other hand, if the
90◦ deflection is performed by a magnetic field, the electron spin is deflected
along with the propagation direction, leading to a longitudinal spin polariza-
tion in the z direction. If the 90◦ deflection is achieved by a combination of
electric and magnetic field, the resulting spin polarization can be adjusted at
any angle Θ in the x–z plane. A rotation of the spin axis out of this plane
is achieved by a second element, a magnetic rotator lens. A magnetic field
along the electron propagation direction leaves the electron trajectory un-
changed, but rotates the spin into the y direction. By a careful adjustment of
all elements of such a spin manipulator the spin of the electrons illuminating
the sample can thus be turned into any direction in space. This allows to
obtain vectorial information by the SPLEEM technique. It should be men-
tioned that the spatial images obtained for different spin components are not
a priori fully identical, like for SEMPA. While in SEMPA the selection of the
spin component is done after the imaging process, in SPLEEM it is done be-
fore. Slight changes in the direction and angular spread of the electron beam
by the spin manipulator may lead to slightly different spatial images. If the
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1 µm

Fig. 12. Example of topographic contrast in LEEM. The image shows the (001)
surface of a Cu single crystal. The dark lines represent monatomic steps [31]

spin manipulator is carefully adjusted, such deviations can be kept small,
and magnetic images obtained for different components of the magnetization
may still be compared numerically with each other.

An advantage of SPLEEM is that at the same time with the magnetic
image, all the topographic and structural information of LEEM can be ob-
tained. LEEM is a technique that is used by several groups for the study of
single crystal surfaces and thin film growth. Figure 12 shows as an example
a LEEM image of a Cu(001) surface [31]. The dark lines represent step edges
between surface terraces of single atomic height. At some places these step
edges are bunched together to form steps of a height of several atoms. The in-
formation obtained from LEEM images may be combined with the magnetic
images from SPLEEM to identify structure–magnetism relationships on the
nanoscopic scale.

The magnetic contrast in SPLEEM is realized by the spin-dependent re-
flection coefficient for low-energy electrons. The penetration of electrons into
the sample is governed by the electronic states, and is smaller in gaps of the
unoccupied part of the band structure [29]. Since bands of majority and mi-
nority electrons are shifted in energy with respect to each other, such gaps are
located at different energies for the two spin directions. The spin-dependence
of the reflection coefficient is the biggest at such spin-shifted gaps in the band
structure [28]. The conditions for best magnetic contrast consequently change
for different samples.

Figure 13 shows an example of a simultaneous structural and magnetic
investigation by SPLEEM. Images (a)–(g) show the magnetic domain struc-
ture of an iron film at different times during the evaporation on a Cu(001)
single crystal at room temperature. The curve in Fig. 13 is the simultaneously
determined diffracted electron intensity, and reflects the atomic roughness of
the surface [32]. Intensity oscillations are characteristic of a layer-by-layer
growth of the Fe film, with maxima in the diffracted intensity corresponding
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Fig. 13. Example of magnetic imaging by SPLEEM. The curve displays the dif-
fracted electron intensity during the evaporation of Fe on Cu(001). Magnetic domain
images (a)–(g) were taken during film deposition at the thicknesses indicated by
arrows on the curve (Reproduced from [32] with permission, copyright (2001) by
Elsevier Science)

to smooth surfaces. They appear in layer-by-layer growth at the completion
of successive atomic layers, i.e., at film thicknesses of integer numbers of
atomic monolayers (ML), and allow a precise thickness calibration of the de-
posited films. The total acquisition time of each image of Fig. 13 was only
10 s. Considering the low evaporation rate used in [32], this corresponds to
the deposition of only 1% of a monolayer during acquisition of one image.
Fe/Cu(001) exhibits a perpendicular magnetization in the thickness range of
Fig. 13, leading to the occurrence of typical stripe domain patterns as dis-
cussed in Sect. 1, see Fig. 1 (d). From the series of images taken during growth
of the Fe film the evolution of stripe patterns with different stripe width and
shape can be clearly recognized, and correlated to the film thickness with
extremely high accuracy.

In summary, SPLEEM is a technique that allows vectorial magnetic imag-
ing at high lateral resolution. It is relatively surface sensitive, and has to be
performed under high vacuum conditions. Because of parallel imaging and
high electron intensities, it is a very fast technique, which allows real time
magnetic imaging of, for example, growth-induced changes of the magnetic
properties. A major advantage is that microscopic magnetic and topographic
information can be obtained simultaneously. The conditions (electron en-
ergy) for best magnetic contrast depend on the sample, and have to be de-
termined beforehand for best results. Since low energy electrons are imaged,
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the technique is very sensitive to external magnetic fields. Only very small
fields of a few Oersteds along the optical axis, i.e., perpendicular to the sur-
face plane, may be tolerated if a special integrated coil design is used [33].
In general, however, it is necessary to image the remanent magnetic state
of a sample. SPLEEM is not element-selective, and does not provide depth-
selective magnetic information.

3.5 Synchrotron Radiation-Based Techniques

Synchrotron radiation-based techniques employ magnetic dichroisms in x-ray
absorption as contrast mechanism for the magnetic imaging. The particular
strength of these techniques is the elemental sensitivity of this magnetic con-
trast mechanism. X-ray magnetic circular dichroism (XMCD) relies on the
spin-polarization of resonant transitions between occupied core states and
spin-split unoccupied states just above the Fermi edge excited by circularly
polarized photons. If the spin-polarization of the transitions, which is de-
termined by the helicity of the exciting radiation, is aligned with the spin
polarization of the unoccupied states, the absorption cross section is higher
than in the opposite case, when the spin polarization of the transitions is
antiparallel to the spin polarization of the unoccupied states. The photon en-
ergy at which this effect occurs depends on the binding energy of elemental
core levels, and can therefore be used to probe different elements in a sample,
or different magnetic layers containing different elements separately.

As in laterally integrating XMCD measurements, there are two basic ways
of detecting the x-ray absorption. One can either detect the x-ray absorption
by measuring the amount of emitted electrons at the sample surface, or by
measuring the transmitted intensity of x-rays after transfer through the sam-
ple. In laterally integrating experiments the former is usually termed “total
electron yield” detection of x-ray absorption. The latter is a more direct way
of measuring the absorption, but requires appropriately thin samples.

In imaging experiments these two approaches are realized by combining
resonant excitation by circularly polarized x-rays and existing microscopy
techniques. A photoelectron emission microscope can be used to create a
magnified image of the sample from the emitted electrons at the surface
after photon absorption. In x-ray transmission microscopy an image of the
sample is obtained from the locally different transmission of x-rays, which,
if circularly polarized and tuned to elemental absorption edges, depends also
on the local sample magnetization.

Photoelectron Emission Microscopy (PEEM)

We will first turn to the local electron yield detection of the x-ray absorption.
Photoelectron emission microscopy (PEEM) is a relatively old technique,
older than LEEM. Schematically it is similar to the imaging column of the
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SPLEEM set-up presented in Fig. 9, but with a straight optics, since no
deflecting magnetic sector field is necessary. As objective lens also the cathode
lens type as the one shown in Fig. 10 or the magnetic counterpart are used.
The first experimental realization by Brüche and Pohl dates back to the
thirties [30, 34]. After adaption to ultrahigh vacuum environment [35, 36]
PEEM was used in a number of studies of surfaces and surface reactions
[37–40]. With the availability of synchrotron radiation sources and tunable
x-rays the potential of PEEM for the spectromicroscopic detection of x-ray
absorption was soon realized [41]; the first demonstration of magnetic contrast
using XMCD as contrast mechanism followed a few years later [42]. XMCD-
PEEM is routinely used as a technique for magnetic imaging since about
1997 [43–45].

Figure 14 shows an example of how magnetic contrast is obtained using
XMCD [31]. Panel (a) shows the raw image of a Co/Ni bilayer on Cu(001),
obtained with circularly polarized x-rays of positive helicity tuned to the

I(σ +) I(σ −)

I(σ +) − I(σ −)

I(σ +) + I(σ −)

20 µm

(a) (b)

(c)

Fig. 14. Demonstration of magnetic contrast in XMCD-PEEM. (a): PEEM image
of Co/Ni/Cu(001) obtained with circularly polarized x-rays of positive helicity at
the Ni L3 edge, (b): same with negative helicity. (c): Asymmetry image calculated
from the images (a) and (b) showing the magnetic contrast
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maximum of the Ni L3 absorption edge. One can recognize a stripe-like con-
trast that is not observed in images taken for off-resonant photon energies.
This is the magnetic contrast, representing the lateral distribution of XMCD.
XMCD leads to a different x-ray absorption of domains with magnetization
parallel and antiparallel to the helicity of the incoming x-rays. This is al-
ready visualized in the raw image (a), and seen in the live camera image. To
prove the magnetic origin, the x-ray helicity can be reversed. Figure 14 (b)
shows the same image, but for opposite x-ray helicity. Since all topographic
contrast in the image does not depend on the x-ray helicity, all differences
between images (a) and (b) are purely magnetic. It is seen that the stripe-like
pattern indeed reverses its contrast, as is expected for magnetic contrast if
the direction of the helicity vector is reversed. To eliminate all topographic
contrast and obtain a magnetic domain image of the sample, the two images
obtained for opposite helicity of the circularly polarized x-rays can be sub-
tracted. Usually the result is then divided by the sum of the two images in
order to eliminate effects of different illumination across the image. The re-
sult, the intensity difference I(σ+)−I(σ−) divided by the sum I(σ+)+I(σ−),
is called asymmetry. It is presented in Fig. 14 (c). Dark and bright areas in
that image correspond to domains of opposite magnetization, in the example
of Fig. 14 to domains pointing into and out of the surface plane, because the
thickness combination of Ni and Co in the Co/Ni bilayer was such that an
out-of-plane easy axis resulted [31].

The stripe domains seen in Fig. 14 are typical for samples with an out-
of-plane easy axis. As mentioned in Sect. 1 when discussing Fig. 1, these
samples have a tendency towards domain formation. The demagnetizing en-
ergy connected to an out-of-plane magnetization direction can be lowered
by formation of alternatingly magnetized domains, on the cost of exchange
and anisotropy energy. The balance between these three energy terms, dipo-
lar demagnetizing, exchange, and anisotropy energy, determines the width
of the stripe domains. In Fig. 14 the stripe width shrinks across the range
of the image from bottom to top. The reason is that the Co overlayer was
deposited as a wedge with thickness increasing from bottom to top, which
leads to a decrease in anisotropy energy and consequently to a decrease in
domain size [31,46].

In Fig. 14 the magnetization direction in the domains was known from
the anisotropy of the sample, and confirmed by qualitative arguments about
the shape of the domains. In general one does not know the magnetiza-
tion direction from a single XMCD-PEEM image, but only the projection of
the magnetization direction on the light helicity vector. Vectorial magnetic
imaging as in SEMPA or SPLEEM would require to change the direction
of the incoming synchrotron radiation with respect to the microscope. This
would be evidently only possible by rotating or moving the vacuum chamber
containing the PEEM; it has however not been realized to-date. Some instru-
ments allow instead the azimuthal rotation of the sample, so that different
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Fig. 15. Example of vectorial magnetic domain imaging using XMCD-PEEM. Mag-
netic domains in Fe/W(001) display different contrast depending on the azimuthal
direction of the incoming x-rays, from the right in (a), from the bottom in (b). The
local magnetization direction is indicated by arrows in some domains

light incidence directions with respect to the domain structure of the sample
are possible. The imaging conditions in this case are not fully preserved after
the rotation of the sample, since a tiny sample tilt or a minute asymmetric
distortion of the electric field between sample and objective lens can cause
slightly different image proportions or focusing conditions. Since the camera
is not rotated together with the sample, it is also necessary to rotate the
resulting image numerically. It is therefore normally not possible to compare
images acquired for different sample azimuth numerically with each other,
as it can be done in SEMPA or under certain conditions also in SPLEEM.
What is possible, though, is a manual comparison of images for different
light incidence in order to determine the magnetization vector in space. If
the absolute value of the magnetization vector is known or can be assumed
to be constant in different domains, two measurements, i.e., two images for
different light incidence directions, are sufficient to determine the remaining
two degrees of freedom of the magnetization vector in space. An example
is given in Fig. 15. The two images (a) and (b) show magnetic domains of
an Fe film on W(001) at about the same position of the sample [47]. The
difference between the two images is the light incidence direction, which is
indicated by arrows labelled “hν”. Between the acquisition of the two images
the sample was rotated by 90◦, and afterwards the images were turned in the
computer to display identical sample alignment. If one tries to overlay the
images (a) and (b) of Fig. 15 it becomes evident that the domain boundaries
do not match perfectly, and that the resolution is slightly better in panel (a)
than in panel (b). From the manual quantitative comparison of the dichroic
contrast in each of the domains, however, the magnetization direction can be
determined. It is indicated by arrows in the larger domains. Four different
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directions of magnetization are observed, corresponding to the four in-plane
〈100〉 crystallographic directions. It is nicely seen how the grayscale contrast
varies with the different projections of these directions on the two different
directions of light incidence. This works also for more complicated configu-
rations in which the magnetization direction is not confined to the sample
plane but exhibits in-plane and out-of-plane components [48,49].

XMCD as an integral method is widely used in connection with a set of
sum-rules [50, 51], which allow to extract quantitative magnetic information
like the effective spin moment or the orbital moment per atom from a pair of
x-ray absorption spectra for opposite helicity. If the photon energy is scanned
in small steps and a stack of PEEM images is acquired for many different
energies around the absorption edges for both helicities, a quantitative analy-
sis of this microspectroscopic data set is possible. The result are microscopic
images of the spin and orbital moments [52,53].

As already mentioned in the introduction to Sect. 3.5, one of the main
advantages of techniques using XMCD as contrast mechanism is the element-
selectivity of the magnetic information. In samples that contain different
magnetic layers of different elements this can be used for the layer-selective
magnetic imaging. Nearly all of the most exciting new discoveries in thin
film magnetism are observed in multilayered structures in which two or more
magnetic layers have to be switched separately. To address the different layers
separately and to obtain microscopic magnetic information about the differ-
ent magnetic layers in a simple way is thus crucial for the microscopic inves-
tigation of such structures. With XMCD-based techniques this is possible by
setting the x-ray monochromator of a soft x-ray beamline at a synchrotron
radiation facility to the tabulated value of the photon energy corresponding
to the elemental core–valence excitations. If the elemental composition of the
multilayered structure is known, it is therefore straightforward to take images
of the different layers. Figure 16 shows an example of layer-resolved magnetic
images, taken at an FeNi/Cu/Co trilayer deposited on FeMn/Cu(001) [47].
It shows the layer-resolved magnetic domain structure after application of
an external magnetic field of 340 Oe along the direction indicated by “H”.
Image (a) was obtained by tuning the photon energy to the energy of the Fe
L3 absorption edge, and thus represents the domain image of the FeNi top
ferromagnetic layer, image (b) was acquired with the photon energy tuned
to the Co L3 absorption edge and shows the domain image of the Co bottom
ferromagnetic layer. The domains in the Co layer are mainly oriented along
two opposite 〈110〉 directions as indicated by arrows, namely along [11̄0] and
[1̄10], corresponding to dark gray and lighter gray contrast, respectively. Be-
sides, there are also some small domains with brighter and darker contrast;
they exhibit magnetization directions along [110] and [1̄1̄0], respectively. The
observed domain pattern in the Co layer was not changed by the application
of the 340 Oe external field.
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Fig. 16. Example of layer-resolved magnetic domain imaging by XMCD-PEEM.
(a) and (b) show the magnetic domain images of the FeNi and the Co layer, respec-
tively, of an FeNi/Cu/Co trilayer on FeMn/Cu(001) after application of an external
magnetic field of 340 Oe in the direction indicated by “H”. Domain walls in the
Co layer are found to be decorated by small domains with bright contrast in the
FeNi layer, pointing towards a local interlayer coupling mechanism mediated by
the magnetostatic stray fields of domain walls

The domain image of the FeNi layer (a) shows a qualitatively similar
pattern, but with different contrast. An analysis reveals that here the mag-
netization directions in the different domains are along the 〈100〉 in-plane
directions, as indicated by arrows in some domains. The comparison with
the domain image of the Co layer (b) shows that everywhere the magneti-
zation directions of the two magnetic layers include an angle of 45◦. This is
explained by a different anisotropy energy in the two layers, and a parallel
interlayer coupling [47]. Because of the direction of the applied field H, the
magnetization in the FeNi layer points mainly along [1̄00] and [01̄0]. The
interesting point in these images is that the positions of the domain bound-
aries of the Co layer are decorated in the FeNi layer by small domains with
a brighter contrast, corresponding mainly to magnetization along [010]. This
is an indication of a locally enhanced interlayer coupling at the domain walls
of the Co layer. Such a local interlayer coupling has also been observed pre-
viously by XMCD-PEEM in Co/Cu/Ni trilayers, and is attributed to the
interaction between the layers by the magnetostatic stray field emanating
from the domain walls [54]. The identification and investigation of this cou-
pling mechanism, which is highly relevant for the magnetization reversal and
control of magnetic trilayers in devices, requires a technique that can provide
microscopic lateral resolution and layer-resolved magnetic information at the
same time. XMCD based methods do exactly fulfill such requirements.
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Fig. 17. Different magnetic contrast mechanisms for magnetic imaging by XMCD-
PEEM. (a): “Conventional” magnetic imaging using x-ray magnetic circular dichro-
ism (XMCD) as contrast mechanism. The graytone in the domain image is propor-
tional to the projection of local magnetization direction on the incoming x-ray
direction “hν”. (b): Image at the same sample position obtained by x-ray magnetic
linear dichroism (XMLD) as contrast mechanism. The graytone is proportional to
the cosine square of the angle between the linear polarization axis of the incoming
x-ray and the local magnetization direction

Although XMCD is the most widely used contrast mechanism for mag-
netic imaging with synchrotron radiation, also linearly polarized x-rays can
be used to obtain magnetic contrast. The absorption of linearly polarized
x-rays depends on the orientation of the electric field vector with respect to
a uniaxial deviation from cubic symmetry of the electronic states involved
in the transitions. Such a deviation can be caused by the presence of mag-
netic order. In that case absorption spectra for parallel and perpendicular
alignment of polarization and magnetization axes show a typical plus/minus
shaped difference at the absorption edges. This linear magnetic dichroism
can be sizeable in oxides [55], but is much smaller in metals [56,57], typically
more than a factor of 10 smaller than the circular dichroism. After a care-
ful adjustment of the experiment and using an appropriate exposure time
it still can be used for magnetic imaging. Figure 17 shows the comparison
between magnetic domain images of a metal Co film on Cu(001) obtained by
XMCD (a) and XMLD (b) [58]. Note that the span of the grayscale is not
the same in (a) and (b), but has been adjusted to clearly show the magnetic
domains. While the helicity vector of circularly polarized photons defines an
orientation, the linear polarization vector defines only an axis. For symme-
try reasons domains with opposite magnetization direction can therefore not
be distinguished by linear magnetic dichroism, where the contrast follows a
cosine-square behavior, and is maximum between domains with a 90◦ differ-
ence in magnetization direction. This is very nicely seen in Fig. 17, where in
panel (b) the contrast between the bright and medium gray domains of panel
(a) has vanished.
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This property of XMLD, the insensitivity to the magnetization direction,
allows to image domains in collinear antiferromagnets with different spin axes.
A combination of XMCD- and XMLD-PEEM has indeed been successfully
used to image antiferromagnetic domains in NiO [59] and LaFeO3 samples
[60,61], as well as their interaction with ferromagnetic domains of an adjacent
ferromagnetic layer.

To be complete it should also be mentioned that dichroisms in photo-
electron spectroscopy can be used for magnetic imaging, provided the instru-
ment is equipped with an imaging energy filter to suppress the low energy
secondary electrons and use only primary photoelectrons for the imaging
process. In this case circular and linear magnetic dichroisms in photoemis-
sion lead to a magnetic contrast, the different angular behavior of which can
deliver complementary information to XMCD-based magnetic images [62].

In summary, magnetic imaging by XMCD-PEEM provides element-selec-
tive magnetic domain images. The moderate surface sensitivity of the sec-
ondary electron yield detection of the x-ray absorption with an information
depth of about 2 nm [63] allows to image also buried layers and interfaces
close to the surface. PEEM has a good resolution, however using it in con-
nection with synchrotron radiation increases the chromatic aberrations so
that the attainable resolution is somewhat worse compared to LEEM. It is
a parallel imaging method that has to be performed in vacuum, although
not necessarily in ultrahigh vacuum. Vectorial information can be obtained
manually by analyzing images obtained for different sample azimuth angle.
Since low energy electrons are imaged, it is very sensitive to external magnetic
fields, and allows only images of the remanent magnetic state of a sample.
In connection with microspectroscopic data the quantitative magnetic infor-
mation inherent to XMCD spectra can be combined with lateral resolution.
Synchrotron radiation is needed.

Magnetic X-ray Transmission Microscopy (M-XTM)

Magnetic x-ray transmission microscopy is the transmission counterpart to
XMCD-PEEM for the laterally resolved detection of XMCD. It is performed
either by parallel imaging, or by scanning. X-ray transmission microscopes
are mostly used to image biological systems with high resolution using syn-
chrotron radiation x-rays. X-ray microscopes work with zone plates as x-ray
lenses. Zone plates are tiny lithographically fabricated concentric ring struc-
tures in which the width of the alternating open and closed circles varies as a
function of the radius. These rings give rise to a diffraction of the x-rays. In
order to focus the first order diffraction of a parallel x-ray beam into a com-
mon focal point, the diffraction angle has to be larger for rays that are further
away from the optical axis. This is achieved if the ring width is inversely pro-
portional to the radial position from the center. Because the diffraction angle
depends on the wavelength, the focal length is proportional to the x-ray pho-
ton energy. The attainable resolution of a zone plate is determined by the
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width of the outermost ring. With state-of-the-art lithography a resolution
of 20 nm and below can be achieved.

A sketch of a set-up of a transmission x-ray microscope for parallel imag-
ing is shown in Fig. 18 [64]. A condenser zone plate focusses the illuminating
x-rays onto the sample. A microscopic image of the transmitted intensity is
created by an objective zone plate (“micro zone plate” in Fig. 18) behind the
sample, where it is read by an imaging unit, for example a CCD chip. In a
scanning transmission x-ray microscope a focussed x-ray beam is created by
a zone plate optics in front of the sample, the sample is moved by a piezo
scanner, and the transmitted x-ray intensity behind the sample is recorded
by an integral x-ray detector as a function of sample position. The distance
between the sample and zone plate is quite small, and usually transmission
x-ray microscopy is not performed under ultrahigh vacuum conditions.

In the set-up shown in Fig. 18, where the x-rays reach the sample under
normal incidence, the magnetic contrast in the resulting image represents
only the out-of-plane component of magnetization. Sensitivity to in-plane
components can be achieved by a modification of the XTM set-up so that
the sample can be tilted with respect to the optical axis [65]. Since the focal
length of a zone plate depends on the wavelength of the x-rays, the distances
between zone plates, sample, and detector have to be re-adjusted if a different
photon energy is to be used.

Compared to PEEM, the detection of XMCD by TXM differs in several
ways: The resolution is usually higher in TXM, but the field of view can not
be easily changed. Since TXM is a photon-in/photon-out method, it is not
sensitive to external magnetic fields. It is thus ideally suited for the imaging of
magnetization reversal processes, for example in small magnetic structures.
The main difference between M-TXM and XMCD-PEEM, however, is the
way the magnetic information is obtained. XMCD-PEEM is an on-surface

Fig. 18. Schematics of a transmission x-ray microscope. The x-ray beam from a
synchrotron radiation source is focussed onto the sample by the condenser zone
plate. A magnified image of the transmitted intensity is projected onto a detector
by the micro zone plate (Reproduced from [64] with permission, copyright (2001)
by IEEE)
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Fig. 19. Example of magnetic domain imaging using a transmission x-ray micro-
scope showing a test pattern in a Tb25(Fe75Co25)75 film for magneto-optical data
storage. The mark/space assignments of the different stripe patterns are given in µm
(Reproduced from [66] with permission, copyright (2001) by the American Institute
of Physics)

technique with a probing depth of about 2 nm, while TXM is a transmission
method. PEEM is thus more sensitive for signals of ultrathin films or inter-
faces, while information from more deeply buried layers (below ≈ 10 nm) is
only obtained by M-TXM. Substrates for M-TXM have to be suitably chosen
membranes.

Figure 19 shows an example of magnetic imaging by magnetic x-ray trans-
mission microscopy. Displayed is a magnetic domain image of a 50 nm thick
Tb25(Fe75Co25)75 magneto-optical storage media with out-of-plane easy axis,
in which test patterns with different bit sizes and periods have been written.
It shows that the thermally assisted write process works well for periods of
200 nm and higher, while it fails for smaller bits or smaller bit spacings [66].

3.6 Scanning Probe Techniques

In scanning probe techniques a sharp tip is laterally moved above the sample
surface. The size of an interaction between tip and sample is measured, and
usually a feedback loop is used to adjust the tip height in such a way to keep
the strength of this tip-sample interaction constant. Depending on the type of
tip-sample interaction several different scanning probe techniques can be dis-
tinguished. Prominent examples are scanning tunneling microscopy (STM),
in which the size of the tunnel current between the tip and a conducting
sample represents the tip-sample interaction, and atomic force microscopy,
in which either the repulsive binding force upon close approach between tip
and sample, or van der Waals forces at larger distances are used to regu-
late the tip-sample distance. In the following two scanning probe techniques
for magnetic imaging that are based on these two non-magnetic imaging
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(a)

(b)

Fig. 20. Schematic explanation of the contrast in magnetic force microscopy. (a):
Thin film sample with in-plane magnetization. The stray field originating from a
Néel wall between two domains with opposite magnetization direction leads to a
black/white contrast in the MFM image (right). (b): Thin film sample with out-
of-plane magnetization. The stray field originating from the edges of the domains
leads to a contrast as schematically displayed at the right

techniques are presented. As magnetic tip-sample interaction serve the force
between the stray field of the sample and a magnetic tip in one case, and the
spin-dependence of the tunnel current in the other.

Magnetic Force Microscopy (MFM)

Magnetic force microscopy (MFM) is one of the most widely used techniques
for magnetic imaging. This is due to the easy implementation of MFM into
the existing scanning probe technology, the high resolution, and the insensi-
tivity to the surrounding which makes MFM applicable also under ambient
pressure. In MFM the force exerted on a magnetic tip by the stray field of
the sample above the surface is measured. State-of-the-art atomic force mi-
croscopes are able to detect very small forces between sample and tip by a
change in resonance frequency of a cantilever on which the tip is mounted.
This can be used also for the detection of the small magnetic forces that oc-
cur when the tip is positioned above the sample surface. MFM is an indirect
imaging technique, since not the magnetic domains, but the stray fields above
the surface of the magnetic domain pattern are imaged.

Figure 20 shows schematically the working principle of MFM. In the up-
per panel (a) a situation is considered in which two oppositely magnetized
domains in a thin film are separated by a Néel wall. Magnetic poles at both
ends of the domain wall lead to a stray field outside the sample as indicated by
arrows. If a magnetic tip with magnetization direction as sketched in Fig. 20
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(a) is moved across the domain wall, it will experience a repulsive force on
the right side of the domain wall, and an attractive force on the left side. An
image of the cantilever oscillation frequency would qualitatively look like the
one shown on the right hand side, where a brighter contrast means a higher
oscillation frequency, corresponding to a repulsive force.

The case of a sample with out-of-plane magnetization is sketched in Fig. 20
(b). An infinitely extended sample with a single domain with perpendicular
magnetization does not exhibit a stray field outside the sample, since the
magnetic flux density is completely closed inside the film by the demagne-
tizing field, as discussed in Sect. 1. However, at the domain boundaries part
of the flux is also closed outside the sample, as sketched in Fig. 20 (b). This
part of the flux is actually exactly the one responsible for the reduction of
the demagnetizing energy, which leads to the occurrence of stripe domains in
films with perpendicular anisotropy. For MFM this means that close to the
domain walls there is a magnetic force acting on the tip. As in the case of
the Néel wall in panel (a), the perpendicular component of this force changes
sign at the center of the domain wall, resulting in an image as depicted at
the right. If the width of the stripe domains is similar to the tip-sample dis-
tance, typically about 50 nm or more, the domains appear with a constant
alternating contrast in the final image. In this case it looks like an image of
the sample magnetization, but one should keep in mind that magnetic images
obtained by MFM do not directly represent the magnetization distribution
of the sample, but contain only indirect information about it. The actual
domain pattern has to be reconstructed from the force images. In the case of
narrow out-of-plane domains this is quite easy, but can be more complicated
for in-plane domains with different magnetization angles. The long range
nature of dipolar interactions is an additional obstacle. In addition, the in-
teraction of the stray field of the tip may influence the sample magnetization
in soft magnetic samples. An example is shown in Fig. 21. It shows in panels
(b) and (c) MFM images of a 2 × 2 µm2 permalloy microstructure of 16 nm
thickness, taken for opposite tip magnetization direction. The arrows in panel
(a) show the result of a micromagnetic simulation for this structure, while
the grayscale represents the simulated MFM contrast resulting from this cal-
culated magnetization distribution. As schematically shown in Fig. 1 (b), the
energetically most favorable state in square microstructures of a certain size
is the so-called Landau pattern, in which no flux exits at the sample’s outer
edges. At the 90◦ domain boundaries, however, some flux is present above
and below the structure. This is imaged by the MFM, where it leads to the
typical black/white contrast at these lines. The sequence of black and white
is reversed if the tip magnetization is reversed, which is clearly recognized in
Fig. 21. Compared to the simulated pattern (a), however, the experimentally
observed domain patterns (b) and (c) exhibit a more curved appearance of
the domain walls. Furthermore, the curvature is different in (b) and (c). It is
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Fig. 21. Example of magnetic imaging using MFM. (a) Micromagnetic simulation
of a 2× 2 µm2 permalloy element of 16 nm thickness. (b), (c): MFM images of this
element obtained with opposite tip magnetization directions. From [67]

attributed to the perturbation of the sample magnetization distribution by
the stray field of the tip [67].

Although the information about the magnetization distribution in a sam-
ple is only indirect, MFM is nevertheless probably the most widely used
technique for magnetic imaging. Reasons are the high resolution, which until
shortly made MFM a standard technique in development and production of
magnetic storage devices, the easy use under environmental conditions (no
vacuum necessary), and the commercial availability of instruments. Another
advantage of MFM is that within the same instrument also topographic in-
formation can be obtained from the atomic force mode of operation. If the
magnetization reversal of the tip is taken into account, MFM tolerates quite
high external fields, and allows the study of magnetization reversal processes.

The lateral resolution depends on the distance between tip and sample,
and on the shape of the tip. Routinely about 50 nm are achieved. To improve
the resolution, both the design of the tip and the method of tip-sample dis-
tance control have to be worked on [68]. Although MFM does not directly
provide quantitative information, several attempts for quantitative calibra-
tion of MFM have been performed [69–72]. This is not straightforward since
also the shape and the magnetization distribution of the tip enter in the equa-
tions for the force. A calibration of the tip properties with a known sample
is therefore indispensable for obtaining quantitative information from MFM.
MFM is not element-selective. Due to the long-range nature of the dipolar
interaction also information from deeper layers of a sample is obtained, but it
may be sometimes difficult to single out the contributions to the force coming
from certain depths of a sample.

Spin-Polarized Scanning Tunnelling Microscopy (Sp-STM)

The other tip-sample interaction that is being used for magnetic imaging is
the size of the electron current tunnelling through the vacuum gap between a
metallic tip and the sample. The tunnel current between two magnetic elec-
trodes depends in general on the relative orientation of the two magnetization
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directions. This is explained by Fig. 22. It gives a schematic representation
of the involved spin-split densities of states. The left graph shows the spin-
resolved density of states of the sample. The horizontal line is the Fermi edge.
Majority and minority states are shown left and right of the vertical energy
axis, respectively. The middle graph shows the density of states of a tip that
is magnetized parallel to the sample. The applied bias voltage Ubias between
sample and tip appears as an energy difference between the Fermi levels of
sample and tip. Since the electron spin is preserved in the tunnel process,
tunnelling occurs between majority states of the tip and majority states of
the sample, as well as between minority states of the tip and minority states
of the sample. For a positive bias voltage as drawn in Fig. 22, electrons tun-
nel from occupied states of the tip into unoccupied states of the sample. The
graph on the right hand side of Fig. 22 shows the density of states of the
tip if its magnetization direction is reversed, i.e., if majority and minority
states are exchanged. In this case, when tip and sample magnetizations are
antiparallel, minority electrons from the tip can tunnel into majority states
of the sample, and vice versa. The tunnel current in these two cases, tip mag-
netization parallel or antiparallel to the sample magnetization, will generally
be different. This is called tunnel magnetoresistance [73], and can be used to
obtain information about the sample magnetization in a scanning tunnelling
microscopy experiment.

tip, ↑↑ tip, ↑↓

Ubias

sample

Fig. 22. Schematic explanation of tunnelling magnetoresistance between a mag-
netic tip and the sample in scanning tunnelling microscopy. Left : spin-split density
of states of the sample, middle: spin-split density of states of a tip with magne-
tization parallel to that of the sample, right : spin-split density of states of a tip
with magnetization antiparallel to that of the sample. Electron tunnelling occurs
between states of tip and sample of the same spin direction. Separation between
magnetic and topographic contrast can be obtained by using a lock-in technique
and modulating either the tip magnetization direction or the bias voltage between
tip and sample
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Fig. 23. Schematics of different ways of experimental realization of spin-polarized
scanning tunneling microscopy. (a), (b): Tip covered by a magnetic thin film, used
for sp-STM by modulating the bias voltage between tip and sample. (c), (d): Bulk
tips used for sp-STM by reversing the tip magnetization. (a) and (c) show geome-
tries with sensitivity for in-plane magnetization, (b) and (d) geometries with sen-
sitivity for out-of-plane magnetization

The great difficulty is that besides this dependence on the relative orien-
tation of sample and tip magnetization the tunnel current also depends expo-
nentially on the distance between tip and sample. This is the normal contrast
mechanism used in STM to obtain topographic contrast. If one wants to use
the tunnel magnetoresistance as contrast mechanism for magnetic imaging,
the task is to separate magnetic from topographic signal in the tunnel cur-
rent. This has to be done at each position in an image independently, since
the large change in tunnelling current when moving the tip across the sam-
ple surface does not allow any conclusions about the magnetic contribution.
It has been accomplished by two different approaches. The magnetic signal
can be identified by modulating a parameter and using a lock-in technique
to separate the much smaller magnetic signal from the topographic signal.
In the two different approaches the parameter to be modulated was in one
case the bias voltage, in the other the direction of tip magnetization. These
two ways of realizing sp-STM are shown in Fig. 23. The top row shows a tip
covered with a thin magnetic film. Depending on the magnetic anisotropy of
the film, the magnetization at the tip apex will be either perpendicular to
the tip axis (a) or along the tip axis (b), probing thus samples with in-plane
or out-of-plane magnetization, respectively. Using such a tip, the bias volt-
age Ubias has to be modulated. The lock-in signal will then yield the energy
derivative of the tunnel current, which, like the tunnel current itself, will in
general depend on the relative orientation of tip and sample magnetization.
It is then possible to use the magnitude of the tunnel current to control the
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tip-sample distance, and the lock-in signal to obtain information about the
sample magnetization. This spectroscopic approach has been pioneered by
Bode, Wiesendanger, and coworkers [25, 74]. The problem is that the mag-
netic signal varies in size as a function of bias voltage, and that different
elements will also lead to a different dI/dUbias. The advantage is that once a
tip is covered with a magnetic film it is easily implemented into any existing
STM. It is also possible to use antiferromagnetic tips in order to make the
technique more insensitive to the application of external fields [75].

The other approach, modulating the tip magnetization, is shown in Fig. 23
(c) and (d). It was pioneered by Wulfhekel, Kirschner, and coworkers [76,77].
Here the tip has to be fully made from a magnetic material. The tip mag-
netization is then periodically reversed by the current through a coil. For
a normal tip (d) this leads to a sensitivity to the out-of-plane component
of magnetization. Note that according to the scale the tips are sketched in
Fig. 23, the coil would be way up and much larger. To detect in-plane com-
ponents, a special ring-like design of the tip (c) has to be used in order to
reverse the magnetization direction [78]. Here the electrons tunnel between
the sample and the bottommost atoms of a tiny washer-like ring. Modulating
the sample magnetization yields directly the tunnel magnetoresistance from
the lock-in output. The signal in this method is present and can be used
for magnetic imaging at any bias voltage, which is an advantage in partic-
ular if the spectroscopic properties of a sample are not known beforehand.
Technical problems are the choice of an appropriate tip material, which has to
be magnetically soft and at the same time exhibit very low magnetostriction.

An example of magnetic contrast by sp-STM is shown in Fig. 24. Like
for SEMPA, the high surface sensitivity of Sp-STM allows the investigation
of layered antiferromagnetic samples. This has been successfully used for the
imaging of Cr(001) [25] and Mn/Fe(001) [26, 78]. Figure 24 gives an exam-
ple from [78]. Panel (a) shows the topographic STM image of 7 ML Mn on
an Fe(001) single crystal. Black, gray, and white contrast corresponds to
increasing terrace height in steps of one atom. Figure 24 (b) shows the si-
multaneously acquired magnetic signal, using the technique as sketched in
Fig. 23 (c). Now the different grayscales correspond to different local mag-
netoresistance between tip and sample. Comparing Figs. 24 (a) and (b), the
layered antiferromagnetic spin structure of the Mn film is nicely recognized,
similar to the example shown in Fig. 8.

Sp-STM is at present the magnetic imaging technique with the highest
resolution, less than 1 nm. It is very surface sensitive, and has to be performed
under ultrahigh vacuum conditions. Topographic information as in STM is
available from the same measurement. The high surface sensitivity implies
that the signal from buried layers is not accessible by Sp-STM.
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(a)

(b)

Fig. 24. Example for magnetic imaging by sp-STM. (a): Topographic STM image
of a Mn film of 7ML thickness on Fe(001). (b): Magnetic sp-STM image at the same
position of the sample, acquired simultaneously with the topographic information
(Reproduced from [78] with permission, copyright (2003) by the American Institute
of Physics)

4 Summary and Outlook

The features of the various techniques for magnetic imaging that have been
presented in the previous chapters are summarized by pictograms in Table 2.
The first column, headed by a magnifying glass, refers to the resolution. The
resolution of the listed techniques ranges between that of Kerr microscopy
(500 nm) and sp-STM (< 1 nm), the latter being characterized by a double
smiley. Due to the chromatic aberration, the resolution of XMCD-PEEM is
somewhat worse compared to SPLEEM despite the identical electron imaging
technique.

The second column, headed by an hourglass, gives an overview of the
speed of image acquisition. Although the speed depends on image size, res-
olution, and the actual system under study, in general the scanning probe
techniques and SEMPA as scanning technique with the intensity loss in the
spin detection process have to be considered as relatively slow. The type of
image acquisition, scanning or parallel imaging, is listed in the third column,
titled with an eye symbol. The magnifying glass pictograms indicate parallel
imaging, while the page with lines pictogram refers to scanning imaging.

An important point is the sensitivity to external magnetic fields. This is
summarized in the fourth column, headed by a horseshoe magnet symbol.
Here the techniques that use low energy secondary electrons for the imaging
as SPLEEM and XMCD-PEEM are marked by bomb symbols, indicating a
high sensitivity to external magnetic fields. In SEMPA also slow electrons
are detected, but they do not form the image, which is determined by the
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Table 2. Summary of the features of the discussed magnetic imaging techniques.
Columns with pictograms refer (from left to right) to resolution, image acquisition
speed, type of imaging (parallel imaging or scanning), sensitivity to applied mag-
netic fields, type of depth information (surface based or transmission), information
depth (path length for exponential weighting for surface based techniques, max-
imum sample thickness for transmission techniques), possibility to obtain depth
selective information

Kerr microscopy

Lorentz microscopy

SEMPA

SPLEEM

XMCD-PEEM

M-TXM

MFM

sp-STM

L 6 N

L J L 3 J < 20 nm K

J K L 3 K < 100 nm L

J L 3 L < 0.5 nm M

J J L M < 1 nm M

K J L M < 5 nm J

J J L3 J < 200 nm J

J L 3 J < 2 µm L

L 3 < 0.2 nm MJJ JL

high energy primary electrons, so that moderate magnetic fields can be tol-
erated in certain dedicated set-ups. Two different symbols are shown in the
field for sp-STM. They refer to the two different experimental approaches: If
the magnetization of a soft magnetic tip is being modulated, sensitivity to
external magnetic fields is higher than in the approach where the sample bias
voltage is modulated.

The fifth column, with a rectangular box as title, displays the way the
magnetic information is obtained. The different pictograms found in that
column indicate on-surface acquisition and transmission measurements, re-
spectively. Modified on-surface symbols are being used for the scanning probe
techniques MFM and sp-STM, to indicate that the surface is not, as in the
other techniques, probed by an incident electron or photon beam. The ap-
proximate corresponding length scales, information depth in the case of on-
surface measurements, and maximum sample thickness in the case of trans-
mission measurements, are listed in the sixth column, titled with a distance
pictogram.

The last column summarizes another important aspect of magnetic imag-
ing techniques, namely the possibility to obtain depth-resolved information,
for example in multilayered magnetic samples. This is most easily achieved
by the XMCD-based techniques, XMCD-PEEM and M-TXM, which due to
their element-selectivity can address different magnetic layers at different
depths separately. A depth sensitivity can also be achieved in Kerr microscopy
by a careful adjustment of the phase. Lorentz microscopy as a transmission
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technique provides information from all depths of a sample; with some addi-
tional information at hand, features in the final image may be attributed to
different layers at different depths. The same holds for MFM, which due to
the long-range dipolar interaction provides also information about magnetic
domain walls in more deeply buried layers. No depth-resolved information is
available from images of the more surface-sensitive techniques like SEMPA,
SPLEEM, and sp-STM.

A trend that has already started is to furnish magnetic imaging with
time resolution to obtain laterally resolved images of the dynamic magnetic
response of the sample. Especially with respect to the increased data rate in
magnetic data storage the dynamic behavior of small magnetic structures is
becoming more and more important. Time-resolution has been successfully
integrated into scanning Kerr microscopy in a stroboscopic pump–probe ap-
proach [79–81]. Since a laser beam is used for the illumination of the sample,
it is quite straightforward to include the time structure of a pulsed laser
source for the probe in a pump–probe scheme. The pump has to be an ultra-
short synchronized magnetic field pulse, which can be obtained by hitting a
photoconductive switch with a laser pulse, and passing the generated current
pulse through a stripline underneath the sample.

Similar time-resolved pump–probe experiments have also been already
implemented in synchrotron radiation-based magnetic imaging techniques.
Here the pulsed time structure of the synchrotron radiation provides the
probe. Compared to a laser pulse the typical width of a synchrotron ra-
diation pulse is much larger, typically about 50 ps, but still smaller than
typical rise times in stripline-generated magnetic field pulses. Stroboscopic
time-resolved magnetic imaging has been demonstrated in XMCD-PEEM by
several groups [82–85], and also in M-XTM [86]. The element-selectivity of
XMCD is an advantage also for the time-resolved measurements, since mag-
netization reversal dynamics of the different magnetic layers in a magnetic
trilayer can be studied separately [87].

The electron imaging techniques like SPLEEM and XMCD-PEEM, but
also Lorentz microscopy, may benefit in the near future from novel devel-
opments for aberration correction. In light optical lens systems aberration
correction is accomplished by suitable combinations of convex and concave
lenses. Since there are no concave lenses for electron imaging, aberration
correction can not readily be performed in electron optics. The first sugges-
tion for an aberration-corrected electron optics by non-rotational-symmetric
lenses has been made by Scherzer more than half a century ago [88]. 43 years
later Rose took up the idea [89], which lead to the construction of an aber-
ration corrected transmission electron microscope [90]. An aberration correc-
tion scheme for LEEM and PEEM based on the reflection of electrons in a
tetrode electron mirror was also suggested [91], and currently two experimen-
tal realizations of aberration-corrected instruments are under development at
BESSY in Berlin [92] and at the ALS in Berkeley. The theoretical resolution
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is expected to be better than 1 nm; in addition, a huge increase in intensity
is expected compared to non-corrected instruments for identical resolution
settings because a bigger contrast aperture can be selected in the corrected
instrument, which leads to a larger electron acceptance angle (cf. Fig. 10).

New developments in the so-called “lensless imaging” should be also men-
tioned here, although strictly speaking this is not an imaging technique but
belongs to the class of diffraction experiments. A collaboration of researchers
from BESSY and the ALS/Stanford University achieved the holographic re-
construction of a magnetic domain image from a resonant x-ray scattering
experiment using coherent x-ray radiation in combination with the XMCD
effect [93, 94]. In their set-up a coherent x-ray beam, tuned to an elemental
absorption edge of the sample, was transmitted through a thin magnetic film
with out-of-plane magnetization. The diffraction pattern of a small reference
hole next to the sample was superimposed for phase retrieval. The result-
ing coherent scattering speckle pattern was then recorded. This allows the
reconstruction of the magnetic real-space image [93, 94]. It is expected that
this way of magnetic imaging will greatly benefit from the availability of free
electron based sources of extremely brilliant and ultrashort x-ray pulses.

The new developments mentioned in this section have just begun. To-
gether with other improvements on the existing magnetic imaging methods
they will push the whole field forward, and open new ways for the investiga-
tion of magnetic properties for both fundamental and applied research. This
is necessary since the shrinking dimensions of structures involved in mag-
netic recording and data storage technology pose a serious challenge to the
resolution and the speed of magnetic imaging techniques. Magnetic imaging
can only be competitive if the resolution satisfies the needs. On the other
hand this is a big chance, since it increases the quest for microscopic in-
formation to understand the fundamentals of dynamic micromagnetism in
confined structures.
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67. A. Thiaville, J. Miltat, J.M. Garćıa: Magnetic Force Microscopy: Images of

Nanostructures and Contrast Modeling. In: Magnetic Microscopy of Nanos-
tructures, ed by H. Hopster, H.P. Oepen, (Springer, Berlin Heidelberg New
York 2004) pp 225–251



320 W. Kuch

68. L. Abelmann, A. van den Bos, C. Lodder: Magnetic Force Microscopy –
Towards Higher Resolution. In: Magnetic Microscopy of Nanostructures, ed by
H. Hopster, H.P. Oepen, (Springer, Berlin Heidelberg New York 2004) pp 253–
283

69. H.J. Hug, B. Stiefel, P.J.A. Van Schendel et al.: J. Appl. Phys. 83, 5609 (1998)
70. J. Lohau, S. Kirsch, A. Carl et al.: J. Appl. Phys. 86, 3410 (1999)
71. J. Lohau, S. Kirsch, A. Carl et al.: Appl. Phys. Lett. 76, 3094 (2000)
72. P.J.A. Van Schendel, H.J. Hug, B. Stiefel et al.: J. Appl. Phys. 88, 435 (2000)
73. M. Jullière: Phys. Lett. 54A, 225 (1975)
74. M. Bode, M. Getzlaff, R. Wiesendanger: Phys. Rev. Lett. 81, 4256 (1998)
75. A. Kubetzka, M. Bode, O. Pietzsch et al.: Phys. Rev. Lett. 88, 057201 (2002)
76. W. Wulfhekel, J. Kirschner: Appl. Phys. Lett. 75, 1944 (1999)
77. H.F. Ding, W. Wulfhekel, J. Kirschner: Europhys. Lett. 57, 100 (2002)
78. U. Schlickum, W. Wulfhekel, J. Kirschner: Appl. Phys. Lett. 83, 2016 (2003)
79. W.K. Hiebert, A. Stankiewicz, M.R. Freeman: Phys. Rev. Lett. 79, 1134 (1997)
80. B.C. Choi, M. Belov, W.K. Hiebert et al.: Phys. Rev. Lett. 86, 728 (2001)
81. A. Barman, V.V. Kruglyak, R.J. Hicken et al.: Appl. Phys. Lett. 82, 3065

(2003)
82. J. Vogel, W. Kuch, M. Bonfim et al.: Appl. Phys. Lett. 82, 2299 (2003)
83. A. Krasyuk, A. Oelsner, S.A. Nepijko et al.: App. Phys. A 76, 863 (2003)
84. C.M. Schneider, A. Kuksov, A. Krasyuk et al.: Appl. Phys. Lett. 85, 2562

(2004)
85. S.-B. Choe, Y. Acreman, A. Scholl et al.: Science 304, 420 (2004)
86. H. Stoll, A. Puzic, B. van Waeyenberge et al.: Appl. Phys. Lett. 84, 3328 (2004)
87. W. Kuch, J. Vogel, J. Camarero et al.: Appl. Phys. Lett. 85, 440 (2004)
88. O. Scherzer, Optik 2, 114 (1947)
89. H. Rose, Optik 85, 19 (1990)
90. M. Haider, S. Uhlemann, E. Schwan et al.: Nature 392, 768 (1998)
91. H. Rose, D. Preikszas: Nucl. Instrum. and Meth. A 363, 301 (1995)
92. R. Fink, M.R. Weiss, E. Umbach et al.: J. Electron Spectrosc. Relat. Phenom.

84, 231 (1997)
93. S. Eisebitt, M. Lörgen, W. Eberhardt et al.: Appl. Phys. Lett. 84, 3373 (2004)
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