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Soft x-ray microscopy with 7 nm resolution
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The availability of intense soft x-ray beams with tunable energy and polarization has pushed the development of highly
sensitive, element-specific, and noninvasive microscopy techniques to investigate condensed matter with high spatial
and temporal resolution. The short wavelengths of soft x-rays promise to reach spatial resolutions in the deep single-digit
nanometer regime, providing unprecedented access to magnetic phenomena at fundamental length scales. Despite
considerable efforts in soft x-ray microscopy techniques, a two-dimensional resolution of 10 nm has not yet been sur-
passed in direct imaging. Here, we report on a significant step beyond this long-standing limit by combining newly
developed soft x-ray Fresnel zone plate lenses with advanced precision in scanning control and careful optical design.
With this approach, we achieve an image resolution of 7 nm. By combining this highly precise microscopy technique
with the x-ray magnetic circular dichroism effect, we reveal dimensionality effects in an ensemble of interacting magnetic
nanoparticles. Such effects are topical in current nanomagnetism research and highlight the opportunities of high-
resolution soft x-ray microscopy in magnetism research and beyond. © 2020 Optical Society of America under the terms of

theOSAOpen Access Publishing Agreement
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1. INTRODUCTION

The use of x-rays to investigate the structure and properties of
matter is an active field in scientific research [1]. X-ray microscopy
and spectroscopy enable unique insights into condensed matter
[2,3], magnetism [4,5], electronic materials [6,7], and biological
specimens [8,9]. A multitude of scientific questions in the field
of magnetism concerns length scales of some nanometers, such as
ultra-small magnetic skyrmions for memory applications [10,11],
or the nature of the coupling of adjacent magnetic nanoparticles
and stacked thin films. In this context, x-ray-based methods with
high resolving capabilities are ideally suited for microscopic appli-
cations that directly probe the magnetic properties of the sample
under a wide range of excitations such as externally applied fields,
current pulses, or radiofrequency waves. Another strong argument
for x-ray microprobes is the fact that the perturbation that they
induce to magnetic configurations is much less significant than, for

instance, is induced by the use of magnetic or electron microprobes
[12–14].

Major achievements made in recent years have allowed the
focusing of x-ray beams to spot sizes below 10 nm using mirrors
[15], Fresnel zone plate (FZP) lenses [16,17], and multilayer Laue
lenses [18,19]. These advances in x-ray optics have improved the
spatial resolution of x-ray microscopy reliably to 10 nm [20,21].
In addition, other methods based on image reconstruction have
reached imaging resolution well below 10 nm [7]. However, direct
imaging at with better resolution remained difficult so far, due to
the finesse of the overall instrument being limited by positioning
precision and stability. Here we report on the first achievement
of sub-10 nm microscopic resolution in real space for direct x-ray
imaging. We demonstrate this in two scanning x-ray transmis-
sion microscopes (STXMs) at the PolLux [22] and HERMES
[23] beamlines at the Swiss Light Source and Synchrotron Soleil,
respectively.
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2. HIGH-RESOLUTION SCANNING X-RAY
MICROSCOPY

In scanning-based x-ray imaging, synchrotron radiation is usually
focused using a FZP as a diffractive lens for x-rays [21–23]. Its
resulting spot size under coherent illumination is comparable to
the width of the outermost zone [24] of the lens. An order-selecting
aperture (OSA) is positioned between the FZP and the specimen
such that the desired focus order (usually the 1st) is able to pass
while other diffraction orders, including the unfocused zero order
beam, are blocked. The semitransparent sample is placed at the
x-ray focus and raster-scanned while the intensity of the transmit-
ted beam is measured as a function of position. The experimental
setup for high-resolution STXM imaging is shown in Fig. 1. While
the major constraint has previously been the nanofabrication of
tightly focusing lenses [16,25–30], recent advances in lithography
have provided us with a set of zone plates having outermost zone
widths well below 10 nm [31]. For the presented experiments, we
used FZP lenses with diameters of 100 µm at PolLux (or 240 µm
at HERMES) and an outermost zone width of 8.8 nm that pro-
vided a focal length below 500 µm (or 1.2 mm) and a depth of
focus less than±100 nm at a photon energy of 700 eV. This intro-
duces extremely strict instrumental requirements. Therefore,
the microscopes were carefully optimized to take full advantage
of the sub-10 nm focusing, taking several factors into account
such as the geometrical constraint of the small focal length, a high
positioning accuracy of 3 nm RMS, and coherent illumination. In
addition, the order-sorting aperture has been integrated onto the
sample support for experiments with the iron nanoparticles (see
Supplement 1).

In order to determine the spatial resolution of such a setup, we
recorded test patterns with decreasing line widths of w= 9 nm,
8 nm, and 7 nm. These patterns consist of a periodic repetition of
an iridium line, a line of silicon dioxide, a second iridium line, and
a gap, each with the defined line widthw and a height between 60
and 80 nm [Fig. 2(a), see Supplement 1]. Figure 2(b) shows a typi-
cal scanning electron micrograph of a test pattern withw= 9 nm.
The x-ray transmission image of a similar area on the same sample
is shown in Fig. 2(c). Note that the iridium lines (indicated with the

dotted line) now appear dark due to the high x-ray absorption com-
pared to the lighter SiO2 template structure and the gaps inside
the rectangular iridium structures. The individual metal lines,
as well as the spaces in between, are so clearly resolved that two
collapsed lines (indicated with an arrow) can be distinguished from
the regular pattern. We determined the spatial resolution using a
two-dimensional Fourier shell correlation (FSC), i.e., a Fourier
ring correlation, of two independent subsets of the image, shown
in Fig. 2 (d). This approach is frequently used in the literature and
allows for a comparison of our results to other x-ray microscopy
studies in the literature [6,7,16,32,33], and yields a frequency
cut-off at 0.14 nm−1 in Fourier space or 7.1 nm in real space. Note
that other, less stringent criteria that are used in the literature would
yield even lower numbers: the half-bit criterion [16] would result
in 6.8 nm; the Rayleigh resolution at 11% contrast [7] is reached
at 5.6 nm. Note that it is possible to improve the visibility further
with a deconvolution using the calculated shape of the Airy disc
of the focus spot [34]. In real space, we observe a loss of spatial
resolution using test samples with w< 7 nm (see Supplement 1).
Figure 2(e) shows a comparison of different test samples with 9, 8,
and 7 nm line widths. To date, this is the highest spatial resolution
demonstrated in direct x-ray microscopy.

3. MAGNETIC INTERACTION OF NANOPARTICLES

To demonstrate the capabilities of our lenses in microscopic appli-
cations with real samples which are not optimized for contrast
and structural features as the test structures discussed above, we
investigate a magnetic system with small nanostructures and
high demand on contrast that is not accessible with synchrotron-
based methods or other techniques so far [35]. We study the local
response in an ensemble of magnetically interacting iron nanopar-
ticles to an external magnetic field of 100 mT. The sample consists
of isolated and agglomerated iron nanoparticles with bulk-like
magnetization and a mean size of 12 nm. Nanoparticles in the
agglomerates are in direct contact with each other and interact
strongly via exchange in addition to dipolar interactions [36–40].
A 2–3 nm thick amorphous carbon layer was used to protect the

Fig. 1. Scanning x-ray transmission microscopy. Schematic illustration of the setup for high-resolution STXM. An opaque central beam stop and an
aperture are used to select the first diffraction order of the zone plate. To achieve the demonstrated spatial resolution of 7 nm, a positioning accuracy of 3 nm
and coherent illumination are required in addition to the Fresnel zone plate design.
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Fig. 2. High-resolution imaging of test patterns. (a) Model of typical test samples, consisting of repetitions of equidistant lines of iridium, silicon oxide,
iridium, and a gap with w= 9, 8, 7 nm. (b) Scanning electron micrograph of a test pattern (w= 9 nm) used to evaluate the microscopic resolution. The
material contrast is color-coded at the bottom. (c) Scanning transmission x-ray micrograph of a similar test structure (photon energy 700 eV, step size 1 nm).
The arrow indicates two collapsed iridium lines; the blue-dotted line compares similar structures as recorded in scanning electron microscopy and STXM.
(d) Two-dimensional Fourier shell correlation of (c). The frequency cutoff of the autocorrelation at the noise level is at 0.14 nm−1, corresponding to 7.1 nm
in real space. (e) Test patterns withw= 9, 8, and 7 nm. Corresponding profiles of the average in vertical direction are overlaid on the images. The visibility
of the patterns is 0.51%, 0.35%, and 0.31%, respectively.

sample against oxidation (see the Supplement 1 for further details
on sample preparation and properties). Ensembles of magnetic
nanoparticles are of high interest in the field of nanomagnetism
because they serve as model systems with complex magnetic
interactions for the design of spintronic devices in two and three
dimensions [14,41].

A scanning electron microscope image of the specimen pre-
sented in Fig. 3(a) reveals that the investigated sample exhibits a
number of isolated nanoparticles and several nanoparticle agglom-
erates with complex morphology with features such as voids and
edges. This is in contrast to typical resolution test samples that
are merely designed to provide a high contrast, a high signal-to-
noise ratio, and sharp features. Hence, this sample can serve as a
benchmark for the potential and the remaining challenges of high-
resolution scanning transmission x-ray microscopy in real samples;
such an investigation would be impossible using currently available
STXM setups, where the spot size is usually larger (15–20 nm)
than the mean size of the nanoparticles. As a consequence, the low
contrast would further smear out and the magnetic contrast might
not be detectable.

The corresponding x-ray transmission micrographs [Fig. 3(b)]
were recorded for both circular polarizations with the photon
energy tuned to the Fe L3 edge and perpendicular incidence.
A comparison to the scanning electron microscope image in
Fig. 3(a) shows that the isolated nanoparticles are not detected in
the scanning x-ray transmission micrographs. In addition, voids
and edges of the agglomerates are also not resolved. The achieved

resolution of the iron nanoparticles is clearly lower compared to
values obtained for the test samples. Taking a closer look at the
experimental conditions, we can identify the following differences
between the two samples. (i) Although the absorption coefficient
at the iron L3 resonance is approx. 3 times higher (β = 8 · 10−3

for linear polarization [42]) than that of iridium at the same pho-
ton energy (β = 2.5 · 10−3 for linear polarization [43]), the test
structures are more than 5 times higher than the thickness of the
nanoparticles, resulting in a lower x-ray absorption of the nanopar-
ticles. (ii) The iridium lines represent an almost ideal binary
structure with well-defined transitions from high absorption (irid-
ium) to low absorption (air or silicon oxide) within less than 1 nm,
while the nanoparticles show a spherical shape [40] with smoother
edges. The absorption profile close to the particle edges is therefore
intrinsically less sharp and blurs the image contrast, especially
when clusters of nanoparticles are scanned. (iii) For a full explana-
tion of the lower resolution of the imaging system, we have further
to take the lower available signal-to-noise ratio into account. When
the nanoparticles are measured with circularly polarized light, the
incoming flux drops by at least a factor of 2. In addition, we have
to process two micrographs with opposite helicities of the circular
polarization, resulting in added noise of two images recorded with
low incident flux.

However, employing the Beer–Lambert law [44] with the
optical constants of iron at the L3 absorption edge [42], the local
thickness of the large agglomerate can be retrieved as shown in
Fig. 3(b). Together with the scanning electron microscope image,

https://doi.org/10.6084/m9.figshare.13050257
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Fig. 3. Imaging of the out-of-plane magnetic component in iron nanoparticles. (a) Scanning electron micrograph of an agglomerate of iron nanoparti-
cles. The size distribution of the individual particles reaches from approx. 5 nm to 20 nm. (b) Corresponding optical density map, calculated from the effec-
tive transmission of circularly polarized light with positive and negative chirality. Note that the optical density does not automatically coincide with the layer
height. (c) Resulting XMCD map, showing the magnetic component out of the sample plane. (d), (e) XMCD images showing the part of the agglomerate
that contains double layers with a differently oriented external magnetic field (±100 mT). The region of the images is indicated with the dashed boxes in
images (a)–(c). The arrows indicate parts where the inplane magnetization is stabilized by coupling interactions in contrast to regions, which exhibit out-
of-plane magnetic contrast. (f ) Micromagnetic simulation from a model derived from the SEM image of the nanoparticle agglomerates, revealing a vanish-
ing out-of-plane magnetization due to strong inplane coupling via exchange and dipolar interactions at zero field. (g) Micromagnetic simulation of the same
model for+100 mT applied out-of-plane. The data reveal stable inplane magnetized regions (see arrows) coexisting with out-of-plane magnetized regions,
similar to the experimental data in (d).

the data reveal that the agglomerate consists mostly of a two-
dimensional assembly of nanoparticles with a second, incomplete
layer of particles in some areas. The magnetic contrast as a function
of x-ray magnetic circular dichroism (XMCD), i.e., the difference
of transmission using circularly polarized light with different helic-
ities (see Supplement 1) without applying an external magnetic
field, is shown in Fig. 3(c). The local absence of a magnetic contrast
is consistent with a magnetic configuration where the magnetic
moments of the agglomerated particles are oriented within the
sample plane (i.e., perpendicular to Ek) as has been observed in
dipolar or exchange coupled nanomagnet arrays [41]. For the
isolated nanoparticles either superparamagnetic or magnetically
blocked states are expected [39]. The latter exhibit a random ori-
entation of the magnetic moments, but their respective signals
cannot be detected as stated above. Note that detecting isolated
nanoparticles will require additional developments on the detector
side.

Upon applying a magnetic field of ±100 mT perpendicular
to the sample plane, we notice that predominantly those regions

of the sample are magnetized that consist of at least two layers of
iron nanoparticles, in contrast to the surrounding regions, which
are mostly single-layered; see the regions highlighted by arrows in
Figures 3(a) and 3(d). It has been previously demonstrated that an
external magnetic field of a few mT is sufficient to magnetize the
investigated iron nanoparticles at room temperature when they
were well-isolated to prevent magnetic interparticle interactions
[39]. While we cannot detect the signal of isolated nanoparti-
cles, the absence of a magnetic contrast in the monolayer regions
demonstrates remarkable magnetic interactions between the par-
ticles, which establish inplane coupling of the magnetic moments
of the nanoparticles even when applying a field of 100 mT [some
of these regions are highlighted with arrows in Figs. 3(a) and 3(d)].
The micrographs further disclose regions with nanoparticles in the
second layer that can be locally magnetized and thus indicate a local
destabilization of the inplane configuration.

In order to rationalize these observations, we performed micro-
magnetic simulations using a model derived from the sample
morphology as seen in the scanning electron microscope (SEM)

https://doi.org/10.6084/m9.figshare.13050257
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and the optical density map. The simulations assumed bulk-like
magnetic properties of iron (see the Supplement 1). Figure 3(f )
shows the z-component (out-of-plane) of the magnetization of the
simulated sample (normalized to the local thickness) in the absence
of an external magnetic field. As experimentally observed, the
magnetization lies mainly inplane due to the combined exchange
and dipolar interactions. The application of a magnetic field of
+100 mT results only locally in a noticeable out-of-plane magneti-
zation, particularly in regions with the second layer on top, while
the monolayer regions remain magnetized inplane, see Fig. 3(g).
The simulations show that the observed local out-of-plane mag-
netization is caused by dipolar interactions due to structural
features in the second layer, which possess lateral dimensions in
the order of the thickness of the bottom layer. Further simulations
with model systems show that even a single exchange-coupled
nanoparticle can locally destabilize the inplane magnetization of
a thin underlying film when placed in an external out-of-plane
magnetic field with moderate magnitude (see Supplement 1). As a
consequence, the actual magnetic configuration in complex sam-
ples as the present agglomerates depends critically on the detailed
morphology, when extending a two-dimensional system into the
third dimension.

4. OUTLOOK TO IMAGING OF ULTRA-SMALL
MAGNETIC SYSTEMS

The high spatial resolution demonstrated in this study brings
benefit to scientific issues that can be ideally addressed with x-ray
imaging of magnetic components on the nanometer scale. A typical
example for this is magnetic vortices or magnetic skyrmions [45].
The latter are topologically protected quasi-particles consisting of a
magnetic domain surrounded by a chiral domain wall that cannot
be continuously deformed into a ferromagnetic state without
crossing a discontinuity in the magnetization [46]. This leads to
various properties, such as an enhanced stability against annihila-
tion at defects and the possibility to displace them electrically with
low current densities [47]. Furthermore, magnetic skyrmions with
sub-10 nm diameters can be stabilized in some materials, leading
to the proposal to employ them as information carriers in novel
high-density magnetic memory applications [47]. Up to now, the
only established method that allowed for the investigation of such
small, sub-10 nm magnetic skyrmions was scanning tunneling
microscopy [48]. X-ray microscopic methods bear high potential
as complementary imaging methods for ultra-small skyrmions. For
instance, holographic imaging has demonstrated to have potential
for measuring small skyrmions; however, its spatial resolution is
limited by the reference holes that can be fabricated in the sam-
ples [10]. Another method to access magnetic structures on such
small length scales is ptychography [49], yet sub-10 nm skyrmions
have not yet been investigated with the method to the best of our
knowledge.

The increased spatial resolution in soft x-ray microscopy in the
present study now offers the possibility to investigate magnetic
skyrmions with unprecedented precision. The minimum observ-
able thickness with the setup installed at the PolLux beamline is
on the order of 0.5–0.8 nm of perpendicularly magnetized cobalt
[50]. Given the fact that this beamline operates at a bending mag-
net, we are optimistic that the minimum observable thickness for
an undulator-based beamline will be even lower. However, not only
the contrast from the investigated system limits the microscopic

resolution, as seen previously, but also the signal-to-noise ratio, or
other effects, such as scattering at small particles. In this respect,
the development and implementation of suitable, more sensitive
detectors with quantum efficiencies close to 100% in the soft x-ray
regime bears potential aiming for single-particle imaging.

Investigations on such systems are possible while still maintain-
ing the flexibility of STXM regarding the sample environment,
and the possibility to perform subnanosecond time-resolved stud-
ies. Implementation of a variable sample environment including
cooling and various excitation sources will further enhance the
capabilities toward dynamic measurements or the exploration of
phase transitions.

5. CONCLUSIONS

In this study, we demonstrate x-ray microscopy with structural
resolution well below 10 nm. We focused on scanning micros-
copy. In the future, we plan to extend the use of our zone plates
to other microscopic methods, such as soft x-ray ptychography.
The lateral resolution reached in this study offers a vast potential
for research in nanomagnetism. Employing x-ray microscopy
combines high sensitivity and direct, perturbation-free access to
the magnetic component with imaging on the nanometer scale.
For the implementation of our highly resolving Fresnel zone plates
for routine operation, we identify two main challenges: first, the
critical positioning control and stability of x-ray microscopes, and
second, the quality of the incident x-ray beam. The importance
of the mechanical precision becomes, for instance, obvious with
the extremely small depth of focus below 100 nm at the sub-10 nm
resolution level. The second challenge is related to the coherent
photon flux at the used synchrotron sources, which limited the
signal-to-noise level of the images that were obtained in this study.
We expect strong improvements in this regard at the newly devel-
oped diffraction-limited x-ray sources [51] and possibly also at
free-electron x-ray lasers. Their enhanced brilliance and coher-
ence will unleash the full potential of highly resolving lenses for
x-ray microscopy and pave the way for studying magnetism and
other relevant materials at the nanometer length scale and with
femtosecond resolution in the time domain.
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