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Magnetic domains on an Fe( 100) surface have been imaged by means of energy-resolved 
photoemission microscopy. We excited the photoelectrons with circularly polarized synchrotron 
radiation in the soft x-ray region, and employed the effect of magnetic circular dichroism in the 
emitted photoelectrons in order to obtain contrast between differently oriented magnetic 
domains. This new approach offers a surface sensitive way to combine chemical and magnetic 
information on a microscopic scale. 

Within the last decades photoelectron spectroscopy 
has been developed into a powerful tool in surface science. 
Nowadays, a great variety of physical problems may be 
addressed by this method, depending on the type of elec- 
tronic states probed. Even the photoelectron spin has been 
made accessible to experimental investigations on both 
nonmagnetic and ferromagnetic materials.’ Spin-split elec- 
tronic states in ferromagnetic systems may be studied in 
great detail either by an explicit analysis of the photoelec- 
tron spin2 or by means of the recently reported magnetic 
circular dichroism in photoemission. Both approaches add 
magnetic sensitivity to conventional photoelectron spec- 
troscopy. Still, with the advance of microtechnology comes 
yet another challenge. Present photoemission experiments 
usually sample a rather large surface area (of the order of 
several mm2), as determined by the size of the illuminated 
spot and the characteristics of the electron-optical system 
involved. The increasing importance and complexity of 
electronic and magnetic microstructures, however, requires 
improved lateral resolution capabilities. Considering the 
important role of photoelectron spectroscopy in the basic 
understanding of ferromagnetism, our objective was to de- 
velop a photoemission technique with magnetic sensitivity 
and high lateral resolution. 

Our experimental approach to the problem employed a 
VG ESCASCOPE, which has been described in detail by 
Coxon et aL4 Briefly, the setup features a hemispherical 
energy analyzer in combination with an electrostatic input 
lens system. The instrument can be operated either in a 
spectroscopic mode as a conventional angle-resolving elec- 
tron spectrometer, or in an imaging mode. The latter al- 
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lows the acquisition of photoelectron images with a spatial 
resolution Ad < 10 pm, using electrons of a well-defined 
kinetic energy. This energy filtering is an advantage over 
an immersion lens-type photoelectron microscope, which 
images on the basis of the total photoelectron yield.’ Our 
experiments were performed in an ultrahigh vacuum sys- 
tem (base pressure 1 X 10-t’ mbar) at the German storage 
ring BESSY, using the elliptically polarized off-plane radi- 
ation dispersed by the SX-700-3 monochromator.6 The 
light was incident at 65” with respect to the surface normal 
of the sample, the degree of circular polarization being 
about 80% f 5% at photon energies hv=700-800 eV.6 The 
photoemitted electrons were collected perpendicular to the 
photon beam within the plane of incidence. The samples 
consisted of several Fe( 100) whiskers and an Fe( 100) sin- 
gle crystal, the latter being mounted on a soft iron yoke 
which carried a wire coil. This arrangement allowed the 
sample to be brought into a well-defined state of magneti- 
zation for spectroscopy studies, and into a demagnetized 
state for imaging experiments. 

In order to introduce magnetic sensitivity into the im- 
aging process, we exploited the effect of x-ray magnetic 
circular dichroism in the emitted photoelectrons 
(MCDAD). In MCDAD, magnetic samples exhibit a dif- 
ference in the intensity spectra recorded with circularly 
polarized light of opposite helicities. The specific form and 
structure of the energy distribution curve depends on the 
orientation of the sample magnetization M with respect to 
the direction of the incident light (or equivalently, the pho- 
ton spin v) and the wave vector of the emitted photoelec- 
trons k.’ The dichroic signal is calculated from intensity 
spectra 1(E) taken at opposite M or u as the so-called 
intensity asymmetry A 

I+ (-m --I- WI 
Aw) =I+ (E) +I- (E) . (1) 
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J?IG. 1. Magnetic circular dichroism in the &MB VAuger electrons from 
iron as a function of photon energy. The constant final state spectra (a) 
have been taken with right hand circularly polarized light for sample 
magnetization antiparallel (M= - 1) and parallel (M= + 1) to the pho- 
ton spin. The intensity asymmetry (b) is calculated according to JZq. ( 1) . 

Domains with different orientation relative to the incoming 
photon beam will thus give rise to a spatial variation of the 
energy-resolved photocurrent. This contrast may be opti- 
mized by tuning the energy filter to give the maximum 
value of A. 

The explicit relation between photon spin direction a, 
magnetization M, and dichroic asymmetry A depends dis- 
tinctly on the kind of electrons analyzed in the experiment. 
It is complementary for directly photoemitted electrons 
and the so-called secondary electrons which have been 
emitted after a significant amount of inelastic scattering or 
by an Auger process. The specific magnetodichroic effects 
in the various emission channels can be employed to cir- 
cumvent constraints in the experimental geometry. For in- 
stance, the dichroic signal in the direct photoemission 
channel exhibits a relatively complex angular variation 
which is caused by final state selection effects involving the 
electron wave vector k.s*’ This angular variation differs 
drastically from the simple relationship A - (M * o) found 
in photoabsorption.” Dichroic asymmetries of up to 10% 
in Fe 2p and 3p photoemission can be observed even for 
M 1 a, if k is noncollinear with M or a.* The exploitation 
of this magnetodichroic effect in spectroscopy and imaging 
experiments requires both energy and angular resolution. 
Any experimental integration over k, e.g., by a partial yield 
measurement, will result in A - (M l a) .* 

A further important finding is that magnetic circular 
dichroism appears also in the secondary electrons, e.g., 
from Auger excitations. This is demonstrated in Fig. 1 (a), 
displaying the intensity of the L3M2sV Auger transition in 
Fe as a function of photon energy. The ESCASCOPE was 
operated in the spectroscopy mode and tuned to an elec- 
tron energy of 648 eV with a bandwidth AEz-2 eV. The 
two peaks at 708 (A) and 720 eV photon energy (B) 

correspond to the photoexcitation thresholds of the 2ps12 
and 2~r,~ core levels. Magnetic circular dichroism causes 
the peak height of the spectral features to depend strongly 
on the direction of the Fe crystal’s remanent magnetization 
M with respect to the photon spin (T. For the geometry 
chosen, M= - 1 (shaded curve) corresponds to a magne- 
tization direction with a large component antiparallel to a, 
whereas M = 1 (solid curve) has a large component along 
o. The intensity difference give rise to pronounced features 
in the asymmetry function [Fig. 1 (b)]. The dichroic signal 
A(E) has approximately the same size, but an opposite 
sign for the excitation with 708 and 720 eV photons. This 
gives rise to a peak-to-peak asymmetry of -20%. Switch- 
ing the helicity of the light leads to a sign reversal in the 
asymmetry function. A qualitatively similar situation is ob- 
served at kinetic energies of 598 and 703 eV, corresponding 
to the L3M2sitf2s and L,VV Auger transitions in iron, 
respectively. Although we detect the Auger electrons with 
angular resolution, the information about the photoelec- 
tron wave vector k is lost during the Auger process. This 
makes the Auger electron emission a measure of the angle- 
integrated photocurrent. As a consequence, the relation of 
the dichroic asymmetry to the photon spin direction and 
sample magnetization is described by A - (M l a). 

The intensity asymmetry A(E) forms the basis of a 
magnetic contrast in photoelectron images taken from 
magnetic surfaces. It will cause magnetic domains which 
are oriented parallel and antiparallel to the photon spin to 
appear with different intensities, i.e., with different grey 
levels in a grey scale representation. Figure 2 displays im- 
ages from an “L’‘-shaped Fe( 100) whisker, which have 
been recorded using L3VV Auger electrons excited with 
light of negative helicity. The photon energies were chosen 
as hv=708 eV [Fig. 2(a)] and hv=720 eV [Fig. 2(b)], 
corresponding to the 2p3,2 and 2pl12 excitation resonances. 
The direction of light incidence is along the vertical (JJ-) 
axis of the images. Each image required about 5 min ac- 
quisition time: Common to both images~is a dark spot close 
to the elbow of the L. As a local X-ray photoemission 
spectroscopy analysis of this spot showed the contrast was 
not of chemical origin, it is tentatively attributed to a de- 
fect in the otherwise very flat surface topography. The 
magnetic contribution to the contrast already appears in 
these raw data as a pattern of differently shaded areas. The 
vertical leg of the whisker in Fig. 2(a) (figure in the fol- 
lowing denoted as A), for instance, shows a dark and a 
light shaded part, which are separated by a straight vertical 
boundary. This contrast, which is due to two 180” domains, 
is inverted in Fig. 2(b) (B), but disappears in the sum of 
the two images {B+A) [Fig. 2(c)]. We may extract the 
magnetic information by forming the asymmetry function 
of the two images {B-A}/{B+A}, in close analogy to 
Eq. ( 1). The result is shown in Fig. 2(d), and displays the 
magnetic domain pattern on the surface of the iron whis- 
ker. Regions with a magnetization vector M,, antiparallel 
(parallel) to the incoming light appear dark (white), 
whereas a magnetization vector MX perpendicular to the 
incoming light gives rise to an intermediate grey level. A 
distinction between M, and -M, requires the sample to be 
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FIG. 2. Spectromicroscopy from an iron whisker using L,VV Auger 
electrons. The images have been recorded with right-hand circularly po- 
larized light of 708 (a) and 720 eV photon energy (b), the light being 
incident along the vertical axis of the images. The sum (c) and the nor- 
malized difference (d) of the raw images, as obtained by image proceas- 
ing, show the topographic (c) and magnetic contribution (d) to the total 
contrast. Dark (white) areas in (d) represent domains with a magneti- 
zation vector pointing upwards (downwards) along the vertical axis. Do- 
mains which are shown in a medium grey level have their magnetization 
vector along the horizontal axis. 

rotated with respect to the incoming light so that some 
projection of the magnetization along they direction exists, 
which can give rise to a sizable contrast. The same domain 
pattern has been observed using L3M2$f2, and L3M23V 
Auger and 3p photoelectrons. Finally we note that Fig. 
2 (d) shows a more complicated arrangement. of domains 
than is seen from straight iron whiskers.*’ This may be 
partly caused by the above-mentioned defect in the elbow 
region. The defect itself is centered in a domain with a 
magnetization along the x axis. Furthermore, the particu- 
lar shape-of the elbow itself may give rise to local demag- 
netizing fields, and thus to a complex pattern of closure 
domains. 

With its presently available spatial resolution of about 
10 pm, the above experimental approach has no ambitions 
to compete with other well-established domain imaging 
techniques, such as scanning electron microscopy with spin 
polarization analysis or optical Kerr microscopy. Its main 
advantage lies in the unique combination of spectroscopic 
(i.e., elemental and chemical specificity) and magnetic in- 
formation, which may be obtained on a microscopic scale. 
Since both the photon energy and the kinetic energy of the 
electrons may be chosen independently, the chemical and 
magnetic signal can be obtained almost without back- 
ground. This is an important difference to scanning elec- 
tron beam methods which achieve a far better lateral res- 
olution, but require a spin analysis of the electron-beam- 
induced Auger electrons. These Auger electrons are 
usually accompanied by a highly spin polarized back- 
ground of inelastically scattered electrons, and their spin 
polarization must be carefully extracted by suitable proce- 
dures in order to separate the magnetic information. l2 The 
low signal-to-noise ratio introduces significant complica- 
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tions in the imaging process. A further interesting aspect is 
the parallel data acquisition in the ESCASCOPE through 
which, in combination with high brilliance light sources 
such as undulators or similar magnetic insertion devices, 
real-time imaging becomes feasible. 

Compared to recent studies of magnetic domains with 
an immersion lens photoelectron microscope,‘3 our angle- 
and energy-resolved approach has several advantages. 
First, it can fully exploit the different forms of magnetic 
dichroism in direct photoemission and secondary electron 
emission. By tuning the electron energy from photoelec- 
trons over the associated Auger excitations down to the 
low-energy secondary electrons, one obtains a very detailed 
picture of their individual contributions to the magnetism. 
Second, the specific angular dependencies of the various 
magnetodichroic effects can be used to compensate for pos- 
sible geometrical restrictions of the experimental setup. By 
combining measurements employing magnetic dichroism 
phenomena with circularly and linearly polarized light,14 
the complete domain pattern at a surface may be obtained 
on the basis of only three raw images without the need to 
rotate the sample. Third, one may deliberately introduce 
an additional depth selectivity into the measurements by 
analyzing electrons of very different kinetic energies. These 
virtues suggest that magnetic spectromicroscopy on the ba- 
sis of magnetodichroic phenomena will become an inter- 
esting new tool in surface and thin film magnetism. 
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