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Abstract

This paper reviews the application of X-ray photoemission electron microscopy (X-PEEM) to problems in modern magnetism. In
particular, the ability to determine the magnetic domain structure of antiferromagnetic thin films will be discussed.
Published by Elsevier Science Ltd.

1 . Domain imaging with high spatial resolution little sample preparation, because of the deep penetration
of X rays into matter. Every year, new ultra-bright

The formation of domains in thin-film magnetic materi- synchrotron sources, which are needed for high-resolution
als is of considerable interest in basic and applied research. X-ray microscopy, are going into operation, facilitating
In magnetic storage media, such as hard disks, magnetic easy access of experimenters to X-ray microscopes.
domains are used for the storage of information at increas- Three types of X-ray microscopes using soft X rays
ingly high density. On the other hand, in magneto-elec- between 300 and 2000 eV are currently popular: scanning
tronic devices magnetic domains are an unwanted product X-ray microscopes, imaging X-ray microscopes and photo-
of local variations in the magnetic anisotropy, of the emission electron microscopes (PEEM)[3]. The three
pinning of domain walls, and of the dipolar interaction. techniques are distinguished by the method of detecting the
Landau and Lifshitz[1] first developed a theory on the X-ray absorption of the sample. Scanning and imaging
origin of magnetic domains, proposing that a process of X-ray microscopes both detect X rays either transmitted
energy minimization leads to their formation (for a review through or reflected by the sample, in contrast to the
see also Ref.[2]). Experimental methods have been photoemission electron microscopes, which use electrons
developed that are capable of imaging the domain configu- photoemitted from the sample. Scanning microscopes use
ration over many orders of magnitude in lateral scale. zone-plate optics generating a micro-focused X-ray spot,
Some methods are based on detecting the magnetic stray which is scanned over the sample[4]. Bulk sensitivity can
field originating from the sample, such as magnetic force be achieved in a transmission geometry, utilizing the deep
microscopy (MFM), Lorentz transmission electron micro- penetration of X rays into matter (|100 nm). Measure-
scopy (TEM) and magnetic indicator techniques. Other ments in a reflection geometry are more surface sensitive
techniques directly sense the existence of a magnetization but suffer from the relatively small reflectivity and a
in the sample, which is reflected in a change of the reduced spatial resolution compared to transmission micro-
electronic valence band structure of the material. Magneto- scopes[5]. One advantage of the reflection geometry is
optical techniques (MOKE), X-ray magnetic dichroism convenience, since samples do not need to be thin.
(XMD), spin-polarized scanning tunneling microscopy Imaging X-ray microscopes operate in a transmission
(SP-STM) and spin-polarized low energy electron diffrac- geometry and also use zone plate optics. A condensor
tion (SPLEED) belong to this group. X-ray techniques zone-plate illuminates the sample and acts as a simple
have become more and more popular over the years since energy band-pass. A micro zone plate generates a mag-
they offer high spatial resolution and require relatively nified image of the sample transmission. A resolution of 25

nm has been demonstrated for magnetic domain imaging
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particularly sensitive to the out-of-plane component of the 2 . X-ray photoemission electron microscopy
magnetization, whereas reflection microscopes predomi-
nantly measure the in-plane magnetization. In-plane sen- X-ray photoemission electron microscopy, abbreviated
sitivity in the transmission geometry can be achieved by X-PEEM, is a hybrid technique, combining an X-ray
tilting the sample. All pure X-ray techniques are insensi- source with a high-resolution electron microscope
tive to the application of external magnetic fields and are [3,14,15].This method makes use of the phenomenon that
therefore particularly suitable for studies of the mag- the emission of secondary electrons is proportional to the
netization reversal process. These microscopes can operate absorption of X rays in a near-surface region of the
at ambient pressure. Transmission techniques are only sample. PEEM images these electrons and thus generates a
moderately sensitive to ultra-thin films because of the spatial map of the absorption of the sample. Initially by
relatively weak absorption of X rays in matter. The study absorbing an X-ray photon a core hole is generated. In low
of ultra-thin films is the domain of photoemission electron Z elements this core hole decays predominantly by Auger
microscopes, which we will describe in detail in the next decay, producing a cascade of secondary electrons. Those
chapter. electrons whose energy is above the workfunction of the

For the study of ferromagnetic domain structures, X-ray material are able to penetrate the surface and can escape
microscopes utilize the X-ray magnetic circular dichroism into the vacuum. Electrons that are generated by absorp-

¨effect, which was discovered by Schutz et al. in 1987[8]. tion deep in the bulk of the material have a large chance of
X-ray magnetic circular dichroism (XMCD) is related to being captured. Therefore, PEEM is highly surface sensi-
the Faraday and Kerr effect in the visible spectrum but tive, with a probing depth of only a few nm in metals[16].
provides orders of magnitude higher contrast because of Fig. 1 shows a typical synchrotron–PEEM setup, con-
the large spin–orbit coupling of the involved core levels. sisting of an X-ray beamline and a secondary-electron
The XMCD effect was first utilized in 1993 for the microscope[17,18]. X rays from the synchrotron are
imaging of ferromagnetic domains using a PEEM micro- monochromatized using an optical grating monochromator
scope[9]. The domain contrast of magnetic 3d transition and focused onto the sample. The illuminated area is 30
metals, e.g. Fe, Co, Ni, is a result of the strong dependencemm in the case of the presented PEEM-2 microscope,
of the L resonance intensity on the angle between the which was developed and is operating at the Advanced2 / 3

magnetization of the sample and the circular X-ray polari- Light Source, USA. An aperture in the beamline, selecting
zation. In rare earth ferromagnets, such as Gd, Tb, Sm, the X rays from below, above, or in the storage ring plane
M edges are usually probed. Circularly polarized X rays determines the polarization of the X rays. The polarization4,5

are available from synchrotron X-ray sources, either by of the selected X rays is right circular, left circular, or
using circularly polarized insertion devices, e.g. helical linear, respectively.
undulators, or by selecting the radiation of a bending The emitted electrons are accelerated by a strong electric
magnet above or below the storage ring plane. field of typically 15–20 kV between the sample and the

Besides ferromagnets, antiferromagnets are another im- microscope. The following four-lens electron optics form a
portant class of materials that are used in magneto-elec- magnified image on an electron-sensitive phosphor. A
tronic devices. Their main application is the pinning of a variable-size aperture in the back-focal plane of the second
ferromagnetic layer by an adjacent antiferromagnet, an lens reduces spherical and chromatic image aberrations,
effect called exchange bias[10,11].The insensitivity of the significantly improving the spatial resolution of the micro-
antiferromagnet to external magnetic fields is utilized to
create a magnetic reference. Antiferromagnets do not

 

exhibit magnetic circular dichroism because of their com-
pensated magnetic structure. For the investigation of the
domain structure of an antiferromagnet, an effect related to
circular dichroism, X-ray magnetic linear dichroism
(XMLD), can be used, probing the relative orientation of
the antiferromagnetic axis and the linear polarization
vector of the incident X rays[12].

In addition to their magnetic sensitivity, X-ray micro-
scopes are sensitive to the elemental and chemical com-
position of the sample, due to the characteristic position
and shape of the near edge X-ray absorption fine structure
(NEXAFS) of an element in a particular chemical environ-

Fig. 1. X-ray photoemission electron microscope and beamline at thement (for a review see Ref.[13]). This sensitivity allows
Advanced Light Source. Bending magnet radiation is monochromatized

selective probing of individual components in complex and focused onto the sample. The emitted photoelectrons and secondary
systems, e.g. multilayers and alloys, and the correlation of electrons are imaged with magnification onto a CCD detector by an
chemical state and magnetic structure. electron microscope.
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 images of the ferromagnetic domain structure in a Pd/Co/
Pd structure (Fig. 3). At the chosen thickness of 0.7 nm,
the Co layer, enclosed by two Pd layers, exhibits a
perpendicular magnetic anisotropy. Thus, the Co mag-
netization points either into or out of the sample. The
depicted image is the result of dividing two images
acquired at the L and L Co absorption edges using3 2

circularly polarized X rays. Arrows mark the used X-ray
energies in the absorption spectrum. Since the X-ray
magnetic circular dichroism effect (XMCD) has an oppo-
site sign at the L edges, dividing the images enhances the
magnetic contrast in the ratio image. Non-magnetic contri-
butions, e.g. resulting from variations in the elemental
composition or topography, contribute with the same sign

 

Fig. 2. Electrostatic discharge pattern on LaFeO . The high-resolution3

PEEM image and the line scan below show 40 nm wide structures,
demonstrating a spatial resolution of the microscope of clearly below 50
nm. The images were acquired with the photon energy set to the La M5

edge. The lines in the image are due to a variation in the chemical
composition after the discharge.

scope. The aperture limits the angular acceptance of the
microscope and at the same time decreases the energy
width of the transmitted-electron distribution. Octupol and
hexapol elements are used to steer the beam and correct
astigmatism. A CCD camera, which is directly coupled to
the phosphor by fiber optics, digitizes the image. Some
commercial PEEM instead use magnetic lenses and chan-
nelplate detectors.

Fig. 2 shows a high-resolution PEEM image, utilizing
chemical contrast on a LaFeO thin film[18]. The gray-3

scale image acquired at the La M edge shows dark lines5

that are due to a reduced La concentration in a pattern
generated by an electric discharge. The resolved width of
the line is about 40 nm, showing that the spatial resolution
in this image is clearly less than 50 nm. Using X rays a
resolution of PEEM microscopes down to 20 nm has been
reported [18–20]. Using UV excitation an even better
resolution of below 10 nm has been achieved, close to the
theoretical limit [21]. In general, the resolution of PEEM
microscopes is strongly dependent on the quality of the
sample, since the sample is part of the electron optical
system. A resolution below 100 nm has been routinely
realized in magnetic imaging[22–27].

Fig. 3. Ferromagnetic domain pattern of a 0.7-nm Co layer between two
Pd layers on polycrystalline Cu, imaged using circular polarization. The

3 . Imaging of ferromagnets and antiferromagnets Co layer exhibits a perpendicular anisotropy and shows worm domains
with the magnetization either pointing out of the sample or into the

As a first example for magnetic microscopy we present sample. An X-ray absorption spectrum of the Co L edge is shown above.
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and are suppressed. The domain image shows sub-micron- LaFeO film was grown by molecular beam epitaxy on a3

sized domains with opposite magnetization, pointing into SrTiO (001) substrate. Local spectra of the Fe3p edge are3

the plane (bright) and out of the plane (dark). This pattern shown on top, acquired in single antiferromagnetic do-
is typical for an as-grown film with an out-of-plane mains using linearly polarized X rays. The Fe absorption
anisotropy. The dipolar energy is lowered by the formation spectra show a magnetic linear dichroism effect at both the
of worm-like domains, through which the magnetic flux L and the L edge, resulting in a characteristic change in3 2

emanating from the sample is closed. The spatial res- the intensity of the multiplet lines within one absorption
olution in this image is about 100 nm. The high sensitivity resonance. Depending on the relative orientation of the
of PEEM is essential for the acquisition of such high- linear X-ray polarization and the spin orientation in the
resolution images of ultra-thin films. antiferromagnet, domains appear with different brightness

Fig. 4 illustrates the technique of domain imaging on an in the domain images, which are shown at the bottom of
antiferromagnetic thin film[22]. The studied 200-nm-thick Fig. 4. Images A and B were acquired at the L edge.2

Arrows and letters mark the photon energies in the
absorption spectrum where the images were acquired. The

 

colorized image at the bottom, the XMLD image, is the
result of dividing images A and B. As already explained
above, calculating the ratio image enhances the magnetic
contrast. Domains with the in-plane projection of the
antiferromagnetic axis parallel to the horizontal X-ray
polarization appear brighter than domains with a perpen-
dicular orientation of the antiferromagnetic axis. By chang-
ing the azimuthal orientation of the sample and the
polarization of the X rays, the axial orientation of the
magnetic moments in the antiferromagnet can be deter-
mined. The result of this analysis is shown at the bottom to
the right. Four domains have been identified with anti-
ferromagnetic axes along the out-of-planek011l directions
of the cubic SrTiO substrate. The domains form groups of3

two with the same in-plane projection of the axis. These
two domains appear with the same brightness in the
XMLD ratio image: bright5axis parallel to X-ray polariza-
tion, dark5axis perpendicular to X-ray polarization.

The magnetic ordering temperature in an antiferromag-
´ ´net is called the Neel temperature. Above the Neel

temperature the magnetic long-range order is destroyed by
magnetic fluctuations and the antiferromagnetic domain
contrast in images acquired using X-ray dichroism should
therefore disappear. The temperature dependence of the
magnetic moment can be described to first order by mean
field theory. We have verified this hypothesis by acquiring
temperature-dependent images on LaFeO , of which a3

´subset is presented inFig. 5. Approaching the Neel
temperature of the LaFeO , the domain contrast indeed3

disappears. It completely recovers after returning to room
temperature, confirming the reversibility of the phase
transition. The image contrast closely follows the mean
field calculated magnetic moment, as demonstrated at the

´bottom of Fig. 5. The Neel temperature of the thin film,
however, appears to be significantly reduced by about 70 K

´compared to bulk LaFeO , which has a Neel temperatureFig. 4. Magnetic domain structure in a LaFeO thin film epitaxially 33

grown on SrTiO (001). The images were acquired at the L edge using of 740 K. This observation has been explained as a strain3 2

linearly polarized radiation. The color-coded ratio image B/A shows the effect, slightly varying the Fe–O–Fe bonding angle, which
domain structure with enhanced contrast. Local spectra in single anti- is a factor determining the strength of the magnetic
ferromagnetic domains demonstrate the XMLD effect at the L edges. The

superexchange between Fe atoms.magnetic structure of the antiferromagnet has been determined from
Taking advantage of the elemental specificity of X-rayangle- and polarization-dependent images leading to the model, shown at

the bottom right. PEEM, we have also studied the coupling of the magnetic
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 column. The color code is clarified by the color wheel on
the right and the arrows on the left. A parallel coupling of
the in-plane components of the magnetic moments in the
ferromagnet and the antiferromagnet is apparent. Green-
and magenta-colorized domains in the Co layer correspond
to green-colorized domains in LaFeO (vertical spin axis).3

Another example of domain imaging in a coupled
ferromagnet–antiferromagnet structure is shown inFig. 7.

´NiO is an antiferromagnet with a Neel temperature of 560
K, well above room temperature. Bi-layer structures
consisting of a NiO layer and a ferromagnetic layer, e.g.
Co, exhibit exchange bias. This bias is frozen in the
magnetic structure of the system. The microscopic origin
of exchange bias is controversial, partly because of the
inability of traditional methods to probe the magnetic
structure of both the ferromagnet and the antiferromagnet
directly at the interface. Its surface sensitivity and sen-
sitivity to ferromagnets and antiferromagnets make PEEM
a valuable tool for the investigation of such structures. The
system presented inFig. 7 is 1.5 nm Co/NiO(001). The
surface of the NiO bulk single crystal was prepared by ex
situ cleaving and annealing in an oxygen atmosphere. The
Co layer was grown by e-beam evaporation. The XMLD
image, acquired at the Ni2 p edge (left), and the XMCD
image, acquired at the Co 2p edge (right), show the
antiferromagnetic domain structure at the surface of the
antiferromagnet NiO and the ferromagnetic domain struc-
ture in the Co thin film[26,27].The brightness of domains
in the images corresponds to the direction of the magnetic
moments, as explained by the arrows. We observe a
parallel coupling of the magnetic moments of the fer-
romagnet and the interface-near moments of the anti-
ferromagnet, as already discussed in the previous example.

Fig. 5. Temperature dependence of the magnetic image contrast onUtilizing the elemental and chemical sensitivity of PEEM,
´LaFeO . The contrast disappears approaching the Neel temperature of the3 we have furthermore investigated the magnetic properties

film and reappears at room temperature. The temperature plot indicates a
of the Ni interface layer, which is believed to play an´ ´Neel temperature of the thin film below the Neel temperature of the bulk
important role in the coupling of the ferromagnet to thematerial (marked by arrow).
antiferromagnet and the formation of exchange bias. The
center image shows the ferromagnetic component of the

domain structure between a ferromagnet and an anti- magnetic structure of NiO, revealing a ferromagnetic
ferromagnet[23]. In Fig. 6 the domain structure of a Co domain pattern, which closely resembles the domain
layer (top row) is compared with the domain structure in pattern of the Co layer. This image, which was acquired
an adjacent LaFeO layer (bottom row). The 1.2-nm Co/ using circular polarization, demonstrates the existence of3

200-nm LaFeO bi-layer was grown by molecular beam uncompensated spins at the surface of the antiferromagnet,3

epitaxy on SrTiO . The XMCD and XMLD effect were linking the magnetic structure of the ferromagnet to the3

used to generate the image contrast on the ferromagnet Co antiferromagnet. Detailed investigations using X-ray spec-
and the antiferromagnet LaFeO . The first and second troscopy and microscopy have shown that the creation of3

column show images acquired for a different azimuthal these uncompensated spins is correlated with a chemical
rotation of the sample, as explained in the inset. The 908 reaction at the interface, leading to a reduction of NiO to
rotation of the sample results in a reversal of the contrast Ni and a partial oxidation of Co to CoO.
in the antiferromagnet (bottom). In the ferromagnet, do-
mains that cannot be distinguished in the first geometry
because the magnetization is perpendicular—those regions4 . Discussion and conclusion
appear in gray—are distinguished in the 908-rotated geom-
etry. From the domain images two-dimensional magneti- Over the last two decades the promise of magneto-
zation maps have been generated, shown in the third electronic computing and the need for higher-density
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Fig. 6. Two-dimensional magnetization maps in an exchange coupled Co/LaFeO bi-layer. Magnetic domain images were acquired in two geometries on3

Co using magnetic circular dichroism and on LaFeO using magnetic linear dichroism. The color-coded maps were generated from the domain images. The3

images demonstrate parallel coupling between the layers.

magnetic storage devices has led to the development of effect and magnetic force microscopy (MFM), which
nano-scale magnetic structures. The ongoing reduction in today are standard tools in laboratories. Kerr microscopes,
lateral scale and in thickness of the magnetic layers which operate using visible light, are limited however by
illustrates the need for high-sensitivity magnetic detection the diffraction and can only reach a spatial resolution on
techniques, ideally with microscopy capability. The classic the order of several 100 nm. MFMs, which are based on
tools of magnetism research, neutron diffraction and the atomic force microscopy technique, have higher res-
magnetometry, have been vital for the development and olution down to tens of nanometers or better. However,
understanding of novel magnetic materials and still play a MFM does not directly probe the magnetization of the
major role in this area. Their limitation in regard to spatial sample; instead it detects its stray field using a magnetic
resolution and thin film sensitivity led to the development tip. The tip magnetization can furthermore influence the
of new techniques, in particular the magneto-optical Kerr sample magnetization and obscure the domain structure in

soft magnetic materials. X-ray microscopes using the
linear and circular dichroism effect allow quantitative

 

measurements of the atomic magnetic moments at very
high spatial resolution, comparable with the best magnetic
force microscopes and distinctly better than microscopes
utilizing optical MOKE. Thus they have become a very
important and versatile tool for the investigation of mag-
netic domains and magnetic coupling in multi-layer thin-
film structures. In addition, synchrotron-based X-ray tech-
niques have the unique capability of selectively probing
one component of a complex sample, by tuning the X-ray
energy to the characteristic absorption edge or NEXAFS
resonance of the material.

In multi-layer structures the interface region betweenFig. 7. Antiferromagnetic domains (left) and ferromagnetic domains
(right) in Co/NiO(001). The Ni interface magnetic structure is shown in layers plays an important role, often dominating the
the center. Ferromagnetic Ni spins (|1 monolayer thickness) at the magnetic properties of a material. The interface properties
interface between NiO and Co show magnetic circular dichroism linking can lead to changes in the magnetic anisotropy, as we have
the ferromagnetically ordered Co layer to the antiferromagnet NiO. The

demonstrated in the case of thin Co films, which depend-ferromagnetic domain structure of the interface layer is identical to the
ing on the environment and thickness exhibit an in-planedomain structure of Co. The images also demonstrate the high sensitivity

of X-PEEM to small concentrations of magnetic moments. or out-of-plane anisotropy. The interface is also important
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for exchange bias and for spin transport phenomena. work was supported by the Director, US Department of
Surface sensitivity is essential to experimentally discrimi- Energy, Office of Basic Energy Sciences, under Contract
nate the interface signal from the signal originating from No. DE-AC03-76SF00098.
the bulk. In combination with the elemental and chemical
selectivity of X rays, X-ray PEEM in particular is an
exceptionally powerful tool for the investigation of inter-
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