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Synchrotron Radiation Photoemission Electron Microscopy

Martin E. Kordesch
Department of Physics, Ohio University, Athens, Ohio, U.S.A.

Stefan Heun
NEST CNR-INFM and Scuola Normale Superiore, Pisa, Italy

Abstract
Synchrotron radiation photoemission electron microscopy is an imaging method that uses synchro-
tron radiation to produce photoelectrons that are collected and used to image a surface. The method
has many variations, other names, but is abbreviated here as ‘‘SR-PEEM’’ for simplicity.

INTRODUCTION

Synchrotron radiation photoemission electron micro-
scopy is an imaging method that uses synchrotron
radiation to produce photoelectrons that are
collected and used to image a surface. The method
has many variations, other names, but is abbreviated
here as ‘‘SR-PEEM’’ for simplicity.

Visible light microscopy is the earliest form of
microscopy. It revolutionized the understanding of
the small-scale physical world. In the 20th century,
electron microscopy became a universal tool in science
and medicine. In this century, the advances in synchro-
tron radiation sources around the world enable the use
of ‘‘light’’ microscopes operating at wavelengths in the
vacuum ultraviolet, soft X-ray, and hard X-ray regions
of the spectrum. Synchrotron radiation offers high
brightness and, most importantly, the ability to vary
or scan the incident light wavelength. As with visible
light microscopy, the frontier of this branch of science
is equally divided between improvements in method-
ology and instrumentation, and the applications of
the method to specific problems.

SYNCHROTRON RADIATION
BASED MICROSCOPY

Synchrotron radiation is produced when relativistic
electrons (or positrons) are accelerated along a curved
path by the so-called bending magnets. This change in
their direction is an acceleration, and an accelerated
charge emits electromagnetic radiation. Synchrotron
radiation is usually associated with the narrow, colli-
mated beam of light that is radiated along the forward
tangent of the orbit by relativistic electrons. The
charged particles follow a curved path on the order
of meters, and the beam is radiated tangentially to
the plane of their orbit. The light has a large spectral

range, and is polarized. A recent review is contained
in Ref.[1].

In modern synchrotron light sources, the brightness
of the radiation is increased by orders of magnitude
using so-called ‘‘insertion devices’’ (undulators and
wigglers).[1,2] These devices are inserted into the drift
(straight) portions of the storage ring and generate
radiation as highly relativistic electrons traverse a per-
iodic magnetic field structure. Undulators use weak
magnetic fields resulting in gentle periodic excursions
of the electrons. In this way, the light cones just over-
lap and interfere with each other, so that certain
wavelengths of light are enhanced, i.e. the natural
bandwidth of the central emission cone is reduced,
while at the same time the characteristic X-ray
emission angle becomes narrower when compared
with the natural emission angle of a bending
magnet. The emission wavelength can be changed
by altering the gap between the component magnets
so that the light is tunable to specific wavelengths.
On the other hand, wigglers use high magnetic fields;
therefore, the electron acceleration is stronger, result-
ing in a broad emission spectrum similar to a bending
magnet, but with enhanced photon flux and energy
width. Details of modern synchrotron light sources
can be found on the worldwide web at http://
lightsources.org.

There are many reasons why synchrotron radiation
is attractive for microscopy. For simple magnification,
electron and scanning probe microscopes are already
far ahead of any synchrotron-based method. In terms
of contrast, however, there are advantages to synchro-
tron radiation. Atomic transitions, specific to each
element, from valence and core levels, are within the
spectral range of synchrotron radiation. Element-
specific imaging is possible, with spectroscopic resolu-
tion, in addition to imaging.

Two general types of microscopes are used for
photoemission microscopy. One type (SR-PEEM)
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uses a direct imaging electron optical system, i.e. the
image is not composed of scanned lines. Here, the
surface is illuminated over the entire field of view,
and the photoelectrons are collected all at once. This
approach is sometimes called spectro-microscopy. The
second type, scanning photoemission microscopy
(SPEM), uses a small focused spot that is scanned
over the surface, and an image is composed of an
array representing the emitted photoelectron yield at
each point. This approach can be classified as
micro-spectroscopy.1

Photoemission electron microscopy (PEEM) is
described in another article.[3] The principles underly-
ing the basic function of the electron optical side of
the microscope are very similar in SR-PEEM and
PEEM. When photons are incident on a surface, elec-
trons can be emitted, and collected by the electron
optical system. The origin of these photoelectrons
depends on the incident photon energy. Laboratory
PEEM instruments use a light source with a fixed spec-
trum. A mercury arc lamp is typical. As much of the
emitted electron distribution as possible is collected
by the objective. A ‘‘white light’’ image, i.e., using
the synchrotron beam without monochromator or
the ‘‘zero-order’’ reflection would give operating con-
ditions that are, in principle, similar to a laboratory
PEEM (but with much different results, owing to the
larger incident spectral width).

In SR-PEEM, there are two different methods for
utilizing the variable wavelength of SR light. One of
these is based on total yield measurements.[4] In this
version of SR-PEEM, the incident wavelength is var-
ied, and all photoelectrons are collected, without
energy-discrimination. An example would be images
acquired above and below an absorption edge for a
specific element. The difference in the contrast in the
images gives information on the distribution of that
element. Because the image acquired above the absorp-
tion edge includes electrons that are not present in the
below-edge image, image contrast due to that element
is present. The absorption edge spectrum is obtained
by recording the image intensity as a function of
photon energy (micro X-ray absorption near edge
spectroscopy (m-XANES)).

A second method, partial yield detection, is also
possible with some SR-PEEM systems. In this method,
the electrons are analyzed using an imaging electron
spectrometer to determine the energy distribution of,
or select a portion of, the photoelectrons collected by

the imaging optics. The electron spectrometer is
usually located after the objective lens, but before the
imaging device that converts the electron yield to a vis-
ible image. Image contrast can be obtained at a fixed
photon energy or by selecting an electron energy win-
dow for analysis and varying the incident photon
energy. By selecting only a fraction of the emitted
photoelectrons, image intensity becomes a concern.
One of the advantages of modern synchrotron light
sources is their high brightness, which makes partial
yield detection practical.

The basic fact that synchrotron light can be tuned
over a large energy range (from the UV to X-rays)
extends the chemical contrast available in SR-PEEM
relative to PEEM. The incident photon energy can be
varied, the photoemitted electrons can be energy-ana-
lyzed and polarization effects can be used in some cases
to analyze molecule-surface orientations. The variable
incident photon energy lets the user choose the opti-
mum contrast for a particular element. If the sample
is robust enough for longer-term measurements, the
user can tune the incident light for optimal contrast
for several different elements.

Modern digital imaging techniques allow storage of
a large number of high-resolution images. Each image,
collected at a different incident photon energy, is a
pixel-by-pixel map of the electron yield. When a num-
ber of sequential images are acquired, the electron
yield–photon energy curve at each pixel is measured.
Sometimes, this is called a ‘‘stack’’ of images (see,
for example, Ref.[5]). The ‘‘stack’’ is an electron spec-
trum at each location in the image. The analysis of
the ‘‘stack’’ can then be used to generate images that
show contrast correlated with a specific element, or
any other resolvable spectral feature. In addition, if
the total electron yield is analyzed in some way, say
by filtering, or selection of a particular energy range,
the contrast can be further enhanced by measuring
the partial electron yield at each pixel.

Both direct imaging and scanning X-ray micro-
scopes can make use of this type of image analysis.
In the direct image, the intensity is measured for all
of the pixels at one energy, for the scanning micro-
scopes, the electron yield is analyzed over several
energy ranges one pixel at a time.

PHOTOEMISSION MICROSCOPY: PAST,
PRESENT, AND FUTURE

Early application of SR light to photoemission
microscopy was by two techniques that are no longer
popular. The first is to use the soft X-rays to induce
fluorescence and then to convert the fluorescence
X-rays to photoelectrons, which are imaged using elec-
tron optics or an electron-to-visible light converter.

1Very recently also a third method has been demonstrated with sub-

100 nm lateral resolution: the so-called lensless imaging which uses

the measured diffuse x-ray intensity from the sample to reconstruct

an image of the sample. For details, see S. Eisebitt et al., Nature

432 (2004) 885.
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This technique used transmission geometry, with the
object located on or near the photocathode; it is remi-
niscent of ‘‘contact printing’’ as used in photogra-
phy.[6] The second early form used a strong divergent
magnetic field to project the emitted photoelectrons
onto an imaging screen: magnetic projection photo-
electron microscopy.[7,8] The second method is the
ancestor of the spectro-microscopy technique, even
though the resolution and magnification were limited,
because it involved non-contact formation of an image
using emitted photoelectrons during variation of the
incident photon energy. Currently, most SR-PEEM
instruments use a high electric field and electrostatic
or magnetic lenses for imaging. An early version
was developed by Tonner and Harp.[4] SPEMs were
developed concurrently.[9]

Advances in SR-PEEM have been a result of
advances in the synchrotron sources and focusing
methods for X-rays. In very recent times, the improve-
ment of electron optical methods for aberration correc-
tion and energy filtering has played an increasingly
important role.

Modern instruments vary widely in complexity and
application. Some have complicated acronyms that
describe what they can do, up to and including
SMART: ‘‘spectromicroscope for all relevant
techniques’’.[10]

The history of PEEM can be read in many places;
see Griffith and Engel[11] for a review of progress up
to ultrahigh vacuum microscopes, and more recently
Guenther et al. (2002).[12] Reviews of instrument
parameters for the many modes of operation and the
considerations for instrument design can be found
in Rempfer and Griffith[13] and Veneklasen.[14] The
conference series on the vacuum ultraviolet ‘‘VUV’’,
for example, is also a good source of recent advances.

Possibly, the fastest growing area of SR-PEEM is
imaging magnetic materials (see Ref.[15]). The develop-
ment of picosecond imaging has enabled the obser-
vation of dynamic magnetic processes in materials.
The application of SR-PEEM is also growing to
include soft materials, minerals, biological samples,
and technologically important materials such as
semiconductors and nanomaterials, and tribology.

PHOTOEMISSION MICROSCOPY:
INSTRUMENTATION

General Remarks

Before we discuss in detail the various photoemission
electron microscopes operating at synchrotron light
sources, we will first consider some general aspects of
microscopy using X-rays. Given by the detection
scheme, two groups can be identified: (a) photon

in–photon out, and (b) photon in–electron out. In
(a), we have the X-ray transmission microscopes and
the fluorescence microscopes.[16] Owing to the large
X-ray attenuation length of a solid, these microscopes
are rather bulk-sensitive (100 nm sampling depth and
more).[17] Work in transmission requires thinned
samples (thickness around 100 nm).[18] On the other
hand, the detection of photoelectrons results in very
surface sensitive measurements, because the escape
depth of the photo-excited electrons in the energy
range of interest here is a few Angstrom to a few
nanometers only.

Scanning Photoemission Microscopy (SPEM)

In a scanning microscope, the light is focused by an
optical element (usually a Fresnel zone plate or a
Schwarzschild objective) on a small spot (diameter
around 100 nm) on the sample.[19] A high brightness
source is needed. Since the lateral resolution of these
microscopes is obtained by focusing the light in a small
spot, their ultimate resolution is diffraction-limited.
The excited photoelectrons are collected by an electron
energy analyzer with a typical energy resolution of
200 meV or better.[19] This is sufficient for the detection
of chemical shifts in core level peaks[20] and for valence
band spectroscopy.[21] Samples do not need to be flat,
so that, for example, measurements on cross-sectioned
samples can be performed.[22] Drawbacks of this design
are the poor time resolution caused by the need to scan
the sample relative to the light spot, and the high pho-
ton flux in a small spot, which might locally charge or
damage the sample.[23]

A typical setup for a scanning photoelectron micro-
scope (SPEM) employing a Fresnel zone plate is the
ESCA microscope at the Elettra synchrotron radiation
source in Trieste, Italy.[24] A sketch of this beamline is
shown in Fig. 1. Fresnel zone plates are circular
diffraction gratings made of an alternating sequence
of absorbing and transparent rings. In certain distances
from the zone plate, all transmitted lightwaves will
have a phase difference of 2pn (n integer), i.e. the con-
dition of constructive interference is met. Therefore,
zone plates act as lenses with several foci. To block
the higher order foci, an order-selecting aperture
(OSA) is used. The (unfocused) zero-order light is
blocked by a central stop in the zone plate. The
efficiency of modern zone plates can reach 55% for
hard X-rays (7 keV). For soft X-rays (hn < 1 keV),
an efficiency of 10% is routinely achieved. The mini-
mum spot size that can be obtained is 1.22 times the
width of the outermost ring.[25] Nanolithography is
therefore required to produce zone plates with nan-
ometer spot size. A typical focal length of a zone plate
lens for light with 500 eV is several millimeters. Since
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the focal length is proportional to the photon energy,
imaging at much lower photon energies would result
in unpractical small working distances. Therefore, zone
plates are not used in photoemission at photon
energies below 300 eV.

A typical setup for an SPEM station employing a
Schwarzschild objective is the Spectromicroscopy
beamline at the Elettra synchrotron radiation source
in Trieste, Italy.[26] A sketch of this beamline is shown
in Fig. 2. A Schwarzschild objective consists of a
concave and a convex mirror. The radiation impinges
nearly orthogonal on the mirror surfaces. Since the

reflectivity of metals for normal incidence in the
VUV and for X-rays is very small (<1%[17]), multilayer
coatings have to be employed. They enhance the reflec-
tivity by constructive interference of the wavefronts
reflected at the single layer boundaries. This condition
is met if the wavelength equals two times the layer
thickness. Modern multilayer coatings can reach, in a
small energy range, reflectance values of the order of
50%.[27] This implies that a dedicated Schwarzschild
objective is needed for each photon energy so that
scans of photon energy are practically impossible.[27]

Since each layer of the coating has a thickness

Fig. 1 Schematic drawing of the ESCA microscopy beamline at Elettra hosting an SPEM with Fresnel zone plate and order
sorting aperture (OSA) as focusing system. Source: From http://www.elettra.trieste.it/experiments/beamlines/esca/index.html.

Fig. 2 Sketch of the Spectromicroscopy Beamline at Elettra, Trieste, Italy, which uses Schwarzschild objectives (SO). The inset
shows the X-ray traces within the objective. Source: From http://www.elettra.trieste.it/experiments/beamlines/spectro/index.html.
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comparable with the photon wavelength, surface, and
interface roughness prevents the use of Schwarzschild
objectives for shorter wavelengths, i.e. higher energies
(E > 300 eV).[28] In summary, the use of Fresnel zone
plates for photoelectron spectroscopy at photon
energies below about 300 eV is unpractical owing to
their short focal length, and exactly in this low energy
range, the Schwarzschild objectives show their best
performance.

Photoemission Electron Microscopes (PEEM)

Among the various imaging photoelectron micro-
scopes by far, the most popular today is the photo-
emission electron microscope (PEEM). In this setup,
the light is homogeneously illuminating a spot of sev-
eral micrometers diameter on the sample. This spot size
is still small relative to what is used in classical (inte-
gral) setups, but it is large when compared with what
is required in the scanning type design, so that illumi-
nation can still be achieved with conventional optical
elements (mirrors). A PEEM employs electrostatic or
magnetic lenses to form a magnified image of the sam-
ple on a screen. No sample scanning is necessary. Typi-
cal fields of view of the microscope range from 1 mm to
100 mm. Continuous imaging at video rates are possi-
ble.[29] A basic PEEM is shown in Fig. 3. The photo-
electrons emitted from the sample are accelerated by
a high electric field between the sample and the objec-
tive lens. The image produced by the objective lens is

magnified by the projector lens(es) onto a detector.
Such PEEM systems can reach a lateral resolution of
up to 20 nm.[30–34] In brief, the PEEM is a simple
instrument with good time resolution. No complicated
X-ray optics is needed, no sample scanning necessary.

Early PEEM work was performed with deuterium
or mercury lamps.[4,29] For element-specific imaging,
higher photon energies are necessary to excite atomic
core levels. Therefore, spectroscopic imaging with
PEEM is usually done at a synchrotron. Most of this
work has utilized soft X-rays and ultraviolet photons
(10–2000 eV) to achieve high surface sensitivity. How-
ever, there are first attempts to use PEEM in combi-
nation with hard X-rays, which would make PEEM a
bulk sensitive probe.[35]

One way to perform spectroscopy with a PEEM is
to scan the photon energy and to perform optical
absorption edge spectroscopy with the lateral resolu-
tion of the PEEM (m-XANES). It is possible because
the total photoelectron yield is almost proportional
to the photoabsorption coefficient.[36] This technique
is very useful for the study of organic and magnetic
materials.[37] A requirement for this kind of experi-
ments is a tunable X-ray source, which is naturally
given in a synchrotron.

Even with sufficiently high photon energies, a stan-
dard PEEM cannot be used for micro X-ray photoelec-
tron spectroscopy (m-XPS) because it is not equipped
with a photoelectron energy analyzer. The implemen-
tation of an energy filter in a PEEM is, however, not
only useful to obtain energy filtered images and to col-
lect photoemission spectra. The lateral resolution of
this instrument is not limited by diffraction, but rather
by lens aberrations. Therefore, the spatial resolution of
a PEEM can be increased by reducing the aberrations.
One way to do this is to add an energy filter to the
PEEM.[32,38,39] This reduces chromatic aberrations.
Therefore, even for m-XANES experiments, the use
of an energy analyzer is beneficial: it allows the selec-
tion of a narrow energy window around the maximum
of the secondary electron energy distribution and thus
improves the lateral resolution without an unaccept-
able loss of image intensity.

Two principal ways lead to an energy analysis of the
photoelectrons with lateral resolution. One possibility
is to use an aperture and to select an interesting region
within the field of view. Photoelectrons from other
parts of the sample are blocked, and only the photo-
electrons from the interesting region can reach the ana-
lyzer. Therefore, the PEEM acts as a high-performance
transfer lens for the analyzer. The diameter of the ana-
lyzed region can be as small as 1 mm. A commercial
energy analyzer can be used for this purpose, which
allows the use of well-tested standard equipment.[30,40]

The second possibility is to energy-filter the entire
PEEM image. Several methods have been proposed

Fig. 3 A schematic drawing of a PEEM. The sample is illu-
minated by monochromatic X-rays. The lateral photoelec-
tron distribution is obtained by a detector consisting of a
multichannel plate, a phosphor screen, and a CCD camera.
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to achieve this goal. In a simple setup, a retarding field
analyzer can be used. A mesh or grid is inserted in the
PEEM optics after the magnification stages, but before
the image detector. If the mesh is biased, only photo-
electrons with a kinetic energy higher than the bias
can pass the mesh, which therefore acts as a high-pass
filter. By increasing the bias of the mesh, more and
more photoelectrons are cut out, and the energy spread
in the image is reduced. By differentiation, the energy
distribution curve of the photoelectrons from the sam-
ple can be obtained. An energy resolution of better
than 1 eV is reported for this setup with synchrotron
and laboratory X-ray sources.[41]

In a more sophisticated setup, the whole PEEM
image is energy filtered by a band-pass filter, i.e. only
electrons with a certain energy E0 � DE can contrib-
ute to the image. Different solutions have been
proposed to realize such a band-pass filter:

1. A time-of-flight tube in the PEEM. This
requires a pulsed light source. A first demon-
stration of this setup has been given at BESSY
operated in single bunch mode.[42–44]

2. A Wien filter uses an electric and magnetic field,
which are perpendicular to each other so that
only electrons with a particular energy can pass
the filter without deflection.[38,39,45] Although an
energy resolution of 0.1 eV has been calculated
for this design, only 1 eV has been demonstrated
so far, mainly because at higher resolution, the
intensity would be unacceptably low.[46]

3. An electrostatic spherical energy analyzer, like
in a conventional XPS setup.[47,48] Results have
been obtained with spherical 90� and 180� sys-
tems.[49–51] A combination of two 90� analyzers
has been proposed.[52]

4. An Omega filter. This imaging energy filter
consists of four sector magnets arranged
like the Greek capital letter omega. It will
be used in the SMART microscope.[10] A
maximum energy resolution of 0.1 eV has been
calculated.[53]

Most of the results in photoelectron spectroscopy
using a PEEM published so far have been obtained
with electrostatic hemispherical analyzers. In any case,
in contrast to conventional spectroscopy, an imaging
energy analyzer used in a PEEM has not only to pro-
vide high energy resolution, but it should also provide
an image free of distortions.

A lateral resolution of 22 nm and an energy resolu-
tion of better than 0.2 eV have been achieved with the
spectroscopic photoelectron and low energy electron
microscope (SPELEEM), which is based on a design
by Veneklasen and Bauer.[14,49] A schematic drawing
of it is shown in Fig. 4. Besides being a PEEM, this
microscope is also equipped with an electron gun to
perform low energy electron microscopy (LEEM) with
a lateral resolution of 8 nm.[54] The separation between
incoming and outgoing electrons is achieved by a mag-
netic prism (sector field). The electrons emitted or
reflected from the surface are transferred into the

Fig. 4 Schematic drawing of the SPELEEM instrument.
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image plane of the microscope, where a magnified
image of the sample can be observed with a video cam-
era or a slow scan CCD camera. When used as an elec-
tron microscope, the SPELEEM can be used to obtain
real space images of the sample (LEEM) or to measure
the intensity distribution in reciprocal space (low
energy electron diffraction (LEED)). Furthermore,
the use of the energy analyzer allows measurement of
the energy distribution of the electrons (electron energy
loss spectroscopy (EELS)). Both LEED and EELS can
be measured from a micrometer spot on the sample. In
complete analogy to this, three modes of operation are
available when working with photons: PEEM as well
as photoelectron diffraction (PED) and photoelectron
spectroscopy (PES). Details on the use of this
instrument can be found in Refs.[32,51].

A new generation of PEEMs is under construction
in different laboratories: the SMART project at
BESSY,[10] the PEEM-III project at the ALS,[55] and
the XPLEEM project from Delong Instruments.[56]

These instruments will be similar to the SPELEEM,
but they will use an electron mirror in the electron-
optical path for aberration correction.[57] Their lateral
resolution is calculated to be a few nanometers.[58]

APPLICATIONS AND EXAMPLES

Magnetism

In the last decade, PEEM has become a very popular
technique to visualize magnetic domains at surfaces.
For a review, see Ref.[15]. In combination with circu-
larly polarized light, the X-ray magnetic circular
dichroism (XMCD) effect can be employed as a con-
trast mechanism for magnetic domain imaging.[59,60]

XMCD image contrast arises from the dependence of
the photoabsorption coefficient on the relative orien-
tation of the sample magnetization direction with
respect to the helicity of the incident X-rays: it is maxi-
mal for parallel alignment, minimum for antiparallel
alignment, and zero for perpendicular alignment. Since
electrons are excited from core levels to empty states,
XMCD is element-specific. This is very useful
especially for the study of magnetic multilayers and
alloys. Furthermore, the XMCD measurements can
be quantitatively evaluated via sum rules to obtain
the spin and orbital magnetic moments and their aniso-
tropies.[61] Fig. 5 shows images obtained from a Co
film deposited on a patterned Si substrate (four squares
of size 1 mm and height 110 nm). The Co was deposited
under grazing incidence, which leads to the formation
of shadow regions above the squares, which are with-
out Co. The images in Fig. 5(A) and (B) are SR-PEEM
images taken at the Co L3 edge with negative and posi-
tive helicity, respectively. The sample was oriented in a

way that the magnetization in the film was (anti)
parallel to the incoming light, which was illuminating
the sample under grazing incidence (16� from the
right). Fig. 5(C) shows the difference between the two
images in (A) and (B). Although the magnetic domain
contrast can already be detected in the raw data, it is
greatly enhanced in the difference image: in the bright
areas the sample magnetization is parallel to the heli-
city vector of the X-rays, in the dark areas antiparallel.
While the shadow of the light (to the left of the
squares) is visible in the raw data as region of lower
intensity (the light is not completely attenuated by
the Si squares), this effect cancels out in the difference
image. On the other hand, the regions without Co are
clearly visible in the difference image as non-magnetic
(i.e. gray) regions. Fig. 5(D) shows Co L23 edge absorp-
tion spectra, which were measured on the same sample
with photons of positive helicity. The spectrum indi-
cated by the dashed line was measured on a flat area
away from the pattern where the magnetization was
parallel to the helicity vector of the X-rays (equivalent
to a bright area in Fig. 5(B)), while the spectrum indi-
cated by the full line was measured in a dark area. The
intensity difference in the spectra at the Co L3 edge

Fig. 5 XMCD-PEEM images of a Co film deposited on a
patterned Si substrate, measured at the Co L3 edge. (A)
and (B) show images taken with negative and positive heli-

city, respectively; (C) is the difference between the two
images. (D) Co L23 edge absorption spectra measured on
the same sample with photons of positive helicity. The spec-

trum indicated by the dashed line was measured on an area
where the magnetization was parallel to the helicity vector
of the X-rays, while the spectrum indicated by the full line
was measured in an area with antiparallel magnetization.
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explains the contrast observed in the image shown in
Fig. 5(B). At the Co L2 edge, the spectral intensity is
inverted, which also reflects in a contrast inversion in
the SR-PEEM image (not shown here). Inverting the
helicity of the X-rays, the two spectra show an inverted
behavior (not shown here), which reflects in the
contrast inversion observed between the images in
Figs. 5(A) and (B).

In a similar fashion as XMCD, also the X-ray mag-
netic linear dichroism can be employed for the study
of antiferromagnetic thin films.[37,62] Finally, in yet
another approach, the magnetic sensitivity is obtained
by measurement of the spin-polarization of the emitted
photoelectrons.[63]

Very recently, attention has focused on time-
resolved studies of magnetization dynamics with
PEEM. As already mentioned, PEEM allows continu-
ous imaging with video rate. The temporal resolution
of PEEM can, however, be dramatically enhanced by
a pump and probe approach with two pulsed exci-
tation sources, which are synchronized for strobo-
scopic imaging. Using a laser for pumping (the width
of the laser pulse can easily be less than 1 ps, down
to some fs), the X-ray pulses from a synchrotron can
be used for probing. In a third-generation synchrotron,
the X-ray pulses have a typical width of 50–100 ps. In
multibunch operation of the light source, they are
repeated every few ns, which is too short for most
time-resolved experiments, given the X-ray pulse
width. However, when the synchrotron is operated in
single bunch mode, the time interval between X-ray
pulses is around 1 ms, which is sufficiently long when

compared with the X-ray pulse width. A hybrid mode
has been proposed at the Swiss Light Source, in which
a single pulse is located in the regular 180 ns gap in the
filling pattern in multi-bunch mode. During measure-
ments, all but the single pulse are blanked out by a
gated detector in the PEEM, which has a rise time of
20 ns.[64,65]

The principle of these experiments is sketched in
Fig. 6. The pump pulse excites the sample, and after
a constant delay Dt the X-ray pulse from the synchro-
tron probes the sample. Averaging over many pulses
allows the collection of images with a useful
signal—to-noise ratio. This method can be applied
only to systems that return to their initial state between
two probe pulses. By changing Dt, the temporal evol-
ution of the sample can be obtained with a time-
resolution given by the X-ray pulse width. Pulse length
of some ten fs are expected for X-ray free electron
lasers (XFEL), which are now under construction in
several places worldwide. Using the combination of a
Ti:sapphire laser and a PEEM, the surface plasmon
dynamics in nanoscale roughness on a silver grating
has already been investigated with sub-fs temporal res-
olution.[66] Furthermore, XFEL sources will deliver
such a high photon flux that single shot measurements
will become feasible, which would allow to achieve
fs-time resolution even with samples that show non-
periodic behavior.

Recently, the pump and probe technique has been
used in combination with XMCD–PEEM to obtain
the response of a magnetic pattern to a short (�ns)
external magnetic field pulse, which has been

Fig. 6 The principle of a pump and
probe experiment with a PEEM
microscope. A (magnetic) pump

pulse is periodically applied to the
sample. These pulses are synchro-
nized with the X-ray pulses from
the synchrotron, which probe the

sample. Images are taken for several
time delays Dt between pump and
probe pulses. Image courtesy of Jan

Vogel.
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synchronized to the X-ray pulses. The vortex dynamics
of Landau patterns has been measured with sub-ns-
resolution.[66–69] As an example, Fig. 7 shows in the
first row the time evolution of a Landau flux-closure
pattern in a permalloy square in response to a short
in-plane magnetic pulse.[64,65] The sketch in the second
row shows the direction of the applied magnetic field H
and the X-ray polarization vector P. The images in the
second row are difference images obtained by subtract-
ing the equilibrium state image (Dt ¼ 0) from the
excited state images (Dt > 0). The third row of the
figure schematically sketches the Vortex motion of
the Landau pattern. A detailed quantitative analysis
reveals that the images show a damped precessional
motion of the magnetization within the magnetic

domains and a damped motion of the vortex core.
Other groups have investigated the magnetic switching
of spin-valve samples[70–72] and the magnetization pro-
cesses in a permalloy ring.[73]

Chemistry

Current research interests in SR-PEEM reflect the
current interests of surface chemistry: polymers and
biological materials,[5] organic electronics,[74,75]

self-assembled monolayers and lithography,[76]

tribology[77–79] carbon nanotubes,[80] and many more.
Fig. 8 shows an application of soft X-ray imaging of

polymer blend domain structures using SR-PEEM.

Fig. 7 XMCD images showing the time evolution of a Landau flux-closure pattern in a permalloy square in response to a short
in-plane magnetic pulse. Source: from Refs.[64,65].

Fig. 8 A) Color coded composite map (PS: red, PMMA: green, Fg: blue) of a PS/PMMA thin film derived from a C 1s
SR-PEEM image sequence, B) C 1s spectra. Source: Adapted from Ref.[5].
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Spectroscopic features in the C1s X-ray absorption
spectrum are used to image parts of a polymer blend
of polystyrene and polymethylmethacrylate. The PS/
PMMA form domains large enough to be resolved in
SR-PEEM. The measurements first establish which
image feature can be identified with which component
of the polymer blend. Fibrinogen is absorbed on the
polymer blend, and using the C 1s spectra, the location
of the adsorbate can be plotted in maps that show the
location of PS, PMMA, and the fibrinogen. Using the
data ‘‘stack,’’ the material can be located spatially and
analyzed spectroscopically. The use of element specific
X-ray absorption features at the C 1s absorption edge
shows the power of the combined SR-PEEM image
and X-ray absorption spectrum.

This combination is the basis for SR-PEEM. Other
applications follow the same basic method, with refine-
ments that are based on the additional information
contained in the photoelectron spectrum.

In the chemical analysis of photoelectron spectra,
polarization effects are often used. Near edge X-ray
absorption fine structure (NEXAFS) analysis of molecu-
lar orientation is an example of X-ray absorption spec-
troscopy that exploits the polarization of synchrotron
light.[81]

SR-PEEM can also use polarization effects, i.e.
selected features in NEXAFS spectra for imaging
and contrast. The orientation of pentacene on clean
gold and self-assembled monolayer (SAMs) on gold
terminated with different functional groups is an
example.[74] The difference in parallel (on clean gold)
and perpendicular (with SAMs) orientations of the
pentacene molecule could be imaged with PEEM.
Ratio techniques are used to enhance the contrast
and remove background.

Biological samples and polymers are sensitive to
beam damage and X-ray dose, which are discussed in
detail in Ref.[5] and the cited references. In some cases,
the synchrotron light beam can be used to deposit
materials by radiation-induced reactions. An advan-
tage of SR-PEEM is that the deposit can also be
imaged.

Patterned gold and silver surfaces using different
SAMs were reported by Klauser et al.[76] using
synchrotron radiation scanning photoemission
microscopy, SR-SPEM. The patterns were written with
SR focused with a zone-plate and observed in SR-
SPEM. Spectroscopy of the deposited films showed
that both decomposition/desorption of the films and
cross-linking of the carbon and fluorocarbon groups
occur.

While some of these examples have used well-
separated and well-known X-ray absorption peaks
for imaging, the application of SR-PEEM in tribology
relies on more subtle spectral differences. Practical sub-
strates used in technology are the norm, as are actual

lubricants that are composed of many compounds.
The tunability of SR is essential to the analysis of the
image and spectral data. Here, knowledge from XPS
curve fitting and the subtleties of NEXAFS are used
to interpret complex spectra and images. Advances in
analysis methods[77] and sample preparation[78] and
techniques[79] are ongoing in this field.

Carbon nanotubes are an active field of study in
chemistry, physics, and electronics. They have also
been studied by SR-PEEM. Approximately 100 nano-
tubes were studied by Suzuki et al.,[80] and their work
function determined with SR-PEEM. While it is clear
that the tunability of the SR-PEEM is not a critical
factor when only one element is present in the speci-
men, such as carbon nanotubes (C 1s), the spectro-
scopic analysis of the image can still be useful. The
intensity of the signal, which allows energy selective
imaging, is a significant feature of SR-PEEM. With
the incident photon energy (350 eV) set well above
the C 1s binding energy (�285 eV) the C 1s electron
emission will be distributed around kinetic energies
near 65 eV (350–285 eV), so that the analysis can be
performed in an energy region suitable for the electron
optics. A secondary electron image (KE � 0–1 eV) is
possible, and a C 1s image selecting the electron with
kinetic energy at 65 eV is also possible. Depending on
the resolution of the electron spectrometer, different
portions of the emitted electron spectrum can be used
for imaging. An energy distribution of nanotube work
functions was derived from the energy resolved
SR-PEEM images.

In the measurement, the C 1s binding energy for the
nanotubes was determined to be 288.1 eV from the
maximum intensity in the PEEM image. At a kinetic
energy of 61.9 eV, a C 1s image is obtained, while at
kinetic energy values near 0–1 eV, the secondary
electrons emitted by the higher energy electrons can
be used for imaging. By selecting the kinetic energies
near the emission threshold, a determination of the
work function of the nanotubes can be made. The
minimum kinetic energy needed for electron emission
is determined from the appearance of individual nano-
tubes in the image. The variations in the electronic
properties of the nanotubes could be determined using
a combination of SR-PEEM and photoelectron spec-
troscopy. Fig. 9 shows the nanotubes in LEEM, C 1s
PEEM, and secondary electron PEEM.

Semiconductors and Nanostructures

In the past decade, PEEM has been successfully
employed also for studies in the field of semiconductor
physics. After the early work of Tonner on Si,[82] vari-
ous semiconductor systems were studied by PEEM,
even wide-bandgap semiconductors like GaN[83] and
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magnetic semiconductors like MnAs.[84] Examples of
studies of low-dimensional semiconductor systems
include the observation of the quantum-size effect in
two-dimensional atomically thin films,[85] while one-
dimensional structures were observed after the Au-
induced faceting of vicinal Si(100) surfaces.[86] Finally,
zero-dimensional objects were studied for the material
systems InAs/GaAs[87,88] and Ge/Si.[89] PEEM has
also been employed in the study of other nano-scale
island systems.[90,91] In the following, one example
from the last group shall be discussed in more detail.

The realization of zero-dimensional objects in which
the electrons are confined in all three dimensions, the
so-called quantum dots, has attracted a lot of attention
for their applications in optoelectronics.[92,93] Self-
assembly of dots in semiconductor heteroepitaxy via
the Stranski–Krastanov growth mode is an extremely
attractive approach because it allows one to obtain a
large number of homogeneous dots without slow and
costly lithography steps.[94,95] The formation of islands
in these systems is driven by the strain in the growing
film due to the lattice mismatch between film and

substrate. If the islands are sufficiently small (typical
size �10 nm), they can confine electrons. Widely stud-
ied model systems for this approach are InAs/GaAs
and Ge/Si. It was soon realized that intermixing and
alloying allow for a partial strain relaxation in the
growing film.[96,97] However, the confinement proper-
ties of the islands depend on their detailed chemical
composition profile, i.e. their local stoichiometry.
Therefore, the knowledge of this effect is of great
importance for applications.

Intermixing of dots has been investigated by various
techniques: Transmission electron microscopy,[98–104]

scanning tunneling microscopy,[105] and X-ray
diffraction.[106,107] All these measurements provide a
cross-sectional profile of the dots, i.e. information in
the direction normal to the sample surface. On the
other hand, little is known about the lateral in-plane
profile of the intermixing. This kind of information is
complementary to what cross-sectional techniques
can provide. Photoelectron spectroscopy can provide
this information, if it is performed with sufficiently
high lateral resolution to resolve individual islands.

Fig. 9 A) LEEM, B) C 1s PEEM, and C) secondary electron PEEM images of SWNTs. The periodicity of the lines is 1mm.
Source: Adapted from Ref.[80].

Fig. 10 Ga 3d and In 4d core level photo-

electron spectra taken from an InAs/GaAs
sample. The spectra were obtained from the
center of the island indicated by a circle in

the inset and from the wetting layer
(W. L.) close to the island. Inset: SR-PEEM
image of the sample surface, which was

obtained with In 4d photoelectrons. The
energy range used for imaging (76.9 eV �
0.9 eV) is indicated by the horizontal bar
above the In 4d core level spectrum. Photon

energy 99.0 eV.
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SR-PEEM with energy filter is the ideal tool for these
studies.

As an example, Fig. 10 shows the Ga 3d and In 4d
core level photoelectron spectra taken from an InAs/
GaAs sample. The islands were grown by molecular
beam epitaxy of 2.3 monolayers of InAs at 540�C on
nþ-GaAs(001). Finally, an amorphous As-cap was
deposited to protect the sample surface during trans-
port in air to the beamline, where the As-cap was
removed by a mild annealing to 410�C. The measure-
ments were performed with the SPELEEM at the
Nanospectroscopy Beamline at Elettra. The photon
energy used was 99.0 eV.

The inset of Fig. 10 shows an SR-PEEM image of
the sample surface, which was obtained with In 4d
photoelectrons. The energy range used for imaging
(76.9 eV � 0.9 eV) is indicated by the horizontal bar
above the In 4d core level spectrum. The spectra were
obtained from the center of the island indicated by a
circle in the inset and from the wetting layer close to
the island. The energy resolution set for spectroscopy
was approximately 1 eV. The integration area for both
spectra was approximately 25 nm � 25 nm. From
each spectrum, the local Ga/In concentration ratio
can be deduced. Performing such an analysis pixel-
by-pixel allows one to obtain a map of the Ga/In
concentration ratio of the sample surface with the
lateral resolution of the microscope (�25 nm).[88]

CONCLUSION

Synchrotron light sources are continuing to develop.
The advances in SR light sources are also advancing
the PEEM method in instrumentation, methodology,
and applications. PEEM, limited in its early stages by
laboratory light sources that were dim and with a
narrow energy range, is now finding applications in
magnetic materials, semiconductors, metrology, and
spectroscopy over wide energy ranges and including
the polarization available from synchrotron sources.
The application of highly time-resolved PEEM to the
study of the dynamics of magnetic materials may be
a unique application of the PEEM method. Studies
of magnetic materials alone would assure a continued
use of SR-PEEM in the near future. In addition, the
use of synchrotron radiation for nano-scale lithogra-
phy (<50 nm) and the need for imaging such structures
will ensure a continued development and application
of SR-PEEM.
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