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The  Spin-resolved  Photoelectron  Emission  Microscope  (SPEEM)  is a permanently  installed  set-up  at
Helmholtz-Zentrum  Berlin  (HZB).  Due  to its specific  contrast  it is  mainly  used  for  magnetic  imaging  and
micro-spectroscopy  with  quantitative  analysis.  A crucial  point  in magnetic  imaging  is  the  application  of
magnetic  fields.  Many  experiments  require  observation  of magnetic  responses  or  the  preparation  of  a
agnetic nanostructures
icroscopy
agnetic susceptibility

certain  magnetic  state  during  the  measurement.  We  present  a dedicated  magnetic  sample  holder  com-
bining  magnetic  field  during  imaging  with  additional  temperature  control.  This  set-up  enables  SPEEM
to  measure  magnetization  curves  of individual  Fe  nanocubes  (18 nm)3 in size.  If  additionally  alternating
magnetic  fields  are  applied  we can  image  the  local  magnetic  AC  susceptibility  (�AC) as  a  function  of  tem-
perature.  The  latter  is ideally  suited  to visualize  local  variations  of  the  Curie  temperature  (TC) in nano-

and  microstructures.

. Introduction

A  fundamental question in magnetic systems with reduced
imensions is how the magnetic properties depend on the length
cale of lateral confinement. In the case of magnetic nanopar-
icles in particular, magnetic properties might not only depend
n their size and shape, they additionally can depend on their
hemical composition, their orientation and configuration. Dis-
ntangling such complex interplay of those different factors
ften requires spatially resolved investigations with element
nd magnetization sensitive techniques. Over the recent years
hotoelectron microscopy in combination with synchrotron light
XPEEM) became a well-established imaging technique [1],  and
owadays XPEEMs are available at most synchrotron facilities. Its
patial resolution, of 30–100 nm,  in combination with element
pecific contrast is ideally suited for element resolved imaging
nd quantitative micro-spectroscopy of magnetic nanoparticles.
f the polarization of the X-rays is variable, the magnetic circular
ichroism (XMCD), and the magnetic linear dichroism (XMLD)
an be employed for magnetic imaging [2–4]. By application of
Please cite this article in press as: O. Sandig, et al., J. Electron Spectrosc. Re

he sum rules even spin and orbital momentum can be quantified
5]. Combining XPEEM with other imaging techniques of higher
patial resolution, e.g. atomic force microscopy (AFM) or scanning
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electron microscopy (SEM) we can investigate magnetic properties
of nanoparticles much smaller than the resolution limit of XPEEM
[6,7]. In addition to that, recently emerging XPEEM instruments
with aberration correctors promise to boost the spatial resolution
of XPEEM into a regime well below 10 nm [8,9]. Even dimen-
sionality could recently be added to XPEEM. Placing the sample
on a dielectric multilayer mirror, depth resolved XPEEM can be
performed via standing wave excitation [10,11].  For free standing
three dimensional nanostructures bulk and surface magnetization
can be imaged simultaneously by evaluating the transmitted signal
from the object’s shadow [12]. Besides those obvious advantages,
the difficulty of applying magnetic fields during imaging is certainly
a major drawback of the XPEEM technique compared to other
X-ray based techniques such as X-ray microscopy [13] or scanning
X-ray microscopy [14]. But in turn these techniques require
samples transparent to X-rays which is not always possible. To
overcome the limitations of XPEEM magnetic sample holders have
been designed, allowing for preparation of certain magnetic states
during measurement [15] or imaging the magnetic response of a
sample on a strip line during and after a current pulse [16,17]. At
the Spin-resolved Photoelectron Emission Microscope (SPEEM) at
Helmholtz-Zentrum Berlin (HZB) we use a custom made magnetic
sample holder to image the magnetic response of the sample in an
lat. Phenom. (2012), http://dx.doi.org/10.1016/j.elspec.2012.07.005

applied magnetic field. Applying laterally confined magnetic fields
due to a special yoke geometry minimizes the deflection of photo-
electrons. In many cases the extension of the magnetic field is only
a few times larger than the microscope’s field of view. In this set-up
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e can apply magnetic fields of several tens of mT  during imaging,
ithout affecting the spatial resolution. An additional built-in

emperature control allows performing magnetic field and tem-
erature dependent XPEEM studies of magnetic nanostructures. In
ombination with the above mentioned possibilities this strongly
xtends the capabilities of the SPEEM set-up making it a dedicated
nstrument for investigation of magnetic micro and nanostruc-
ures. In the following we  will give a description of the set-up and
resent two representative applications for magnetic imaging in
ombination with magnetic field and temperature control.

. Experimental set-up

The SPEEM set-up is based on an Elmitec PEEM III with energy
nalyzer. It is permanently installed at the BESSY II storage ring at
ZB. A unique feature of that instrument is its possibility to perform

pin-resolved micro-spectroscopy by mini-Mott detectors attached
o the instrument [18,19].  The X-ray source is an elliptical undula-
or with full polarization control (UE49). The photon energy can
e tuned between 80 and 1800 eV. The monochromator is a plane
rating monochromator (PGM) with an energy resolution (E/�E)
f 104 at 700 eV. An ellipsoidal mirror focuses the X-ray beam with

 spot size of 8 �m × 20 �m onto the sample. The manipulator of
he SPEEM is equipped with liquid Nitrogen cooling and azimuth
otation. Further details about the SPEEM set-up are published else-
here [19].

The layout of the magnetic sample holder with temperature
ontrol is shown in Fig. 1a. Its base plate (magenta color) follows
he Elmitec design with four electrical contacts at its backside. The

onolithic magnetic yoke (blue color) is thermally isolated from
he base plate by four ceramic plates. Two symmetric coils are
sed to generate the magnetic field (orange color). The sample

s placed on top of the yoke clamped by an aluminum cap-
ing plate (green color). Similar to the write head of a magnetic
ape recorder, the yoke sits behind the sample and the mag-
etic field lines close through the sample surface. Depending
n the gap width and the sample thickness we  can apply mag-
etic fields up to 50 mT  during imaging. Due to the laterally
onfined magnetic field of our sample holder, the deflection of
hotoelectrons is minimized and can be corrected by the deflec-
ors of the objective lens. Meanwhile, lens tracking has been
mplanted in the SPEEM measurement software, that automatically
orrects image shifts during a field sweep. With such automatic
ens tracking magnetic switching processes can even be observed
nline.

Furthermore, temperature control is integrated in the sample
older. The magnetic yoke has a central bore in which a resistive
eater can be placed (see the arrow in Fig. 1b). A Pt100 resistive
hermometer is attached to the backside of the yoke for tempera-
ure monitoring. To minimize the thermal drift of the manipulator
uring temperature changes the manipulator is cooled with a con-
tant flow of liquid Nitrogen, while the sample temperature is set
ith the internal heating of the yoke. Due to the thermal isolation

etween yoke and base-plate the thermal drift of the manipulator
s very small during temperature changes. The temperature range
s about 115–430 K. Several types of magnetic sample holders with
arying gap sizes (50 �m–1.5 mm)  have been built. In the follow-
ng example we demonstrate imaging in applied magnetic fields
p to 23 mT  using a sample holder with 500 �m gap size. Higher
agnetic fields can be applied reducing the gap of the magnetic

oke. Alternating magnetic fields with frequencies up to 250 Hz
Please cite this article in press as: O. Sandig, et al., J. Electron Spectrosc. Re

an be applied as well. It has been demonstrated that with these
ample holders, combining magnetic field and temperature control,
patially resolved magnetic AC susceptibility (�AC) can be inves-
igated by XPEEM [20]. The magnetic field can also be combined
 PRESS
nd Related Phenomena xxx (2012) xxx– xxx

with additional electrical contacts at the sample surface, e.g. for
field dependent transport measurements.

3. Examples

3.1. Nanoparticles

In our first example we  demonstrate the possibility to image
magnetic responses of individual nanoparticles by XPEEM. Within
structures on the nanometer scale magnetic properties are
influenced by finite size effects which can change the effective mag-
netization. For example nanoparticles behave (super)paramagnetic
rather than ferromagnetic at room temperature, or collections of
particles behave superferromagnetic depending on their arrange-
ment and magnetic interaction [21]. Recording the magnetic
hysteresis of individual nanoparticles we can directly determine
their coercivity and magnetization at remanence. Furthermore,
from the shape of the hysteresis we  can estimate the magnetic
anisotropy energy. These important parameters for possible appli-
cations in data storage or sensor devices are very difficult to
measure in randomly oriented particle ensembles due to their
orientation and configuration dependence. E.g. dipolar coupling
between neighboring particles can strongly influence their mag-
netic properties [7].  An example of a magnetic hysteresis of an
individual nanoparticle recorded by XPEEM at low temperature
(115 K) is shown in Fig. 2. Panel (a) shows a XPEEM image of an array
with mostly single Fe nanocubes (18 nm)  in size. Size and posi-
tion of individual nanocubes is identified by matching the XPEEM
image with the high resolution scanning electron microscopy (SEM)
micrograph of the same sample area displayed in panel (b). Due to
the low particle density interparticle interactions can be neglected
at this site. The XPEEM image is part of an image stack, taken at
different magnetic fields. Each image in the stack represents the
average of about 600 individual XPEEM images that have been drift
corrected and co-added. Each image was recorded with an exposure
time of 1 s. The magnetic hysteresis corresponding to the indicated
nanocube is displayed in the upper panel of Fig. 2c. To record mag-
netization curves we  exploited the magnetic XMCD contrast at the
Fe L3 resonance. At each magnetic field we recorded XPEEM images
with opposite helicity. To extract the hysteresis of an individual
Fe nanocube we integrated the intensity from a particular region
of interest containing the whole particle and evaluated the local
XMCD signal, i.e. the difference of the local intensity of the two
helicities divided by their sum. A neighboring region of interest
containing no particle was  used to perform a local background sub-
traction. In comparison to [7] the observed hysteresis at 115 K is
rectangular shaped with almost full magnetization at remanence
for a single Fe nanocube. Obviously 115 K lies below the blocking
temperature (TB) of that single Fe nanocube.

To evidence the influence of the applied magnetic field on the
spatial resolution of the SPEEM, we  evaluated the width of two
orthogonal line profiles across a single Fe nanocube for every mag-
netic field (red and blue lines in Fig. 2a). The intensity along the
line profiles is shown as an inset. The lower panel of Fig. 2c dis-
plays the full width at half max  (FWHM) of a Gauss fit to the line
profiles at different fields. Assuming that the measured average
FWHM of about 46 nm is a convolution of the instrumental reso-
lution and the particle size (18 nm)  we obtain a spatial resolution
of about 42 nm.  Considering that each image represents the aver-
age of about 600 XPEEM images, recorded during liquid Nitrogen
cooling, which introduces additional vibrations, 42 nm is a very rea-
lat. Phenom. (2012), http://dx.doi.org/10.1016/j.elspec.2012.07.005

sonable spatial resolution for XPEEM. Apart from some scatter due
to the varying alignment skills of the operator (during that mea-
surement the automatic lens tracking has not been installed yet),
Fig. 2c does not show any correlation between the FWHM of the

dx.doi.org/10.1016/j.elspec.2012.07.005
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ig. 1. A schematic drawing of the magnetic sample holder with temperature cont
he  text. A photograph of the assembled sample holder is displayed in panel (b). The
o  color in the text, the reader is referred to the web  version of the article.)

ine profile and the applied magnetic field. Obviously the spatial
esolution is not affected by an applied magnetic field up to 23 mT.
he only noticeable field dependent effect is a slight diagonal image
istortion.

.2. Local AC susceptibility
Please cite this article in press as: O. Sandig, et al., J. Electron Spectrosc. Re

The second example demonstrates how imaging the local
C susceptibility �AC by XPEEM can visualize the influence of
ano- or micro-structuring on the local magnetic stability. Finite
ize effects can change the effective magnetization and reduce

ig. 2. Panel (a) displays an array of isolated Fe nanocubes ((18 nm)3 in size), recorded
dentified by a SEM micrograph of the same area shown in panel (b). The XPEEM image is
ndicate  the position of the line profiles displayed in the inset. The dependence of the full
eld  applied is shown in the lower part of panel (c). The upper part of panel (c) displays th
agnetic field sweep. (For interpretation of the references to color in this figure legend, t
shown in panel (a). For a detailed description of the different items please refer to
 indicates the position of the resistive heater. (For interpretation of the references

the Curie temperature (TC) dramatically (see for example Refs.
[7,22]).  These changes of TC are of increasing interest for the
stability of data storage and spintronic applications. A question in
ferromagnetic systems with reduced dimensions is, whether the
magnetic properties laterally vary at the edges of the sample, at
defects or at steps due to the underlying substrate. In the present
example we use element-specific AC susceptibility measurements
lat. Phenom. (2012), http://dx.doi.org/10.1016/j.elspec.2012.07.005

by XPEEM to investigate local variations of TC in a patterned
magnetic film and compare it with a continuous film of identical
thickness. To grow well defined magnetic structures of different
shape and size, we used pre-patterned Si substrates on which we

 at the Iron L3 edge by XPEEM. Size and position of individual nanocubes can be
 part of an image stack recorded during a magnetic field sweep. Red and blue lines
-width half-maximum (FWHM) of a Gauss fit to these line profiles on the magnetic
e corresponding magnetization loop of one of the nanocubes recorded during that

he reader is referred to the web  version of the article.)

dx.doi.org/10.1016/j.elspec.2012.07.005
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Fig. 3. A schematic cross section through the structured sample is shown in panel (a). Prior to evaporation of the ferromagnetic Fe layer we deposited a sequence of 10 Å Cu,
7.5 Å  Al, 10 Å Cu, in order to have similar surfaces on and between structures and to prevent any oxygen interdiffusion from the Si/SiO2 interface. We  deposited the layers onto
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 patterned substrate. Due to the topography different structures are magnetically
b).  The disks are 5 �m, 3 �m,  1 �m and 0.5 �m in diameter. Due to the X-ray incid
pectra recorded at the Iron L2,3 edges directly after deposition and 3 days later (ins

eposited ultrathin Fe films in the SPEEM preparation chamber.
he structured substrates were prepared using electron beam
ithography in combination with reactive ion etching. A schematic
ayout of our sample is shown in Fig. 3a. The height difference
etween the structures and the surrounding substrate is about
00 nm.  The different structures and the surrounding film are
agnetically decoupled from each other due to the sample topog-

aphy. We  tuned the thickness of the ferromagnetic layer to obtain
erromagnetic structures with a TC in the range between 110 K
nd 450 K, which is accessible in the SPEEM set-up. To avoid any
ontamination of the magnetic layer and to obtain identical surface
oughness in all areas, we grew additional buffer and protection
ayers. X-ray absorption spectra, taken at the Iron L3 and L2 edges,
irectly after deposition (Fig. 3c) and after the measurement (72 h

ater) (inset in Fig. 3c) show no sign of oxidation.
We investigated local variations of TC resulting from several

tructures of different sizes by imaging the local magnetic AC
usceptibility (�AC) as a function of temperature. The temperature
s monitored by the Pt100 thermometer on our sample holder.
bsolute values may  differ by 10 K, but the relative accuracy is
bout 0.2 K. To measure �AC we applied an alternating magnetic
eld (AC field) with 0.15 mT  amplitude at a frequency of 81 Hz
frequencies up to 250 Hz should be possible). The imaging unit of
Please cite this article in press as: O. Sandig, et al., J. Electron Spectrosc. Re

he SPEEM microscope was synchronized to the alternating field
y gating the channel plate voltage with a voltage offset of 400 V.
or magnetic imaging we  exploited the X-ray magnetic circular
ichroism (XMCD) at the Fe L3 resonance. In the images presented
pled. The XPEEM image of an area with a magnetic disk pattern is shown in panel
ngle of 74◦ we  can clearly see the shadow of each structure. The X-ray absorption
hibit no sign of oxidation.

in the following, the �AC signal is defined as the difference of two
images taken at a fixed X-ray helicity but with opposite directions
of the applied magnetic field divided by their sum.

Fig. 4 displays the local magnetic susceptibility �AC of a pat-
terned sample area at selected temperatures covering the range of
the magnetic phase transition. The corresponding XPEEM image of
that area is shown in Fig. 3b. It is displaying the local pattern, disks
of 5 �m,  3 �m,  1 �m and 0.5 �m in diameter. Due to the height
profile the shadow of each structure appears in this image as a
dark area. In those shadow areas we find no AC signal and there-
fore they appear bright in Fig. 4. We also find an obvious contrast
between the AC signal of the structures and that of the surrounding
film, the contrast inverts between temperatures of 182 K and 213 K.
This already indicates different TC for the patterned area and the
continuous film. To quantify the local variation of TC between the
continuous film and the 3 �m disk we  extracted the local magnetic
susceptibility �AC by integrating over a defined region of interest
at each temperature. The local magnetic susceptibility �AC and the
corresponding areas are displayed in Fig. 5a. We  determined TC by
fitting the inverse of the magnetic susceptibility �AC in the para-
magnetic phase with the Curie–Weiss law (1/(�(T))) = (1/C)(T − TC),
where C is the Curie constant C = (1/3kB)�0n�2, � is the magnetic
moment per atom and n the particle density per volume. This pro-
lat. Phenom. (2012), http://dx.doi.org/10.1016/j.elspec.2012.07.005

cedure avoids any influence in the determination of TC coming
from magnetic domains, which might be present in the ferromag-
netic phase. The inverse magnetic susceptibility �AC and the fit are
shown in Fig. 5b. For the 3 �m disk we find a TC of 204.6 ± 0.2 K,

dx.doi.org/10.1016/j.elspec.2012.07.005
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Fig. 4. XPEEM images of the local magnetic susceptibility �AC at selected temperatures covering the range of the magnetic phase transition. The local disk pattern is shown
in  panel (b) of Fig. 3.

Fig. 5. Panel (a) compares the temperature dependence of magnetic susceptibility �AC extracted from a disk with a diameter of 3 �m and an area of 7.1 �m2 (green circles)
to  that of the surrounding magnetic film (black squares). The selected regions of interest are indicated in the inset. The inverse of the magnetic susceptibility and a linear fit
to  its paramagnetic part is displayed in panel (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

dx.doi.org/10.1016/j.elspec.2012.07.005
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hich is 6 K below the TC of the continuous film of 210.6 ± 0.6 K.
ven in such rather large structures we find TC significantly low-
red compared to a continuous film. This surprising onset of finite
ize effects on the �m scale might be explained by the divergence
f the correlation length at TC. In previous measurements we found

 correlation length of about 0.7 ± 0.1 �m at TC in an Iron film [20].
ong range magnetic fluctuations might cause the reduced TC on
he 3 �m disk.

. Conclusion

We presented a special sample holder with magnetic field and
emperature control. Due to its yoke geometry, confining the mag-
etic field to a small area, it can be used to apply magnetic fields
p to 50 mT  during imaging without affecting the spatial resolution
f the SPEEM set-up significantly. Imaging under applied magnetic
eld in combination with temperature control opens new perspec-
ives for the investigation of magnetic micro and nanostructures by
PEEM. We  demonstrated the magnetic hysteresis of an individ-
al Fe nanocube at 115 K. Imaging the local magnetic susceptibility
AC of a patterned Iron film we find a surprising onset of finite size
ffects on the �m scale. Even in structures with lateral extensions
n the �m scale we observe a significant reduction of TC compared
o an extended film. In combination with other possibilities such
s depth resolved imaging this technique can provide new insights
o magnetic nanostructures.
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