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Enhanced magnetic dichroism in dark-field UV photoemission electron microscopy
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Photoemission electron microscopy (PEEM) has evolved into an indispensable tool for structural and magnetic
characterization of surfaces at the nanometer scale. In strong contrast to synchrotron-radiation-based x-ray
PEEM as a leading method for element-specific magnetic properties via magnetic circular dichroism (MCD),
laboratory ultraviolet (UV) PEEM has seen limited application with much smaller dichroic effects for in-plane
magnetization. Here, we introduce dark-field PEEM as an approach to enhance MCD contrast in threshold
photoemission, enabling efficient MCD imaging with significantly enhanced contrast by an order of magnitude
for Fe(001). This advancement paves the way for MCD imaging on femtosecond timescales using modern
lasers. The experimental results will be quantitatively benchmarked against advanced relativistic photoemission
calculations.

DOI: 10.1103/klc4-lk7g

I. INTRODUCTION

Ultrafast spin and magnetization dynamics are rapidly
growing fields in condensed matter physics, holding great
promise for both fundamental research and future device
applications. Ultrafast imaging of magnetic domains on the
micrometer scale is well established using all-optical meth-
ods, such as magneto-optical Kerr microscopy, which is
inherently limited by optical diffraction. Alternatively, ul-
trafast scanning tunneling microscopy (STM) offers spatial
resolution down to the atomic scale. However, its sensitivity
to electron spin dynamics at surfaces depends on the spin-
polarized current from the tip [1], and the recent development
of ultrafast STM using THz electric fields [2] only provides
the spin information if spin-orbit split electronic states can be
probed in the tunneling process [3]. In contrast, the combina-
tion of ultrafast lasers with the Lorentz transmission electron
microscopy can offer the direct magnetic contrast in the fem-
tosecond time domain in the transmitted volume [4–6].

To access the surface-sensitive magnetization dynamics,
magnetic circular dichroism (MCD) provides a known con-
trast mechanism used for imaging magnetic domains in
photoelectron emission microscopy (PEEM). The intensity
recorded for a particular domain changes with the helicity
of the incident radiation, thereby producing magnetic con-
trast without the need for explicitly detecting the electron
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spin. By tuning the incident x-ray radiation to a magnetic
core level absorption edge, substantial and element-specific
MCD asymmetries have been reported. With the wide avail-
ability of tunable synchrotron radiation, this technique of
XMCD-PEEM is well established for magnetic domain imag-
ing on the nanometer scale [7]. However, the pulse length of
synchrotron radiation of typically 30–50 ps renders XMCD-
PEEM unsuitable on ultrafast timescales. The reduced pulse
length of x-ray free-electron lasers (XFELs) can solve this
issue [8]. However, the general availability is lower than for
laboratory-based experiments. Lower pulse repetition rates
and time-restricted beamtimes of the XFEL limit available
photoemission statistics. Here, we have combined PEEM with
the MHz repetition rates of a high-power laser system as well
as a Hg discharge lamp, thereby minimizing the space-charge
effects and allowing extended experiments in the laboratory.
UV laser sources excite electrons from close to the Fermi level
to energies slightly above the escape threshold. The reported
MCD contrasts, especially for in-plane magnetization, are
so small in threshold photoemission [9] that UV-PEEM has
been discarded for magnetic domain imaging in the last two
decades. Obviously, magnetic contrast needs to be increased
for domain imaging with ultrashort laser pulses.

As we demonstrate here, the concept of dark-field PEEM
in threshold photoemission allows efficient MCD imaging
with an order-of-magnitude enhanced MCD contrast for in-
plane magnetization. It paves the way for MCD imaging
on femtosecond timescales with modern UV laser sources.
Dark-field PEEM imaging uses an aperture for photoelectron
momentum selection in the back focal plane of the electron
imaging column prior to forming the real-space image. We
will demonstrate this for the in-plane magnetic structure at the
Fe(001) surface and compare quantitatively the experimental
results with fully relativistic photoemission calculations.
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FIG. 1. Symmetry analysis. A circularly polarized laser pulse
(shown in red, with helicity σ+) impinges onto a magnetic domain
(rectangular solid). The light incidence direction and the surface
normal (z axis) span the scattering plane (blue; xz-plane) with the
magnetization direction M oriented within (a) or perpendicular (b) to
the scattering plane, respectively. The off-normal detection of photo-
electrons with wave vector k (black arrow) results in a chiral setup.

Following initial reports of magnetic dichroism in UV
photoemission and its theoretical description in the 1990s
[10–12], Marx et al. reported the first observation of mag-
netic dichroism in threshold PEEM in 2000 [9]. This study of
polycrystalline Fe revealed an asymmetry in magnetic linear
dichroism of 0.37%. Subsequent spectroscopic studies con-
firmed the presence of both circular and linear dichroism in
various ferromagnetic materials. Building on Marx’s experi-
mental work, Nakagawa et al. studied Ni films adsorbed with
Cs and discovered significant asymmetries of up to 12% in cir-
cular dichroism PEEM for out-of-plane magnetized domains
[13–16]. This work also demonstrated the feasibility of using
pulsed laser light for dichroism imaging. However, due to the
limited photon energy range of common optical laser setups,
Cs remained necessary in most photoemission experiments in
order to reduce the work function [17,18], although PEEM
studies using a deep-UV laser with a photon energy of 7 eV
have been reported [19].

The theoretical framework for valence-band dichroism was
primarily developed in the 1990s and early 2000s [11,12,20–
25] and was bolstered by pioneering experiments [26–29]. It
is based on calculating the relativistic electronic structures in
conjunction with a theoretical description of the photoemis-
sion process. The extension of this description to threshold
photoemission predicted that experimentally accessible mag-
netic dichroism levels are expected [22].

II. CONCEPTUAL BASIS

For a simplified conceptual approach, we consider a sur-
face with fourfold symmetry, as e.g., the (001) fcc or bcc
surfaces with magnetic easy axes along one of the four [100]
or [110] directions. Let us assume light incidence along the
surface normal (the case of θ = 0 in Fig. 1). The photoe-
mission intensity of electrons detected with off-normal wave
vector k depends then on the helicity, σ+ or σ−, of the incident
circularly polarized laser radiation and on the two orientations
±M of the in-plane magnetization in a selected domain, yield-
ing four intensities Ik(σ±,±M ) (shortened I±±). The latter
intensities are combined into the total intensity

I ≡ I++ + I+− + I−+ + I−−. (1)

In order to disentangle the two main contrast mechanisms, we
define appropriate asymmetries [30],

Apol ≡ [(I++ + I+−) − (I−+ + I−−)]/I, (2a)

Aex ≡ [(I++ + I−−) − (I+− + I−+)]/I. (2b)

In the polarization asymmetry Apol the magnetization’s ori-
entation is averaged out; it thus encodes contrast due to the
light’s helicity, as if the domain were nonmagnetic. Contrast
due to the exchange splitting is quantified by the exchange
asymmetry Aex, in which one averages over the mutual ori-
entations of helicity and magnetization. Note that the chiral
geometry for photoelectrons with off-normal wave vector k
outside the scattering plane results in magnetic dichroism and,
hence, in magnetic contrast.

If the scattering plane is a mirror plane of the lattice, the
photoemission intensities for fixed k within the scattering
plane obey I++ = I−− for a magnetization within the scatter-
ing plane [Fig. 1(a)]. This results in a nonzero Aex for k �= 0,
but vanishing Apol. For magnetization perpendicular to the
scattering plane, I++ = I−+ holds that leads to vanishing Apol

and vanishing Aex.

III. THEORETICAL AND EXPERIMENTAL SETUP

In the following, we compare experimental results for a
photon energy of 5.2 eV with theoretical MCD asymme-
tries based on relativistic photoemission computations for
Fe(001) using the computer program package OMNI. The latter
is based on the spin-polarized relativistic layer Korringa-
Kohn-Rostoker (layer-KKR) method as applied earlier, e.g.,
in Ref. [31] and references therein. The sample is taken as
semi-infinite Fe(100).

Self-consistent electronic-structure calculations have been
performed using the local spin-density approximation for the
exchange-correlation functional in density-functional theory.
For solving the single-site scattering problem, the layer-KKR
method uses an expansion of the scattering solutions with
respect to angular momentum, in this work up to lmax = 3. The
potentials of the seven outermost layers of the semi-infinite
system differ from that of the remainder (bulk). The interlayer
scattering relies on a plane-wave expansion, here with at least
45 plane waves. For the image-potential barrier we take a
smooth shape described in Ref. [32]. The calculated bulk and
the surface electronic structures as well as the layer-resolved
magnetic moments agree with those computed and published
elsewhere.

The results of the electronic-structure calculations serve
as the basis for the spin- and angle-resolved photoemis-
sion calculations, for which the same potentials as for the
electronic-structure calculations are used. The spin-polarized
photocurrent is calculated within the one-step model of
photoemission, taking a time-reversed low-energy electron
diffraction (LEED) state as final state. Photoelectrons ex-
cited within the topmost 50 layers are considered in order
to obtain converged intensities and spin polarizations. The
calculated spin-density matrix of the photoelectron allows to
derive all components of the photoelectron’s spin polarization
vector.

The experimental photocurrent has been recorded for 65◦
grazing light incidence within the [100] high-symmetry direc-
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tion in a standard PEEM setup (Focus GmbH, Hünstetten).
As a light source either a mercury discharge lamp or the
frequency-doubled output of a noncollinear optical amplifier
(NOPA) with circular polarization optics is used [33–35]. The
Fe(001) surface has been prepared by standard surface science
procedures (as sputtering and annealing) and confirmed by
low-energy electron diffraction and Auger or x-ray photoelec-
tron spectroscopy.

IV. CONTRAST MECHANISMS

The k‖-dependent pattern of the polarization asymmetry
Apol, defined in Eq. (2a) and depicted in Fig. 2, depends on the
binding energy of the initial states. Both experimental (left
column) and theoretical data (right column) show that this
contrast mechanism is sizable with absolute values up to about
20% in experiment and 40% in theory; it can thus hardly be
ignored.

The theoretical pattern in the momentum space (right col-
umn in Fig. 2) exhibits a nodal line at ky = 0 and a nodal
line at almost kx = 0. Moreover, one finds a change of sign
if ky is reversed. These features are imposed by the sym-
metry of the setup. Note that an antisymmetric pattern with
respect to the kx = 0 and ky = 0 lines follows strictly only
for normal light incidence [36]. However, the breaking of the
antisymmetric behavior with respect to the kx = 0 line due to
the off-normal light incidence is hardly visible. The experi-
mental data (left column) display the same features, and the
overall agreement between experiment and theory is remark-
ably good, which includes also the sign change for binding
energies above and below 0.2 eV. Note that the experimental
asymmetries have been determined from two independent sets
of two-dimensional (2D) momentum maps for magnetization
directions +M and −M oriented along the +x and −x di-
rections, respectively, via selection of appropriate individual
magnetic domains.

The momentum-dependent exchange asymmetry Aex, de-
fined in Eq. (2b) and shown in Fig. 3, exhibits absolute values
up to 10% in theory and 6% in experiment, which are an order-
of-magnitude stronger effects than previously observed [9].
An odd symmetry of the momentum-dependent Aex pattern
with respect to the kx = 0 line would be expected for normal
light incidence [36]. However, for the grazing light incidence
here, we find a clear deviation, which results in a curved nodal
line between the regions of positive and negative Aex. With
respect to the ky = 0 line, both experiments and theoretical
calculations show a mirror-symmetric pattern in contrast to
Apol. The absolute Aex values, including the sign, depend on
the initial state binding energy via the band structure and
photoemission matrix elements.

The above findings support that both asymmetries Apol

and Aex are suitable tools for disentangling and quanti-
fying available contrast mechanisms for dark-field domain
imaging.

V. DOMAIN IMAGING

From the momentum-resolved Aex pattern in Fig. 3, it
follows that MCD imaging can selectively reveal strong mag-
netic contrast in the case of off-normal electron momentum
selection. However, without momentum selection or with a

FIG. 2. Momentum-resolved polarization asymmetry Apol of
Fe(001) at selected binding energies for 65◦ grazing light incidence.
Left column: Experimental results. The arrow marked hν indicates
the light incidence direction. The arrows M represent the two mag-
netization directions considered for Apol. Right column: Respective
theoretical results obtained from photoemission calculations. The
binding energy is indicated at each panel. The color scale, showing
Apol as defined in Eq. (2a) in percent, is identical for all panels in a
column.

momentum selection centered at kx = ky = 0, which has been
conventionally applied in the literature, different in-plane mo-
mentum contributions will largely cancel each other. This
cancellation explains the small or vanishing magnetic dichro-
ism for in-plane magnetized domains reported so far.
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FIG. 3. Momentum-resolved exchange asymmetry Aex of
Fe(001) at selected binding energies, as in Fig. 2. Left column:
Experimental PEEM data. Right column: Respective data from
photoemission calculations. Small differences with respect to an odd
symmetry upon reversal of kx result from off-normal light incidence.
For normal incidence they are absent.

Our joint experimental and theoretical study suggests to
selectively choose the k‖ area of interest in order to enhance
the magnetic contrast. Hence, we place a circular contrast
aperture in a k‖ area with high exchange asymmetry, a pro-
cedure known as dark-field imaging in optics and modern
electron microscopy.

Depending on the position of the aperture the contrast of
specific domains is increased, as we show for a Landau-like

FIG. 4. Dark-field MCD imaging of Fe(100). Top: Schemat-
ics of the nine aperture positions in the momentum plane, with a
momentum-resolved Aex pattern as the background. Bottom: Do-
main imaging using the nine aperture positions shown above. (hν =
5.2 eV, maximum domain contrast is between 3% and 4%, field of
view 56 × 56 µm2 each.)

pattern of four orthogonal magnetic domains at a Fe(001) sur-
face (Fig. 4). Placing the aperture in nine different positions
(shown as circles in the top panel of Fig. 4) results in nine
corresponding MCD PEEM images of the same surface region
(bottom panel).

For the centered aperture, marked in red, the MCD contrast
almost vanishes in accordance with our above discussion.
However, an aperture centered at kx > 0 and ky = 0 results
in a drastically increased contrast of 3%–4% for magnetic
domains oriented in the +x vs −x direction, whereas the con-
trast for domains oriented in the +y and −y directions (blue
arrows) vanishes. Both observations match quantitatively the
result of the k‖ space measurements in Fig. 3.

Positioning the momentum aperture at kx < 0 and ky = 0
reverses the contrast of +x and −x domains. As expected,
the contrast switches from sensitivity in the x direction to
the y direction when positioning the aperture at kx = 0 and
ky > 0 (upper-middle PEEM image in Fig. 4). The upper-
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FIG. 5. Binding-energy-dependent exchange asymmetry Aex for
Fe(001)-(1 × 1)-O at hν = 5.2 eV. (a) ARPES data for an oxygen-
passivated Fe(001) thin film grown on MgO(001) with the sample
magnetized in the +x and −x direction (light incidence at 70◦, ky =
0). (b) Momentum-selected PEEM data for an oxygen-passivated
Fe(001) single crystal for positive and negative kx momentum se-
lection as marked by blue squares and red circles, respectively.
[Selection at |kx| = (0.16 ± 0.12) Å−1, ky = (0 ± 0.12) Å−1, light
incidence at 65 ◦.]

right measurement shows a diagonal position with kx > 0 and
ky > 0, where the different contributions to the MCD signal
are combined, resulting in four different asymmetry values
for the four in-plane magnetization directions. Note that in
the latter case, besides Aex, Apol could also contribute to the
domain contrasts, however, which is negligible here [36].

VI. INITIAL-STATE EFFECTS

The magnitude of Aex and, therefore, of the MCD contrast
in PEEM for near-threshold photoemission depend on the
initial-state energy, as is demonstrated in Fig. 3. Aex reverses
sign from up to +6 % slightly below the Fermi level to −4 %
at EB = 0.45 eV. As a second, magnetically similar system
we studied the oxygen-passivated Fe(001)-(1 × 1)-O surface
with dark-field threshold PEEM, as described above. It yields
very similar Apol and Aex patterns as those for bare Fe(001)
(not shown here), which reverse sign at a binding energy
of approximately 0.2 eV. Momentum-selected Aex data from
momentum-resolved PEEM measurements on the two mag-
netized domains in the ±x direction are shown in Fig. 5(b) for
positive kx as blue squares and for negative kx as red circles.

Using an angle-resolved photoelectron spectroscopy
(ARPES) setup described previously [34,37], the magnetic
circular dichroism is analyzed in an independent exper-
iment with higher-energy resolution for an 11-nm-thick
Fe(001)-(1 × 1)-O thin film grown on MgO(001). For films
magnetized fully in the +x or −x direction, the exchange
asymmetry Aex is depicted in an energy versus momentum
map in Fig. 5(a). Note that the acceptance angle of the ARPES
spectrometer is limited to ±15◦. Both datasets show large
Aex values, which switch sign upon reversal of kx. At the
Fermi level and at EB = 0.45 eV we find a strong contrast
of about 5% between Aex values of +2% and −3% with a

FIG. 6. Dark-field MCD imaging of an oxygen-passivated
Fe(001) thin film grown on MgO(001) with a field of view of
10 × 10 µm2. The linescan along the indicated red line shows an
apparent domain wall width of 160 nm. The solid line indicates a
fit using a Gaussian error function on a quadratic background. Laser
photon energy of 4.66 eV, acquisition time 500 s.

contrast reversal between 0.15 and 0.25 eV. We note that this
observation requires either precise threshold photoexcitation
or energy-resolved electron detection to achieve high MCD
signals. These spectroscopic observations, together with our
microscopy data, demonstrate that the full energy-momentum
phase space of electronic states, even for paradigmatic sys-
tems such as Fe, can be fully utilized for magnetic dichroic
domain imaging.

While the dark-field scheme of threshold MCD PEEM
is broadly applicable, the magnitude of the binding-energy-
dependent exchange asymmetry Aex is a material-specific
property. It results from the spin-dependent electronic struc-
ture of Fe(001) and the associated ARPES transition matrix
elements. Note that for a fixed binding energy these matrix
elements depend on the photon energy due to the selective
combination of the initial and final electronic states involved.
Note further that our approach can be also implemented into
momentum microscopy [38], where the original development
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stems from back focal plane imaging in a photoelectron mi-
croscope [39].

A representative spatial resolution achieved in PEEM-
based magnetic imaging is demonstrated in Fig. 6 for the
Fe(001) thin film grown on MgO(001), which was recorded
with a femtosecond laser at 4.66 eV. It reveals an apparent
domain wall width of 160 nm, as is demonstrated in Fig. 6(b).
Note that the intrinsic domain wall width is expected to be in
the range between 60 and 210 nm as has been reported for
90◦ and 180◦ domain walls, respectively [40–42]. This ex-
perimental resolution is primarily limited by the instrumental
performance of the PEEM instrument. However, for magnetic
contrast it might be further reduced due to the off-axis electron
detection geometry inherent to dark-field imaging. The total
acquisition times for the 2D magnetic contrast images shown
in Figs. 2–4 were 400, 400, and 200 s, respectively.

VII. SUMMARY AND PROSPECTS

This study demonstrates that in-plane magnetic domains
can be imaged with high contrast using threshold PEEM with
momentum selection of the detected photoelectrons, thereby
introducing the concept of dark-field threshold MCD PEEM.

We validated this approach by applying dark-field UV PEEM
to an in-plane magnetized Fe(001) surface. However, this
method is broadly applicable and can be extended to other
ferromagnetic materials, including those with out-of-plane
magnetization [17], making it well suited for investigating
magnetic reorientation transitions, such as those observed in
Ni/Cu(001) [13,17,43,44].

The most promising potential of this technique lies in its
ability to investigate ultrafast magnetization dynamics using
femtosecond laser pulses in an optical pump and a thresh-
old UV photoemission probe scheme. This capability opens
different avenues for studying the ultrafast motion of domain
walls [45] or of large skyrmions on nanometer length scales
[46–48].
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