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We present a photoemission electron microscopy method that combines magnetic imaging of the surface and
of the inner magnetization in three-dimensional core-shell nanostructures. The structure investigated consists of
a cylindrical nickel core that is completely surrounded by a shell of iron oxide and silicon oxide layers. The
method enables one to image the magnetization configuration of the nickel core even though the shell is thicker
than the mean-free path of the photoelectrons. Characteristic L3 and L, edges can be observed not only in the
yield of the photoelectrons emitted from the surface of the nanostructure but also in its shadow. X-ray magnetic
circular dichroism in the electron yield of the x rays absorbed and transmitted by the multilayered nanowire allows
for the individual imaging of the magnetization configurations of the iron oxide tube and the nickel core. The
method suggests novel approaches for the characterization of the magnetic and material properties of complex

three-dimensional nanostructures.
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I. INTRODUCTION

A large variety of techniques is available today to vi-
sualize the magnetization reversal of microstructures and
nanostructures.! Which technique is best suited in a particular
case depends on the considerations concerning spatial and
temporal resolution as well as the complexity of the sample,
to mention a few. When element specificity is required, the
selection reduces to techniques based on x-ray absorption.
Here, the magnetic contrast in ferromagnets and ferrimagnets
arises from an asymmetry of the absorption cross sections of
atomic core levels for left and right circularly polarized x-ray
photons, called x-ray magnetic circular dichroism (XMCD).?
X-ray magnetic linear dichroism even allows for the study of
antiferromagnets.’ In both cases a spatially resolved magnetic
contrast can be obtained from the difference of two intensity
measurements (one for each polarization) either of the trans-
mitted x rays as in magnetic transmission x-ray microscopy* or
of the electron yield as in photoemission electron microscopy
(PEEM).>® While transmission x-ray microscopy averages
over the volume of the traversed sample, the sampling
depth of PEEM is determined by the mean free path of
the photoelectrons, making it a surface-sensitive technique.’
Both methods are being improved constantly. Nowadays, they
provide time resolution in the picosecond range’~° and a lateral
resolution down to a few nanometers.'®!'! It has been shown
recently that standing-wave excitation can add dimensionality
to PEEM.!>!3 In particular, sampling interfaces or nanoobjects
with standing waves can provide additional depth resolution
down to a few Angstroms. However, due to the period of the
standing wave and the mean free path of the photoelectrons
the sampling depth is limited to a few nanometers.

The resonant character of x-ray excitation opens unique
possibilities for the study of core-shell nanoparticles, where
one challenge lies in separating the magnetic contributions of
the individual components.'* In this work we present a method
based on PEEM combining surface and bulk sensitive XMCD
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contrast. Extending the conventional PEEM imaging with a
transmission experiment, it is possible to record magnetic
information originating both from the surface and from
the internal components of a nanostructure and to separate
those two contributions. To prove that magnetic information
can be obtained from regions below the sampling depth
of photoelectrons, we employ cylindrical nickel nanowires
surrounded by an approximately 27 nm thick shell of iron
oxide and silicon dioxide. The individual magnetization states
of the nickel core and the surrounding iron oxide tube are
successfully imaged.

II. EXPERIMENTAL DETAILS

The multilayered core-shell nanowires studied in this
work are synthesized by filling the hexagonally ordered
pores of an alumina membrane with different materials
and with different techniques.'> In a first step, the pores
are coated with SiO,(5 nm)/Fe;03(12 nm)/SiO,(10 nm) by
atomic layer deposition. Then the tubes are filled with nickel
by electrochemical deposition. The nickel core has a diameter
of about 100 nm that is determined by the pore diameter and
the thickness of the shell layers. In the next step the template
is removed by selective chemical etching in chromic acid.
After filtration the individual core-shell wires are suspended in
water. For PEEM imaging the solution is dripped onto a silicon
wafer with a specific resistivity of about 10 Qcm and left to
dry in a magnetic field to align the wires in parallel. Before the
experiment the Fe,O3 is reduced to Fe;O4 by annealing the
sample in an argon-hydrogen atmosphere at 350 °C for 3 hours.
The sample holder used for PEEM imaging allows for the
application of a uniaxial in-plane field up to 200 mT (Ref. 16).
PEEM imaging was performed at the undulator beamline
UE49 PGM of the synchrotron light source BESSY Il in Berlin,
Germany. The beamline provides photons in the range from
100 to 1800 eV with an energy resolution E/AE = 10 000 at
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FIG. 1. (Color) (a) Schematic of a core-shell wire during PEEM imaging. (b) Scanning electron micrograph of an iron oxide tube partially
filled with a nickel core. The blow up shows the transition from the empty tube (left) to the nickel core (right) that appears bright. (c) Cutout of a
scanning electron micrograph combined with a PEEM image recorded at the nickel edge. The absorption of the nickel core can be distinguished

in the shadow of the wire.

700 eV and full polarization control. The schematic of a core-
shell wire on a silicon wafer exposed to an x-ray beam is shown
in Fig. 1(a). The incident x rays hit the sample surface under
an angle of 16°. Photoelectrons are emitted from the surface
of the wire and the substrate. Details about the PEEM setup
are described elsewhere.'® A scanning electron micrograph of
the core-shell nanowire that we have investigated is shown in
Fig. 1(b). It reveals that the iron oxide tube is only partially
filled with a nickel core. The nickel core appears bright due to
the increased scattering of the secondary electrons. Figure 1(c)
is the overlay of a scanning electron micrograph and a PEEM
image recorded at the nickel edge. The nickel core can clearly
be distinguished in the shadow of the structure. To observe
both this shadow and the XMCD contrast caused by the
magnetization components along the wire axis, an angle of
about 45° between the in-plane projection of the incident x rays
and the wire axis was chosen for imaging the magnetization
reversal. At 90° the shadow would be larger, but only the
magnetization components perpendicular to the wire axis
could be mapped, while at 0° the XMCD contrast would be
most sensitive to the magnetic moments aligned along the wire
axis, but no shadow of the nickel core could be observed.

III. RESULTS AND DISCUSSION

Photoemission spectra from selected areas marked in the
inserted PEEM image are shown in Fig. 2(a). The electron
yield measured on the wire (curve A) gives a spectrum that
is proportional to the x-ray absorption coefficient of the iron
oxide. The absorbed x rays cause transitions into unoccupied
3d levels leading to iron-specific resonance peaks. The step-
like background is caused by transitions into continuum states.
For iron and nickel the electron sampling depth is about 5 nm
(Ref. 17). Due to this surface sensitivity the nickel core does
not contribute to the signal measured on the nanowire as it
is evidenced by the blue curve (A) in Fig. 2(a). The x-ray
absorption length is about one order of magnitude higher than
the electron sampling depth. Some x-ray photons are trans-
mitted through the nanostructure and excite photoelectrons in
the substrate. The yield of these electrons emitted from the
shadow area of the wire is also shown in Fig. 2(a). While
the L3 and L, edges of iron can be observed both on the
wire (curve A) and in the entire shadow region (curves B
and C), the nickel L; and L, edges are observed only in the
shadow of the nickel core (curve C). The spectra recorded

in the shadow are inverted with respect to the photoemission
spectrum recorded on the wire since they are transmission
spectra. Figure 2(b) illustrates the two areas in the shadow
where the element-specific absorption lines and thereby the
XMCD contrast of the respective materials can be observed.
Our experiment demonstrates that combining the conven-
tional surface sensitive PEEM microspectroscopy with a trans-
mission experiment, element-specific magnetic information of
complex three-dimensional nanostructures can be obtained,
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FIG. 2. (Color) (a) Photoemission spectra recorded on the wire
(A, blue), in the shadow of the empty tube (B, green), and in the
shadow of the nickel core (C, red). The respective regions are marked
in the PEEM image shown in the middle. The red curves are shifted
for clarity by —0.3. Note, that no absorption edges of the silicon
substrate contribute in the energy range shown. (b) Schematic of a
partially filled core-shell wire exposed to x rays of different photon
energies. At 707.8 eV (Fe L3 edge) XMCD contrast revealing the
magnetic configuration of the iron oxide tube is obtained in the entire
shadow region (green), while at 851.8 eV (Ni L3 edge) magnetic
contrast is only obtained in the shadow of the nickel core (red).
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even though components are buried below the sampling depth
of photoelectrons.

To image the magnetic configuration of the iron oxide tube
and the nickel core, XMCD images are recorded at both the
iron and the nickel L3 edge. The XMCD images shown in the
following figures represent the difference of two PEEM images
recorded with circularly polarized x rays of opposite helicity,
divided by their sum. Figure 3(a) shows PEEM images of the
core-shell wire recorded at the iron L3 and at the nickel L3 edge
after extraction of the background. The increased absorption
by the nickel core is visible in the shadow only at the nickel
edge. Figures 3(b) through 3(e) are pairs of differential XMCD
images recorded at the respective absorption edges revealing
the remanent magnetization configurations of the iron oxide
shell (left) and the nickel core (right). The blue and red
XMCD contrasts are proportional to the magnetization parallel
and antiparallel to the direction of the in-plane projection of
the incident x-ray beam, respectively. Thus, these contrasts
indicate the magnetization components along the wire axis.
The magnetization of the white areas is either zero or aligned
normal to the photon wave vector. At the iron edge (707.8 eV)
magnetic contrast can be obtained both on the surface of the
wire and in its shadow. The contrast in the shadow is inverted
as the electron yield from the substrate is proportional to the
intensity of the transmitted x rays. At the nickel edge (851.8
eV) magnetic contrast can only be observed in a segment of
the shadow. Comparing this area in Figs. 2 and 3 shows that
this segment corresponds to the area where the nickel-specific
absorption lines are observed in Fig. 2, namely the shadow of
the nickel core.

The magnetic configurations shown in the image pairs
in Figs. 3(b) through 3(e) are prepared as follows: first the
structure is saturated along the wire axis in an external
magnetic field. Then a reverse magnetic field is applied
before the field is set to zero and XMCD images are taken
in remanence.'® This procedure is repeated for every image
pair.'” The magnitude of the reverse field for the individual
image pairs is given in the figure. Figure 3(b) depicts the
remanent state after saturation. The magnetizations of the
two coaxial nanomagnets are aligned in parallel. In Fig. 3(c)
the magnetic contrast of the nickel core remains the same
compared to Fig. 3(b), while the XMCD contrast of the
electrons emitted from the iron oxide tube increases. Given
the direction of incidence of the x rays which is 45° to the
wire axis, and given a constant magnetic moment, this means
that the magnetization of the tube becomes tilted further away
from the wire axis. At the same time the magnetic contrast
in the shadow of the tube becomes more inhomogeneous and
locally almost vanishes. This could be explained as follows:
the x rays causing the XMCD contrast in the shadow probe the
magnetization components of the two side walls of the tube. If
the magnetization, for example, curls as described in the model
of Chong et al.,’ the contributions cancel and the contrast
is lost. Figure 3(d) represents the remanent magnetization
configurations after applying a magnetic field in the vicinity
of the switching field. The feature of the vanishing shadow
is observed again on the right end of the tube, where the
magnetization has not switched yet. The nickel core also
started to reverse its magnetization, and a domain wall can be
observed. In Fig. 3(e) the reverse field applied is high enough
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FIG. 3. (Color) (a) PEEM images of the core-shell wire recorded
at the iron L3 edge and the nickel L3 edge (background extracted).
(b)—(e) Differential XMCD images of the iron oxide tube (left) and the
nickel core (right) recorded at the respective absorption edges. The
color bar indicates the direction of the magnetic contrast in arbitrary
units. The magnetic configurations are imaged in remanence after
saturating at (b) —123 mT and (c)—(e) +123 mT and applying the
displayed field values. (The values of the magnetic field are estimated
from the position of the wire relative to the center of the pole shoes of
the sample holder and the coil currents applied. Due to the remanence
of the pole shoes we assume an error of approximately 1.4 mT in
the displayed field values.) The arrows indicate the magnetization
components along the wire axis. The green dotted lines mark the
ends of the nickel core.

to completely switch the magnetization of the iron oxide tube
and the nickel core.

The remanent magnetization configurations provide a hint
at the contrasting magnetic behavior of the iron oxide tube and
the nickel core. In nickel the magnetocrystalline anisotropy
is low (5000 J/m?). Thus, the magnetic easy axis of the
core is given by its cylindrical shape and the high aspect
ratio, and the magnetic moments remain aligned along the
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FIG. 4. (Color) (a) PEEM image of the core-shell wire taken at
an angle of 0° between wire axis and incident x rays. (b) Differential
XMCD image recorded at the iron L3 edge in zero magnetic field after
annealing (as-prepared) and (c) after the first field sweep 120 mT —
—120 mT — O mT. The blue and red XMCD contrasts represent
magnetizations along and antiparallel to the wire axis, respectively.
The green lines mark the wire end.

wire axis even though the material is not single-crystalline.
Apart from one abrupt contrast change, the magnetization
of the nickel core appears homogeneous. This suggests
magnetization reversal via domain-wall motion as predicted
by micromagnetic simulations.?’ During propagation domain
walls can be stopped by defects in the wire serving as
pinning sites. The intrinsic anisotropy of the iron oxide tube is
determined by an interplay of magnetostatic energy, exchange
energy, and magnetocrystalline anisotropy. Since the walls of
the tube are only 12 nm thick, the tube is expected to behave
as a rolled-up thin film, in which the magnetization tends
to align in the plane.?! The magnetostatic energy associated
with surface charges is minimized if the magnetization curls
radially around the tube, while the exchange energy favors a
parallel alignment of the magnetic moments along the wire
axis. A typical magnetic state calculated for ferromagnetic
tubes is a uniform magnetization along the axis in the middle
part of the tube, and two vortices curling at the ends.?'**> For
the magnetization reversal the propagation of a vortex or a
transverse domain wall from one end of the tube to the other
is predicted.?!

Figure 4 depicts PEEM images recorded at an angle of about
0° between the in-plane projection of the incident x-ray beam
and wire axis. Figure 4(c) shows the remanent magnetization
components along the wire axis after saturation at —120 mT.
In agreement with the XMCD image of the comparable state
recorded at 45° [Fig. 3(b)] the magnetization is not completely
homogeneous, but predominantly aligned in the same direction
along the wire axis. Both the images of the remanent states
after saturation as well as the other magnetic states shown
in Fig. 3 do not clearly evidence an increased rotation of the
magnetization at the tube’s end away from the wire axis (i.e.,
the theoretically predicted vortices).

In Figs. 3(c) through 3(e) the magnetization of the tube
appears inhomogeneous. This might be attributable to the
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granularity of the iron oxide tube.'>?* It has been shown
analytically that the intrinsic anisotropy of a nanotube can be
tailored by tuning the aspect ratio between radius, thickness,
and length of the tube, and even be reduced to zero for soft
magnetic materials.?” In the present tube the contribution of the
magnetocrystalline anisotropy of the iron oxide (11 000 J/m?)
to the intrinsic anisotropy of the tube seems to be comparably
high. The influence of the magnetocrystalline anisotropy
and the random orientation of the grains in the iron oxide
tube becomes apparent in the as-prepared magnetization
configuration of the tube shown in Fig. 4(b). The term
as-prepared refers to the state of the sample after reduction
by annealing. Our data point to a discrepancy between
theoretical predictions and the actual magnetization reversal
process of the iron oxide tube. This indicates that the granular
structure of the material should be implemented in the
models.

IV. CONCLUSION

We have shown that separate PEEM imaging of the
individual layers of core-shell nanostructures is possible, even
if a layer is buried deeper than the sampling depth of the
photoelectrons. Conventional surface sensitive PEEM is suc-
cessfully combined with a transmission experiment probing
the magnetization of inner components. The method enables
one to image the individual magnetization configurations of
two coaxial nanomagnets, an iron oxide tube, and an enclosed
nickel core. Contributions originating from the surface and
from the interior of a nanostructure can be separated, an
interesting feature not only for magnetic characterizations
but also for material analysis. Due to the limited x-ray
transmission, the method is applicable to nanostructures with
a maximum thickness of about 300 nm. In principle, it is
possible to obtain full three-dimensional magnetic informa-
tion by tomography.”* Given the possibility to image in
an applied magnetic field up to about 40 mT (Ref. 16),
element specificity, a potential lateral resolution of a few
nanometers and the option to implement time resolution in
the picosecond range, the method opens new avenues for the
study of magnetization reversal in complex three-dimensional
nanostructures.
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