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Abstract

X-ray Photoemission Electron Microscopy unites the chemical specificity and magnetic
sensitivity of soft x-ray absorption techniques with the high spatial resolution of electron
microscopy. The discussed instrument possesses a spatial resolution of better than 50 nm
and islocated at a bending magnet beamline at the Advanced Light Source, providing
linearly and circularly polarized radiation between 250 and 1300 eV. We will present
examples which demonstrate the power of this technique applied to problemsin the field
of thin film magnetism. The chemical and elemental specificity is of particular
importance for the study of magnetic exchange coupling because it allows separating the
signal of the different layers and interfaces in complex multi-layered structures.

Introduction

The development of x-ray magnetic dichroism techniques has led to a significant
improvement in our understanding of the physics of magnetic materias. The tunability of
the x-ray energy and the availability of polarized (linear, circular) radiation at modern
synchrotron sources facilitates the investigation of complex, multi-element, magnetic
structures utilizing the element specificity of x-ray techniques to separate the contribution
of different layers and elements to the magnetism of a system [1]. X-ray magnetic
dichroism using polarized radiation gives quantitative access to the magnetization of the
sample [2]. X-ray spectromicroscopy techniques such as Photoemission Electron
Microscopy (PEEM) or Transmission X-Ray Microscopy (TXM) add spatial resolution
for the investigation of structured or laterally inhomogeneous systems [3,4]. In this paper
we will give an overview over the PEEM technique and discuss the data acquisition and
dataanalysis using the ferromagnet/antiferromagnet bi-layer system Co/LaFeO3 as an
example. The magnetic structure of LaFeO3; grown on SrTiO3(001) has been discussed in
detail in[5] and is closely related to the perovskite structure of the LaFeOs layer. The
coupling at the Co/LaFeO; interface has been described in [6]. Similar measurements
using PEEM were also carried out on Co/NiO(001) [7-9]. The sample is a Co/LaFeOs
double wedge with a Co thickness between 0.4 and 2 nm and a LaFeOj; thickness
between 4 and 20 nm. The films were grown on a SrTiO3(001) singe crystal substrate
with a 2° miscut which causes preferential growth of one class of domains which havein-
plane projections of the magnetic axis along the c-axis of LaFeO3 [10].



Experimental setup

The PEEM-2 is afull-field imaging photoemission microscope using a4-lens optics, see
Fig. 1. Electrostatic lenses are used for focusing and projection to prevent any external
influence on the sample magnetization. A detailed description of the instrument can be
found in [3]. The microscope images secondary electrons emitted from the sample upon
illumination with x rays. The electrons are accelerated by a strong electric field (~20 kV)
between sample and the objective lens of the microscope. The electrons are detected after
amagnification by afactor of 1000-2000 on a phosphor screen which isread by a slow
scan CD detector. An aperture in the back focal plane of the second lens (transfer lens) is
used to limit the angular and energy acceptance of the microscope reducing the spherical
and chromatic aberrations of the electron optics. Using a 12 mm pin hole the best spatial
resolution of the microscope of well below 50 nm at a transmission of about 3% was
reached, close to the design resolution of 20 nm. The typical spatial resolution for
magnetic imaging is between 50 and 100 nm because of the relatively small magnetic
image contrast. Deflector and stigmator elements located in the back focal plane of the
objective lens and the first projection lens are used to correct for small mechanical
misalignments of the microscope. The local image intensity at the detector is
approximately given by | ~ I ,m(E) . lo isthe x-ray flux and mis the local absorption

coefficient of the imaged sample area at the x-ray energy E, neglecting saturation effects
which, however, become significant on strong absorption resonances [10]. The image
intensity is furthermore modulated by the local work function of the sample, especially in
threshold excitation using UV light, and the sample topography which causes micro-
focusing of the emitted electrons. The probing depth in metals and oxides istypically
about 2 nm [11]. Contrast in PEEM images is therefore a superposition of absorption,
work function and topographic contrast. We can discriminate between these different
contrasts by variation of the photon energy because only absorption contrast is energy
dependent if x-rays are used. By tuning the photon energy to an absorption edge
elemental and chemical specificity is achieved utilizing the characteristic near edge fine
structure of atomsin different chemical environments. The instrument is located at
beamline 7.3.1.1 of the Advanced Light Source which provides bending magnetic
radiation between 250-1300 eV. A moveable aperture in the beamline is used to change
the photon polarization from linear to left and right circular. The photon incidence angle
is 30° with the linear polarization vector E parallé to the sample plane. The energy
resolution of the beamline, which is optimized for high flux, is between E/DE>»1000-
1800.

Magnetic x-ray dichroism

Using x-ray magnetic dichroism PEEM is sensitive to the magnetic domain structure of
magnetically ordered materials. In 3d transition metals dichroism is strongest at the L
resonances (2p® 3d). X-ray Magnetic Circular Dichroism (XMCD) using circularly
polarized x-rays probes the anglej between the sample magnetization direction M and
the photon spin s, which is aligned with the photon propagation direction. It has opposite
sign at the L3 and the L, edge and changes sign when either the magnetization direction
or the photon helicity are reversed. Its angular dependenceis given by:
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Contrast in PEEM images results from the variation in anglej between the x-ray
polarization and the magnetization of different domains[4]. X-ray Magnetic Linear
Dichroism (XMLD) using linearly polarized x-rays probes the anisotropy of the sample,
which either originates from structure or magnetism. Strong magnetic linear dichroism
contrast has been observed by spectroscopy in NiO, Fe;Os, and LaFeO3 [10,12,13] and
by microscopy in NiO and LaFeO; [5-9]. The effect appears at multiplet peaks at the L3
and the L, edges of the oxides, as shown in the Fig. 2. The two local spectrawere
acquired from magnetic domains with different orientation of the antiferromagnetic axis
using PEEM. The XMLD effect changes sign at different multiplet peaks of the same
edge (peak A versus B) but has asimilar structure at the L3 and L, edges. Its angular
dependence is given by:

Lawio ~|[M?|(3- cos’j (A,E)). 2)

] isthe angle between the antiferromagnetic axis A and the linear polarization vector E.
In LaFeO3 a stronger 2nd peak at the L3 and the L, edgeis characteristic for a
preferentially paralel orientation of A and E [5]. Therefore the magnetization axisin
domain 2 is closer to the linear x-ray polarization vector than in domain 1.
Antiferromagnets usually do not show circular dichroism because the magnetic structure
is completely compensated. Magnetic linear dichroism contrast can be distinguished from
structural contrast using the characteristic temperature dependence of the magnetic
contrast which vanishes above the ordering temperature of the temperature (Néel
temperature).

Image acquisition and analysis

A PEEM image |; acquired using an exposure time t needs to be corrected for the
gpatially varying dark count rate and sensitivity of the PEEM detector system. Thisis
achieved by subtraction of adark image D; and division by a sensitivity image S

| =(I, - D,)/S.. The dark image Dy is acquired without x-ray illumination using the same
exposure time t. Imaging a sample with atotally defocused microscope and subtracting
the dark image generates the sensitivity image Sy. The exposure timet' of the sensitivity
image differs from t because the detector sensitivity variation is not directly afunction of
the exposure time but of the electron flux per time which reaches the detector.

Experimentally at' fulfilling t'= t% has produced good results. S, and |, arethe

t
spatialy averaged intensities of the sensitivity and the acquired PEEM image. Usually we
adjust the electron flux during acquisition of the sensitivity image such that the CCD is
half filled in t'. If the image intensity is high and the exposure time short then subtraction
of the dark image can be omitted. Dark and sensitivity images can be reused and only
have to measured once because the detector sensitivity is constant in time. Fig. 3 a,b)
demonstrates the improvement of the image quality showing images before @) and after
the correction b) for aexposuretime of 70 s.

To generate magnetic domain images we take advantage of the change in sign of the
linear and circular dichroism signal in the near edge spectrum. The procedureis



illustrated in Fig. 3 b-f). Images b) and c¢) were acquired on a Co/LaFeOs film at the b)
Co L3 and c¢) L, edge and are both sensitivity corrected. They both show the same
ferromagnetic Co domain pattern but with opposite contrast. The magnetic contrast can
be enhanced and non-magnetic contrast suppressed by calculating d) difference (Ls-L>),
e) ratio (L3/Ly), and f) asymmetry ([Ls-Ly]/[Ls+L2]) images. The ratio and asymmetry
image are normalized to the image intensity and therefore correct an inhomogeneous
sampleillumination. The asymmetry image is especially useful in aquantitative analysis
because the intensity difference between different domains is a measure for the relative
angle between the magnetization in both domains. If the dichroism is weak compared to
the total image intensity then the ratio image is equivalent to the asymmetry image. In the
following we will always use ratio images which on aferromagnet are called XMCD
images (L3/L,) and on an antiferromagnet are called XMLD images (L3B/L3A). LsA and
L3B are the two prominent multiplet peaks at the L3 edge (Fig. 2). Antiferromagnetic
domains with amore parallel orientation of the magnetic axis relative to the linear x-ray
polarization vector appear brighter in the XMLD image. Ferromagnetic domains with a
paralel orientation of the magnetization direction relative to the circular x-ray
polarization vector appear brighter in the XM CD image than domains with an antiparallel
orientation.

Domain correlation

The moderate surface sensitivity of PEEM using secondary electrons as a probe permits
the study of layered samples. We furthermore use the elemental specificity of X-ray
PEEM to separate the signal from different magnetic layers. This procedureis
demonstrated in Fig. 4. We have studied an approximately 1.2 nm thick ferromagnetic Co
film grown on an 8 nm thick antiferromagnetic LaFeOs film. Shown from top to bottom
are a,b) XMCD images of the ferromagnetic structure of the Co layer on top of LaFeOs,
c¢,d) XMCD images showing a ferromagnetic polarization of the antiferromagnetic
LaFeOs layer in contact with the ferromagnetic Co, and e,f) XMLD images of the
antiferromagnetic domain structure of the LaFeO; layer acquired at the Fe L3 edge. The
images were acquired in two geometries which differ by an azimuthal rotation of the
sample of 90°. The images were rotated back by software to show identical image areas.
The direction of incidence of the x-ray beam is shown above the images. The Fe XMLD
images show areversal in contrast after the azimuthal rotation by 90°, demonstrating the
180° periodicity of the linear dichroism signal. The XMCD signal — on the other hand —
has 360° periodicity, explaining the vanishing contrast in the upper half of the image after
the 90° azimuthal rotation. Arrows illustrate the direction of the magnetization in the
ferromagnet and the in-plane orientation of the antiferromagnetic axis as derived from the
evolution of the image contrast while rotating the sample. The upper half of the imaged
sample area has a preferentially horizontal orientation of the magnetic axis, causing the
brighter intensity of this areain f), whereas the lower half has avertical orientation. Prior
measurements have shown that the antiferromagnetic axis is canted by 45° from the
surface, which means that the XMLD contrast is actually due to the variation of thein-
plane projection of the magnetic axis [5,10]. Apparently the magnetization of the
ferromagnet and the in-plane projection of the antiferromagnet spin axis are always
aligned parale indicating auniaxial interface exchange coupling of the antiferromagnet
and the ferromagnet. The high sensitivity of PEEM to weak magnetic signals furthermore



allows imaging the ferromagnetic polarization of antiferromagnetic LaFeOs in contact
with the ferromagnet Co. The Fe XM CD signal shows the same domain pattern as the Co
layer, revealing aferromagnetic coupling of the uncompensated fraction of the LaFeO;
layer to Co. The origin of the polarization can either be aferromagnetically ordered
LaFeOy interface layer, as was observed at the NiO/Co interface [14,15], or a
ferromagnetic polarization of the whole LaFeOs layer. The latter could be promoted by
the small thickness of the film, reducing its total anisotropy, and making a polarization by
exchange coupling to the adjacent ferromagnet more effective. Note that LaFeO3; has a
weak parasitic ferromagnetic moment that could be ordered parallel to the magnetization
of the Co by the strong interface exchange coupling [16].

Magnetization maps

The information from Fig. 4 e,f) can be used to generate maps of the direction and the
size of the local sample magnetization. Thisis demonstrated in Fig. 5 for Co. According
to (1) the XMCD signal in4 e) and 4 f) isgiven by

ISuco = 1o +@|M[cos(90°- j ) =1, +a|M|sin( ) and I}y, ~ 1o +a|M|cos(j ),
respectively, with j  denoting the angle between the magnetization M and x, and |M| the

value of the in-plane projection of the magnetization. The non-magnetic image intensity
lo is approximately equal to the average intensity of the XM CD image because domains
pointing up, down, left, and right appear about equally often. a isascaling factor.
Inverting these equations pixel-by-pixel produces the magnetization mapsin Fig. 5. The
value of the magnetization shown on the left is approximately constant over the image,
except for the domain wall regions. The reduced signal near the walls can be explained
by adomain wall thickness below the experimental resolution. This resolution consists of
the microscope resolution and errors in the alignment of the rotated XM CD images. From
the width of the lines we determine an upper limit for the wall width of 80-100 nm. The
gpatial distribution of the magnetization direction is shown on the right. The relation
between gray levels and anglesis explained in the “color’-wheel. 4 gray levels: black,
lightgray, darkgray, white, correspond to 4 directions up, down, left, right. A similar
procedure can be used to generate magnetization maps of antiferromagnets with the
difference that images after an azimuthal rotation of 45° are required because of the 180°
periodicity of XMLD.

Thickness dependent contrast

Fig. 6 shows the dependence of the domain contrast as function of the thickness of the
ferromagnetic Co layer, measured on a Co wedge between 0.8 — 1.6 nm grown on 1.2 nm
LaFeOs. The top row shows the Co domain images acquired with XMCD, the center row
shows XM CD images of the ferromagnetic moment of the LaFeOs layer and the bottom
row shows XMLD images of the antiferromagnetic structure of the LaFeOs layer. The
LaFeOs layer is mostly single domain with an in-plane projection of the magnetization
axis along the vertical. A number of very small domains, close in size to the spatial
resolution of the microscope are horizontally aligned. They are responsible for the lighter
specklesin the XMLD images. The XMCD images show two levels of brightness
belonging to domains with magnetization in the up and the down direction, aligned with
the in-plane projection of the LaFeO3; magnetic axis. The Co magnetization shows a



reduction in contrast for decreasing film thickness which is explained by the smaller Co
peak intensity in athinner film. Very thin Co films (»0.8 nm ) become non-magnetic.
Interestingly we observe the same Co thickness dependence of the domain contrast in the
LaFeO;3 layer. The contrast vanishes with decreasing Co thickness and finally disappears
together with the Co magnetic signal. This observation suggests that the detected
uncompensated Fe moment is indeed due to a polarization effect caused by the strong
interface exchange coupling at the ferromagnet/antiferromagnet boundary.

Conclusion

We have demonstrated some of the abilities of Photoemission Electron Microscopy,
making this technique an ideal tool for the investigation of laterally structured, phase
separated or inhomogeneous surfaces and thin films. Polarized radiation from a 3rd
generation synchrotron source allows the study of ferromagnetically and
antiferromagnetically ordered magnetic systems with high spatial resolution and sub-
monolayer sensitivity. Sensitivity, spatia resolution and also the time resolution for the
investigation of dynamic processes can be improved by using an aberration free electron
optics. The spherical and aso partly the chromatic aberrations of the microscope can be
compensated by using an electron mirror which is designed to have exactly the opposite
aberrations, which then cancel out on the detector. Two groups, the SMART
collaboration at BESSY 2 [17] and the PEEM-3 collaboration at the Advanced Light
Source [18] currently design and build aberration corrected microscopes which are
aiming at a spatial resolution of afew nm. The second advantage of aberration correction
is the much improved microscope transmission at an intermediate spatial resolution of a
few 10 nm because energy filtering either by an imaging energy analyzer or an aperture
in adispersive plane will be unnecessary increasing the transmission of the microscope
by at least one order of magnitude. Together with atighter focusing of the synchrotron
beam an increase in sensitivity by at least afactor of 30 and an increase in the speed of
image acquisition by afactor of 1000 will be possible. Dynamics in the ms regime will be
directly accessible. A different approach to measure dynamics is by stroboscopic pump-
probe techniques. A synchronized laser — x-ray PEEM experiment utilizing the pul sed
time structure of the synchrotron sourceis currently set up at the Advanced Light Source.
This experiment will give access to the important ps-ns regime, the typical time scale of
magnetization precession and magnetization damping. Compared to traditional optical
techniques PEEM offers the advantages of a much higher spatial resolution, higher
sengitivity, and elemental specificity.
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Figures
Fig. 1: Experimenta setup (schematic) of the PEEM-2 microscope.

Fig. 2: Local PEEM absorption spectra acquired in two antiferromagnetic domains on
LaFeOs. The linear dichroism at the L3 and the L, edge results from a different
orientation of the antiferromagnetic axis in these domains relative to the linear x-ray
polarization.

Fig. 3: PEEM images acquired at the Co L edges: a) L3 edge, as acquired, b) L3 edge after
noise compensation, ¢) L, edge after noise compensation. d) difference image, €) ratio
image, f) asymmetry image. Images d-f) show the ferromagnetic domain structure of the
Co layer with enhanced contrast

Fig. 4. XMCD images of a,b) the Co layer, c,d) the LaFeO3 layer acquired at the Fe edge
showing the ferromagnetic domain structure, and e,f) XMLD images of the LaFeOs layer
showing the antiferromagnetic domain structure. Arrows mark the spin direction. The
images were acquired in two geometries, rotated by 90° around the surface normal.

Fig. 5: Maps showing the size and the direction of the magnetization in the Co layer
averaged over the spatial resolution of the microscope.

Fig. 6: Thickness dependence of the ferromagnetic domain contrast in the Co layer (top
row) and the LaFeOs layer (center row). Thickness dependence of the antiferromagnetic
domain contrast in the LaFeOs3 layer (bottom row).
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