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ABSTRACT

Polarization-dependent photoemission electron microscopy (PD-PEEM) exploits spatial variation in the optical selection rules of materials
to image domain formation and material organization on the nanoscale. In this Perspective, we discuss the mechanism of PD-PEEM that
results in the observed image contrast in experiments and provide examples of a wide range of material domain structures that PD-PEEM
has been able to elucidate, including molecular and polymer domains, local electronic structure and defect symmetry, (anti)ferroelectricity,
and ferromagnetism. In the end, we discuss challenges and new directions that are possible with this tool for probing domain structure in
materials, including investigating the formation of transient ordered states, multiferroics, and the influence of molecular and polymer order

and disorder on excited state dynamics and charge transport.

Published under an exclusive license by AIP Publishing.

. INTRODUCTION

Domain formation in solid-state materials is extremely com-
mon. Domains can be formed due to variations in molecular
alignment, *~ crystallization,” bond distortions,” and spin align-
ment.” Bond distortion and spin ordering can result in proper-
ties such as (anti)ferroelectricity and (anti)ferromagnetism, while
variations in molecular alignment and crystallinity can modify
the efficiency of processes such as photoinduced current and
electrocatalysis.  Depending on the energy for domain align-
ment/misalignment and opportunities for external control, domains
can be used for energy’ and information storage,” " sensors,'' and
electronics.

Some of the most common domain-forming materials are
molecular crystals,'” polymers,” ~ ferroelectrics,” ferromagnets,
and multiferroics.'” The size of these domains can range from a few
nanometers to micrometers. However, a critical issue in investigat-
ing and controlling materials that form domains is that, for many
materials, the domains are quite difficult to observe. Developing
techniques that can simultaneously image domains and character-
ize their properties and dynamics across a wide range of samples
has been extremely challenging. To begin with, techniques such as

grazing-incidence small-angle x-ray scattering (GISAXS)'® and low-
energy electron diffraction (LEED)"” can quantify whether domains
have formed in a material and the average symmetries of different
domains with respect to each other. However, these techniques aver-
age over a fairly large interaction volume and contain only moderate
local structure information.

Scanning probe microscopies, such as magnetoresponse force
microscopy (MFM),” piezoresponse force microscopy (PFM),
and near-field scanning optical microscopy (NSOM),” are widely
used methods to identify domains in materials. These techniques
use a modified atomic force microscopy (AFM) tip that raster-scans
across a material, collecting information through the tip-sample
interactions as a function of space, which provides details of varia-
tion in the structural, electronic, or magnetic properties of a material
on the nanoscale. NSOM can also probe light interactions with the
AFM tip, but light polarization control is extremely challenging
and is an active area of research. The biggest benefits of these
techniques include their excellent spatial resolution on the order
of <10 nm,” operation under ambient conditions, and the wide-
flexibility of sample conditions and substrates that can be used for
investigation. PFM and MFM are successful at imaging out of plane
ferroelectricity and ferromagnetism, respectively. These techniques,
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however, have limitations in characterizing in-plane effects, such
as antiferroelectricity’® and antiferromagnetism,”” due to vanish-
ing resulting polarization and magnetization, respectively. Further-
more, since these three techniques all involve raster scanning with
a tip, the constraints of limited area scanning and long scan times
exist.

Electron microscopies, such as (scanning) transmission elec-
tron microscopy (STEM) and 4D-STEM, can provide detailed struc-
tural information about a material with atomic resolution but have
downsides when considering the electronic structure and symmetry.
It can also be challenging to accurately interpret magnetic effects
in these techniques due to the contribution of electron scattering
effects from local structural changes.”*”” In addition, molecular and
polymer systems can be easily damaged by the high energy electron
beam involved in these methods.”’ Low-energy electron microscopy
(LEEM) can probe the spatial variation of the near-Fermi level
electronic structure and, combined with micro-LEED, enables struc-
tural characterization of different domains.’"*> However, LEEM is
a structurally sensitive method rather than a chemically sensitive
method, and therefore, it is often combined with photoemission
electron microscopy (PEEM), as shown in Fig. 1(a).*

Optical microscopy approaches to investigating domain for-
mation rely on differences in light absorption, emission, or scat-
tering as a function of real space. Techniques such as optical bire-
fringence, second-harmonic-generation/sum-frequency-generation
microscopy, and Raman and photoluminescence (PL) microscopy
have been used to probe domain formation.”>”” "’ These techniques
can be operated under ambient conditions or even at elevated pres-
sures and do not require ultra-high vacuum sample conditions.
Furthermore, there are often few substrate requirements for these
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kinds of techniques—conductive or electron transmissive substrates
are typically not required—making optical techniques extremely
versatile. Optical microscopy can also be used to probe the dynamics
of domains in materials, for example, by using light with an ultra-
short pulse duration for stroboscopic imaging.””’ However, in most
cases, optical microscopy methods are limited by the optical diffrac-
tion limit of several hundreds of nanometers—larger than typical
domains in many materials. In addition, optical microscopy mea-
sures optical transitions rather than measuring electronic structure
directly with respect to a universal energy, such as the Fermi level.

This Perspective puts forward polarization-dependent photoe-
mission electron microscopy (PD-PEEM) as a technique for imaging
domain formation in a broad range of materials. PD-PEEM is
extremely well suited for probing domain structure, electronic struc-
ture, and excited state dynamics due to its combination of photon
interrogation with electron imaging, which allows us to leverage
properties of light such as photon energy, polarization, and control-
lable pulse duration to image domains and dynamics in materials on
the nanoscale.

Il. BACKGROUND
A. Photoemission electron microscopy

Photoemission electron microscopy (PEEM) is an electron
microscopy technique that resolves spatial variation in photoemis-
sion intensity and energy to image materials on the nanoscale.”
PEEM takes advantage of the photoelectric effect to create an elec-
tron image of a material’s surface. The absorption of a photon
with sufficient energy results in the emission of an electron from
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FIG. 1. Two main instrumental designs that enable the normal incidence laser excitation that is required for PD-PEEM. Design (a) illuminates through the magnetic mirror
used in LEEM/PEEM instruments that enables imaging via both scattered and photoemitted electrons. Design (b) uses a small rhodium mirror that is placed in the electron
column to enable normal incidence. Both normal incidence beam-paths are highlighted in green. Reproduced with permission from Kahl et al., Plasmonics 9, 1401 (2014).34

Copyright 2014 Springer Nature Publishing.
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a material surface with a defined kinetic energy Exg. The kinetic
energy is defined as Exg = hv — Eg = hv — ® + (E — Ef), where hv is
the incident photon energy and Ep is the electron’s binding energy,
which can be decomposed into the work function, ®, the initial state
energy, E, and the Fermi level, Er. There are several different ways
that image contrast can be achieved in PEEM based on this mecha-
nism of image formation. Spatial variations in the work function or
electronic structure of a material on the nanoscale will necessarily
result in variations in the kinetic energy and intensity of electrons
emitted from a sample, providing image contrast. However, in the
case of a continuous material with the same work function and same
electronic structure—such as in the case of material domains that
have the identical electronic structure—this aspect of PEEM will
provide no image contrast. Instead, one relies on the photon interac-
tion with the material and the role of polarization in order to provide
image contrast in PD-PEEM.

Similar to other electron microscopy techniques, such as trans-
mission electron microscopy (TEM) and scanning electron micro-
scopy (SEM), PEEM is fundamentally bounded by the electron
diffraction limit, which is sub-nm. After correcting for aberrations
in the electron microscope, a spatial resolution of <10 nm can be
achieved in the instrument in PEEM mode.'""* While SEM and
TEM impinge electrons on a sample and then detect emitted, scat-
tered, or transmitted electrons, PEEM impinges photons on a sample
and then detects the emitted electrons in wide-field imaging. It com-
bines the tunability of light/photon interrogation with the spatial
resolution of electron detection in a wide-field image. It is precisely
this photon-interrogation that enables PD-PEEM to image domains
in a wide range of contexts.

In addition to the energy requirements for the emission of an
electron, there must be a sufficiently strong optical transition from
the occupied electronic states to the electronic states above the vac-
uum that leads to the emission of an electron. These transitions
can be achieved with either a single photon [1-photon photoemis-
sion (1PPE)] or with multiple photons [n-photon photoemission
(nPPE)]. Each photon interaction allows for variation in the opti-
cal selection rules to provide contrast in PEEM. Three different
pictures of PEEM selection rules are described in Sec. II B, where
each of those cases is useful for predicting how PD-PEEM can be
applied to a different type of domain imaging. In particular, in PD-
PEEM, we exploit a variation in the selection rules with changing
laser polarizations in order to obtain domain contrast in materials.

Polarization-dependent imaging requires access to both angled
and normal incidence in order to enable full access to all selec-
tion rules, and the microscope geometry must allow for this. A
review of the different instrumental options regarding normal vs
angled incidence for PEEM applied to problems in plasmonics can
be found in Kahl et al.** Whereas angled incidence PEEM is widely
common in practice, normal incidence PEEM is less common but
enables variation in the alignment of incident laser polarization with
a material without changing the in- and out-of-plane components
of the electric field, which can have very different photoemission
cross sections that could complicate data analysis. Figure 1 shows
two PEEM instrumental setups of different geometries: in design
(a), PEEM is combined with LEEM mode, and normal incidence
illumination is achieved by directing an incident laser beam using
a magnetic sector field, whereas in design (b), the incident laser
is reflected from a rhodium mirror in the microscope column and
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involves electrostatic optics.” In both designs, the normal incidence
path is highlighted in green in Fig. 1. There are two different ways
to conduct normal-incidence polarization-dependent experiments:
variation in the photon polarization while keeping the sample align-
ment static with respect to incoming photons, or vice versa. In
practice, changing the photon polarization is usually easier to imple-
ment and reduces the need for image registration to extract domain
information. However, particularly in the case of synchrotron radia-
tion sources, changing the polarization of x rays can be complicated,
and changes are often made to the sample instead.*

B. Selection rules in PD-PEEM

PD-PEEM exploits spatial variation in the orientation of the
electronic structure for domain imaging on the nanoscale. The pri-
mary working principle of PD-PEEM relies on the fact that the rate
of optical transitions between different electronic states is subject
to optical selection rules. Therefore, if domains in a material are
ordered such that they have different optical selection rules, one
can use PD-PEEM to identify domains and their properties. There
are three different ways to consider these optical selection rules, as
we discuss next; all of them are effectively equivalent but useful to,
and appreciated by, the Chemistry and Physics communities differ-
ently. Some optical transitions in photoemission are single-photon
processes, while others are multi-photon processes. Selection rules
govern all photon interactions, and therefore, sometimes multiple
selection rules need to be considered simultaneously.

1. Spatial variation in transition dipole moment

Fermi’s golden rule states that the rate of transition between an
initial state |i) and a final state |f) is determined by the transition
moment integral, which is given by

Uy o< (fl€-11i) 1)

under the long-wavelength approximation, where € is the light
polarization. This simplifies under the electric-dipole approximation
to

Uy o< € (fI32 7ili) = € i )
J

where yij; is the transition dipole moment (TDM) between the initial
and final states.”

Therefore, under these approximations, the rate of transition
between the initial and final states is maximized when the laser
polarization is parallel to 4; and minimized when the polarization
is perpendicular to 4ig.

These selection rules are well known in spectroscopy® and are
employed for imaging material domains with PD-PEEM. When a
transition from an occupied state to a state above the vacuum level
(photoemission) occurs with two or more photons, the interme-
diate state can either be a virtual state or a normally unoccupied
state [Fig. 2(a)]. When this state is a normally unoccupied state,
then the photoemission probability reflects the transition moment
integral for both the first and second photoexcitation processes. Typ-
ically, the final state is approximated as a free-electron state, and
the selection rules for this second transition are less important than
for the first transition. Therefore, a spatial variation in the transi-
tion moment integral between the initial and intermediate states can
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FIG. 2. (a) Changing the laser polarization angle 6 alignment with the transition
dipole 6rpy modifies the photon absorption probability, resulting in PEEM imag-
ing contrast. (b) Schematic of PD-PEEM for spatially dependent 6rpy. The white
shading indicates maximum photoemission intensity, and dark gray indicates mini-
mum intensity. Rotation of 6z modulates the photoemission intensity from domains
with different atomic displacements and thereby different 6rpy. Reproduced with
permission from Spellberg et al., Sci. Adv. 10, eado2136 (2024).*° Copyright 2024
AAAS Publishing.

provide domain contrast in PD-PEEM, and we can identify the ori-
entation of different domains (6rpm) by taking PEEM images as a
function of laser polarization (6g), as shown in Fig. 2(b).

2. Spatial variation in dielectric function

The intensity of a transition in PEEM is proportional to the dot
product of the laser polarization vector P and the displacement vec-
tor D. The displacement vector is the product of the electric field
vector E with the tensor for the complex dielectric function of a
material,

ex(W)  ey(w) ex(w)
g(w) = |gx(w) gy(w) &e(w) | G)
ex(w) &y(w) ez(w)

Generally, in the case of non-magnetic transitions, only & (w),
&yy(w), and &, (w) are non-zero."’

Each of the complex dielectric functions &;(w) =&/ (w)
+ &/ (w)i can be determined by obtaining the electric polarizabil-
ity from electronic structure calculations and converting it to the
dielectric permittivity."” Therefore, the displacement vector will
contain information about the symmetries of the initial and final
states of an optical transition, and one can then calculate the inten-
sity of the transitions for different laser polarizations. For example,
for different laser polarizations that come in normal to a material
surface and rotate through the xy plane as shown in Fig. 2(b),
the polarization is P = (cos 6,sin 6,0) for different angles 6 in the
xy plane.

3. Group-theory approaches

Group theory approaches to selection rules are extremely com-
mon in molecular spectroscopy but less common for deriving
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selection rules in solids. However, this approach is exceedingly use-
ful for designing polarization-dependent experiments to uniquely
determine domain geometries. An overall review of how to use
symmetry rules and group theory approaches for molecular spec-
troscopy is found in Harris and Bertolucci,” and here we demon-
strate how these approaches can be applied as selection rules for
transitions in solids.

While all transition probabilities are dictated by Eq. (1), we
can simplify this expression to consider only the symmetries of the
initial and final states as well as the symmetry of the laser polariza-
tion to determine whether a transition will be allowed. Generally, if
the direct product of the irreducible representations for the initial
state, final state, and laser polarization contains the totally symmet-
ric irreducible representation of the point group, the transition is an
allowed transition.”® That is to say, if

T(yy) ®T(e) ® (1) (4)

contains I'(a), where a is the totally symmetric irreducible represen-
tation, then the transition is allowed. We shall explain this by using
black phosphorus as an example material.

Black phosphorus (BP) is a two-dimensional material with a
well-known polarization dependence for its optical transitions. It is
part of the base-centered orthorhombic space group Cmca, which
has the same symmetries as the D,;, point group. The totally symmet-
ric irreducible representation of this point group is I'(Ag ), while the
wave functions of the conduction band and the valence band near
the T point of the Brillouin zone can be approximated to have the
point groups I've(Bag) and T'cg(Biy).” Linear laser polarizations
x, y, and z belong to the I'(Bs,), ['(Ba), and I'(By,) point groups,
respectively. Therefore, if we calculate the direct products for the
conduction and valence band point groups with each of the laser
polarizations,

Tce(Biu) ® Tx(Bsu) ® Tye(Bag) = T(Ay), (5)
rCB(Blu)®ry(B2u)®rVB(B2g) :r(Blg)> (6)
Tcp(Biu) ® I(Biu) ® FVB(BZg) = r(BZg)> (7)

we find that the direct product with the point group belonging to a
laser beam polarized along the x direction is the only one to con-
tain the totally symmetric point group T'(Ag), and therefore, this is
the only allowed transition, meaning that black phosphorus pref-
erentially absorbs light polarized along the x direction (armchair)
for the lowest energy across bandgap transitions, as is observed
experimentally.”’

This analysis, based on a molecular orbital approach, is clearly
simplistic compared to the electronic structure calculations required
to fully explain transitions in solid state systems. As a first approx-
imation, however, this approach is extremely effective at mak-
ing qualitative predictions and building intuitive insight. As dis-
cussed further in Sec. III D, such analysis is also valid when
considering the selection rules for photoemission from magnetic
materials.
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I1l. APPLICATIONS OF PD-PEEM TO DIFFERENT KINDS
OF DOMAINS

A. Molecular and polymer domains

Controlling the morphology of organic electronic films is an
enormous area of research. The kind of molecular packing that
occurs in films, the degree of order, and the electronic structure
of polycrystalline grain boundaries all impact the functionality of
these films. The size of crystalline domains and the relative orien-
tation of molecular components have been shown to impact charge
carrier mobility in hybrid electronic materials.”’ Currently, many
experimental efforts to characterize and investigate these kinds of
films use a wide suite of techniques to investigate the role of molec-
ular and polymer domains in functionality.””* While this can be
an effective approach, comparisons between molecular and polymer
order and excited state dynamics all in the same experimental appa-
ratus would be highly valuable for disentangling the complex role
of morphology in molecular and polymer films. PD-PEEM is, there-
fore, a powerful tool for investigating and characterizing molecular
and polymer materials. In both ordered and semi-ordered films, PD-
PEEM can provide information regarding the spatial variation in the
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FIG. 3. Polarization-dependent PEEM imaging of molecular domains. (a) Poly-
mer orientation map of P3HT spin-coated onto silicon with native oxide imaged at
400 nm. (b) Degree of dichroism for the same regions in (a) and (c) a composite
figure that shows both polymer orientation and then opacity based on the degree
of dichroism. The insets show the high spatial resolution that can be achieved
with this approach. Reproduced with permission from Neff et al., Adv. Mater. 29,
1701012 (2017).2 Copyright 2017 Wiley Publishing.
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direction of the in-plane transition dipole moment and variations in
the strength of the polarization anisotropy for molecular materials.”
One of the first instances where PD-PEEM was employed to probe
material heterogeneity in molecular systems was investigating poly-
mer crystallinity and orientation.” Figures 3(a)-3(c) show the results
of a PD-PEEM experiment investigating P3HT that has been spin-
coated on a Si/SiO; surface. P3HT is a semiconducting polymer with
a transition dipole moment that lies along the polymer backbone.
Depending on the preparation conditions, the polymer will crystal-
lize into domains of different sizes and degrees of disorder. The size
of crystalline domains and the degree of polymer crystallinity can be
readily observed in PD-PEEM by fitting the photoemission response
as a function of the laser polarization 0 to

IpE(G) =A COSZ(QE - GTDM) +C, (8)

where A is the modulation amplitude and C is the photoemission
baseline. Plotting Otpm [Fig. 3(a)] with respect to position on the
sample surface reveals the local orientation of the polymers. The
strength of the polarization dependence depends on the degree of
order of the polymer chains [Fig. 3(b)] and is quantified by the
photoemission dichroism,

_ Imax - Imin _ A (9)
P Ioax + I A+2C°

Combining these two values in a composite image shows the cor-
relation between how abruptly the polymers change orientations
between adjacent domains and the degree of order at their bound-
aries [Fig. 3(c)]. This work has been extended to investigating other
aspects of polymer growth and deposition, analyzing the persistence
length of polymers under different conditions such as prepara-
tion methods, co-deposition, and temperature.Z’BJ“35 Hence, there
is considerable promise in using PD-PEEM to analyze this class of
materials and we anticipate that such utilization of this technique
will only grow as it becomes more widely established.

B. Local symmetry variation in 2D materials

Just as molecular materials can have variations in nanoscale
morphology that impact their properties, inorganic materials can
vary on the nanoscale. Such morphology variation does not always
consist of regions of structural or spin alignment, such as the ferro-
electric or magnetic domains discussed in Secs. I1I C and III D, but
instead consists of local variations in electronic structure symmetry
due to morphology, such as edges. There are multiple experimen-
tal techniques that can be used to access this kind of information,
but PD-PEEM has a different approach than many. Rather than
imaging variations in the electronic structure on the nanoscale, PD-
PEEM accesses variations in the symmetry of electronic states on the
nanoscale.

Figure 4(a) shows a PD-PEEM local transition dipole map of
2D BP. BP is birefringent, preferentially absorbing light that is polar-
ized along the armchair direction of its corrugated orthorhombic
crystal structure. This polarization dependence is due to the sym-
metry of the electronic transitions, such as transition (2) shown in
Figs. 4(b) and 4(d) and discussed in Sec. IT B. However, the edges
of BP have electronic states with transition dipole moments that are

J. Chem. Phys. 161, 110901 (2024); doi: 10.1063/5.0225765
Published under an exclusive license by AIP Publishing

161, 110901-5

1€:2€:61 G20z Atenuer y|


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

(B) (1,3) edge

PERSPECTIVE pubs.aip.org/aipl/jcp

(C) Transition 1 (0.947 eV)
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FIG. 4. (a) B1py map of two-dimensional black phosphorus taken with 2.4 eV photons. The map is median-filtered with a 3 x 3 pixel? neighborhood, and only pixels with an
R? > 0.6 are shown. Scale bar: 5 um. (b) Electronic band structure of a monolayer BP nanoribbon with a (1,3) edge with the valence band maximum (VBM) and conduction

band minimum (CBM) labeled, where the Fermi level is energy = 0 eV. The red circles

superimposed on the bands correspond to the contribution from the edge atoms.

For two representative optical transitions (indicated by the arrows), spatial distributions of the charge densities of the initial and final states and polarization-angle-dependent

absorption profiles are shown in (c) and (d). Reproduced with permission from Joshi et al.

influenced both by the electronic state transitions of the crystal inte-
riors but also by the symmetries of the edges and edge electronic
states, such as transition (1) shown in Figs. 4(b) and 4(c). These
kinds of edge electronic states have subsequently been observed with
PL microscopy.’” This methodology is not unique to black phospho-
rus; there are numerous other anisotropic materials where variations
in local electronic structure and symmetry could result in contrast in
PD-PEEM. We anticipate tin selenide®’ and molybdenum trioxide®’
as suitable material candidates for such a study.

C. (Anti)ferroelectricity

Ferroelectric materials are those containing a reversible spon-
taneous electric polarization. This polarization arises from a shift
in atomic positions relative to a symmetric paraelectric phase that
exists at higher temperatures. When groups of adjacent unit cells
contain atomic displacements in the same direction, they form a
ferroelectric domain, a nano- to micrometer-scale region with a
singular polarization direction.* This property can be measured
electrostatically®” or mechanically by piezoforce response.”” These
materials, however, typically contain a complex arrangement of
differently oriented domains. Implementation of ferroelectric mate-
rials in device applications requires knowledge and control over
the domain structure.” As such, a number of methods have been
developed for imaging ferroelectric domains to spatially resolve and
measure polarization directions. These include STM,** STEM,
PFM," polarized light microscopy (PLM),”” and PEEM.*® Work
function contrast has been used for resolving out-of-plane (OOP)
domains with PEEM due to the different surface charge densities
that form depending on whether the polarization direction points up
or down, but it cannot be used to determine in-plane (IP) polariza-

., Nano Lett. 22, 3180 (2022).3 Copyright 2022 ACS Publications.

tion directions. Rather, to access IP domains, PD-PEEM is used. The
ferroelectric lattice distortion creates anisotropy in the electronic
structure, such that the photoemission intensity is dependent on the
light polarization orientation. This can manifest in core electronic
states as well as in the valence and conduction bands and is acces-
sible by probing the material with the relevant excitation energy for
the desired electronic transition.”*’

Lead zirconate titanate (PZT) is a commonly used ferroelectric
material in both device applications and basic research. It exhibits
both IP and OOP ferroelectric domains whose arrangement is read-
ily controllable via external biasing.'’ These structural distortions
impact the symmetry of the Ti core levels, such that there is a
significant x-ray linear dichroism in the Ti L edge. Therefore, by
measuring the total electron yield with respect to rotating the x-
ray polarization, the different domains can be separately resolved.”®
The photoemission signal is dependent on the projection of the
polarization direction onto the light’s electric field vector, so by
illuminating at angled incidence, both IP and OOP domains are
measured. Figure 5(a) schematically shows the experiments, and
Fig. 5(b) shows an XPEEM image at the indicated polarization
angles. As the polarization axis rotates relative to the three direc-
tions, different domains appear bright and dark. Integrating the
photoemission intensity in each domain with respect to x-ray polar-
ization reveals a cos* dependence, where maximum photoemission
occurs when the x-ray polarization is perpendicular to the ferro-
electric polarization axis.”® In other words, the TDM is oriented
orthogonal to the direction of atomic displacement. This is not
strictly the case for all ferroelectric materials but will depend on the
specific structure and transition being accessed. Without a second
probe to determine crystalline axes, PD-PEEM can determine rela-
tive orientations between domains and accurately determine optical
axes with respect to the lab coordinate frame but not with respect to
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(B) PbZro.:Tio.sOx

FIG. 5. (a) Schematic of a polarization dependent XPEEM experiment on PZT with
lattice vectors and x-ray axes indicated. (b) Divided dichroic PEEM image taken at
the shoulder of the Ti L3A-edge with x-ray polarization axis « = 0°. (c) Map of the
6rom parameter fit to each pixel in the PD-PEEM data to reveal antiferroelectric
domains in B’-In,Se. The color bar*®*" shows three distinct domains resolved
as blue, cyan, and brown. (a) and (b) Reproduced with permission from Polisetty
etal., J. Phys. Condens. Matter 24, 245902 (2012).5¢ Copyright 2012 IOP Publish-
ing. (C) Reproduced with permission from Spellberg et al., Sci. Adv. 10, eado2136
(2024).%5 Copyright 2024 AAAS Publishing.

lattice directions.*’ In addition, for materials with polarization direc-
tions at arbitrary orientations in 3D space or multiferroics contain-
ing multiple order parameters with separate polarization responses,
domain arrangements can still be imaged with PD-PEEM, but com-
plementary methods are required to extract unique ferroelectric
polarization directions for each domain.”””’

Because PD-PEEM is sensitive to the material’s electronic
structure, a net lattice polarization is not necessarily required
for domain contrast to be observed. In antiferroelectric materials,
for example, unit cells contain equal and opposite atomic dis-
tortions such that there is zero net polarization. The electronic
structure orientation, however, is controlled by the antiferroelectric
domain structure and is, therefore, readily accessible via PD-PEEM.
B'-In,Se; is one such material, as it contains IP antiferroelec-
tric distortions that occur in any of three equivalent directions.”®
As such, three domain variants are possible and can be imaged
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with near-normal incidence PD-PEEM, where different regions of
B'-In,Ses are brighter or darker depending on the local alignment
between Orpm and Ok, corresponding to the rotated lattice between
domains.*’ Figure 5(c) shows a map of frpum for a ﬁ'—InzSe3, where
predominantly three domain orientations are observed due to the
threefold symmetry of the parent structure. As in the case of XPEEM
imaging of PZT, an external probe of lattice directions is required to
correlate Orpm measured by PD-PEEM to the direction of atomic
displacements because the orientation of Orpm depends on the
excitation energy.”’ Nevertheless, PD-PEEM remains a powerful
technique for the study of (anti)ferroelectric materials as it reveals
arrangements of domains across regions of tens of micrometers
while maintaining high resolution and orientational precision.

D. Ferromagnetism

The emerging class of 2D van der Waals magnetic materials
holds enormous potential for applications in spintronics devices
due to tunable electronic states as well as existing magnetic orders
that allow spin manipulation.”””” In particular, imaging magnetic
domain formation in such 2D materials could significantly con-
tribute toward the understanding of 2D magnetism.'® When consid-
ering ferromagnetic materials, a straightforward method for domain
imaging without the complication of adding a spin analyzer is uti-
lizing magnetic circular dichroism (MCD),"” which is given by the
differential absorption/reflection of left and right circularly polar-
ized light induced in a material in the presence of a magnetization
oriented parallel to the light propagation direction. In ferromagnets,
MCD is caused by the intrinsic exchange interaction and spin-orbit
interaction (SOI). For the past few decades, x-ray magnetic circular
dichroism (XMCD) PEEM has been the most popular technique to
image magnetic domains since x rays have access to the core-shell
electrons where the SOI is large and, hence, the spin-split transitions
are simple to interpret.”’*’” In addition, XMCD PEEM image con-
trast is given by the projection of the magnetic moments along the
incident x-ray beam direction, thereby enabling the construction of
magnetization vector mapping for a magnetized material. Although
XMCD PEEM is a powerful tool for investigating magnetic order in
ferromagnets, it demands access to sophisticated synchrotron facil-
ities. Therefore, a table-top experimental technique employing light
sources with UV and visible frequencies is valuable that can facili-
tate magnetic domain imaging. Whereas magneto-optical Kerr effect
(MOKE) microscopy and other light based techniques’ involve a
rather straightforward experimental setup for studying magnetism
with optical frequency, the associated spatial resolution is limited
by the diffraction limit of light. These challenges can be overcome
by employing threshold PEEM, which, unlike x-ray PEEM, uses
optical frequencies with photon energies near the work function
of a material to probe the valence shell electrons. In 3d ferro-
magnetic transition metals, the SOI in the valence bands is much
weaker than the core shells. The exchange splitting, however, can
be large in certain materials for the bands near the Fermi level
(EF), resulting in large MCD and even magnetic linear dichroism
(MLD) in valence band photoemission. Using UV photons, Nak-
agawa and Yokoyama’ and Hild et al®® reported such threshold
photoemission (TP) MCD in out-of-plane magnetized Ni/Cu(100)
and Co/Pt(111) through 1PPE PEEM. We would like to emphasize
that since both TP MCD PEEM and MLD PEEM image contrasts are
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obtained by tuning the incident laser polarization, whether circular
or linear, both of these techniques can be classified as PD-PEEM.

In TP MCD, the major asymmetry contribution emerges from
the UV photon absorption process, as illustrated in Fig. 6(a) for
SrTiO3 when illuminated by a laser with photon energy of 4.66 eV.”!
The initial spin-polarized states, i.e., the spin split states caused by
the exchange interaction originating from the magnetization near
EF, play a pivotal role in this process. In other words, the energy sep-
aration of the spin-polarized initial states is a measure of the MCD
asymmetry in threshold PEEM because the helicity of the incident
circularly polarized photons couples to the spin of the electrons via
spin-orbit coupling. The schematic in Fig. 6(b) demonstrates the
mechanism of such helicity selective TP PEEM imaging of magnetic
domains with out-of-plane magnetization; an example of TP MCD
PEEM imaging of magnetic domains of SrTiO3 is shown in Figs. 6(c)
and 6(d), studied by Taniuchi et al.”! In an earlier study, Kronseder
et al.”” reported such domain imaging TP MCD PEEM imaging in
fce-Ni(100) [Figs. 6(e)-6(h)]. Figure 6(¢) shows the calculated spin
polarization (difference of minority and majority electrons) of bands
near Er for fcc-Ni(100), which reveals a reversal of spin polarization

PERSPECTIVE pubs.aip.org/aipl/jcp

between 0.2 and 0.4 eV below Er. Consequentially, circularly polar-
ized light of opposite helicities with energy near Er selectively excites
electrons from these spin-polarized states above the vacuum level to
be detected by PEEM imaging. This is evident from the magnetic
contrast in Fig. 6(f) that shows the PEEM images of the Cs deposited
16 ML Ni/Cu(100) surface when illuminated by 405 nm right cir-
cularly polarized light incident at an angle of 65° with respect to
the surface normal. Identical to XMCD PEEM, TP MCD PEEM
image contrast is given by M - h, where M denotes the magneti-
zation direction in a domain (out-of-plane and into-plane) and h
denotes the helicity of the incident light, which is aligned in a paral-
lel/antiparallel direction with M. The TP MCD asymmetry from the
recorded PEEM image of Ni/Cu(100) in Fig. 6(f) is shown in Fig. 6(g)
[and Fig. 6(h) for a magnified region]. Notably, in addition to MCD,
MLD has also been detected using the threshold PEEM technique
for a polycrystalline Fe film with in-plane magnetization, resulting
in 0.37% asymmetry.®! It has also been established that group theory
and symmetry arguments can be utilized to choose the appropri-
ate geometry for the PEEM experimental setup to determine the
presence of MCD and MLD in magnetic materials.”"’

1€:2€:61 G20z Atenuer y|

FIG. 6. (a) Excitation process of threshold photoemission at the surface of SrTiO3. Circularly polarized photons are irradiated on the sample surface, and the spin polarization
of the ejected photoelectrons is detected. (b) The magnetic image in the illustration shows a magnetic domain structure in a FePt epitaxial thin film with perpendicular magnetic
anisotropy as a typical example. The field of view is 2 um. (c) Raw laser-PEEM image of SrTiO; after annealing at 1000 K. (d) Magnetic image at room temperature in the
same position as the raw image. Red and blue indicate positive and negative MCD signals, respectively, which correspond to perpendicular magnetization with spin-up and
spin-down. The scale bar indicates 500 nm. (e) The LSDA + DMFT spin polarization (minority minus majority electrons) of the surface-projected Bloch spectral function of
out-of-plane magnetized fcc-Ni(001) is shown for different energies below the Fermi level Eg. Blue means more minority electrons, and red means more majority electrons.

i3
Due to the energy-wave-vector relation in the free-electron approximation E = 2—'2 the available initial k; vectors of the photoemission process are within a paraboloid,

schematically shown in (e) for 0.4 eV (green) and 0.8 eV (orange). (f) PEEM image taken with right circularly polarized light (405 nm). (g) TP-MCD image. (h) Zoomed-in
image. (a)~(d) Reproduced with permission from Taniuchi et al., Nat. Commun. 7, 11781 (2016).”" Copyright 2016 Springer Nature Publishing. (e)-(h) Reproduced with
permission from Kronseder et al., Phys. Rev. B 83, 132404 (2011).72 Copyright 2011 APS Publishing.
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The above discussion and recent research”"**" certainly estab-
lish TP MCD PEEM, or in a generalized term PD-PEEM, as a
promising tool in imaging and characterizing domains in ferro-
magnets. Furthermore, because XMCD PEEM has been extremely
successful in investigating magnetic domain properties in 2D
ferromagnets, """ we expect that TP MCD PEEM has strong
potential to emerge as a suitable tool for investigating the surface
properties of 2D van der Waals magnets.

IV. CHALLENGES WITH PEEM

While PEEM provides a number of notable advantages—
improved spatial resolution and better ability to discriminate
between spatial domains—it has some notable challenges, the biggest
ones being the sample requirements and space charging. While dif-
ferentially pumped “ambient-pressure” PEEM instruments do exist,
they are not currently employed in PD-PEEM and do not relax the
vacuum requirements of PEEM all the way to atmospheric pres-
sure. This means that samples for PD-PEEM must be ultrahigh
vacuum compatible. In addition, because the sample surface forms
part of the imaging system, variations in surface roughness impact
the electric fields of the objective lens, so samples must be flat to
obtain optimal spatial resolution. Notably, we have found that there
is flexibility in samples within these constraints, much more so
than the prevailing wisdom has suggested. Using PEEM, we have
successfully imaged drop-cast 2D materials,” biological materials
encapsulated in resin,”””’ and hundreds of nanometers thick van der
Waals materials.”

The other major challenge with using PEEM is space-charging
and how it can impact spatial resolution and signal to noise. PEEM
is an electron imaging technique, which means that, similar to SEM
and TEM, if too many electrons are interacting with a sample, or are
at the same location in an electron lens at the same time, they will
interact with each other and cause a blurring of the image. There-
fore, for the optimal spatial resolution, one needs to operate as close
to the single-electron emission limit as possible. There are a few dif-
ferent ways to achieve this: through the use of CW light sources, such
as Hg and He lamps; bright x-ray sources, such as synchrotrons; or
high repetition-rate (few to tens of MHz) pulsed laser sources. Each
of these options has associated benefits and limitations. For CW and
x-ray sources, control of polarization can be challenging, but pulsed
laser sources have lower signal counts. However, pulsed laser sources
have a limit to the k-space regions that can be accessible for photoe-
mission depending on their photon energy and are most affected by
space charging because photon flux (and, thus, electron emission) is
concentrated within pulses. Pulsed laser sources provide other ben-
efits, such as the ability to conduct two-photon PD-PEEM, which
is what has been used for many of the experiments described above
and can be easily extended for combining time-resolved experiments
with measurements of material domains.

V. NEW DIRECTIONS

Polarization-dependent PEEM is a comparatively new method
for investigating domain formation in materials. With its nanoscale
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spatial resolution, photon-based material interrogation, and wide
field of view of tens of ym, it occupies a unique space in the landscape
of imaging methods. The benefits of photon-interrogation, includ-
ing control of laser pulse duration, energy, and polarization, enable
wide flexibility in experimental design that we believe will be critical
for investigating the domains, properties, and dynamics of nanoscale
materials. In particular, it is the ability to probe different kinds
of domain formation in materials with the same instrument that
makes PEEM an intriguing possibility for investigating multiferroic
materials.

Multiferroic materials contain both electric dipole and spin
ordering that can be controlled by electric and magnetic fields.”””"”
There are numerous fundamental scientific questions in multifer-
roics, with correlated degrees of freedom, that could be investigated
with PD-PEEM regarding domain formation and melting over phase
boundaries. Figure 7 shows different techniques, including PD-
PEEM, which have successfully imaged domains in the multiferroic
BiFeOs. Depending on whether BiFeOs is grown epitaxially’’ or as
single crystals,””"” there is a difference in whether ferroelectric and
antiferromagnetic order are correlated. The relationship between
sample strain, growth methods, and correlated order is an open
question in BiFeOs that could be probed comprehensively with PD-
PEEM. However, equally challenging is how the insight from the
different techniques in Fig. 7 can be combined: (i) PFM in (a), which
images in-plane ferroelectric domains with four different types of
orientations; (ii) XPEEM in (b), which is able to selectively image
ferroelectric domains of a specific orientation and obtain insights
into associated magnetic order; (iii) STEM in (c) and (d), which cap-
tures ferroelectric domain walls along with polarization mapping
in sub-nm resolution; (iv) PLM in (e), which uses ferroelectricity
induced birefringence for domain imaging; and (v) linear and cir-
cular PD-PEEM in (f) and (g), which shows domains (1, 3, and 4)
with different contrast in LD PEEM (f) that have identical contrast
with PLM (e). Further work is required to employ PD-PEEM for
efficiently and sensitively detecting the contributions of electric and
magnetic order simultaneously in multiferroics and to interpret how
the insights of PD-PEEM can be combined with other methods.

Similarly, there are untapped opportunities for exploring fer-
roic materials”””’ and interactions with polycrystalline molecular
and polymer layers”™ for controlling switchable domain behavior
in materials that are critical for applications in computing, mem-
ory, and next generation devices, such as memory-on-chip and
neuromorphic computing architectures.””” PD-PEEM provides an
opportunity to understand how light, strain, electric field, thick-
ness, and molecular modification can be used to control and modify
domain behavior. Manipulating the domain properties of solid state
materials by tuning all these parameters and characterizing their
properties using PD-PEEM is, therefore, an open question for future
research directions.

Finally, as an emerging technique for domain imaging, it is
essential to connect the interpretation of physical observables mea-
sured with PD-PEEM with domain imaging obtained from more
established methods, as has been mentioned in Secs. I, III C, and
III D and shown in Fig. 7. We anticipate that combining PEEM
with other more established techniques will contribute remarkably
toward a comprehensive understanding of solid state materials.

Given the flexibility of domains that can be imaged with PD-
PEEM, the opportunities for using this technique for investigating
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FIG. 7. Various methods for imaging domains in multiferroic BiFeOj3. (a) In-plane PFM and (b) XPEEM images of the same region of cross-hatch domains. (c) Annular
dark-field STEM image of the domain boundary and (d) two-dimensional vector plot of atomic displacements (yellow arrows) to indicate the polarization direction in each
domain. (e) Polarized light microscopy, (f) threshold PEEM linear dichroism, and (g) circular dichroism images of the same region. (a) and (b) Reproduced with permission
from Holcomb et al., Phys. Rev. B 81, 134406 (2010). Copyright 2010 APS Publishing.”" (c) and (d) Reproduced with permission from Ge et al., Microstructures 3, 2023026
(2023).55 Copyright 2023 OAE Publishing. (e)~(g) Reproduced with permission from Sander et al., J. Appl. Phys. 118, 224102 (2015). Copyright 2015 AIP Publishing.®

heterogeneity, domain formation, and modulation in materials are
vast, and the future for PD-PEEM is bright.
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