10. Photoemission Electron Microscopy
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Photoemission electron microscopy (PEEM) is

a cathode lens electron microscopy technique. This
specialized electron microscopy technique excelsin
studying the morphology, electronic and chemical
properties and the magnetic structure of surfaces
and thin film materials with nanometer-scale
spatial resolution. In this chapter, we describe X-
PEEM instrumentation and a typical X-PEEM optical
system, discuss aberrations that limit the opti-
cal performance of X-PEEM microscopes, describe
contrast mechanisms, and present several exam-
ples that cover some of the common use cases
for X-PEEM, in particular the magnetic and time-
resolved microscopy of nanostructures.
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10.1 A Brief History of PEEM

Photoemission electron microscopy (PEEM) and
the closely related low-energy electron microscopy
(LEEM) technique are types of cathode lens microsco-
pies that are widely used in materials sciences, surface
chemistry, and magnetism research [10.1]. This chapter
focuses in particular on x-ray PEEM and complements
the chapters on PEEM, LEEM, and electron-optical de-
sign by R. Tromp and E. Bauer. In PEEM, ultraviolet
(UV) light or x-rays that hit a material will release pho-
toelectrons from the surface [10.2]. The photoemission
electron microscope forms an image by projecting these
electrons onto a two-dimensional detector. The inven-
tion of photoemission electron microscopy dates to the
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early 1930s, shortly after the introduction of electron
lenses. The first working photoemission electron mi-
croscope was built by Briiche in 1932 [10.3,4]. UV
light from a mercury lamp was focused by a quartz lens
onto the sample, which acted as the electron-emitting
cathode. The electrons were then accelerated by a large
electric field between the sample and the anode and
projected onto a phosphor screen. At about the same
time, Knoll et al. constructed an emission microscope
using two magnetic lenses [10.5]. The first calculation
of the resolution in emission microscopy was published
by Langmuir in 1937 [10.6], and subsequent treatments
were published by Recknagel [10.7]. PEEM techniques
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were refined and improved by Engel [10.8]. Engel’s
PEEM achieved an order-of-magnitude increase in spa-
tial resolution over previous instruments and served as
a prototype for the KE-3 emission microscopes devel-
oped by Wegmann in the 1970s [10.9]. At this time,
it was recognized that PEEM is a surface technique,
which requires proper attention to the condition of the
sample surface on an atomic scale [10.8, 10]. A detailed
description of the early history of electron lenses and
electron microscopy can be found in [10.11, 12].

In the development of PEEM, the Oregon micro-
scope project played an important role. Led by Grif-
fith and Rempfer, the group developed and built an
ultra-high vacuum UV-PEEM that reached a spatial
resolution of 10nm and was used for the imaging of
biological samples [10.10, 13]. Rempfer also investi-
gated the aberrations that limit the spatial resolution
of PEEM and of electron lenses, both in experiment
and in theory [10.14,15]. In the 1980s, Telieps and
Bauer developed an electron microscope with both
LEEM and PEEM modes [10.16]. Instead of photo-
electrons, LEEM employs electron diffraction of low-
energy electrons from an electron gun and excels in
the investigation of crystalline surfaces, epitaxial films,
and film growth. This research led to the development
of SPELEEM, an instrument that combined spectro-
scopic photoelectron and electron diffraction imag-
ing [10.17].

A relatively recent development is the use of x-rays
instead of UV radiation. X-ray photoemission electron
microscopy (X-PEEM) was introduced as a new tech-
nique in 1988 by Tonner and Harp [10.18]. In 1993,

10.2 X-Ray PEEM
10.2.1 X-Ray Sources

Electron storage rings, also called synchrotrons, are
today’s premier sources of high-brightness, quasi-
constant-wave x-ray beams, also called synchrotron
radiation. Such a high-brightness x-ray beam is tightly
collimated and can be easily focused into a micron-size
spot. Synchrotron radiation is generated when rela-
tivistic charged particles—at x-ray user facilities usu-
ally electrons—are deflected, for example, by a dipole
bending magnet or by a periodic magnetic struc-
ture, called a wiggler or undulator. Depending on the
type of the source and the energy of the electron
beam, a wide range of wavelengths, from microme-
ters (infrared) to angstroms (hard x-rays), and energies,
from millielectronvolts to kiloelectronvolts, are pro-
duced [10.41].

Stohr et al. demonstrated that X-PEEM is capable of
imaging magnetic domains at high resolution, which
has become a key application of X-PEEM [10.19]. X-
PEEM instrumentation has evolved rapidly during the
last two decades, and many synchrotron x-ray sources
use the PEEM instrument [10.20-33].

Aberration correction is a relatively recent develop-
ment in the field of immersion lens microscopy. PEEM
and, especially, X-PEEM microscopes are limited in
resolution to typically several tens of nanometers by
the chromatic and spherical aberrations of the elec-
tron lenses and the accelerating field. Based on the
pioneering work by Haider and Rose et al. for transmis-
sion electron microscopes (TEM) [10.34] and Rempfer
et al. for PEEM [10.35], several groups have developed
aberration-corrected microscopes that are designed to
reach low nanometer resolution [10.26, 35-40].

In Sect. 10.2, we will discuss the basic layout
of an X-PEEM setup. We will describe the image
generation due to x-ray absorption and discuss basic
contrast mechanisms. Section 10.3 will describe the
electron optics of non-aberration-corrected PEEM mi-
croscopes, and the following Sect. 10.4 will extend
the discussion to aberration correction. Section 10.5
will provide several examples highlighting X-PEEM
as a prototypical x-ray spectromicroscopy technique.
We will, in particular, discuss x-ray dichroism imaging,
which has found wide application as a magnetic domain
imaging method. Section 10.6 will introduce time-
resolved X-PEEM imaging, which has been developed
to image magnetization dynamics with picosecond time
resolution.

Most X-PEEM instruments today are located at un-
dulator beamlines, Fig. 10.1, which use a series of
magnetic poles that interact with the high energy elec-
tron beam of the accelerator as a source of very high
brightness and intense x-rays. A special type of un-
dulator, the elliptically polarizing undulator, or EPU,
produces x-rays of variable polarization:

1. p-polarized, which is polarized within the plane of
incidence and has an electric field vector component
perpendicular to the surface

2. s-polarized, which is polarized parallel to the sur-
face; or

3. circularly polarized.

Polarization control is particularly useful for the
study of magnetism, bond orientation, and orbital struc-
ture.
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Fig. 10.1 Layout of the X-PEEM beamline 11.0.1.1 at the Advanced Light Source

The x-rays produced by the storage ring are trans-
ported through a beamline to the experiment. In a soft
x-ray beamline, an optical grating monochromatizes the
radiation with an energy resolution typically from a few
tens to a few hundreds of millielectronvolts. X-ray pho-
toemission electron microscopes are often used in an
energy range above 100 and below 2000¢eV, called the
soft x-ray range, which spans x-ray absorption edges
of many important elements, in particular of the light
elements carbon, nitrogen, and oxygen; the transition
metals vanadium over iron and cobalt to nickel; and
the rare earth elements, which include the ferromag-
nets gadolinium and terbium. The x-rays are brought to
the sample by mirror-based x-ray optics that match the
x-ray spot size to the field of view of the microscope,
which is usually between 1 and 100 wm. The electron
optic system of the PEEM microscope then projects the
x-ray-generated electron yield of the sample with high
resolution and magnification onto a detector.

10.2.2 The X-Ray Absorption
and Photoemission Process

When soft x-rays are absorbed by matter, electrons are
excited from core levels into unoccupied states, leav-
ing empty core states, Fig. 10.2. Additional secondary
electrons are created by the decay of the core hole. This
creates a cascade of excited electrons, some of which
penetrate the sample surface and are then collected by
the PEEM optics. A wide spectrum of electrons is emit-
ted, with energies between the energy of the absorbed
x-ray photon and the work function of the sample. This
wide energy spread is one principal source of opti-
cal aberration, since electron lenses are chromatic, i. €.,
they focus at different spots depending on the energy
and escape angle of the electron.

In the case of x-ray illumination, the distribution
of the low-energy secondary electrons can be approxi-
mated by n ~ E/(E + W)*, where W is the work func-

a) b) o
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Fig. 10.2 (a) Excitation of a core electron into an empty
valence state after x-ray absorption. (b) Auger decay of the
core hole. A cascade of low-energy electrons is created,
some of which escape into vacuum and are detected

tion of the material and E is the kinetic energy of the
electron [10.42]. In Fig. 10.3, modeled electron distribu-
tions in response to x-ray and UV illumination are com-
pared. Note that for X-PEEM, electrons with a much
wider range of energy contribute to the image. There-
fore, X-PEEM instruments typically have lower spatial
resolution than UV-PEEM instruments unless electron
energy filters are employed. The effective mean free
path A of the low-energy secondary electrons that leave
the sample sets a limit to the probing depth of the tech-
nique. In metals, a A of 1.5—2 nm is typical [10.43]. In
polymers, the effective mean free path is at least twice
as large [10.44, 45]. Image contrast can still be obtained
through coatings with a thickness of several times the ef-
fective mean free path, and nanometer-thick metal film

oL |vied
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coatings are often used to protect samples that are trans-
ported through air before imaging.

The energy-integrated electron emission of the sam-
ple is called the total electron yield (TEY) and is
proportional to the x-ray absorption coefficient aver-
aged over the probed thickness: the higher the x-ray
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Fig. 10.4 X-ray absorption spectrum measured by record-
ing the total electron yield of a multicomponent sample
consisting of layers of Co and FeMn on a NiO(001) sub-
strate

absorption in this near surface region, the more photons
are being absorbed there and the more electrons are be-
ing emitted from the sample. This rule holds as long as
the electron escape depth is much shorter than the x-
ray penetration length. Near absorption resonances, at
which the x-ray absorption is very high, saturation ef-
fects need to be taken into account [10.46]. X-PEEM
projects the lateral distribution of the electron emis-
sion and thereby maps the local x-ray absorption of the
sample as a function of the x-ray energy. X-PEEM is
a full-field imaging technique and a so-called spectro-
microscopy technique; x-ray absorption spectroscopy
(XAS) spectra from many sample locations can be
recorded in parallel by acquiring electron emission im-
ages as a function of the x-ray energy.

10.2.3 Image Contrast in X-PEEM

Contrast in X-PEEM arises from the element, chem-
istry, and magnetism-specific absorption and photo-
emission of materials, but artifacts originating from the
topography of the sample surface also often appear;
such topographic features shape the electrical potential
close to the sample and modulate the image intensity
near defects. If a contrast aperture is used, PEEM be-
comes very sensitive to the takeoff angle of the emitted
electrons, and images will display surface-angle-depen-
dent contrast. Usually, experimenters seek to minimize
topographic contrast by preparing smooth samples,
e. g., single crystals, polished surfaces, or films grown
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on flat substrates, because sample roughness can limit
the image resolution. Since topographical contrast ap-
pears for incident photons of any energy, dividing two
images that were acquired at different energies is a com-
mon technique to remove artifacts. The sample is an
integral part of PEEM electron optics, and the opti-
mum resolution can only be achieved on optically flat
surfaces. The effect of roughness and sample tilt are dis-
cussed in [10.47,48].

Spectroscopic image contrast will be discussed in
detail in Sect. 10.5; we will only give a short sum-
mary here. Elemental contrast is a consequence of the
large enhancement of the absorption of x-rays when
the energy of the x-rays is sufficient to excite a core
level electron into an empty valence state. Resonant ab-
sorption of x-rays, promoting electrons from core states
into narrow valence states near the Fermi level, fur-
ther increases the absorption near the absorption edge
and result in so-called white lines, characterized by

10.3 Uncorrected PEEM Microscopes

Most photoemission electron microscopes share some
common characteristics. Modern microscopes use two,
three, or more lenses, and usually at least an objec-
tive, an intermediate or transfer lens, and a projector
lens. The electron optics of a typical non-aberration-
corrected PEEM microscope are outlined in Fig. 10.5.
Microscopes use electrostatic, magnetic, or compound
magnetic-electrostatic lenses. The microscope that is
described here is based on electrostatic lenses. The
sample is located in front of an objective lens, which
collects UV- or x-ray-generated electrons from within
a wide solid angle. In a cathode lens microscope, the
sample and objective lens form an immersion lens,
and the sample is an integral part of the imaging
system. A strong acceleration field of typically about
10kV/mm accelerates the electrons between the sam-
ple, acting as the cathode, and the outer electrode of the
objective lens, acting as the anode. The strong acceler-
ation limits the relative energy spread and the angular
spread of the electron beam entering the microscope
and produces a collimated electron beam. The acceler-

Fig. 10.5 Electron optical layout of a photoemission elec-
tron microscope. X-rays illuminate the sample, and the
emitted electrons are accelerated by the strong electric field
between the sample and the objective lens. The objective
lens and the projector optics form a magnified image on an
electron-sensitive detector. An aperture is used as a con-
trast filter and improves the spatial resolution. Deflector
and stigmator plates correct some low-order aberrations »

a strongly enhanced emission of photoelectrons and
secondary electrons (Fig. 10.4). When the photon en-
ergy is tuned to a specific absorption edge, areas that
predominantly contain that particular element light up
in the X-PEEM image.

The sharp variation in absorption and electron emis-
sion near an absorption edge is called the near edge
x-ray absorption fine structure, or NEXAFS. NEXAFS
is selective regarding the electronic state and chemi-
cal environment of the atom that absorbed the x-ray
photon [10.49]. This chemical and electronic sensitiv-
ity is due to the fact that, close to the absorption edge,
resonantly excited core electrons are lifted into and,
therefore, probe valence states. For example, carbon
NEXAFS spectra show features that can be associ-
ated with molecular orbitals, allowing a fingerprint
analysis [10.49, 50]. In inorganic compounds, the NEX-
AFS spectrum is often used to determine oxidization
states.

ating field, the objective lens, and the contrast aperture
in the back focal plane of the objective or of a down-
stream transfer lens strongly determine the resolution
and transmission of the system. In choosing differ-
ent aperture sizes, spatial resolution can be traded for
microscope transmission by limiting the angular ac-
ceptance of the microscope. A multipole stigmator-
deflector is often located close to the back focal plane
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of the objective lens to compensate for astigmatism and
alignment errors. The intermediate and projector lenses
transfer and magnify the image onto a micro-channel
plate or a phosphor screen. This phosphor transforms
the electron into a visible light image, which is dig-
itized by a CCD camera. The design of the sample
stage in a PEEM microscope and its relative registra-
tion to the objective lens are critical. Any vibration or
drift is magnified by the electron optics and reduces the
microscope’s spatial resolution. Significant mechanical
misalignment of the sample or of the electron lenses
causes astigmatism and higher-order aberrations and
can result in resolution loss.

10.3.1 The Objective Lens

The objective lens is the most important component of
the electron optical system. Triode and tetrode cathode
lenses have been used. Chmelik et al. compared several
types of cathode lenses [10.51]. Rempfer et al. analyzed
different objective lens aberrations based on extensive
electron optical bench measurements [10.13, 15].

The lens evaluation occurs in four steps:

—_

Calculation of the field distribution of the lens

2. Calculation of the electron trajectories and the elec-
tron optical properties

3. Evaluation of the interaction of the lens with other
parts of the electron optics, and

4. Tolerance analysis in regard to mechanical errors.

Often an analytical treatment is not possible, and
numerical methods must be used. A charged particle
optics (CPO) program was developed by Harting and
Read for solving charged particle optics problems using
the surface charge method [10.52]. Munro developed
a series of electron optics programs using the finite ele-
ment method, which was reviewed in [10.53, 54]. EOD
is a program for the design of electron microscopes
and was developed by Zlamal and Lencova [10.55].
SIMION 3D, developed by Dahl [10.56], is an electro-
static and magnetic field modeling program that solves
the field using a finite element method and traces the
motion of electrons using a fourth-order Range—Kutta
integrator. Figure 10.6 shows the equipotential contours
of a tetrode objective lens, calculated using SIMION.
The acceleration field is approximately uniform in the
vicinity of the optical axis, except close to the an-
ode aperture. The aperture acts as a thin diverging
lens [10.15,57].

The objective lens can be characterized by the tra-
jectory of the principal rays, the field ray, and the axial
ray (Fig. 10.7). The calculation treats the electrodes as
a single lens because the fields overlap, but it is instruc-
tive to describe the objective lens optic system as being

20 kV —

—-15.4kV —

Fig. 10.6 Equipotential contours of the electric field of an
electrostatic PEEM objective lens at 20 kV sample voltage

composed of a) the accelerating field, b) a weak di-
verging lens, and c) a unipotential or einzel lens, a lens
in which the image and object-side electrodes are on
the same potential. The acceleration field forms a vir-
tual image at unit magnification at twice the sample
distance L. The weak diverging lens created by the aper-
ture of the first electrode forms another virtual image at
distance L/3 behind the sample. It is demagnified by
M = 2/3. Finally, the unipotential lens forms a real im-
age with a typical magnification of M = 10—40 [10.20,
23,58].

10.3.2 The Intermediate
and Projector Lenses

The intermediate and projector lenses magnify the im-
age of the objective lens without distortion to reach
a final magnification typically between 30 and 4000.
The angle and energy-dependent aberrations of the in-
termediate and projector lenses are negligible because
the energy and angular spread of the electron beam are
small here. However, the distortion aberrations need
to be minimal because the object size after magnifi-
cation by the objective lens is significant, fractions of
a millimeter or more. Therefore, the intermediate and
projector lenses are designed to work at minimum focal
length. As the excitation of the electrostatic lens is in-
creased, its focal length decreases, and the object-side
focal point enters the lens field. The distortion coeffi-
cient can reach zero at minimum focal length. This type
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Fig. 10.7 Principal electron rays in
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of lens was examined in detail by Lencova [10.59] and
Rempfer et al. [10.13, 14].

10.3.3 Transmission and Spatial Resolution
of PEEM

The microscope transmission and spatial resolution de-
termine the quality of a PEEM microscope. Bauer used
these two quantities to define a quality factor [10.60].
The spatial resolution determines how well spatial de-
tails are preserved, and the transmission determines the
noise level in an image and the acquisition speed [10.61,
62].

Transmission

The microscope transmission is defined as the fraction
of emitted electrons that reach the detector. To reduce
optical aberrations, most microscopes contain several
apertures of different sizes that can be moved into the
electron beam. Thus, transmission can be traded for res-
olution. The aperture confines the electron beam to the
paraxial region and can also limit the energy acceptance
of the microscope. Using E/ (E + W)* for the electron
energy distribution for a work function W and using
Lambert’s law for the electron angular distribution, the
transmission of PEEM can be evaluated in a simple
closed form

r=1-—. (10.1)

Here, a is the aperture radius, U is the sample potential,
and f;* is the image-side focal length of the objective
lens. A high sample potential and a large aperture im-
prove the transmission, whereas a long focal length and
large work function reduce the transmission [10.63].

Figure 10.8 shows SIMION simulations of the an-
gle and energy distribution of the electrons transmitted
through apertures of different sizes. Every point repre-
sents one electron. Both the energy spread and the trans-
mission decrease with decreasing aperture size. Note
that high-energy, paraxial electrons still pass through
the aperture. The resolution starts to be dominated by
electron diffraction when the aperture size is lowered
beyond a certain minimum value.

Spatial Resolution

The spatial resolution of microscopes is characterized
by a spread function. The spread function describes
the microscope image of a chromatic point source
and a diverging electron beam. Diffraction, spherical,
and chromatic aberrations are regarded as independent
contributions and are added quadratically. The total res-
olution to a reasonable approximation is given by

Ttot = \/r§+r§+r§ (10.2)

where the third-order spherical aberration is defined as

re= Cyo® . (10.3)
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Fig. 10.8a-h SIMION
simulations of the angle
and energy distribution
of the emitted electrons
that are accepted by
X-PEEM when apertures
of different sizes are used.
(a—d) show the angle
and (e-h) the energy
distribution
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10.4 Aberration-Corrected PEEM Microscopes

The first-order chromatic aberration is defined as

Fe = CeadE (10.4)
C E El .

and the diffraction disk is defined as
A
rg=0.61—. (10.5)
o

Here, C; and C, are the spherical and chromatic aberra-
tion coefficients, A and E are the electron wavelength
and the electron energy, 8E is the electron energy
spread, and « is the half angle of the pencil beam pass-
ing the back focal plane aperture. Though (10.2)—(10.5)
can be easily solved, the results are often misleading
because the contributions of aberrations and diffraction
are not Gaussian and, therefore, only give a rough esti-
mate of the microscope resolution.

An alternate way of characterizing the spatial reso-
lution is by the spatial frequency transfer of the micro-
scope. The intensity distribution of an image produced
by a point object under incoherent illumination is called
the impulse response function, z(x, y). The object inten-
sity distribution, f(x, y), and the image intensity distri-
bution, g(x, y), are related by the convolution equation

gx,y)= //f(xl,yl)h(X—Xl,y—)ﬂ)dxld)d .
(10.6)

After a Fourier transformation one obtains

G (ff) = F (ffo) - H (. 10) (10.7)

G, F, and H are Fourier transforms of g(x,y), f(x,y),
and A(x,y). The function H(fx,fy) is the complex op-
tical transfer function (OTF), with real and imaginary
parts

OTE (f) = |H (fx. fy)]| €. (10.8)

The real part |H (fx,fy)| is called the modulation
transfer function, or MTF, and the function ¢ (f) is

Contrast
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Fig. 10.9 Measured (dots) and calculated (solid line) mod-
ulation transfer function (MTF) of PEEM-2 at the ALS

called the phase transfer function. Experimentally, the
MTF is measured as the contrast with which spatial
frequencies of an object are transferred to an image.
Higher frequencies correspond to smaller object fea-
tures. Figure 10.9 shows the measured and calculated
MTF of the PEEM-2 microscope at the Advanced
Light Source (ALS), assuming an extraction field of
20kV and a 12-pm aperture. The MTF starts with
unity modulation transfer at low frequencies and grad-
ually drops at higher spatial frequencies. A transfer
of one indicates that the spatial detail of an object
at that frequency is perfectly transferred, while zero
transfer indicates a complete loss of information. Val-
ues between 0 and 1 indicate partial transfer of spa-
tial frequencies and a reduced contrast. The Rayleigh
criterion for spatial resolution is equivalent to a 9%
contrast transfer, which is reached for a frequency
corresponding to a feature size of 35nm for this mi-
croscope. Often, a higher contrast is required in exper-
iments. At about 80 nm, PEEM-2 reaches 40% contrast
transfer.

10.4 Aberration-Corrected PEEM Microscopes

The improvement in resolution of light and electron mi-
croscopes over the last two centuries is compared in
Fig. 10.10 [10.64]. At the beginning of the twentieth
century, the light microscope had reached its best res-
olution after the invention of aberration correction by
E. Abbe, using a combination of a concave and a con-
vex lens, called an achromatic lens. The resolution of

the electron microscope soon surpassed that of optical
microscopes because of the much shorter wavelength
of kilovolt electrons—effectively removing the effect
of diffraction, if electrons of sufficiently high energy
are used. The resolution of uncorrected electron micro-
scopes is mainly limited by lens aberrations. Among
these aberrations, astigmatism, coma, and field distor-

545

H°0L | v Med



546 PartA

h°0L |V Hed

Electron and lon Microscopy

Fig. 10.10 History of microscopy
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tions can be easily corrected or, close to the optical
axis of the microscope, they can be disregarded because
they are small. Early in the development of electron op-
tics theory, Scherzer showed that simple electron lenses
always suffer from two other important image errors:
chromatic and spherical aberrations [10.65]. The elec-
tron optical analogue to a light optical achromatic lens
does not exist. Different approaches have been tried to
remove these aberrations by relinquishing one of the
conditions of Scherzer’s theorem, which only applies
to simple lenses [10.66]. Multipole aberration correc-
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Fig. 10.11a,b Illustration of (a) spherical and (b) chromatic
aberrations of an electron lens. Off-axis electrons and
electrons with different energy are focused at a different
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tors, which use a field that is not rotationally symmetric,
have been successfully used in low-voltage scanning
electron microscopy (SEM) [10.67], in transmission
electron microscopy (TEM) [10.68, 69], and in scan-
ning transmission electron microscopy (STEM) [10.70,
71]. X-PEEM instruments have much larger aberration
coefficients than SEM or TEM instruments, because of
the large energy width of the secondary electron dis-
tribution, the low initial electron energy, and the large
field of view. Therefore, the aberrations of X-PEEM
microscopes have to be corrected using an electron mir-
ror, which is designed to have opposite chromatic and
spherical aberrations compared to the objective lens. In
the following, we will focus on the optical design of the
ALS PEEM-3 microscope, which was optimized for the
wide energy spread of the electrons imaged by a non-
energy-filtered X-PEEM.

10.4.1 Aberrations of an Electron Lens

The electron trajectories in an electron lens are affected
by spherical and chromatic aberrations, Fig. 10.11.
A detailed review of electron optical aberrations can
be found in the chapter by Krivanek and Hawkes. We
concentrate here on the two dominant low-order aberra-
tions for X-PEEM, the third-order (in angle) spherical
aberration and the first-order (in angle), first-rank (in
energy) chromatic aberration. The Gaussian image plan
is defined as the intersection of the paraxial ray with
the optic axis. The spherical aberration refers to the
variation of the focal distance with the angle of a ray
from the paraxial ray. An electron passing the lens far
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from its center experiences a higher field and is fo-
cused more strongly. The focus lies in front of the image
plane. The chromatic aberration refers to the variation
of the focal distance with the electron energy. Slower
electrons experience the field for a longer time and
are focused more strongly. The focus lies in front of
(slow electrons) or behind (fast electrons) the image
plane.

Figure 10.12 shows the resolution of a typical X-
PEEM with a 2-mm acceleration gap and 20-kV ac-
celeration field for a 4-eV work function, broken down
according to the source of the aberration. Dominant are
the aberration by the accelerating field and the chro-
matic aberration of the lens. Although the resolution
can be improved by using a very small aperture, the use-
fulness of this approach is limited because of the severe
reduction in microscope transmission and the onset of
diffraction at very small aperture sizes. An ultimate res-
olution of close to 20 nm has been achieved in several
instruments [10.20, 72-74]. Aberration correction sig-
nificantly improves the ultimate resolution beyond this
limit and can also increase the transmission and electron
optical efficiency of X-PEEM at moderate resolution by
a factor of up to 100 [10.75].

10.4.2 An Aberration-Corrected Microscope
Using an Electron Mirror

The idea of using an electron mirror to correct the
chromatic and spherical aberration of a round lens
dates back more than half a century [10.76, 77]. Exten-
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sive studies of electron mirrors have been performed
by Kel’man et al. [10.78,79], Dodin and Nesvizhskii
[10.80], Rempfer et al. [10.81-83], Shao and Wu [10.84,
85], and Rose and Preikszas [10.86,87]. An electron
mirror uses a reflecting electrode with a sufficiently high
negative potential to reverse the propagation direction of
the electron beam. In 1990, Shao and Wu proposed using
an electron mirror with more than two electrodes to be
able to freely adjust the aberration coefficients [10.84].
Through numerical analysis of a four-electrode electric
mirror, Shao and Wu showed that spherical and chro-
matic aberrations can be adjusted electrically without
changing the image distance of the mirror. Later, a more
sophisticated theoretical model using a time-dependent
perturbation method was developed by Rose and Preik-
szas [10.86, 87]. Integral expressions for the aberration
coefficients of an electron mirror were derived, and
higher-order aberrations were studied. A prototype of an
aberration-corrected x-ray microscope is the PEEM-3
microscope at the ALS [10.40]. The microscopes relies
on the correction of chromatic and spherical aberrations
using a hyperbolic electron mirror, which was suggested
by Rempfer et al. [10.83].

Figure 10.13 shows a schematic overview of the
electron optics of PEEM-3. The electrons travel through
the microscope along the dashed lines. The objective
lens, together with the field lens, forms a telescopic
round lens system. This allows the mirror to run in so-
called symmetric mode, in which first-order chromatic
distortion and third-order coma vanish, and curvature-
of-field effects are reduced [10.88]. An electrostatic

Accelerating
100 Pz field Fig. 10.12 Contributions of various
,," Chromatic /,/—/ ] aberrations (aberration of the accel-
J//// erating field, chromatic aberration of

50

.—

P o

the objective lens, spherical aberration
of the objective lens, contribution of
diffraction) to the total resolution limit

o L= T |

0 20 40 60

80 100
Aperture diameter (um)

of uncorrected PEEM. The sample
voltage is 20kV, the gap = 2 mm, the
work function W = 4eV

H°0L | v Med



548 PartA

Electron and lon Microscopy

h°0L |V Hed

Objective lens Magnetic beam separator

Transfer optics

Projector/detector

X-ray
K-B
mirror

Electric
dodecapole

Lol Jofo

Transfer
lens

r /D
Sample —
Immersion Field EIED Interlmedlate Projector lens dCtC]t)
lens lens Deflector ens erector
I
i:i Apertures
. i
Electron mirror D i‘i Electric-magnetic
i

I
H
- |
=
-

)

dodecapole

Electron tetrode mirror

Fig. 10.13 Layout of the aberration-corrected PEEM-3 at the ALS. An electron mirror is used as the aberration corrector

dodecapole deflector steers the beam into the magnetic
separator and corrects astigmatism. For a single de-
flection of 90°, the beam separator images its entrance
plane 1 : 1 onto its exit plane, without introducing aber-
rations of second order. The electron mirror images the
mirror-side exit plane of the beam separator back onto
itself. In order to cancel coma generated by the mir-
ror, the magnification of the mirror is chosen to be
—1 [10.89]. The separator then transfers the aberration-
corrected image to the projector optics, which magnify
the image.

The PEEM-3 electron mirror has four rotationally
symmetric electrodes, and the reflecting electrode is
a segment of a sphere with a radius of 5.6 mm. The
inner electrode is held at ground voltage, while the po-
tentials of the other electrodes provide three free knobs
to set the focal length, the chromatic aberration cor-
rection, and the spherical aberration correction of the
mirror. Figure 10.14 shows the equipotential distribu-
tion and correction region of the mirror. This region is
sufficiently large to correct the microscope aberrations
in various modes of operation.

10.4.3 The Beam Separator

The task of the magnetic beam separator is to separate
the aberration-corrected beam leaving the mirror from
the beam that enters the mirror. A separator with very
small aberrations is critical for the performance of an
aberration-corrected PEEM microscope.

Figure 10.15 shows the 90° beam separator that is in
use in the ALS PEEM-3. The separator consists of three
round lenses, one dipole magnet, and six electrostatic
quadrupoles. Round lenses are chosen to be the main fo-

cusing optics. Weak electrostatic quadrupoles are used
to form a stigmatic image after each 90° bend. Each 90°
bend is mirror symmetric about the center and acts as
a telescope in the x—z and the y—z plane. The linear dis-
persion and the second-order axial aberrations, which
are not corrected within each 90° bend, cancel to zero
after the second pass through the separator, because of
the negative unity magnification of the mirror. Calcu-
lations were performed to predict the chromatic and
spherical aberrations of PEEM-3 [10.90]. The PEEM-
3 beam separator uses electrostatic lenses instead of
fringe fields for image focusing and is robust regarding
the details of the magnetic field in the separator. A sim-
ple dipole magnet can be used, and the demands for
power supply stability and mechanical tolerances are
relatively low.

10.4.4 Resolution and Transmission
Modeling of an Aberration-Corrected
PEEM

Aberration correction significantly improves both the
spatial resolution and the transmission. An ensemble of
electrons with different initial energy and emission an-
gle were sent through a model of the electron optics,
with intensity weighted with the probability of each
emission energy and angle. The diffraction effect was
calculated for each electron in the ensemble, and the
result was summed up to yield the point spread func-
tion. The resolution was defined as the distance between
the 15th and the 85th percentiles of the point spread
function. The calculated resolution and transmission of
ALS PEEM-3 are shown in Fig. 10.16, in comparison
with the uncorrected ALS PEEM-2 [10.91]. PEEM-3
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Fig. 10.14a,b Aberration correction by a tetrode electron mirror. (a) Equipotential contours. (b) The aberration region

that can be corrected by the mirror

is designed to have two main operation modes, a high-
resolution mode and a high-flux mode. Operating at
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Fig. 10.15a,b Layout and principal rays in the (a) x—z and
(b) y—z plane of one 90° sector of the PEEM-3 separator.
Two 90° bends transport the beam into the mirror and back
to the projector optics. One dipole (DI), two round lenses
(RL), and four quadrupoles (EQ) are used

20kV and a 2-mm working distance, the resolution for
100% transmission (no aperture used) is designed to
reach a resolution of 50 nm using the mirror corrector,
a significant improvement over PEEM-2, which reaches
only 440 nm. Using a small aperture, the optimum res-
olution is predicted to reach 5nm at 2% transmission,
as opposed to 20nm at 1% transmission for PEEM-2.

Resolution (nm)

/
PEEM2
100
10 PEEM3
1 -
0.01 0.1 1 10 100
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Fig. 10.16 Comparison of calculated resolution versus
transmission of the ALS PEEM-2 (light brown symbols)
and PEEM-3 (dark brown symbols). The acceleration po-
tential is 20kV, and the sample—lens distance is 2 mm
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10.5 Spectromicroscopy: Electronic Structure, Chemistry, and Magnetism

The spectroscopic acquisition of microscopic data is
called spectromicroscopy. X-PEEM microscopes at
x-ray sources are used to record data, for example:

1. As a function of the energy of the photon beam:
x-ray absorption spectroscopy (XAS)

2. As a function of the pass energy of the photoelec-
trons transmitted through a microscope equipped
with an energy analyzer: x-ray photoelectron spec-
troscopy (XPS) and angle-resolved photoemission
spectroscopy (ARPES)

3. As a function of the x-ray polarization: x-ray
dichroism spectroscopy.

10.5.1 Imaging of Ferromagnetic
and Antiferromagnetic Domains
Using X-Ray Circular and Linear
Dichroism

Figure 10.17 shows XAS spectra near the Co and Fe
L-edge, measured on a Co/LaFeO; double layer that

was grown on a SrTiOj3 substrate. Note that the post-
edge intensity is higher than the pre-edge intensity since

b)

A

L - U \

photons now have sufficient energy to promote L-edge
core electrons into empty states via a dipolar transi-
tion. Dipole selection rules require that the transition
is from a 2p state into a d or s-symmetry valence state.
The spin—orbit interaction splits the transition, result-
ing in the L3 branch from the 2ps3/, core state having
lower energy and the L, branch from the 2p;/, core
state having higher energy. The sharp resonances vis-
ible in these spectra are due to resonant excitation of
electrons into the relatively narrow, empty d-states near
the Fermi level. The recorded spectra of these magnetic
materials also show magnetic dichroism, a change of
the x-ray absorption depending on the polarization or
magnetic state of the sample.

X-ray magnetic circular dichroism (XMCD) is
a widely used method to study magnetic thin films and
surfaces [10.93]. The wide availability of polarized and
tunable x-rays from synchrotron sources has played an
important role in the success of x-ray dichroism tech-
niques. The last 30 years have seen much progress
following the first XMCD spectroscopy measurements
at the important transition metal L-edges in 1987 by
Schiitz et al. [10.94], the first x-ray imaging of ferro-
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Fig. 10.17a,b Co spectra
and images (a) and

Fe spectra and images
(b) of a double layer of
Co/LaFeOs3, grown on
SrTiO3(001), which were
acquired using polarized
x-rays. The XMCD and
XMLD images show the
layers’ ferromagnetic
and antiferromagnetic
structures. (From [10.92])
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magnetic (FM) domains in 1993 by Stohr et al. [10.19],
and the first x-ray imaging of antiferromagnetic (AFM)
domains by Stohr et al. and Scholl et al. [10.95,96] in
2000, followed by demonstrations of picosecond time-
resolved stroboscopic imaging by Vogel et al. and Choe
et al. in 2004 [10.97,98]. Circularly polarized x-rays
measure the direction of the atomic magnetic moment
of a ferromagnet relative to the polarization vector of
the x-rays. The two NEXAFS spectra in Fig. 10.17
were acquired using circularly polarized x-rays from
regions of the sample with a direction of the magne-
tization parallel (blue) and antiparallel (green) to the
x-ray polarization direction. In the presence of the spin—
orbit interaction, electrons of one spin direction are
predominantly excited by circularly polarized x-rays,
which then sense the spin-dependent density of va-
lence states. An imbalance of the occupation of the
valence majority and minority spin states is charac-
teristic for a ferromagnet and results in a magnetic
circular dichroism, a polarization and magnetization-
dependent absorption of x-rays. So-called sum rules
were developed to quantitatively determine the spin and
orbital magnetic moment per atom from polarization-
dependent NEXAFS spectra [10.99—101]. The angle
and magnetization dependence of x-ray magnetic cir-
cular dichroism in the total absorption signal follows
Ixmcp =& cosa|M]|. Tt is linear in the magnetic moment
M and follows a cosine dependence with the angle «,
the angle between the x-ray polarization vector (parallel
to the x-ray propagation direction) and the magnetiza-
tion vector.

Linearly polarized x-rays probe the anisotropy of
the electronic and magnetic structure and the occupa-
tion of orbital states and are particularly useful for the
study of antiferromagnets. The NEXAFS spectra of the
G type collinear antiferromagnet LaFeOs3 in Fig. 10.17
show a characteristic change in the near edge struc-
ture depending on the direction of the antiferromagnet’s
magnetic axis relative to the linear x-ray polarization
direction [10.46, 102—104]. In transition metal oxides,
such as NiO, CoO, Fe,03, Fe304, and LaFeO3;, an
x-ray magnetic linear dichroism (XMLD) of up to
~ 10% has been observed. Linearly polarized x-rays
probe the angle o between the x-ray polarization vec-
tor and the orientation of the magnetization axis of
a collinear antiferromagnet. The magnetization depen-
dence of the XMLD intensity is approximately given
by Ixmip A |M?]; M?| is the statistical average of the
moment squared.

The large magnetization dependence of the x-ray
absorption near a resonance has been successfully used
for magnetic imaging, as reviewed by Schneider and
Schonhense [10.23]. Such imaging is often done by ac-
quiring two images at two different photon energies,

e. g., the L3 and L,-edges of Co or the A and B-labeled
resonances of Fe (Fig. 10.17 [10.92]). Alternatively, im-
ages acquired using different x-ray polarization states
can be used: right and left circular for XMCD imaging
and s-polarized (in the plane of the sample) and p-po-
larized (in the plane of incidence) for XMLD imaging.
The images are either divided or subtracted to create
a contrast image; frequently, the difference divided by
the sum, the asymmetry, is also used. The contrast of
this differential image encodes the local direction and
magnitude of the magnetic moment and creates a do-
main map. Figure 10.17 shows such domain maps of
the Co/LaFeO; double layer. These images illustrate
the ability of X-PEEM to isolate the signal from indi-
vidual layers by exploiting the element selectivity of
XAS. Tuning the photon energy to the Co edge em-
phasizes the Co FM domain structure, while tuning
the energy to the Fe edge shows the LaFeO; AFM
domain structure. This element specificity of x-ray ab-
sorption is often used by researchers to study magnetic
coupling effects. The surface sensitivity of X-PEEM
leads to an enhanced sensitivity to the surface or shal-
low interfaces, which has been exploited in experiments
on exchange bias systems and the interface magnetic
structure between coupled ferromagnets and antiferro-
magnets [10.105, 106].

10.5.2 Magnetic Microscopy
of Nanostructures

The direction of the magnetic moments in ferromagnets
and antiferromagnets is determined by the magnetic an-
isotropy, which has local and intrinsic contributions, for
example, the contribution of the crystalline anisotropy,
which favors a magnetization along certain crystal axes;
the contribution of the interface, which causes ex-
change bias; and contributions of long-range dipolar
forces, which favor flux closure domain patterns. In
exchange-coupled and laterally confined structures, the
anisotropy can be tailored to create desirable magnetic
properties, which then result in the complex domain
images of Fig. 10.18. Nanowires of exchange-coupled
LaFeO3/Lag 7Srg3MnO3 (LFO/LSMO) films were im-
aged using XMCD and XMLD contrast at a temperature
below the magnetic ordering temperature of both mate-
rials [10.107].

The crystal anisotropy and dipolar coupling force
the magnetization of the ferromagnet LSMO along
the zigzag nanowire. A spin—flop-type, perpendicular
interface coupling between the ferromagnet and the an-
tiferromagnet dominates in the wider wires and forces
the magnetic axis of the antiferromagnet LFO perpen-
dicular to the edges of the wire. As the wire narrows,
an unforeseen anisotropy of the wire edges begins to
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Fig. 10.18a,b X-PEEM images of ion-implantation-patterned LFO/LSMO thin film structures. The edges of the wires
are parallel to the (110) direction, the easy magnetization direction of LSMO. The micrographs show the FM domain
pattern in LSMO at T = 100K (a), and the corresponding (AFM) domain pattern in LFO (b), for different pattern widths
L. The experimental geometry and resulting X-PEEM contrast are illustrated in the schematics on the left. (Reprinted
with permission from [10.107], copyright 2012 by the American Chemical Society)

dominate and turns the magnetic axis of antiferromag-
net LFO parallel to the edges of the wire. This creates
a frustrated system since edge anisotropy and interface
anisotropy compete. Exploiting element specificity, X-
PEEM imaging revealed the complex interplay of an-
isotropies in such nanostructured and coupled magnetic
structures [10.108, 109].

X-PEEM, as a full-field imaging technique, is well
suited for rapid time-lapse imaging experiments, e. g.,
of magnetization relaxation and of thermal fluctuations
in dipolar-coupled nanomagnet arrays. Such nanomag-

net arrays are studied to understand the process of
magnetization relaxation and magnetically frustrated
systems are often called artificial spin ice after the nat-
ural pyrochlore spin ice system. Figure 10.19 shows the
thermal relaxation of an initially magnetically saturated
Niy gFep, nanomagnet pattern towards its AFM ground
state. The images were captured using XMCD contrast
at the Swiss Light Source X-PEEM endstation [10.110].
The rate of fluctuations in a thermally active artificial
spin ice system scales steeply with temperature, and
high-speed magnetic imaging with nanometer resolu-

Fig. 10.19a-f XMCD images of the
thermal relaxation process of square
ice, artificial spin ice, from a saturated
state towards its ground state (a—f).
The field of view is 20 pm. (Reprinted
with permission from [10.110],
copyright 2013 by the American
Physical Society)
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tion is needed for thermally active systems. Magnetic
studies with a time resolution of seconds have been
reported, mostly limited by the time needed to switch
the x-ray polarization between exposures [10.111], but
differential detection schemes using high frame rate de-
tectors should allow magnetic time-lapse imaging at
a higher frame rate, limited only by the available x-ray
flux.

Magnetism studies often use a magnetic field to
initialize a particular magnetic state. As a low-en-
ergy electron imaging method, X-PEEM is quite sen-
sitive to magnetic fields. Typically, magnetic imaging
experiments are conducted in remanence, following
a magnetic field pulse, but miniaturized electromag-
nets have been developed that reduce the effect of
the magnetic stray field by using a yoke with a very
small gap. The remaining image distortions can be
compensated by deflectors of the microscope. Kronast
et al. conducted magnetic hysteresis measurements in
fields of up to 20 mT while retaining high spatial res-
olution [10.112]. Their measurement of the magnetic
properties of 18-nm-sized Fe nanocubes is shown in
Fig. 10.20. A magnetic hysteresis loop was recorded
by acquiring XMCD-PEEM images at the Fe edge
while ramping up the magnetic field and then com-
puting the field-dependent XMCD contrast of a sin-
gle particle. The study demonstrates that the sensitiv-
ity of X-PEEM to magnetic fields can be overcome
by careful engineering of the sample holder and by
using appropriate corrector elements in the electron
optics.

10.5.3 Spectromicroscopy Using NEXAFS,
XPS, and ARPES

Besides its use in studying magnetism, X-PEEM has
found other uses as a tool to characterize the chemical,
orbital, electronic, and physical structure of surfaces
and thin films. The light elements carbon, nitrogen,
and oxygen are key chemical elements in polymers and
biomaterials, and their K-edges lie in the soft x-ray

range, to which many synchrotron-based X-PEEM mi-
croscopes have access.

As an example of high-resolution chemical map-
ping, we show a prototypical experiment on bioblends
of polymers, which are of interest as composite mate-
rials with tunable properties. The biocompatibility of
such bioblends was studied by X-PEEM at the carbon
and nitrogen edges. NEXAFS spectromicroscopy was
performed on thin films interacting with solutions of hu-
man serum albumin (HSA), an important blood protein.
Figure 10.21 displays X-PEEM images of a polystyrene
(PS)-polyactide (PLA) composite thin film brought into
contact with HSA and imaged at two energies that are
specific for PS (the 7*C=C resonance at 285.2¢eV)
and PLA (the 7*C=0 resonance at 288.5¢eV) [10.113].
NEXAFS reference spectra (dark brown and medium
brown) of PS and PLA are shown as well. Both film
components and the HSA (light brown) have charac-
teristic spectra that, together with additional N-edge
data, were used to differentiate between the three com-
ponents at the surface of the sample and to create
spatially resolved component maps. This was achieved
by the method of singular value decomposition, which
is essentially a least squares fit of reference spectra
of the sample components to experimental X-PEEM
spectra, pixel by pixel. This method has found wide
application in the analysis of composite x-ray absorp-
tion spectra obtained using x-ray spectromicroscopy
techniques, such as X-PEEM and scanning transmis-
sion x-ray microscopy (STXM) [10.114]. STXM and
X-PEEM are complimentary techniques. In contrast to
X-PEEM, STXM probes thicker films in transmission.
In the cited study, the authors observed that blood pro-
tein covered both PS and PLA regions, leading to the
purple and turquoise coloring of the color-coded maps
in Fig. 10.21, but annealing led to a concentration of
HSA along the lateral interfaces between PS and PLA
regions [10.113].

A new spectromicroscopic technique for the struc-
tural and chemical characterization of biominerals that
relies on x-ray-energy and polarization-dependent x-
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Fig. 10.20a,b Local hysteresis loops of 18-

nm-sized Fe nanocubes measured in a magnetic

field using XMCD-PEEM imaging. (a) Blue
- and red color indicate opposite magnetization
directions in the XMCD image on the /left.
(b) A loop is computed by plotting the
XMCD intensity of a particle as a function of
the applied field. (Reprinted with permission
from [10.112], copyright 2011 by the American
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ray linear dichroism (XLD) contrast was developed
by Metzler and Gilbert et al. in 2007; this technique
is also called polarization-dependent imaging contrast
(PIC) mapping [10.115]. PIC mapping is based on
the so-called searchlight effect of x-ray linear dichro-
ism: dipole transitions restrict electron excitation into
orbitals that are aligned with the electric field or po-
larization vector of the x-rays, an effect that can be
used to probe crystallographic orientation. For example,
the x-ray absorption of orthorhombic aragonite depends
strongly on the direction of the electric field vector of
the x-rays relative to the c-axis of the crystal. By ac-
quiring sequences of images at different directions of
x-ray polarization, the local crystal orientation can be
mapped [10.116]. Figure 10.22 shows PIC maps of two
biominerals that were imaged using linear polarized
x-rays [10.117]. Sample A shows the prismatic layer
of the calcite shell of Mytilus californianus, a mus-
sel native to the west coast of North America. Sample
B shows a tunic spicule from the tunicate Herdmania
momus, a sea squirt made of vaterite. Vaterite is the
least stable polymorph of calcium and is quite rare.
The intensity and angular phase of the XLD effect are

Fig. 10.21a—d NEXAFS component
maps of human serum albumin
(HSA) adsorbed on polystyrene (PS)-
polyactide (PLA) thin films. (a) PS
map, (b) PLA map, (c) carbon K-edge
reference spectra of PS, PLA, and
HSA, (d) the color-coded composite
map, computed from C-edge and
N-edge (not shown) data, shows the
distribution of PS (red), PLA (green),
and HSA (blue). (Reprinted with
permission from [10.113], copyright
2009 by the American Chemical
Society)

displayed in color-coded PIC maps that are measured
by rotating the x-ray polarization of the beam between
p-polarization, which has a large component perpendic-
ular to the surface of the sample, and s-polarization,
which has a polarization vector parallel to the sample
surface. The color encodes the local c-axis direction of
the calcium carbonate material, while the intensity en-
codes the strength of the dichroism. The calcite shell
PIC map shows needle-like prism structures, which are
micron-size. Large single crystalline vaterite structures
are visible in the spicule PIC map; these structures have
dimensions exceeding 10 wm.

Biomineral samples are usually electrically insu-
lating, and careful surface preparation is necessary to
make them compatible with X-PEEM studies. A proven
recipe is to embed small fragments or crystallites in
epoxy, polish the sample surface to optical quality, and
then differentially coat the flat surface with a noble
metal, such as Pt [10.118]. A 1-nm-thick coating of Pt
has been shown to be sufficient to prevent charging and
is thin enough to allow the low-energy electrons that
X-PEEM relies on to escape through the coating. Of-
ten, a thicker coating is deposited on the outer areas
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of the sample, which are not being imaged, to ensure
a good electrical connection of the sample surface to
the sample holder. Similar coating techniques have been
successfully used on insulating metal oxides, e. g., NiO,
and can also be relied on when studying air-sensitive
samples that are not prepared in situ. Thin layers of Pd,
Pt, Ta, or Al are frequently employed to prevent surface
oxidization of reactive metals.

Modern PEEM microscopes that are equipped with
an energy analyzer or electron spectrometer are fre-
quently used for XPS and ARPES. Common designs

a) b)

Kinetic energy (eV)

n-ARPES df-X-PEEM at K, Ef

Fig. 10.22a,b Color PIC maps at the O K-edge of calcite
and vaterite biominerals in cross-section with a 20-um
field of view. (a) Calcite prismatic layer in a M. califor-
nianus shell. The variations in color correspond to the
distribution of calcite orientation angles. (b) Vaterite tunic
spicule from the tunicate Herdmania momus. The homo-
geneous color indicates a common direction of the crystal
across a large area of the spicule. The color bars to the
right of each map show the strength of the dichroism and
the angle relative to the linear x-ray polarization direction,
which was in the plane of the sample. (Reprinted with per-
mission from [10.117], copyright 2014 by the American
Chemical Society) <«

use a hemispherical analyzer [10.120] or an omega
filter [10.36], or utilize the dispersion of the mag-
netic beam separator of an aberration-corrected X-
PEEM [10.121]. An energy resolution of better than
200 meV has been reached in microprobe XPS mode
by selecting a region of the sample using an aperture
placed in an image plane, or, alternatively, by using an
imaging energy analyzer as a band-pass filter.

Some X-PEEM instruments that are equipped with
an imaging energy filter can also be used for angle-re-
solved photoemission experiments by isolating the sig-
nal originating from a micron or sub-micron-size area
of the sample using an image plane aperture and then
imaging the angular distribution of the electron emis-
sion using the projector optics. For example, Locatelli
et al. imaged the Fermi surface of graphene islands on
Ir(001) [10.119] (Fig. 10.23). The X-PEEM intensity
of the graphene is concentrated at Dirac points, at the
K-point of the Brillouin zone of graphene. A dark field
image, which was acquired by centering a contrast aper-
ture on the K-point emission, shows a bright graphene-
covered area on a dark substrate background. The au-

max

X-PEEM at T, E

Fig. 10.23 (a) L-ARPES measurement of the Fermi surface of a graphene island on Ir(001). X-PEEM images formed
by electrons with momenta near the K-point (b) and near the I'-point. (c) Two phases: a flat graphene phase, labeled FG,
and a buckled phase, labeled BG. (Reprinted with permission from [10.119], copyright 2013 by the American Chemical

Society)
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thors observed that wrinkles in the graphene constitute
a buckled phase. These buckled graphene (BG) regions
appear darker than the flat graphene (FG) regions in the
dark field image. They appear brighter in a so-called
bright field image, which was taken with the contrast
aperture centered on the I"-point, which in this case cor-

10.6 Time-Resolved Microscopy

Electron storage rings produce trains of x-ray pulses
that can be used for stroboscopic measurements of time-
dependent phenomena. Synchrotron x-ray pulses are
typically between 30 and 100 ps in length. The tempo-
ral spacing between pulses depends on the fill pattern of
the storage ring and usually lies between 1 and 1000 ns.
Short and quickly repeated, periodic pulse trains are
used for the study of non-stochastic, event-driven dy-
namics. Such repetitive pump—probe-style experiments
use an initial pump pulse, for example, an electric pulse,
a magnetic field pulse, or an optical pulse, to initiate
a process, and then use a probe pulse to interrogate
the state at a fixed delay time Az, Fig. 10.24. The time
evolution of the dynamics is then sampled with a time
resolution corresponding to the x-ray pulse length by
varying the delay between pump and probe pulse. Since
the number of photons per x-ray pulse from a storage
ring x-ray source is low, the signal from many probe
pulses needs to be averaged. It is, therefore, necessary
to reset the state of the sample after each probe pulse.
This can be achieved either by waiting for the sample
to relax into a unique ground state configuration or by
actively switching the sample back to its original state
using a reset pulse. Time-resolved imaging of magnetic
domain dynamics is an important application of time-
resolved X-PEEM [10.97,98, 122-124].

10.6.1 Experimental Setup

We will describe a measurement technique developed
at the ALS that relies on fast electric and magnetic
pulses produced by an optical-laser-triggered photo-
conductive switch. Similar pulse generation techniques
have been used and developed at several synchrotron ra-
diation facilities [10.97, 122—-124]. Switch, waveguide,
and magnetic structures were integrated by photolithog-
raphy and focused ion beam etching on a single semi-
insulating GaAs. Electrical pulses were triggered by
light pulses from a femtosecond titanium sapphire laser
oscillator hitting an interdigitated, finger-like GaAs
photoswitch. The laser was synchronized and phase
locked to the synchrotron orbit and bunch clocks at
arepetition frequency of 125 MHz. The magnetic struc-
tures were directly grown and patterned on top of the

responds to electrons emitted vertically from the sample
and traveling along the optical axis of the microscope.
Microscopes that are equipped with an imaging energy
filter are ideal for photoemission studies that need speed
and high spatial resolution, but only moderate energy
resolution.

waveguide in a region where the generated magnetic
field was in-plane, or parallel to the sample surface.
A schematic drawing of the sample and experiment is
shown in Fig. 10.25 [10.125].

10.6.2 In Situ Measurement
of the Field Pulse

Electron imaging by X-PEEM is sensitive to small elec-
tric and magnetic fields, which means that X-PEEM
can be used to record the temporal profile of the elec-
tric and magnetic field pulse. Figure 10.26a shows line
profiles across a waveguide that are arranged by the

‘ |
M Pump j/\t ‘ ~ps

fo! ‘ laser pulse :
| N
b 1 50
T j\ Probe j\\ Ps
- x-ray pulse ;
M i

3 330 ns 3 .

Fig. 10.24 Pulse sequence in a laser-synchrotron pump—
probe experiment. A fast optical laser pulse excites the
sample (pump), and an x-ray pulse probes the dynamic af-
ter a variable delay At

Pump
laser pulse

Probe

x-ray pulse ‘

Fig. 10.25 Layout of the time-resolved PEEM experiment
at the ALS. The laser triggers a photoconductive GaAs
switch and generates a field pulse. The PEEM images
the dynamics of the sample. (Reprinted with permission
from [10.98], copyright 2004 by AAAS/Science)
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Fig. 10.26a,b X-PEEM records the field pulse by sensing the image distortion caused by the potential difference between
waveguide and ground plane. A pulse with a fast rising edge and less than 500 ps in length was recorded. (Reprinted with
permission from [10.125], copyright 2004 by the American Institute of Physics)

4000 ps

5000 ps

7000 ps

Time
Time

time delay 7 between the optical trigger launching
the electrical pulse and the x-ray probe. Central wire
and exterior ground planes of this coplanar waveguide
appear dark in this image, while the gap between met-
allized layers appears bright. The apparent expansion
of the electron optical image of the waveguide during
the electrical pulse can be interpreted as being a result
of the time-dependent electrical potential at the sur-
face of the waveguide. The microscope works as an

Fig. 10.27 Vortex dynamics in

a triangular FeCo structure after

an in-plane field pulse. Computed
gradient images show domain walls
with enhanced contrast. The large
brown arrow shows the direction of
the circular x-ray polarization and the
magnetic field pulse, and the small
brown arrows show the local direction
of the magnetization in the vortex
pattern

~

electric-field-sensing oscilloscope with 50-ps temporal
resolution, the x-ray pulse length. The estimated cur-
rent and the strength of the field pulse are plotted in
Fig. 10.26b. This experiment showed a fast rising edge
with a rise time comparable to the x-ray-pulse-limited
temporal resolution of 50ps, and a slower, approxi-
mately exponential decay that was modulated by some
ringing due to reflections at the switch and the ground
connection. The maximum current at 15V switch bias
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1 pm

Fig. 10.28 (a) Domain images of the in-plane magnetization of pattern I (1x 1 jum?), patterns IT and III (1.5x 1 wm?), and
pattern IV (2x 1 um?), taken at the specified delay times after the field pulse. The images are part of a time series extend-
ing over 8 ns and were chosen so that the horizontal displacement of the vortex has maximum amplitude. Hands illustrate
the vortex handedness and the out-of-plane core magnetization as determined from the vortex dynamics. (b) Trajectories
of the vortex core. Dots represent sequential vortex positions (100-ps step). (c) Spin structure of a left-handed (left side)
and a right-handed (right side) square vortex. Red arrows represent the precessional torque generated by the external
magnetic field (brown arrow). (Reprinted with permission from [10.98], copyright 2004 by AAAS/Science)

was about 200 mA, which corresponded to a peak field
of 13mT (130 Oe) directly on top of the center conduc-
tor of the waveguide.

10.6.3 Vortex Dynamics

Figure 10.27 shows a time sequence of PEEM XMCD
images of a 2.5-pum-wide and 20-nm-thick, triangular
soft-magnetic FeCo structure. The local direction of the
magnetization is shown by arrows, which indicate that
the ground state of the pattern is a magnetic vortex.
A magnetic vortex is characterized by a curling mag-
netization that minimizes the magnetic stray field and
has minimal dipolar energy. The center of the vortex is
connected to the corners by three in-plane Neel domain
walls. Two of these walls are well visible in processed
images after applying a gradient filter. The train of field
pulses, repeated at 125 MHz, causes a resonant pre-
cision of the central region of the pattern around the

pattern center. For pulses that are well below 1ns in
duration, like in this experiment, the response of the
magnetic structure is determined by precessional dy-
namics, while slower pulses respond by the process of
magnetization damping. The images show this preces-
sional, oscillating response of the magnetic pattern with
a temporal resolution of 50 ps and a spatial resolution
of better than 100 nm, which is sufficient to resolve the
domain wall motion.

The dynamic response of several rectangular mag-
netic vortex structures is described in Fig. 10.28
[10.98]. Below the XMCD images, which are repre-
sentative images for two delay times, the trajectory of
the nanometer-size vortex core region is shown. All
structures showed an initial acceleration of the core
aligned with the magnetic field during the field pulse,
followed by a field-free gyrotropic (spiraling) rotation
of the vortex center around the center of the mag-
netic structure. Interestingly, when the trajectories of
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patterns II and III were compared, different acceler-
ation directions and rotation senses were observed in
two patterns that appeared to have identical domain
configurations. This was interpreted as being caused
by a hidden parameter in the system: the perpendic-
ular magnetization of the vortex core [10.126]. The
perpendicular vortex core and the in-plane curling mag-
netization together formed a chiral system, which could

10.7 Conclusion

The X-PEEM technique combines the electronic and
chemical sensitivity of x-ray spectroscopy and the high
spatial resolution of electron imaging. It excels at sur-
face imaging, exploiting the short mean free path of
low-energy electrons. Time-resolved PEEM is only
limited in temporal resolution by the duration of the
probe pulse, and picosecond dynamic imaging of na-
nostructures has been demonstrated. New schemes of
aberration correction push down the spatial resolution
from 20—50nm to only a few nanometers, making

be either right or left-handed. The handedness, or chi-
rality, governed the field response and precessional
dynamics of the system. A left-handed vortex was ac-
celerated parallel to an applied field, whereas a right-
handed vortex was accelerated antiparallel to the field,
leading to new insight into the sub-nanosecond re-
sponse of microscopic magnetic patterns to fast field
pulses.

X-PEEM a core nanoscience technique that uses syn-
chrotron radiation.
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