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ABSTRACT

Antidot lattices are potential candidates to act as bit patterned media for data storage as they are able to trap nanoscale magnetic domains
between two adjacent holes. Here, we demonstrate the combination of micromagnetic modeling and x-ray microscopy. Detailed simulation of these systems can only be achieved by micromagnetic modeling that takes thermal effects into account. For this purpose, a
Landau–Lifshitz–Bloch approach is used here. The calculated melting of magnetic domains within the antidot lattice is reproduced experimentally by x-ray microscopy. Furthermore, we compare conventional scanning transmission x-ray microscopy with resolution enhanced
ptychography. Hence, we achieve a resolution of 13 nm. The results demonstrate that ptychographic imaging can also recover magnetic
contrast in the presence of a strong topological variation and is generally applicable toward magnetic samples requiring ultimate resolution.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0025784

I. INTRODUCTION
With the miniaturization of magnetic systems for device applications, the need for nanoscale modeling and imaging increases.
In technologically relevant structures, proper modeling of thermal
effects is of great importance to predict performance parameters.
A suitable approach for micromagnetic modeling is the so called
Landau–Lifshitz–Bloch (LLB) equation that was derived from the
Fokker–Planck equation by Garanin in 1997.1 This extension of
the common Landau–Lifshitz–Gilbert equation allows for a variation in the macrospin magnitude and temperature dependent
damping.2

In turn, these micromagnetic descriptions can be verified by
microscopic techniques, whereas the resolution of x-ray microscopy
makes this technique especially suitable for experimental investigations.3–5 However, the resolution of scanning transmission x-ray
microscopy (STXM) is not wavelength limited, but it is limited by
the performance of x-ray optics.6 The introduction of ptychography
for x-ray imaging overcame this limitation and resolutions below
10 nm have been achieved for chemical contrast.3,6–8 While STXM
acquires an integrated transmitted intensity per illumination spot
[illustrated in Fig. 1(a)], ptychography is a coherent diffractive imaging technique that makes use of the diffraction pattern generated
by the sample.8,9 Therefore, a full diffraction pattern is acquired for
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FIG. 1. Soft x-ray schemes for magnetic imaging: (a) scanning transmission x-ray imaging illuminates a fine grid of pixels and acquires the integrated transmitted intensity,
and its resolution relies on the smallest focal size achieved by the x-ray optics and (b) ptychography has a larger illumination spot and probes overlapping areas while
acquiring a full diffraction pattern for each spot; its resolution relies on the largest detected diffraction angle.

each illumination spot [illustrated in Fig. 1(b)]. When these illumination spots overlap sufficiently, the amplitude and phase information of the sample’s transmission and the illumination probe function can be calculated using an iterative algorithm.7–12 While this
works exceptionally well for chemically resonant charge contrast, the
resolution enhancement for magnetic samples is limited.13,14 This
can also be attributed to the fact that the magnetic scattering contrast
is two orders of magnitude smaller than the magnetic absorption
contrast ? . Hence, so far, ptychography has only been rarely used for
imaging magnetic samples.8,13–19 However, the reconstruction of the
illumination probe function and the phase information still results
in increased microcontrast and resolution when pushing the limits
of x-ray microscopy.3,13,14
One example of an application of nanoscale magnetic structures is data storage. The areal density of magnetic storage media
has continuously been increased since the introduction of magnetic
hard disk drives in 1956.20,21 However, in recent years, the annual
improvement has slowed down,21 mainly limited by thermal effects
or superparamagnetism, which leads to information loss.20,22–25 In
conventional recording media, a sufficient number of grains per bit
is needed to achieve a sufficient signal to noise ratio (SNR). However,
thermally activated switching leads to information loss if these grains
get too small and if K u ⋅ V/kB ⋅ T drops below 60, where K u is the
anisotropy, V is the magnetic switching volume, kB is the Boltzmann
constant, and T is the temperature.20,23,26 To circumvent the need
for multiple grains per bit to improve the SNR, the so called bit patterned media (BPM) were used, where a bit is constituted by a lithographically defined and uniformly magnetized volume.20 However,
BPM consisting of magnetic islands as individual bits suffer from
broadening of their switching field distribution (SFD) due to dipolar
coupling between neighbors.21,27,28 This could possibly be circumvented by exchange coupled composites21 which has the additional
advantage of avoiding the superparamagnetic limit for individual
islands.29,30 Systems that could potentially fulfill these requirements
are the so called antidot lattices (ADLs), i.e., a periodic arrangement of holes in a magnetic thin film that can be easily produced
by colloidal lithography.31,32 This method has first been proposed
by Sun et al.,33 and recording densities in the Tb/in2 range can be
reached.34
Here, we study an ADL to demonstrate the interplay between
LLB simulations and x-ray microscopy. To this end, we investigate the melting of the smallest magnetic domains in an ADL by
micromagnetic modeling including thermal effects and verify these
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with x-ray microscopy and x-ray ptychography to demonstrate LLB
modeling and the power of magnetic soft x-ray ptychography.
II. METHODS
The antidot lattices were produced by nanosphere lithography
using commercial polystyrene (PS) nanospheres.31,35 Closely packed
monolayers of these PS spheres are deposited on Si3 N4 (500 nm,
membranes)/Si(100) substrates by dip coating. Details of this preparation procedure can be found elsewhere.36,37 The deposited PS
spheres were etched by an oxygen plasma to reduce their diameter.
The nominal center to center distance of the PS spheres was set to
200 nm, and their diameter was set to 160 nm. On top of these templates, GdFe [0.36/0.36 nm] multilayer films were deposited with a
2 nm Al capping layer under UHV conditions by ion beam sputtering.38 The total film thickness was set to 45 nm (60× GdFe).4,5,39
Finally, the PS spheres were removed by chemo-mechanical polishing to reveal the ADL. Fe and Gd are generally subjected to oxidation. Although the initial oxidation rate of pure Fe is very high,
oxide formation quickly saturates, forming a passivated surface.40
Degradation of the GdFe multilayer system would lead to a loss of
perpendicular magnetic anisotropy, which was not observed during
patterning or storage. As the perpendicular anisotropy of the antidot lattice samples was unaffected over the course of several weeks,
we suppose that a very thin oxide layer formed on the hole rims and
prevented further oxidation.5
SXM measurements were conducted at the MAXYMUS end
station at the UE46-PGM2 beam line at the BESSY II synchrotron
radiation facility. The samples were illuminated under normal incidence by circularly polarized light in an applied out-of-plane field of
up to 240 mT that was generated by a set of four rotatable permanent
magnets.41 The photon energy was set to the absorption maximum
of the Fe L3 edge to get optimal X-ray Magnetic Circular Dichroism
(XMCD) contrast for imaging.4,5,39
Ptychography measurements were conducted at beamline
11.0.2. of the Advanced Light Source. The samples were illuminated
under normal incidence by circularly polarized light in a remanent
magnetization state and zero applied field. The photon energy was
set to the absorption maximum of the Fe L3 edge to get maximum
XMCD contrast in absorption. A detailed description of the diffraction acquisition setup and the SHARP software, a graphics processing unit (GPU) accelerated ptychographic reconstruction algorithm,
can be found elsewhere.6,12 For calculation of the XMCD images,
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the absorption contrast of the ptychographic reconstruction was
used.
The transmission through the holes with no x-ray absorption
other than from the Si3 N4 membrane served as an internal I 0 intensity reference to normalize the measured intensities to the incident
beam intensity. Intensities were locally averaged using a Gaussian
filter in ImageJ.42 Images taken at different photon helicities were
registered using ImageJ with TurboReg43 to align the individual
images.4,5,39
Micromagnetic simulations were conducted using a custom
implementation of the Landau–Lifshitz–Bloch equation based on
the OpenCL framework using GPUs to solve the equation of
motion.44 Finite temperatures were implemented as normally distributed random thermal noise.25 The custom code was verified
against μMAG standard problems 3 and 4.45 The antidot lattice
was discretized into 14 × 14× 14 nm3 cells, and as material parameters, the saturation magnetization at zero temperature M 0 = 3.72
× 105 A m−1 , the uniaxial anisotropy constant K u = 1.2 × 105 J m−3 ,
and the exchange stiffness at 300 K A (300 K) = 7.78 × 10−11 J m−1
were assumed.45 In addition, 5% of the macrospins were given an
arbitrary magnetization and orientation to include some irregularity
of the real samples into the simulations.
III. RESULTS
The general structure of the thin GdFe film hosting an ADL
that was used as the model system here is shown in Fig. 2(a). Furthermore, Fig. 2(b) shows micromagnetic simulations for this structure at temperatures of 50 K, 300 K, 400 K, and 450 K. In the
ADL, the domain walls tend to be located at the shortest distance
between two adjacent holes to minimize the exchange energy associated with the domain wall.4,5,30 This is also observed in simulations,
especially at low temperatures (50 K). As shown in Fig. 2(c), such
a trapped domain between two holes is shown in more detail. In
a BPM application, these domains would act as individual bits of

FIG. 2. (a) SEM image of the sample structure and the result of the (b) micromagnetic simulation of a GdFe thin film with an antidot lattice. The domain walls tend
to span the shortest distance between two adjacent holes, i.e., trapping domains
between two holes. The expansion (c) shows the temperature dependence of the
structure of a trapped domain. With increasing thermal activation, the domain walls
smear out and move away from the holes, resembling a melting process, until the
Curie temperature is reached and all magnetic structures vanish.
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the storage medium. Upon increasing the temperature (300 K and
400 K), thermal activation leads to an elongation of the domain
walls, and the domains start to smear out, resembling melting of
the ordered domains.46 While exact estimation of the temperature
dependent material parameters is still challenging, a strong influence of the temperature can be seen qualitatively. It is evident that
the domain shape becomes more irregular with the increase in temperature. At elevated temperatures, the domains extend beyond the
constriction between two holes and deforms.
Figure 3(a) shows STXM measurements that were carried out
to reproduce these results.5 Unfortunately, the resolution and microcontrast of zone plate limited x-ray microscopy do not allow evaluation of the domain shape, and only the existence of a domain trapped
between two adjacent holes can be confirmed, as illustrated below
the micrograph in Fig. 3(a).
Thus, additional ptychography measurements were carried out
on the same samples, and the absorption contrast is shown in
Fig. 3(b). With enhanced resolution and contrast of ptychography, the fine structure of the trapped domain could be elaborated,
which is sketched in Fig. 3(b). A clear melting of the domain can
be observed, with domain walls deviating from the shortest distance
between the two holes. Furthermore, there is a strong resemblance
to the micromagnetic simulation [cf. Figure 2(c)] at elevated temperatures that shows the same behavior of the magnetic structure.
This strongly indicates that thermal effects cannot be neglected for
proper modeling of room temperature magnetization landscapes on
the nanoscale. However, this could only be experimentally resolved
by ptychographic resolution enhancement. While STXM only allows
detection of a magnetic domain in general, the increased resolution
achieved by ptychogoraphy yields insights into the exact shape of the
domain.
Beyond the qualitative discussion, we quantify the resolution enhancement achieved in ptychography compared to STXM.

FIG. 3. Comparison of the magnetic contrast of a thin GdFe film hosting an ADL
seen by (a) STXM and (b) ptychography (absorption contrast) at room temperature. In the coarser STXM image, no fine contrast is visible, while the ptychography
image shows smearing out of the domain that is trapped between two holes,
resembling the micromagnetic simulation at non-zero temperature.
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FIG. 4. (a) X-ray micrographs of a thin
GdFe film hosting an ADL acquired
by STXM and ptychography (absorption
contrast). Furthermore, (b) the Fourier
ring correlations and 3σ threshold are
shown, indicating a resolution of 57 nm
for STXM and 13 nm for ptychography.

Figure 4(a) shows the STXM and ptychography images that were
used to calculate the magnetic contrast. For these, the Fourier ring
correlation (FRC) was calculated and is shown with the 3σ threshold in Fig. 4(b).47,48 The calculated resolutions were 57 nm for
STXM and 13 nm for ptychography, further justifying the enhanced
microcontrast observed for the latter. Both values are plausible, considering the respective scan parameters and the typical resolutions
achieved for similar materials.3,5,13,14,19 It is noteworthy that FRC is
a resolution criterion based on the final image, i.e., it depends on the
optical resolution, measurement settings, and signal to noise ratio
and the structural features of the sample. Furthermore, the Fourier
analysis depends on the chosen pixel size that favors oversampled
images. Thus, the resolutions achieved here may not be the ultimate
resolution achievable with the respective methods, but it is a good
indication for routinely achievable values. In addition, one has to
consider the illumination time per sample area that was 50 μs nm−2
for STXM and 250 μs nm−2 for ptychography. Thus, an approximate
factor of five in resolution enhancement comes at the cost of a factor
of five in measurement time.
While ptychography can achieve single nanometer resolution
for chemical contrast, XMCD contrast typically yields a lower resolution and is hence less used in magnetic imaging.3,13,19 This is due
to the reduced scattering power of magnetic contrast in comparison to charge contrast.49,50 Another challenge for ptychography is
competing scattering contrasts, e.g., topological vs magnetic contrast
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that may prevent proper reconstruction. Hence, previous investigations by others focused on uniform thin films when imaging magnetic domains.13,19 However, we show here that recovery of magnetic
information is possible without resolution penalties despite the presence of a strong topological contrast, i.e., ptychography can be used
for magnetic imaging without limitations.
IV. SUMMARY
We have investigated nanoscale magnetic ADLs that could
potentially be applied as BPM for high area density storage media,
where we focused on detailed modeling and imaging of a single
bit. It was shown that inclusion of thermal effects, using an LLB
approach, is important for capturing the actual structure of the magnetic domains, e.g., the storage bits. Thermal melting, i.e., smearing
out, of magnetic domains trapped between two holes was observed.
Furthermore, we have confirmed the micromagnetic modeling with
nanoscopic imaging. While the structure was beyond the resolution
limit of conventional STXM, ptychographic imaging could provide
sufficient resolution and microcontrast to yield a sharp image of
the magnetic domains. Thus, overcoming the limitations of x-ray
imaging by ptychographic approaches is also possible for magnetic
samples. At the same time, we showed that ptychographic reconstruction of magnetic contrast is also possible in the presence of
strong topological contrast, i.e., a secondary scattering contrast can
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also be recovered in the presence of a stronger scattering effect.
This opens up this x-ray microscopy enhancement to more complex
sample systems.
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