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OVERVIEW

•Introduction: 
•x-ray absorption and x-ray magnetic dichroism
•resonant x-ray absorption and scattering
•polarized x-ray sources and beamline optics

•Classic x-ray magnetic imaging techniques
•Photoemission electron microscopy (PEEM)
•Transmission x-ray microscopy

•State-of-the-art techniques
•Coherent x-ray diffraction imaging and holography
•Three-dimensional x-ray imaging
•Time-resolved magnetic x-ray imaging with synchrotrons and free-electron lasers

•Summary



INTRODUCTION

• L-edges of transition metals: probes valence states and magnetism

• Peak corresponds to transition from core level to valence band

• Soft x-rays: ~100 eV ... ~2 keV

• Due to the symmetry of the transition operator we obtain the dipole selection rules: Δs=0 Δl=±1 -> orbital and spin 
moment selectivity

Polarization-dependent x-ray absorption

J. Phys. Chem. A 2003, 107, 16, 2839–2847IEEE Trans. on Magn. 2015, 51, 2 https://www-ssrl.slac.stanford.edu/stohr/

Sensitivity to magnetism



INTRODUCTION

• X‐ray techniques can be transferred into it’s magnetic counterpart, by tuning the x‐ray energy to a corresponding XMCD sensitive 
edge: microscopy, spectroscopy, diffraction, reflectometry, small-angle scattering, etc.



INTRODUCTION
X-ray magnetic circular dichroism (XMCD)

Circular dichroism - a tool to study ferro(ferri)magnets

IEEE Trans. on Magn. 2015, 51, 2 https://www-ssrl.slac.stanford.edu/stohr/

XMCD microscopy 
and scattering

where µ is material-specific 
coefficient dependent on photon 
energy 

Absorption - coefficient

Magnetic SXM Î in‐ and out‐off‐plane 

• out of plane:
• FePt @NI
• 40ms/Pixel
• Out off plane 
Domains

` In plane
` CoTb @30°
` 40ms/Pixel
` In plane 
Domains

CoL3 CoL3 CoL3



INTRODUCTION
X-ray magnetic linear dichroism (XMLD)

Linear dichroism - a tool to study antiferromagnets

• XMLD is sensitive to the antiferromagnetic order: spin orbit coupling  breaks spherical symmetry of the charge density 


• XMLD is quadratic to magnetization


• Similarly to XMCD allows to employ magnetic and element-selective imaging


G. Beutier – Magnetic Imaging and Spectroscopy Workshop – 10-11.06.2009 5

Soft X-ray Resonant Magnetic Scattering (SXRMS)

G. van der Laan, C.R. Physique 9, 570 (2008) 

XRMS is exactly the same process as XMCD, 
but XMCD measures only the imaginary part 
of the atomic resonant factor

⇒ chemical selectivity
⇒ shell selectivity

Dreiser – X-ray spectroscopies – Zuoz 2015

� No preferred orientation of spins
� Isotropic charge (electron) density
� Æ No linear dichroism

� Preferred orientation of spins
� Spin orbit coupling ࣢ୗ୓େ ൌ ܮߞ ⋅ Ԧܵ

breaks spherical symmetry of the 
charge density

� Æ Linear dichroism
� XMLD intensity ܫଡ଼୑୐ୈ ∝ ଶܯ

Interaction with Linear Light - SpinInteraction with Linear Light - Spin

X-ray Magnetic Linear DichroismXMLD

Paramagnetic state

Ordered state (FM, AFM)

https://www-ssrl.slac.stanford.edu/stohr/

http://xraysweb.lbl.gov/peem2

XMLD microscopy
and scattering on AFM

Absorption - coefficient
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INTRODUCTION
X-ray resonant magnetic scattering (XRMS)

• Same transition is used to observe resonant scattering and diffraction: L2,3 edges of TM correspond to soft x-rays in the energy 
range of 480 – 950 eV, 𝝀 ~ 15-20 Å


• Resonant x-rays allow both reciprocal (scattering) and real-space (imaging)


Zhang, S. L., Nat Comm. 8.1 (2017)

charge

V.U., unpublished

charge magnetic
𝐼𝑚𝑎𝑔~𝑀2 = (µ𝐴𝑧)2

𝐼𝑡𝑟𝑎𝑛𝑠 = 𝐼0𝑒𝑥𝑝(−𝑙𝑎𝑡𝑡𝑧)

Thickness: transmission vs 
magnetic scattering intensity
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Method for Single-Shot Coherent Diffractive Imaging of Magnetic Domains
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In preparation for real space studies of magnetic domains in a pump-probe setup at free-electron laser

sources, it is necessary to develop an imaging method compatible with the linearly polarized radiation

available at these sources. We present results from a prototype experiment performed at the synchrotron

source BESSY II, using a modification of existing phase retrieval techniques. Our results show that it is

possible to image magnetic domains in real space using linear polarized light, and we introduce the

concept of a reliability map of our reconstructions using Gabor transforms.

DOI: 10.1103/PhysRevLett.108.223902 PACS numbers: 42.30.Wb, 07.05.Pj, 75.70.Kw

Research into the existence, control, and destruction of
magnetic order has in recent years been further intensified
by the ability to study the evolution of magnetization on
subpicosecond time scales, i.e., faster than typical Landau-
Lifshitz-Gilbert dynamics [1,2]. To this end, femtosecond
pulsed x-rays from free-electron laser (FEL) sources have
become available as probes of the magnetization, comple-
mentary to optical lasers. While ferromagnetic domain
patterns in thin films with perpendicular anisotropy are a
widely used sample system in magnetic x-ray scattering,
generating images of their domain structure on a femto-
second time scale has so far been elusive. With the use of
FELs, a current challenge is that only linearly polarized
light is available at these sources, whereas circularly po-
larized light is a polarization eigenstate for scattering in
transmission geometry from thin magnetic films displaying
perpendicular magnetic anisotropy (PMA) [3]. As a result,
noniterative, direct imaging techniques require circularly
polarized radiation to generate an image using x-ray mag-
netic circular dichroism (XMCD) contrast. Because all
FELs operating today generate linearly polarized x-rays,
elliptic polarization can only be generated at the expense of
photon flux [4]. Together with the monochromatization
constraints for resonant magnetic scattering, the reduced
number of photons per pulse has to date hampered high-
resolution domain imaging at FEL sources.

Recently, two approaches of magnetic domain imaging
using linearly polarized light have been reported [5,6].
Neither approach, however, is applicable to single-shot
imaging, due to the need for two or more diffraction
measurements in order to compensate for the fact that
linear light illumination causes incoherent addition of the
magnetic and nonmagnetic (charge) scattering components
of the scattered intensity. The absence of interference
between the magnetic and charge scattering components
means that holographic techniques [7,8] are not able to be
used. While the ptychographic approach in Ref. [6] is by
definition not intended to be single-shot compatible, a

problem with the method proposed in Refs. [5,6] from a
snapshot imaging perspective is that the first of these two
measurements must be performed with an externally ap-
plied magnetic field to saturate the magnetic domain pat-
tern allowing a measurement of the charge scattering thus
altering the magnetic system under investigation [9].
Here we present a photon-efficient and single-shot com-

patible imaging approach based on coherent diffractive
imaging (CDI) circumventing these problems, geared spe-
cifically toward the study of magnetic domains on ultrafast
time scales.
According to Hannon et al. [10], the scattering factors f

for resonant magnetic scattering can be described by

fn ¼ ðen # e0nÞfnc þ iðen & e0nÞ #Mnfnm1

þ ðen #MnÞðe0n #MnÞfnm2: (1)

The first term of (1) containing only the polarization
vectors of the incident en and scattered e0n radiation in
addition to the transition matrix element fnc represents
charge scattering, while the second term gives rise to
XMCD. The term quadratic in the magnetization M is
generally much weaker than the first two, and is strictly
zero for the case of normal x-ray incidence on a magnetic
thin film with perpendicular anisotropy as discussed here.
The magnetic signal is enhanced strongly in resonant
scattering conditions (determined via the matrix elements
in fm), requiring that the experiment to be performed at an
energy in resonance with a suitable electronic transition.
With circularly polarized light, the opposite chiralities
change the sign of the second term, meaning that the
charge scattering can be eliminated in multishot experi-
ments simply by measuring the scattering resulting from
both chiralities and subtracting them. Linearly polarized
light is a superposition of the two circular chiralities which
cannot interfere with each other, so the cross terms in the
resulting scattered intensity between the charge and mag-
netic scattering terms cancel, leaving us with

PRL 108, 223902 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
1 JUNE 2012

0031-9007=12=108(22)=223902(5) 223902-1 ! 2012 American Physical Society
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Fig. 2.5 Experimental REXS setup. a Scattering geometry and field configuration in RASOR. The
magnetic field is provided by permanent magnets in a rotatable variable field assembly. b–d Ewald
sphere representation of REXS; c and d are the zoomed-in illustrations of (b). In (c), the standard
four-circle diffractometer is presented in reciprocal space. The goniometer is driven by three axes,
in which Ω is the major axis rotating within the scattering plane. The X axis is coupled to Ω ,
while the Ψ axis is coupled to X . This allows the three rotation matrices to be commutative. In
(d), the (0,0,1) structure peak is marked as the blue arrow, while the magnetisation propagation
wavevectors for the skyrmion lattice phase is labelled by the six red arrows. This gives rise to the
six magnetic peaks in reciprocal space, as labelled by black arrows

Kα1 sources, see Fig. 2.2. It is of uniform lattice chirality as determined by electron
backscatter diffraction (EBSD) [25].

For measurements on RASOR, the magnetic field direction is typically fixed with
respect to the sample plane, i.e., both the magnets and the sample are moved together
with the goniometer angle Ω . However, the magnets can also be rotated away from
the surface normal direction in the scattering plane by a tilt angle γ , where γ=0◦

corresponds to the field along the [001] axis of the sample.
The goal of the experiments is to map out the intensity distribution spanning

the reciprocal space. This activity is called reciprocal space mapping (RSM). In the
Ewald representation, as shown in Fig. 2.5b, in order to bring a reciprocal space point
Q into the diffraction condition, one has to rotate the sample such that Q ‘touches’
the surface of the sphere. This rotation usually involves three axes, Ω , X and Ψ ,
as shown in Fig. 2.5c. If a point detector is used, one not only has to move Q onto
the sphere, but also bring it into the scattering plane. Therefore, at least two circles

D (nm)



INTRODUCTION
Polarized synchrotron x-rays

https://www.helmholtz-berlin.de

Polarised synchrotron radiation by bending magnets and insertion devices (IDs)Again: How to get polarized X‐rays?

x
y

z



1. bending magnet

2. Undulator

ca. 30m

relativistic electrons

We also need „optical“ components

approx. 1000 times higher brilliance

208 Chapter 4 X-ray techniques to characterize nanomagnetism

4.2.1.1 Insertion devices: helical undulators
One of the main techniques for generating circularly polarized X-rays is the use of special insertion
devices or helical undulators [8–10]. A helical undulator has a special arrangement of permanent mag-
net circuit as shown in Fig. 4.2.1 [9,14]. The electron beam passes through the device in a helical
trajectory, emitting highly brilliant circularly polarized radiation with the helicity that depends on the
chirality of the electron orbit. The helical undulator is the standard circularly polarized light source in
the soft X-ray region below 2 keV, where efficient phase plate optics are not available. The most popu-
lar design of helical undulators is the APPLE-II-type magnetic circuit, which can generate X-rays with
arbitrary polarization states. The device consists of two pairs of Halbach magnet arrays, each moving
along the beam direction to vary the relative phase between the four magnet arrays. Figs. 4.2.1(a)–(c)
show typical operation modes of the APPLE-II devices, generating horizontal, vertical, and right cir-
cular polarization [9,14]. Control of the polarization states or photon helicities can be achieved by
mechanically moving the magnetic arrays, in a technique known as a “phasing.” The right panel in
Fig. 4.2.1(b) shows that in the circular mode, relative phases among four devices differ by π/2 each.
By shifting the relative position of the magnetic arrays, achieving the opposite −π/2 phase shift, left
circular polarization will be generated.

FIGURE 4.2.1

Magnetic circuit of the APPLE-II type undulator [9,14]. X-ray polarization states can be varied by changing the
relative position of four magnet arrays. Configurations for (a) horizontally polarized, (b) circularly polarized, and
(c) vertically polarized X-rays are shown. ©IOP Publishing. Reprinted from [14] with permission.

undulator

C.Schmitz-Antoniak,Rep.Prog.Phys.78(2015)06250

Circular +

Circular -

Linear horizontal

Circular, elliptic 
any linear angle, in principle 
controlled by the undulator

Controlled by the beamline optics

~1000 higher brilliance



INTRODUCTION
X-ray optics

(A) Kirkpatrick–Baez (KB) mirror system 
 

(B) compound refractive lenses (CRL) 
 

(C) Fresnel zone-plates (FZP)

Cotte, M., et al., Comptes Rendus Physique 19.7 (2018): 575-588


https://www.sigray.com/

Diffraction, spectroscopy, etc.

High energy x-rays

Microscopy, nano-spectroscopy



INTRODUCTION
X-ray optics

ESI 2011 :  X- r a y  Opt i c s  f o r  SR Be a ml i ne s

Fresnel Zone Plates

•Diffractive X-ray Lenses: Circular transmissive diffraction 
gratings with radially decreasing line width giving focusing 
effect

D

∆rN
t

Alternate ‘zones’ modify phase/amplitude of incident 
wavefront: for material of thickness, t, wavelength,
λ, refractive index 1-δ-iβ, phase shift, ∆I, is:

λ
SδI t2

=∆
D = 100 µm, ∆rN = 100 nm, t ~ 1.2 µm

ESI 2011 :  X- r a y  Opt i c s  f o r  SR Be a ml i ne s

Focusing behaviour of Fresnel Lenses

http://zoneplate.lbl.gov/theory


Barrett, R., X-ray Optics for Synchrotron 
Radiation Beamlines (ESRF)

Alternate ‘zones’ modify phase/amplitude of incident 
wavefront:  
for material of thickness (t), wavelength (λ), refractive 
index (1-δ-iβ), the phase shift ∆φ, is: ∆φ = 2πδt/λ 

Working distance is 0.5 - 1.5 mm depending 
on the ZP and the x-ray wavelength



INTRODUCTION
X-ray detectionX-ray microscope - sampling depth

vacuum

sample

sample surface

secondary electrons

Escape depth ~ 5 nmhQ

Fluorescence

Escape depth ~ 
50 - 100 nm

Auger electrons

Escape depth ~ 0.5 nm

Soft X-ray penetration depth

~ 50 - 100 nm

Depends on energy of the photons, fluorescence, Auger electrons ….

X-rays

Photoemission electron microscopy (PEEM)

Transmission x-ray microscopy (TXM), scanning TXM, holography, 
coherent diffraction imaging, ptychography, etc.



TECHNIQUES
X-ray photoemission electron microscopy (PEEM)

vacuum

sample

sample surface

secondary electrons

Escape depth ~ 5 nmhQ

Auger electrons

Escape depth ~ 0.5 nm

You need an optic for the electrons

Photon in / Electron out

Probe : slow electrons

Imaging : high energy electrons

(more stable and maintain spatial information)

Immersion lens: electrons have before and after the lens different 
velocity (different wavelength)

Cathode lens: Sample is cathode 

electron microscope is anode

Sample High Voltage

0 eV 20 keV 20 keV

Slow electrons

372 L. Le Guyader et al. / Journal of Electron Spectroscopy and Related Phenomena 185 (2012) 371– 380

Fig. 1. PEEM set up at the SIM beamline. (a) Top view image of the PEEM. The incoming X-ray direction is indicated by a red arrow, the laser beam directions are indicated
by  green arrows. (b) Sketch of the electron-optic and incoming X-rays. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version  of the article.)

range of materials, we refer to the literature, for example to the
review by Locatelli and Bauer [20].

2. Experimental set up

At the SIM beamline, two Apple II type undulators with a plane
grating monochromator using a collimated light scheme deliver
photons, with an energy from 90 eV to about 2 keV of variable polar-
ization, to the PEEM as the primary user station [21]. The PEEM is
a commercial instrument from Elmitec GmbH [20,22] operating in
ultra-high-vacuum (UHV) conditions. A schematic and a picture
of the set-up are shown in Fig. 1(a) and (b). The sample is illumi-
nated with monochromatic X-rays at an angle of 16◦ with respect
to the sample surface. The fixed spot size of the beamline results in
a horizontal footprint of the X-rays on the sample with a full width
at half maximum (FWHM) of ∼220 !m and a vertical footprint
given by the exit slit size of the beamline, which for PEEM mea-
surements is typically 50–150 !m.  This sample spot size is larger
than the typical imaging field of view of about 10–50 !m,  thus
guaranteeing a uniform illumination of the sample surface. Smaller
field of views down to a few !m are possible but often not prac-
tical due to longer exposure times and sample drifts. The emitted
low-energy photoelectrons are accelerated towards the electron-
optics of the microscope by applying a high potential of 20 kV
between the sample and the objective lens (see Fig. 1(b)). The lat-
eral distribution of the emitted electrons is magnified by a series of
electromagnetic lenses. Deflectors in front of each electromagnetic
lens and stigmators (at the objective lens, in the energy analyzer
and at the diffraction plane) are used to optimize the electron path
through the microscope lenses and correct image distortions. For
final detection, the emitted electrons are projected onto an imaging
unit consisting of an electron multichannel plate (MCP) intensifier
and converted to visible light by a phosphor screen, from which
the image can be read by a standard, two-dimensional CCD cam-
era. This CCD enables to obtain a full field image of the sample
with up to 16 Hz frame rate which is very helpful during the align-
ment of the microscope and the sample. Typical exposure times
during an experiment are between 1 and 60 s. An energy analyzer

with fixed pass-energy enables to select the energy of the emit-
ted electrons by changing the so-called “start voltage”, which is
an additional voltage on top of the accelerating voltage. An elec-
tron gun enables to measure with different contrast mechanism,
for example Low Energy Electron Diffraction (LEED) or Low Energy
Electron Microscopy (LEEM) [23]. The sample manipulator allows
the lateral positioning of the sample and a rotary feed-through
enables a 360◦ azimuthal rotation of the whole sample manipu-
lator. The manipulator has four electrical feed-throughs and with
special sample holders it is possible to apply electrical pulses and
magnetic fields to the sample or heat the sample up to 1000 K. The
sample can be cooled to about 120 K with liquid nitrogen. A UHV
preparation chamber is connected to the PEEM chamber enabling
in situ sample preparation and characterization (heating, sputter-
ing, LEED, e-beam evaporation). The light of a femtosecond pulse
laser can be guided to the sample either normal to the sample sur-
face or in grazing incidence (see Fig. 1(a)), which is described in
more detail in Section 5.

3. Magnetization vectometry

The orientation of a ferromagnetic domain can be measured
employing X-ray magnetic circular dichroism (XMCD) at a cor-
responding resonant energy, for example the Fe L3 edge (see for
example [10,24]). By calculating the asymmetry ratio of two images
taken with left and right circularly polarized light (I!+ and I!−
respectively) one obtains an image with increased and normalized
magnetic contrast which is referred to as an XMCD image IXMCD. In
such image, the intensity is a measure of the angle (˛) between the
X-ray vector (K) and the magnetic moments (M)  in the domains
given by

IXMCD = (I!+ − I!− )/(I!+ + I!− ) = M · K = 〈M〉 cos(˛)

where 〈M〉  is the expectation value of the magnetic moment of
the probed band e.g. the d-band (see Fig. 3(f) for definition of the
coordinate system). In-plane ferromagnetic domains with a mag-
netization parallel or antiparallel to the polarized X-ray vector K
will appear black or white in the XMCD image, while domains

L. Le Guyader et al., Journal of Electron Spectroscopy and Related Phenomena 185 (2012)



TECHNIQUES
X-ray photoemission electron microscopy (PEEM)

L. Le Guyader et al., Journal of Electron Spectroscopy and Related Phenomena 185 (2012)
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Effect of aperture size on resolution 
• Spatial resolution depends on aperture size - limits pencil angle of 

transmitted electrons and transmission 
• Highest resolution is achieved with 12 µm aperture for PEEM2  

 

5 µm 
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372 L. Le Guyader et al. / Journal of Electron Spectroscopy and Related Phenomena 185 (2012) 371– 380

Fig. 1. PEEM set up at the SIM beamline. (a) Top view image of the PEEM. The incoming X-ray direction is indicated by a red arrow, the laser beam directions are indicated
by  green arrows. (b) Sketch of the electron-optic and incoming X-rays. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version  of the article.)

range of materials, we refer to the literature, for example to the
review by Locatelli and Bauer [20].

2. Experimental set up

At the SIM beamline, two Apple II type undulators with a plane
grating monochromator using a collimated light scheme deliver
photons, with an energy from 90 eV to about 2 keV of variable polar-
ization, to the PEEM as the primary user station [21]. The PEEM is
a commercial instrument from Elmitec GmbH [20,22] operating in
ultra-high-vacuum (UHV) conditions. A schematic and a picture
of the set-up are shown in Fig. 1(a) and (b). The sample is illumi-
nated with monochromatic X-rays at an angle of 16◦ with respect
to the sample surface. The fixed spot size of the beamline results in
a horizontal footprint of the X-rays on the sample with a full width
at half maximum (FWHM) of ∼220 !m and a vertical footprint
given by the exit slit size of the beamline, which for PEEM mea-
surements is typically 50–150 !m.  This sample spot size is larger
than the typical imaging field of view of about 10–50 !m,  thus
guaranteeing a uniform illumination of the sample surface. Smaller
field of views down to a few !m are possible but often not prac-
tical due to longer exposure times and sample drifts. The emitted
low-energy photoelectrons are accelerated towards the electron-
optics of the microscope by applying a high potential of 20 kV
between the sample and the objective lens (see Fig. 1(b)). The lat-
eral distribution of the emitted electrons is magnified by a series of
electromagnetic lenses. Deflectors in front of each electromagnetic
lens and stigmators (at the objective lens, in the energy analyzer
and at the diffraction plane) are used to optimize the electron path
through the microscope lenses and correct image distortions. For
final detection, the emitted electrons are projected onto an imaging
unit consisting of an electron multichannel plate (MCP) intensifier
and converted to visible light by a phosphor screen, from which
the image can be read by a standard, two-dimensional CCD cam-
era. This CCD enables to obtain a full field image of the sample
with up to 16 Hz frame rate which is very helpful during the align-
ment of the microscope and the sample. Typical exposure times
during an experiment are between 1 and 60 s. An energy analyzer

with fixed pass-energy enables to select the energy of the emit-
ted electrons by changing the so-called “start voltage”, which is
an additional voltage on top of the accelerating voltage. An elec-
tron gun enables to measure with different contrast mechanism,
for example Low Energy Electron Diffraction (LEED) or Low Energy
Electron Microscopy (LEEM) [23]. The sample manipulator allows
the lateral positioning of the sample and a rotary feed-through
enables a 360◦ azimuthal rotation of the whole sample manipu-
lator. The manipulator has four electrical feed-throughs and with
special sample holders it is possible to apply electrical pulses and
magnetic fields to the sample or heat the sample up to 1000 K. The
sample can be cooled to about 120 K with liquid nitrogen. A UHV
preparation chamber is connected to the PEEM chamber enabling
in situ sample preparation and characterization (heating, sputter-
ing, LEED, e-beam evaporation). The light of a femtosecond pulse
laser can be guided to the sample either normal to the sample sur-
face or in grazing incidence (see Fig. 1(a)), which is described in
more detail in Section 5.

3. Magnetization vectometry

The orientation of a ferromagnetic domain can be measured
employing X-ray magnetic circular dichroism (XMCD) at a cor-
responding resonant energy, for example the Fe L3 edge (see for
example [10,24]). By calculating the asymmetry ratio of two images
taken with left and right circularly polarized light (I!+ and I!−
respectively) one obtains an image with increased and normalized
magnetic contrast which is referred to as an XMCD image IXMCD. In
such image, the intensity is a measure of the angle (˛) between the
X-ray vector (K) and the magnetic moments (M)  in the domains
given by

IXMCD = (I!+ − I!− )/(I!+ + I!− ) = M · K = 〈M〉 cos(˛)

where 〈M〉  is the expectation value of the magnetic moment of
the probed band e.g. the d-band (see Fig. 3(f) for definition of the
coordinate system). In-plane ferromagnetic domains with a mag-
netization parallel or antiparallel to the polarized X-ray vector K
will appear black or white in the XMCD image, while domains

Aperture size and resolution

Aberration correction allows to push 
the resolution down to a few nm



TECHNIQUES
X-ray photoemission electron microscopy (PEEM)

A. Scholl / Current Opinion in Solid State and Materials Science 7 (2003) 59–66 61

 images of the ferromagnetic domain structure in a Pd/Co/
Pd structure (Fig. 3). At the chosen thickness of 0.7 nm,
the Co layer, enclosed by two Pd layers, exhibits a
perpendicular magnetic anisotropy. Thus, the Co mag-
netization points either into or out of the sample. The
depicted image is the result of dividing two images
acquired at the L and L Co absorption edges using3 2
circularly polarized X rays. Arrows mark the used X-ray
energies in the absorption spectrum. Since the X-ray
magnetic circular dichroism effect (XMCD) has an oppo-
site sign at the L edges, dividing the images enhances the
magnetic contrast in the ratio image. Non-magnetic contri-
butions, e.g. resulting from variations in the elemental
composition or topography, contribute with the same sign

 

Fig. 2. Electrostatic discharge pattern on LaFeO . The high-resolution3

PEEM image and the line scan below show 40 nm wide structures,
demonstrating a spatial resolution of the microscope of clearly below 50
nm. The images were acquired with the photon energy set to the La M5

edge. The lines in the image are due to a variation in the chemical
composition after the discharge.

scope. The aperture limits the angular acceptance of the
microscope and at the same time decreases the energy
width of the transmitted-electron distribution. Octupol and
hexapol elements are used to steer the beam and correct
astigmatism. A CCD camera, which is directly coupled to
the phosphor by fiber optics, digitizes the image. Some
commercial PEEM instead use magnetic lenses and chan-
nelplate detectors.

Fig. 2 shows a high-resolution PEEM image, utilizing
chemical contrast on a LaFeO thin film [18]. The gray-3
scale image acquired at the La M edge shows dark lines5
that are due to a reduced La concentration in a pattern
generated by an electric discharge. The resolved width of
the line is about 40 nm, showing that the spatial resolution
in this image is clearly less than 50 nm. Using X rays a
resolution of PEEM microscopes down to 20 nm has been
reported [18–20]. Using UV excitation an even better
resolution of below 10 nm has been achieved, close to the
theoretical limit [21]. In general, the resolution of PEEM
microscopes is strongly dependent on the quality of the
sample, since the sample is part of the electron optical
system. A resolution below 100 nm has been routinely
realized in magnetic imaging [22–27].

Fig. 3. Ferromagnetic domain pattern of a 0.7-nm Co layer between two
Pd layers on polycrystalline Cu, imaged using circular polarization. The3 . Imaging of ferromagnets and antiferromagnets Co layer exhibits a perpendicular anisotropy and shows worm domains
with the magnetization either pointing out of the sample or into the

As a first example for magnetic microscopy we present sample. An X-ray absorption spectrum of the Co L edge is shown above.
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and are suppressed. The domain image shows sub-micron- LaFeO film was grown by molecular beam epitaxy on a3
sized domains with opposite magnetization, pointing into SrTiO (001) substrate. Local spectra of the Fe3p edge are3
the plane (bright) and out of the plane (dark). This pattern shown on top, acquired in single antiferromagnetic do-
is typical for an as-grown film with an out-of-plane mains using linearly polarized X rays. The Fe absorption
anisotropy. The dipolar energy is lowered by the formation spectra show a magnetic linear dichroism effect at both the
of worm-like domains, through which the magnetic flux L and the L edge, resulting in a characteristic change in3 2
emanating from the sample is closed. The spatial res- the intensity of the multiplet lines within one absorption
olution in this image is about 100 nm. The high sensitivity resonance. Depending on the relative orientation of the
of PEEM is essential for the acquisition of such high- linear X-ray polarization and the spin orientation in the
resolution images of ultra-thin films. antiferromagnet, domains appear with different brightness

Fig. 4 illustrates the technique of domain imaging on an in the domain images, which are shown at the bottom of
antiferromagnetic thin film [22]. The studied 200-nm-thick Fig. 4. Images A and B were acquired at the L edge.2

Arrows and letters mark the photon energies in the
absorption spectrum where the images were acquired. The 

colorized image at the bottom, the XMLD image, is the
result of dividing images A and B. As already explained
above, calculating the ratio image enhances the magnetic
contrast. Domains with the in-plane projection of the
antiferromagnetic axis parallel to the horizontal X-ray
polarization appear brighter than domains with a perpen-
dicular orientation of the antiferromagnetic axis. By chang-
ing the azimuthal orientation of the sample and the
polarization of the X rays, the axial orientation of the
magnetic moments in the antiferromagnet can be deter-
mined. The result of this analysis is shown at the bottom to
the right. Four domains have been identified with anti-
ferromagnetic axes along the out-of-plane k011l directions
of the cubic SrTiO substrate. The domains form groups of3
two with the same in-plane projection of the axis. These
two domains appear with the same brightness in the
XMLD ratio image: bright5axis parallel to X-ray polariza-
tion, dark5axis perpendicular to X-ray polarization.

The magnetic ordering temperature in an antiferromag-
´ ´net is called the Neel temperature. Above the Neel

temperature the magnetic long-range order is destroyed by
magnetic fluctuations and the antiferromagnetic domain
contrast in images acquired using X-ray dichroism should
therefore disappear. The temperature dependence of the
magnetic moment can be described to first order by mean
field theory. We have verified this hypothesis by acquiring
temperature-dependent images on LaFeO , of which a3

´subset is presented in Fig. 5. Approaching the Neel
temperature of the LaFeO , the domain contrast indeed3
disappears. It completely recovers after returning to room
temperature, confirming the reversibility of the phase
transition. The image contrast closely follows the mean
field calculated magnetic moment, as demonstrated at the

´bottom of Fig. 5. The Neel temperature of the thin film,
however, appears to be significantly reduced by about 70 K

´compared to bulk LaFeO , which has a Neel temperatureFig. 4. Magnetic domain structure in a LaFeO thin film epitaxially 33

grown on SrTiO (001). The images were acquired at the L edge using of 740 K. This observation has been explained as a strain3 2

linearly polarized radiation. The color-coded ratio image B/A shows the effect, slightly varying the Fe–O–Fe bonding angle, which
domain structure with enhanced contrast. Local spectra in single anti- is a factor determining the strength of the magnetic
ferromagnetic domains demonstrate the XMLD effect at the L edges. The superexchange between Fe atoms.magnetic structure of the antiferromagnet has been determined from

Taking advantage of the elemental specificity of X-rayangle- and polarization-dependent images leading to the model, shown at
the bottom right. PEEM, we have also studied the coupling of the magnetic
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islands, enabling the determination of the magnetization direction.
As a result, the state configuration for a vertex, where all neighbour-
ing islands are assigned a magnetization vector, can be defined
(Fig. 1d). A bias towards ground state ordering, with vertices follow-
ing the ice rule (two in, two out) is seen, although excited vertex
configurations, not obeying the ice rule, are also observed.

In artificial square spin ice, each vertex can have one of 16 poss-
ible vertex configurations, which can be sorted in ascending energy
(Supplementary Fig. 1). Types I and II comprise vertex states that
obey the ice rule, with type II possessing a dipole magnetic
moment. Types III and IV do not obey the ice rule. As the coupling
strength increases, so does the energy difference between the

different vertex states. As a consequence, slow cooling to 30 K
results in dissimilarities in the ordering of the two arrays, as seen
in Fig. 2. Larger domains of type I vertices are present in the
600 nm array (Fig. 2a,b) than in the more weakly coupled 640 nm
array (Fig. 2c,d). Furthermore, the populations of excited vertex
states (types III and IV) are also significantly smaller in the strongly
coupled array, which demonstrates the importance of the strength of
the inter-island coupling for the obtained ordering25. The results are
unambiguous, as both arrays were patterned on the same substrate
and have undergone the same cooling protocol.

The temperature dependence of the array states presented in
Fig. 3 was determined from images at different temperatures

470 nm

170 nma

600 nm
b

640 nm

X-ray direction

c d

Figure 1 | Geometry and magnetic imaging. a, The extended artificial square spin ice arrays are composed of 470 nm× 170 nm magnetic islands of
1.4 monolayers d-doped Pd(Fe). b, Two arrays of different periodicity (600 and 640 nm). c, A typical PEEM-XMCD image showing the 600 nm array, with a
clear magnetic contrast for the d-doped Pd(Fe) islands at a temperature of 30 K. The array has been rotated 458 with respect to the X-ray sensitivity axis to
fully resolve the magnetic configuration. In the PEEM-XMCD image, islands with magnetization pointing towards the right are visualized with a black contrast
and islands pointing to the left with a white contrast. d, Determination of the magnetic configuration of part of the 600 nm square spin ice array at 30 K.
The image illustrates the magnetic moment directions determined from the magnetic contrast of the PEEM-XMCD image on the left (region within the white
frame), as shown by the black arrows. The black outlines of the nanomagnets indicate their position. An extended domain of ground state vertices can be
seen, with the typical alternating chirality pattern depicted by blue and red circular arrows.
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Fig. 1. PEEM set up at the SIM beamline. (a) Top view image of the PEEM. The incoming X-ray direction is indicated by a red arrow, the laser beam directions are indicated
by  green arrows. (b) Sketch of the electron-optic and incoming X-rays. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version  of the article.)

range of materials, we refer to the literature, for example to the
review by Locatelli and Bauer [20].

2. Experimental set up

At the SIM beamline, two Apple II type undulators with a plane
grating monochromator using a collimated light scheme deliver
photons, with an energy from 90 eV to about 2 keV of variable polar-
ization, to the PEEM as the primary user station [21]. The PEEM is
a commercial instrument from Elmitec GmbH [20,22] operating in
ultra-high-vacuum (UHV) conditions. A schematic and a picture
of the set-up are shown in Fig. 1(a) and (b). The sample is illumi-
nated with monochromatic X-rays at an angle of 16◦ with respect
to the sample surface. The fixed spot size of the beamline results in
a horizontal footprint of the X-rays on the sample with a full width
at half maximum (FWHM) of ∼220 !m and a vertical footprint
given by the exit slit size of the beamline, which for PEEM mea-
surements is typically 50–150 !m.  This sample spot size is larger
than the typical imaging field of view of about 10–50 !m,  thus
guaranteeing a uniform illumination of the sample surface. Smaller
field of views down to a few !m are possible but often not prac-
tical due to longer exposure times and sample drifts. The emitted
low-energy photoelectrons are accelerated towards the electron-
optics of the microscope by applying a high potential of 20 kV
between the sample and the objective lens (see Fig. 1(b)). The lat-
eral distribution of the emitted electrons is magnified by a series of
electromagnetic lenses. Deflectors in front of each electromagnetic
lens and stigmators (at the objective lens, in the energy analyzer
and at the diffraction plane) are used to optimize the electron path
through the microscope lenses and correct image distortions. For
final detection, the emitted electrons are projected onto an imaging
unit consisting of an electron multichannel plate (MCP) intensifier
and converted to visible light by a phosphor screen, from which
the image can be read by a standard, two-dimensional CCD cam-
era. This CCD enables to obtain a full field image of the sample
with up to 16 Hz frame rate which is very helpful during the align-
ment of the microscope and the sample. Typical exposure times
during an experiment are between 1 and 60 s. An energy analyzer

with fixed pass-energy enables to select the energy of the emit-
ted electrons by changing the so-called “start voltage”, which is
an additional voltage on top of the accelerating voltage. An elec-
tron gun enables to measure with different contrast mechanism,
for example Low Energy Electron Diffraction (LEED) or Low Energy
Electron Microscopy (LEEM) [23]. The sample manipulator allows
the lateral positioning of the sample and a rotary feed-through
enables a 360◦ azimuthal rotation of the whole sample manipu-
lator. The manipulator has four electrical feed-throughs and with
special sample holders it is possible to apply electrical pulses and
magnetic fields to the sample or heat the sample up to 1000 K. The
sample can be cooled to about 120 K with liquid nitrogen. A UHV
preparation chamber is connected to the PEEM chamber enabling
in situ sample preparation and characterization (heating, sputter-
ing, LEED, e-beam evaporation). The light of a femtosecond pulse
laser can be guided to the sample either normal to the sample sur-
face or in grazing incidence (see Fig. 1(a)), which is described in
more detail in Section 5.

3. Magnetization vectometry

The orientation of a ferromagnetic domain can be measured
employing X-ray magnetic circular dichroism (XMCD) at a cor-
responding resonant energy, for example the Fe L3 edge (see for
example [10,24]). By calculating the asymmetry ratio of two images
taken with left and right circularly polarized light (I!+ and I!−
respectively) one obtains an image with increased and normalized
magnetic contrast which is referred to as an XMCD image IXMCD. In
such image, the intensity is a measure of the angle (˛) between the
X-ray vector (K) and the magnetic moments (M)  in the domains
given by

IXMCD = (I!+ − I!− )/(I!+ + I!− ) = M · K = 〈M〉 cos(˛)

where 〈M〉  is the expectation value of the magnetic moment of
the probed band e.g. the d-band (see Fig. 3(f) for definition of the
coordinate system). In-plane ferromagnetic domains with a mag-
netization parallel or antiparallel to the polarized X-ray vector K
will appear black or white in the XMCD image, while domains
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Fig. 2. Images taken with three different orientations for the magnetization vectometry. (a) Rotation of the sample holder. The resulting XMCD images and average images
after  the correction procedure are shown in (b) and (c), respectively. The images are rotated to have all the same orientation. The X-ray direction is indicated by a red arrow
and  the scale bar is the same for all images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

with a magnetization perpendicular to the polarization vector will
have a gray contrast. The direction of the magnetization in the
gray domains can be revealed after a 90◦ rotation of the sample
about the surface normal. Out of-plane domains will not change
their contrast upon rotation. While for many investigations this
is enough to determine the domain configuration, sometimes it
is desirable to have the magnetization vector fully determined in
three dimensions. Therefore measurements with at least three dif-
ferent orientations are needed. The principle is well known, see for
example [24–26],  but we have developed new procedures which
are demonstrated with the help of two examples: the study of
patterned GdFeCo thin films and of individual Fe nanocrystals.

3.1. Patterned GdFeCo thin films

Recently it was discovered that an ultrafast laser pulse alone,
without any magnetic field, is enough to deterministically reverse
the magnetization: the magnetization reversal in a GdFeCo ferri-
magnet can be triggered solely by a single, linearly polarized laser
pulse [27]. This observation yields evidence for a newly developed
theory predicting a heat-pulse-only switching in ferrimagnets
consisting of 3d and 4f metals if the heating occurs on the time
scale of the exchange interaction. Here the different demagne-
tization time scales of Gd and Fe [28] lead to a reversal of the
magnetization with every single pulse. To study the interaction of
the laser pulses with microstructures, a thin film of composition
AlTi(10 nm)/Si3N4(5 nm)/Gd24.5Fe66.1Co9.4(20 nm)/Si3N4(3 nm)
grown by magnetron sputtering on a silicon substrate has been
structured in squares and discs via electron beam lithography in
combination with a lift-off process [29]. In the small structures,

signatures of a complex domain configuration have been observed
requiring the determination of the full three dimensional (3D)
magnetization vector. It was found that the small structures have
an inner part with out-of-plane anisotropy and an outer rim with
in-plane anisotropy. This change of the anisotropy can be assigned
to a different thickness of the outer rim compared to the inner part
as found by atomic force microscopy (AFM) measurements. This
outer rim part has a width of approximately 100 nm and only by a
careful analysis (described below) it was  possible to disentangle
this complex domain structure.

In order to obtain a full 3D magnetization map, measurements
with at least three different orientations of the sample with respect
to the incoming X-rays directions are required. These three images
are usually obtained by rotating the sample via the sample manipu-
lator with fixed X-ray incident direction as shown in Fig. 2(a). This
leads to a system of three equations with three unknowns (Mx,
My, Mz) which can be solved pixel wise. However, this cannot usu-
ally be done directly from the obtained XMCD images since they
show various artifacts that would lead to false contrast information.
Such artifacts are for example due to a sample drift of the images
between the two polarizations, intensity fluctuations and image
distortion. Fortunately, there exist nowadays powerful numerical
methods to correct for these effects.

Since an XMCD image is a normalized difference between two
images, any drift of the sample between these two  images creates a
false apparent contrast, in particular at the edges of the structures.
In practice, an XMCD image is composed of a sequence of typically
10 pairs of alternating polarization images and a drift correction
is therefore essential. Here we have implemented, as an ImageJ
[30] java plugin, a cross-correlation method using up-sampling
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Fig. 4. Result of the magnetization vectometry. The in-plane magnetization component is shown in (a) and the out-of-plane component in (b). The color gives the magnetiza-
tion  direction and the brightness its magnitude according to the color wheel (in-plane component) and the color arrow (out-of-plane component) shown in the corresponding
insets.  In the inset of (a) a sketch of the spin structure for the 2 !m center square is shown. (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)

these images, the color gives the magnetization direction and the
brightness its magnitude according to the color wheel (in-plane
component) and the color arrow (out-of-plane component) shown
in the corresponding insets. It is now that the complex domain
structure gets unveiled. The square in the center has two  out-of-
plane domains, Fig. 4(b), separated by a domain wall, the structure
of which can be seen in Fig. 4(a). This square also has in-plane
domains at the outer rim. Note that the out-of-plane and in-plane
orientations do not overlap at the same area, instead the structures
are split into an inner part oriented out-of-plane and an outer part

oriented in-plane. These in-plane domains at the outer rim have a
constant width, which is mainly determined by the thickness varia-
tion at the edges of the structures. As a result, small structures have
only an in-plane magnetization direction. This can be seen looking
at the small structures left and right from the center square. While
the lower ones, which are 500 nm large, show an out-of-plane vor-
tex core surrounded by an area of in-plane magnetization, the upper
structures, which are 400 nm large, show only an in-plane contrast.

The effectiveness of the drift correction method can be seen in
the visible improvement displayed for example by the uncorrected

Fig. 5. Effect of image drift and distortion on the magnetization vectometry. In (a) an XMCD image without drift correction and in (b) the same square with drift correction
is  shown. In (c) the in-plane magnetization component is shown without the corrections and in (d) with the corrections as described in the text.

Chmiel, F. P., et al. Nature materials 17.7 (2018): 581-585.
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4.2 TXM: Quick Full-Field Imaging in Transmission Geometry

Transmission x-ray microscopy (TXM) [115,116] can be seen as an analog to visible
light microscopy, with enhanced resolution by using smaller probing wavelengths.
Lenses at the wavelengths of soft x-rays are realized by diffractive elements, so-
called zone plates. The far-field diffraction pattern of a specimen is given by the
Fourier transform of its transmission function. A focus, i.e., a point-like diffraction
pattern, can be obtained from a Bessel function transmission function. A zone plate
is a binary version of a Bessel function absorption mask. Ultimately, the focus size
of a zone plate is determined by the width of the outermost zone. High-resolution
zone plates are difficult to fabricate and therefore very expensive.

The concept of TXM is illustrated in Fig. 14. Similar to an optical microscope,
TXM employs a condenser (KZP) that reduces the spot size of the incoming light to
the field of view of the subsequent objective lens, i.e., to a circle of approximately
10 µm in diameter. Like every zone plate, the condenser has a limited efficiency
on the order of 10 %. The majority of the transmitted light is undiffracted zero-
order light, which is blocked by an order selecting aperture (OSA). The focus of
the condenser depends on the wavelength of the incoming light. The position of the
OSA is optimized for transmitting the first-order light of the required wavelength,
blocking all other wavelengths because of their different cone angles. Hence, the
OSA also acts as a monochromator.

The light transmitted through the sample is collected by an objective zone plate
lens (MZP) and transformed to a real-space image of the local transmission intensity
of the sample on a CCD camera. Typically, the CCD camera has 2048 pixels per line
and is operated in 2 × 2 binning mode, resulting in 10 nm pixel size for the 10 µm

OSA

KZP

Sample

MZPCCD

Fig. 14 Schematic illustration of a transmission x-ray microscope. The incident beam is transmit-
ted through a condenser zone plate (KZP), which is made of alternating opaque and transparent
rings to mimic a Bessel transmission function. The non-diffracted zero-order light, as well as
higher-order diffractions, is blocked using an order selecting aperture (OSA). The sample is placed
close to the focus of the KZP. An image of the transmitted light is generated via an objective zone
plate (MZP) on a CCD camera chip

Sorrentino, A, et al., J. Synchrotron Rad. (2015). 22, 1112-1117 

~10 nm spatial resolution

Full-field image measured 
by a 2D detector
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FISCHER: X-RAY IMAGING OF MAGNETIC STRUCTURES 0800131

Fig. 24. MTXM image of the magnetic domain structure in a GdFe multilayer
recorded at the Fe L3 absorption edge with a spatial resolution better than
25 nm.

In Section V-A, several examples for time-resolved X-ray
microscopy studies will be discussed in detail.

It is important to note though that as a consequence of the
stroboscopic pump–probe requirement, only perfectly repeat-
able dynamical processes can be studied. More specifically,
images of nondeterministic dynamical behavior are inacces-
sible at those X-ray sources. The next generation of X-ray
sources, e.g., X-ray free electron laser will overcome this lim-
itation. They deliver more than 1013 photons in a single pulse
and furthermore, their pulse length can reach the femtosecond
time scale. The first facilities, such as linear coherent light
source (LCLS) in Stanford, are operational and provide unique
capabilities to study femtosecond X-ray dynamic phenomena
(Fig. 35). It seems unrealistic that scanning X-ray microscopes
would be able to take advantage of the single shot capability
of an FEL, whereas in contrast, full-field microscopes are in
principle capable to record single-shot images. However, the
high peak intensity and the coherence are the features of an
FEL that real-space microscopes have to be considered. The
challenge for an X-PEEM is the significant space charge due
to the high peak intensity, whereas a zone-plate-based TXM
will have to reduce slightly the coherence to avoid intense
speckle patterns. One should note that a typical image at
a full-field TXM requires only about 1010 photons/image,
and therefore, only 1 in 1000 photons would have to be
detected, which gives room for dealing with the coherence.
Compared with diffraction-based imaging concepts, where a
higher intensity will allow extending to higher q values and
thus to achieve higher spatial resolution, a zone-plate-based
microscope requires only moderate peak intensities. Although
the high peak intensity of the FEL pulse will have a dramatic
impact to the sample, the X-ray imaging optics is located
already about 1 mm downstream the sample, where the flux
density is already significantly lower and thus should prevent
serious damage to the optics [123], [124].

C. Magnetic Soft X-Ray Transmission Microscopy

Fig. 24 shows as a first example MTXM images the mag-
netic domain structure in a multilayer GdFe sample, which

Fig. 25. (a) Faraday rotation spectra (δ+ − δ−) of a 32 nm Fe film at 30°
incidence. (b) MCD spectrum (β+ − β−) obtained from a Kramers–Kronig
transformation of (δ+ − δ−) in comparison with direct MCD measurements.
Reprinted figure with permission from [126]. Copyright (2000) by the
American Physical Society.

exhibits a pronounced perpendicular magnetic anisotropy. The
contrast in the image represents the local XMCD effect,
i.e., the local absorption depends on the orientation of the
magnetization relative to the helicity of the photons. This
MTXM image was recorded at the Fe L3 edge at 706 eV,
hence being only sensitive to the magnetization of the Fe
component in the specimen. Being a full-field technique, the
complete field of view in this MTXM image was recorded
within an exposure time of a few seconds only and the FZP
used provided a spatial resolution of better than 25 nm.

The photon-only X-ray microscopes, such as MTXM or
STXM, can record images in varying applied magnetic fields,
which allow studying the domain evolution and propagation
throughout full hysteresis cycles [125].

1) Magnetic Phase Contrast: In addition to its amplitude,
an X-ray wave also has a phase, and both amplitude and phase
can be utilized for X-ray imaging. Phase contrast imaging
is of particular advantage for systems that exhibit an only
weak absorption contrast, such as soft matter in biological
applications.

The situation for magnetic imaging is slightly different
as the magnetic refractive index shows a strong energy
dependence at the characteristic X-ray absorption resonances.
Fig. 25(a) shows the measurements of the Faraday rotation in
Fe near the 2 p levels [126], which is equivalent to measuring
the difference (δ+ − δ−) in the real part of the complex
refractive index n(ω)

n(ω) = 1 − δ(ω) + iβ(ω) (22)

where δ+ and δ− denote the δ for circular components of
opposite helicity.

As the imaginary part of the refractive index β(ω), which
is equivalent to the absorption coefficient µ(ω), is connected
to the real part δ(ω) through a Kramers–Kronig transforma-
tion, the difference in the real part connects to a difference
in the imaginary part, which in case of polarized soft X-rays

To validate the identification of these structures as the SkT
state, we performed supporting micromagnetic simulations.
These simulations were based on an idealised model, which does
not consider surface roughness, sample defects or temperature,
but nevertheless provide an invaluable comparison to the
experimental data. The simulation was initialised by relaxing a
state consisting of three paraboloid-shaped skyrmion tube
precursors at a range of in-plane magnetic fields, with the state
at 150 mT showing the closest agreement to experiment (see
Supplementary Fig. 9 and Supplementary Note 7). The magnetic
field was then varied to explore the field-dependent behaviour of
the simulated SkT state. The average mz through the thickness of
the simulated sample was calculated to produce a simulated X-ray
image of the magnetic state (see Supplementary Figs. 5 and 8, and
Supplementary Note 6). Selected simulated images are displayed
in Fig. 4e–h, showing remarkable agreement to the corresponding
experimental micrographs. In Fig. 4e, at 90 mT, the end of the
uppermost skyrmion tube curves into the conical state, while the
two lower tubes appear to bulge at the end, replicating the
behaviour observed in the experimental image Fig. 4a.

A cross section through the end of one of these simulated tubes
is shown in Fig. 4i, highlighting the presence of a magnetic Bloch
point. The discretisation of the magnetic spin texture in the
simulations means that the estimated energy of large scale objects,
such as the skyrmion tube itself, is robust, but small scale objects
where the magnetisation rapidly changes, such as the Bloch

points, may be inaccurate. Additionally, the 4 nm cell size in the
simulation limited the size of the Bloch points to a nanometer
scale, while in reality a Bloch point can be expected to exist on the
scale of individual spins—beyond the limits of our current
imaging resolution. Nevertheless, the image in Fig. 4a may
represent the experimental observation of the magnetic config-
uration around the Bloch point at the end of a skyrmion tube, and
is a crucial first step towards direct experimental comparison to
theoretical work on Bloch points18,35.

Selected three dimensional visualisations of the simulations are
displayed in Fig. 4j–m. The additional surface structures, which
disappear with increasing field in Fig. 4j–l, are chiral edge twists
in the conical state at the sample boundary36. At decreasing
magnetic fields, the skyrmion tubes branch into the helical state
and expand to touch the surfaces of the simulated sample,
establishing partial skyrmion tube edge states shown in Fig. 4j.
Upon increasing the magnetic field, the skyrmion tubes decrease
in length, as seen in the experimental images. Despite the
qualitative agreement of the experimental and simulated images
exhibited in Fig. 4, we note that in the simulation the SkT state
exists over a higher magnetic field range in comparison to the
experimental observations. This has the secondary effect of
altering the relative magnetic contrast of the SkT and conical
structures, due to the reduction of the spin canting angle in the
cone state with changing applied field. However, this can be
attributed to two factors. Firstly, micromagnetic simulations are
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To validate the identification of these structures as the SkT
state, we performed supporting micromagnetic simulations.
These simulations were based on an idealised model, which does
not consider surface roughness, sample defects or temperature,
but nevertheless provide an invaluable comparison to the
experimental data. The simulation was initialised by relaxing a
state consisting of three paraboloid-shaped skyrmion tube
precursors at a range of in-plane magnetic fields, with the state
at 150 mT showing the closest agreement to experiment (see
Supplementary Fig. 9 and Supplementary Note 7). The magnetic
field was then varied to explore the field-dependent behaviour of
the simulated SkT state. The average mz through the thickness of
the simulated sample was calculated to produce a simulated X-ray
image of the magnetic state (see Supplementary Figs. 5 and 8, and
Supplementary Note 6). Selected simulated images are displayed
in Fig. 4e–h, showing remarkable agreement to the corresponding
experimental micrographs. In Fig. 4e, at 90 mT, the end of the
uppermost skyrmion tube curves into the conical state, while the
two lower tubes appear to bulge at the end, replicating the
behaviour observed in the experimental image Fig. 4a.

A cross section through the end of one of these simulated tubes
is shown in Fig. 4i, highlighting the presence of a magnetic Bloch
point. The discretisation of the magnetic spin texture in the
simulations means that the estimated energy of large scale objects,
such as the skyrmion tube itself, is robust, but small scale objects
where the magnetisation rapidly changes, such as the Bloch

points, may be inaccurate. Additionally, the 4 nm cell size in the
simulation limited the size of the Bloch points to a nanometer
scale, while in reality a Bloch point can be expected to exist on the
scale of individual spins—beyond the limits of our current
imaging resolution. Nevertheless, the image in Fig. 4a may
represent the experimental observation of the magnetic config-
uration around the Bloch point at the end of a skyrmion tube, and
is a crucial first step towards direct experimental comparison to
theoretical work on Bloch points18,35.

Selected three dimensional visualisations of the simulations are
displayed in Fig. 4j–m. The additional surface structures, which
disappear with increasing field in Fig. 4j–l, are chiral edge twists
in the conical state at the sample boundary36. At decreasing
magnetic fields, the skyrmion tubes branch into the helical state
and expand to touch the surfaces of the simulated sample,
establishing partial skyrmion tube edge states shown in Fig. 4j.
Upon increasing the magnetic field, the skyrmion tubes decrease
in length, as seen in the experimental images. Despite the
qualitative agreement of the experimental and simulated images
exhibited in Fig. 4, we note that in the simulation the SkT state
exists over a higher magnetic field range in comparison to the
experimental observations. This has the secondary effect of
altering the relative magnetic contrast of the SkT and conical
structures, due to the reduction of the spin canting angle in the
cone state with changing applied field. However, this can be
attributed to two factors. Firstly, micromagnetic simulations are
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a

Fig. 1. Sample fabrication steps for pump-probe X-ray holography. (a) Si frame (gray) with
Si3N4 membrane (transparent green) and extra Si3N4 coating on the back side. (b) Deposition
of a Cr/Au multilayer on the back of the membrane. (c) FIB milling of an 800 nm diameter
object hole in the Cr/Au film. (d) EBL definition of aligned markers on the flat membrane. (e)
Preparation of a magnetic specimen (here: a disk) on the top side of the sample, aligned with
respect to the center of the object hole (after film deposition, EBL etch mask fabrication, and Ar
milling). (f) EBL fabrication of the microcoil around the magnetic disk. (g) Local removal of
the Si3N4 for the reference milling by FIB. (h) FIB milling of the reference holes in the Cr/Au
multilayer.

referred to as the object hole. It is highly beneficial to integrate the object in the holographic
mask, to ensure that the mask does not drift with respect to the object. The fabrication steps
of such an integrated sample, which we will discuss in detail next, are schematically depicted
in Fig. 1, and micrographs of the sample at important steps are presented in Figs. 2–4. Steps 1
(object aperture) and 5 (reference) are generic for all holography samples with an absorption
mask (which is required to perform measurements without blocking the direct beam). Steps 2
(alignment) and 3 (specimen) show one possibility of precisely aligning a particular specimen
with the field of view, and step 4 (excitation) provides an example of integrating a pump-probe
excitation setup in the sample.
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In preparation for real space studies of magnetic domains in a pump-probe setup at free-electron laser

sources, it is necessary to develop an imaging method compatible with the linearly polarized radiation

available at these sources. We present results from a prototype experiment performed at the synchrotron

source BESSY II, using a modification of existing phase retrieval techniques. Our results show that it is

possible to image magnetic domains in real space using linear polarized light, and we introduce the

concept of a reliability map of our reconstructions using Gabor transforms.
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Research into the existence, control, and destruction of
magnetic order has in recent years been further intensified
by the ability to study the evolution of magnetization on
subpicosecond time scales, i.e., faster than typical Landau-
Lifshitz-Gilbert dynamics [1,2]. To this end, femtosecond
pulsed x-rays from free-electron laser (FEL) sources have
become available as probes of the magnetization, comple-
mentary to optical lasers. While ferromagnetic domain
patterns in thin films with perpendicular anisotropy are a
widely used sample system in magnetic x-ray scattering,
generating images of their domain structure on a femto-
second time scale has so far been elusive. With the use of
FELs, a current challenge is that only linearly polarized
light is available at these sources, whereas circularly po-
larized light is a polarization eigenstate for scattering in
transmission geometry from thin magnetic films displaying
perpendicular magnetic anisotropy (PMA) [3]. As a result,
noniterative, direct imaging techniques require circularly
polarized radiation to generate an image using x-ray mag-
netic circular dichroism (XMCD) contrast. Because all
FELs operating today generate linearly polarized x-rays,
elliptic polarization can only be generated at the expense of
photon flux [4]. Together with the monochromatization
constraints for resonant magnetic scattering, the reduced
number of photons per pulse has to date hampered high-
resolution domain imaging at FEL sources.

Recently, two approaches of magnetic domain imaging
using linearly polarized light have been reported [5,6].
Neither approach, however, is applicable to single-shot
imaging, due to the need for two or more diffraction
measurements in order to compensate for the fact that
linear light illumination causes incoherent addition of the
magnetic and nonmagnetic (charge) scattering components
of the scattered intensity. The absence of interference
between the magnetic and charge scattering components
means that holographic techniques [7,8] are not able to be
used. While the ptychographic approach in Ref. [6] is by
definition not intended to be single-shot compatible, a

problem with the method proposed in Refs. [5,6] from a
snapshot imaging perspective is that the first of these two
measurements must be performed with an externally ap-
plied magnetic field to saturate the magnetic domain pat-
tern allowing a measurement of the charge scattering thus
altering the magnetic system under investigation [9].
Here we present a photon-efficient and single-shot com-

patible imaging approach based on coherent diffractive
imaging (CDI) circumventing these problems, geared spe-
cifically toward the study of magnetic domains on ultrafast
time scales.
According to Hannon et al. [10], the scattering factors f

for resonant magnetic scattering can be described by

fn ¼ ðen # e0nÞfnc þ iðen & e0nÞ #Mnfnm1

þ ðen #MnÞðe0n #MnÞfnm2: (1)

The first term of (1) containing only the polarization
vectors of the incident en and scattered e0n radiation in
addition to the transition matrix element fnc represents
charge scattering, while the second term gives rise to
XMCD. The term quadratic in the magnetization M is
generally much weaker than the first two, and is strictly
zero for the case of normal x-ray incidence on a magnetic
thin film with perpendicular anisotropy as discussed here.
The magnetic signal is enhanced strongly in resonant
scattering conditions (determined via the matrix elements
in fm), requiring that the experiment to be performed at an
energy in resonance with a suitable electronic transition.
With circularly polarized light, the opposite chiralities
change the sign of the second term, meaning that the
charge scattering can be eliminated in multishot experi-
ments simply by measuring the scattering resulting from
both chiralities and subtracting them. Linearly polarized
light is a superposition of the two circular chiralities which
cannot interfere with each other, so the cross terms in the
resulting scattered intensity between the charge and mag-
netic scattering terms cancel, leaving us with
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• Coherence-based methods allow to solve the phase 
problem and reconstruct the real-space image


• Coherent diffraction imaging, holography, 
ptychography, interferometry, etc.

• X-ray scattering factor:  is complex


• Scattering is a Fourier transform of the real-space 
density, but the measured intensity 

 is real

𝑓𝑛 =  𝑓𝑐 − 𝑖𝑓𝑚
1

𝐼 = |𝐹(𝑓𝑛) | 2

Taylor, G. (2003). Acta Cryst. D59, 1881-1890.
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• Coherence-based methods allow to solve the phase problem and reconstruct the real-space 
image


• Coherent diffraction imaging, holography, ptychography, etc.

• X-ray scattering factor:  is complex


• Measured intensity  is real

𝑓𝑟𝑒𝑠 =  𝑓𝑐 − 𝑖𝑓𝑚
1

𝐼 = |𝐹(𝑓𝑟𝑒𝑠) | 2

http://www.physics.ucla.edu/research/imaging/research_CDI.html
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More detailed lectures on coherence-based technique are available at LINXS CoWork channel: 

1) Introduction to CDI by Prof. Pablo Villanueva-Perez, https://www.youtube.com/watch?v=RnBnwaYpgk8


2) CDI principles and algorithms by Dr. Tomas Ekeberg, https://www.youtube.com/watch?v=N3bbGsEApzE


3) Bragg CDI by Dmitry Dzhigaev, https://www.youtube.com/watch?v=jiY9e4pl2t0


4) Ptychography by Virginie Chamard, https://www.youtube.com/watch?v=LEfmq1afQo8


5) Algorithms in Bragg CDI by Prof. Ian Robinson, https://www.youtube.com/watch?v=MabspCO3yUs

https://www.youtube.com/watch?v=RnBnwaYpgk8
https://www.youtube.com/watch?v=N3bbGsEApzE
https://www.youtube.com/watch?v=jiY9e4pl2t0
https://www.youtube.com/watch?v=LEfmq1afQo8
https://www.youtube.com/watch?v=MabspCO3yUs
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additional iterates. The final image was reproducible with
individual random starts. Parameters for the difference
map were !¼1:15, "1 ¼ "1=!, and "2¼1=!. The
global phase is set from the first averaged iterate and
then normalized to following phase iterates and finally
summed. The oversampling ratio was # ¼ 18.

The complex-valued reconstruction of the magnetic
speckle pattern is shown in Fig. 2(a). The brightness in
the real-space image represents the amplitude of the mag-
nitude of the magnetic component which is always posi-
tive. The amplitude should be approximately constant over
the domain width regardless of spin direction, and zero for
domain walls, since the component of the spins perpen-
dicular to the sample plane is negligible. The fluctuations
of amplitude seen over a given, single domain in real space,
could be a consequence of distortion on the plane wave
state or from a nonuniform illumination of the incident
wave field. Another source of uncertainty could be charge
‘‘noise’’ from the imperfect normalization procedure be-
tween resonant charge and magnetic scattering.

The phase in the image is represented by hue and is
shown by the color key in Fig. 2. The only two colors

present in the image differ by $ in phase, the physical
meaning of which is the directionality of the spins over a
given domain. This phase sensitivity to spin direction has
never been realized experimentally either with XDM or
with linear polarization in general. It is recovered by iso-
lating the complex-valued magnetic term in real space,
j%mjei&, where %m is the magnetization density. The
phase term is either ei& ¼ "1 for & ¼ $ or ei& ¼ þ1
for & ¼ 0, up to an arbitrary global phase, and represents
the magnetization pointing either up or down. This result is
exactly as expected and demonstrates the use of linear light
to recover magnetic structure. This has profound conse-
quences as this has only up to now been accomplished with
circularly polarized x rays [21].
To better understand the influence and uncertainty of the

pinhole illumination on the sample, we used numerical
Fresnel propagation and found that the amplitude fluctua-
tion of the wave front is of order 10%, while a phase
variation of 0:04$ is found. Since we measure a $-phase
shift in the image, the phase component is the much more
convincing aspect of the complex image and we use it to
compare to a magnetic transmission soft x-ray microscopy
(MTXM) image, albeit with higher spatial resolution. We
also use the propagator to bring the domain structure into
sharper focus, rather than the support, yet only the support
is defocused. This is most likely due to the limited resolu-
tion currently available, though the overall domain struc-
ture is largely unchanged.
Figure 2(b) is a MTXM image recorded at the soft x-ray

microscope XM-1 at the ALS [22] with an exposure time
of a few seconds and with standard Fresnal zone plate
optics providing a 22 nm spatial resolution. Figure 2(c)
shows the phase-only image of the reconstruction.
Although the magnetic configuration and sample region
were not identical, this comparison shows that there is a
good qualitative agreement between the phase in the
reconstruction and the x-ray magnetic circular dichroism
(XMCD) contrast in the micrograph. In addition, since
XMCD is based on the difference in the absorption of
x-ray polarization while the phase contrast in magnetic
phase retrieval is strongly dependent on the phase variation
of the sample exit wave, this highlights the complemen-
tarity of the two techniques.
To further check the reconstruction reliability, we

estimate the domain size from micromagnetic theory.
The domain size is determined by a balance between the
domain wall energy, which increases with domain size,
and the demagnetizing field and applied field energy terms
[23]. A critical length parameter l is defined as l ¼
#w=ð'0M

2
s Þ with #w being the magnetic wall energy.

For similar samples, this has been measured as #w ¼
4ðAKuÞ1=2 ¼ 3:8& 10"3 J=m2, where A is the exchange
stiffness and Ku the anisotropy energy [23]. Using the
estimated perpendicular saturation magnetization Ms

from the hysteresis loop (see Fig. 1) of about 0.2 T and

FIG. 2 (color). (a) An image of magnetic domains in TbCo
reconstructed by phase retrieval from the magnetic diffuse x-ray
scattering. The figure shows the amplitude and phase of the
complex image as brightness and color, respectively. (b) A
MTXM image of the magnetic domain structure of a different
region of the same sample at 22 nm spatial resolution. (c) A
phase-only display of the reconstruction for the same field
of view.
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Samples of amorphous TbCowere sputtered on 100-nm-
thick Si3N4 membranes in the ratio of 90% Co and 10% Tb
with Tað5 nmÞ=Ruð5 nmÞ=TbCoð80 nmÞ=Pdð5 nmÞ struc-
ture. These systems are important for the study of the
interplay between delocalized 3d transition metal elec-
trons and localized rare-earth electrons. The in-plane and
out-of-plane magnetic hysteresis curves were measured by
SQUIDmagnetometry and are shown in Figs. 1(a) and 1(b),
exhibiting strong perpendicular magnetic anisotropy.

A 5 !m pinhole of 1 !m thick Au was fabricated using
a focused ion beam at the Center for Functional
Nanomaterials (CFN) and attached to the sample mem-
brane within 130# 10 microns of the sample using a
carbon adhesive. This effectively created an equivalent
diameter beam size, and was matched to the transverse
coherence length of the beam. The experiment was in
transmission at beamline 12.0.2.2 at the Advanced Light
Source (ALS), where the sample plane was orthogonal to
the beam direction. Measurements were taken using line-
arly, "-polarized x-rays at 778 eV, where the bandwidth
was 0.2%. This gives a longitudinal coherence length of
800 nm. The sample is placed in UHV at 10$9 torr with a
electromagnet placed outside a nonmagnetic chamber [15].
The diffuse scattering from the domain structure was re-
corded on a charge coupled device (CCD) at a distance
632.5 mm from the sample. The CCD has 2048% 2048
pixels with a pitch of 13:5 !m.

All coherent diffraction patterns used for reconstruction
were assembled from a series of multiple exposures taken
with different direct beam blocker positions to increase the
effective dynamic range of the detector [16]. The longest

acquisition time was 0.2 s per exposure for the beam
blocker centered at q ¼ 0. This equals about 2000 photons
for the highest signal pixels, per acquisition. A set of 100
images was summed to maximize the signal-to-noise ratio.
A magnetic field of 0.375 T was applied in situ perpen-
dicular to the film, completely saturating the sample and
removing all diffuse, magnetic scattering. The speckle
pattern collected at the coercive field of 3:2% 10$2 T
maximizes speckle, but is a mixture of charge and mag-
netic scattering [Fig. 1(c)]. Though this can be used for
single-shot imaging, the difference between the coercive
field and saturated field speckle patterns [Fig. 1(d)] is used
for the reconstruction here to allow for a clean separation
of charge and magnetic scattering and to increase contrast.
The relevant elastic scattering amplitude f for the elec-

tric dipole transition is given by the following 2% 2matrix
equation [13] summed over all illuminated electrons:

f ¼ fc $ ifð1Þm ð#'f % #iÞ ( sþ fð2Þm ð#'f ( sÞð#i ( sÞ (1)

where # represents either the incoming or final polarization
state, s is the spin of the electron, and the f’s are charge,
and frequency-dependent magnetic scattering amplitudes.
The third term is negligible here since both scalar products
are nearly zero for linear polarization. The second term is
proportional to k ( s, where the unit wave vector k points
in the beam direction [17]. With " polarization, the only
nonzero matrix element for this term is the "-to-$ scat-
tering channel [17]. There is no interference term between
charge and magnetic scattering, and hence no mixture of
scattering channels. This is important because the terms
contributing to the total intensity simply become additive:

I ¼ f2c þ jsj2f2m: (2)

The saturated speckle pattern measures the total charge
scattering f2c plus the specular component of magnetic
scattering. The speckle pattern measured at the coercive
point contains the additional diffuse scattering from the
domain structure at higher q values, which in turn causes a
decrease of the magnetic specular component through
energy conservation. To isolate fm, the two diffraction
patterns are subtracted after being scaled using the power
spectral density curve to normalize the charge to magnetic
Fourier components from this energy difference. Note that
this separation of charge and magnetic scattering cannot
simply be made by tuning on and off the resonance energy,
as this changes the speckle pattern [18] and does not
account for the resonant enhancement of the charge scat-
tering [19]. Phase retrieval is performed on this residual
diffraction pattern intensity which is proportional to the
Fourier transform of the magnetic density [12], as opposed
to the charge density for conventional x-ray diffraction.
Reconstructions were performed using the difference

map algorithm [20] and the support constraint used was
the pinhole. After the 8000th iteration, the final reconstruc-
tion was taken by averaging every second iterate for 2000

FIG. 1. (a) The magnetization parallel to the sample plane for
TbCo using SQUID magnetometry and (b) perpendicular to the
film. (c) The speckle pattern of the total scattering: magnetic plus
charge. (d) Pure magnetic speckle which is the difference of the
coercive and saturated coherent diffraction patterns.
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the wall energy to calculate l, and estimating the critical
stable domain size as 8l, gives about 100 nm. Therefore the
observed domain width is 4 times the critical stable domain
size, what is expected for low coercivity. The calculated
domain wall width, !w ¼ "ðA=KuÞ1=2 is 5 nm, about 1% of
the width of one domain.

To estimate the spatial resolution from the reconstruc-
tion, the Wiener-filtered [16] phase retrieval transfer func-
tion (WPRTF) [24] is used and is shown in Fig. 3. This
function is the accepted method in XDM to estimate
resolution and is a q-resolved measure of how well the
phases are retrieved. The WPRTF confirms the fidelity of
the image and gives a spatial resolution of 7 #m$1 spatial
frequency, or a resolution of 71 nm [16]. The inset shows
the phase-only image along with a curve and its derivative
to estimate the resolution. The FWHM of the derivative
gives 75 nm, though this is less accurate since it is based on
a local region of the image. In the present case, the limited
spatial resolution was chamber related, due to the mini-
mum propagation distance between sample and detector
being about 0.6 m.

In conclusion, we have used x-ray diffraction micros-
copy to recover magnetic domain structure by performing
phase retrieval on the coherent magnetic speckle pattern of
an amorphous TbCo film. This was demonstrated using
linearly polarized light and without the use of a reference
wave, such as is used in holography [25], or a permanent
mounting of sample to optic, such that a large field of view
can in principle be imaged as well [26]. The results are
applicable to any coherent x-ray source and the basic
method will also work with circularly polarized x rays.
Because of the fact that this experiment uses a support
constraint instead of overlapping illumination functions

such as in ptychography [27], magnetic phase retrieval is
also directly applicable to single-shot imaging at free-
electron laser sources to image spin dynamics on ultrafast
time scales. In addition, applying high resolution XDM
inside domain walls would furthermore allow the density
of pinning sites to be obtained, opening up new avenues to
test theories of wall motion coercivity, particularly relevant
in exchange bias and multiferroic systems.
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FIG. 3 (color). The Wiener-filtered phase retrieval transfer
function [16] of the reconstruction in Fig. 2. This is the ratio
of the magnitude of the complex amplitude with the square root
of the measured intensity. Inset: a plot across the domains of the
phase-only image, along with arrows showing orientation of the
domains. The derivative is given by the red curve and gives an
estimated resolution of about 75 nm.
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resolution. Without such a model we can base an estimate
of the upper limit of the CTF cutoff on the SNR of the
measured diffraction data plotted in Fig. 9. The largest
spatial frequency used in the interpolated 3D diffraction
data set (recorded near the corner of the CCD) is at
umax=!2N!q=0.068 nm−1. At this resolution shell we re-
corded an average of "1 photon/pixel, and obtained a
SNR of 1 photon/pixel at u=0.062 nm−1. (Since the noise
level of our camera is considerably less than 1 photon, we
assume that the noise in our diffraction patterns is deter-
mined by photon shot noise.) If we assume hypothetically
that the diffraction phases are known, then the image can
be fully represented, without loss of information, with a
pixel sampling of !q=1/D, where D is the width of the ob-
ject, corresponding to s=1, and so we could rebin our over-
sampled data into larger pixels with a correspondingly
higher photon count. Summing in this way over pixels (re-
ferred to as pixel binning) is not the same as resampling,
however, and such an operation would multiply the auto-
correlation image with the Fourier transform of the
summed pixel shape, which will be a function that falls
from unity at the image center to 2/# at the edge of the
autocorrelation image. The effect could be deconvolved
from the pattern, but we avoid that by binning to a pixel
sampling of !q=1/ "sD#, with s=2, which is the critical
sampling interval of the object’s autocorrelation function.
The measured data were collected at s=4.6, so resampling
to s=2 gives an average of 1 photon/pixel"SNR=1# at u
=0.066 nm−1. If we take a measure of resolution as the
frequency at which the SNR of the rebinned data is unity,
then we find that the average 3D cutoff is 0.066 nm−1, or
a smallest resolvable half-period of 7.5 nm. This is very
close to the smallest half-period of 7.3 nm limited by the
detector NA.

The phase retrieval process recovers the diffraction
phases with a limited accuracy, due to factors including
SNR of the diffraction amplitudes, missing data, the in-
consistency of constraints, and systematic errors in the
data (such as errors in interpolation). These errors in
phase reduce the resolution of the synthesized image.

With a complex image a loose support constraint will lead
to unconstrained low-order aberrations, for example, as
was discussed in Subsection 4.B. In our case of recon-
structing complex 2D images, with low frequencies miss-
ing due to the beam stop, we have observed that phase re-
trieval from independent random starts may differ by a
phase vortex (right or left handed) centered at the zero
spatial frequency. This too has the effect of reducing the
image resolution. One way to quantify the effect of these
phase variations is to determine the correlation between
phases retrieved from independent random starts of the
phase retrieval algorithm. For example, we could compute
the differential phase residual of these two solutions in
the same way that independent images are compared in
cryoelectron microscopy (Ref. 58, Chap. 3, Sect. B). Since
we have the ability to compute an unlimited number of re-
constructions from independent random starts, a more
appropriate choice is to determine the variation in re-
trieved phases as a function of resolution, as suggested by
Shapiro et al.36 More specifically, the average of the inde-
pendent complex reconstructions is computed, and the
square of the Fourier amplitudes of this average are com-
pared with the measured diffraction intensities. Where
the phases are consistently retrieved to the same value,
the squared modulus of the average will be equal to the
constrained modulus and the ratio will be unity. Where
the phases are random and completely uncorrelated, the
average will approach zero. Thus the ratio is effectively a
transfer function for the phase retrieval process, and the
average image is the best estimate of the image: Spatial
frequencies are weighted by the confidence with which
their phases are known.36 It should be possible to obtain
even better estimates of the complex amplitudes by a
more detailed analysis of the distributions of retrieved
phases over independent trials, for example by applying
patching and voting methods as described by Fienup and
Wackerman.59

All 2D and 3D images displayed in this paper are aver-
ages of more than 300 independent phase retrieval trials.
That is, the best estimate of the image is given by

$̄M = $$Mexp"i%0#%, "22#

where $ % denotes an average over independent recon-
structions. Analogous to the modulus of the CTF of a co-
herent imaging system, we define the phase retrieval
transfer function (PRTF) as

PRTF"u# =
&Fu'$̄M(&

!I"u#
=

&$&M"u#exp"i%0#%&

!I"u#
, "23#

where &M is the diffraction amplitude with retrieved
phases, the Fourier transform of Eq. (18). Plots of the
PRTF, averaged over shells of constant u and where I"u#
are nonzero, are shown in Fig. 10(a) for the 3D image of
Fig. 5 and for the 2D projection image of Fig. 8(a).

When we compute the average image $̄M, the arbitrary
multiplicative phase constant %0 of each image must be
adjusted to a common value so that the random variation
of this constant does not reduce the average, which would
result in a low value of the transfer function. We do this
for the first reconstructed image $M

"0# by finding the con-

Fig. 9. 3D diffraction intensities I"u#, averaged over shells of
constant u, in units of average photon count per CCD pixel. The
average over constant u of the 3D SNR of the measured intensi-
ties is shown as a dotted’s dashed curve.
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additional iterates. The final image was reproducible with
individual random starts. Parameters for the difference
map were !¼1:15, "1 ¼ "1=!, and "2¼1=!. The
global phase is set from the first averaged iterate and
then normalized to following phase iterates and finally
summed. The oversampling ratio was # ¼ 18.

The complex-valued reconstruction of the magnetic
speckle pattern is shown in Fig. 2(a). The brightness in
the real-space image represents the amplitude of the mag-
nitude of the magnetic component which is always posi-
tive. The amplitude should be approximately constant over
the domain width regardless of spin direction, and zero for
domain walls, since the component of the spins perpen-
dicular to the sample plane is negligible. The fluctuations
of amplitude seen over a given, single domain in real space,
could be a consequence of distortion on the plane wave
state or from a nonuniform illumination of the incident
wave field. Another source of uncertainty could be charge
‘‘noise’’ from the imperfect normalization procedure be-
tween resonant charge and magnetic scattering.

The phase in the image is represented by hue and is
shown by the color key in Fig. 2. The only two colors

present in the image differ by $ in phase, the physical
meaning of which is the directionality of the spins over a
given domain. This phase sensitivity to spin direction has
never been realized experimentally either with XDM or
with linear polarization in general. It is recovered by iso-
lating the complex-valued magnetic term in real space,
j%mjei&, where %m is the magnetization density. The
phase term is either ei& ¼ "1 for & ¼ $ or ei& ¼ þ1
for & ¼ 0, up to an arbitrary global phase, and represents
the magnetization pointing either up or down. This result is
exactly as expected and demonstrates the use of linear light
to recover magnetic structure. This has profound conse-
quences as this has only up to now been accomplished with
circularly polarized x rays [21].
To better understand the influence and uncertainty of the

pinhole illumination on the sample, we used numerical
Fresnel propagation and found that the amplitude fluctua-
tion of the wave front is of order 10%, while a phase
variation of 0:04$ is found. Since we measure a $-phase
shift in the image, the phase component is the much more
convincing aspect of the complex image and we use it to
compare to a magnetic transmission soft x-ray microscopy
(MTXM) image, albeit with higher spatial resolution. We
also use the propagator to bring the domain structure into
sharper focus, rather than the support, yet only the support
is defocused. This is most likely due to the limited resolu-
tion currently available, though the overall domain struc-
ture is largely unchanged.
Figure 2(b) is a MTXM image recorded at the soft x-ray

microscope XM-1 at the ALS [22] with an exposure time
of a few seconds and with standard Fresnal zone plate
optics providing a 22 nm spatial resolution. Figure 2(c)
shows the phase-only image of the reconstruction.
Although the magnetic configuration and sample region
were not identical, this comparison shows that there is a
good qualitative agreement between the phase in the
reconstruction and the x-ray magnetic circular dichroism
(XMCD) contrast in the micrograph. In addition, since
XMCD is based on the difference in the absorption of
x-ray polarization while the phase contrast in magnetic
phase retrieval is strongly dependent on the phase variation
of the sample exit wave, this highlights the complemen-
tarity of the two techniques.
To further check the reconstruction reliability, we

estimate the domain size from micromagnetic theory.
The domain size is determined by a balance between the
domain wall energy, which increases with domain size,
and the demagnetizing field and applied field energy terms
[23]. A critical length parameter l is defined as l ¼
#w=ð'0M

2
s Þ with #w being the magnetic wall energy.

For similar samples, this has been measured as #w ¼
4ðAKuÞ1=2 ¼ 3:8& 10"3 J=m2, where A is the exchange
stiffness and Ku the anisotropy energy [23]. Using the
estimated perpendicular saturation magnetization Ms

from the hysteresis loop (see Fig. 1) of about 0.2 T and

FIG. 2 (color). (a) An image of magnetic domains in TbCo
reconstructed by phase retrieval from the magnetic diffuse x-ray
scattering. The figure shows the amplitude and phase of the
complex image as brightness and color, respectively. (b) A
MTXM image of the magnetic domain structure of a different
region of the same sample at 22 nm spatial resolution. (c) A
phase-only display of the reconstruction for the same field
of view.
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Samples of amorphous TbCowere sputtered on 100-nm-
thick Si3N4 membranes in the ratio of 90% Co and 10% Tb
with Tað5 nmÞ=Ruð5 nmÞ=TbCoð80 nmÞ=Pdð5 nmÞ struc-
ture. These systems are important for the study of the
interplay between delocalized 3d transition metal elec-
trons and localized rare-earth electrons. The in-plane and
out-of-plane magnetic hysteresis curves were measured by
SQUIDmagnetometry and are shown in Figs. 1(a) and 1(b),
exhibiting strong perpendicular magnetic anisotropy.

A 5 !m pinhole of 1 !m thick Au was fabricated using
a focused ion beam at the Center for Functional
Nanomaterials (CFN) and attached to the sample mem-
brane within 130# 10 microns of the sample using a
carbon adhesive. This effectively created an equivalent
diameter beam size, and was matched to the transverse
coherence length of the beam. The experiment was in
transmission at beamline 12.0.2.2 at the Advanced Light
Source (ALS), where the sample plane was orthogonal to
the beam direction. Measurements were taken using line-
arly, "-polarized x-rays at 778 eV, where the bandwidth
was 0.2%. This gives a longitudinal coherence length of
800 nm. The sample is placed in UHV at 10$9 torr with a
electromagnet placed outside a nonmagnetic chamber [15].
The diffuse scattering from the domain structure was re-
corded on a charge coupled device (CCD) at a distance
632.5 mm from the sample. The CCD has 2048% 2048
pixels with a pitch of 13:5 !m.

All coherent diffraction patterns used for reconstruction
were assembled from a series of multiple exposures taken
with different direct beam blocker positions to increase the
effective dynamic range of the detector [16]. The longest

acquisition time was 0.2 s per exposure for the beam
blocker centered at q ¼ 0. This equals about 2000 photons
for the highest signal pixels, per acquisition. A set of 100
images was summed to maximize the signal-to-noise ratio.
A magnetic field of 0.375 T was applied in situ perpen-
dicular to the film, completely saturating the sample and
removing all diffuse, magnetic scattering. The speckle
pattern collected at the coercive field of 3:2% 10$2 T
maximizes speckle, but is a mixture of charge and mag-
netic scattering [Fig. 1(c)]. Though this can be used for
single-shot imaging, the difference between the coercive
field and saturated field speckle patterns [Fig. 1(d)] is used
for the reconstruction here to allow for a clean separation
of charge and magnetic scattering and to increase contrast.
The relevant elastic scattering amplitude f for the elec-

tric dipole transition is given by the following 2% 2matrix
equation [13] summed over all illuminated electrons:

f ¼ fc $ ifð1Þm ð#'f % #iÞ ( sþ fð2Þm ð#'f ( sÞð#i ( sÞ (1)

where # represents either the incoming or final polarization
state, s is the spin of the electron, and the f’s are charge,
and frequency-dependent magnetic scattering amplitudes.
The third term is negligible here since both scalar products
are nearly zero for linear polarization. The second term is
proportional to k ( s, where the unit wave vector k points
in the beam direction [17]. With " polarization, the only
nonzero matrix element for this term is the "-to-$ scat-
tering channel [17]. There is no interference term between
charge and magnetic scattering, and hence no mixture of
scattering channels. This is important because the terms
contributing to the total intensity simply become additive:

I ¼ f2c þ jsj2f2m: (2)

The saturated speckle pattern measures the total charge
scattering f2c plus the specular component of magnetic
scattering. The speckle pattern measured at the coercive
point contains the additional diffuse scattering from the
domain structure at higher q values, which in turn causes a
decrease of the magnetic specular component through
energy conservation. To isolate fm, the two diffraction
patterns are subtracted after being scaled using the power
spectral density curve to normalize the charge to magnetic
Fourier components from this energy difference. Note that
this separation of charge and magnetic scattering cannot
simply be made by tuning on and off the resonance energy,
as this changes the speckle pattern [18] and does not
account for the resonant enhancement of the charge scat-
tering [19]. Phase retrieval is performed on this residual
diffraction pattern intensity which is proportional to the
Fourier transform of the magnetic density [12], as opposed
to the charge density for conventional x-ray diffraction.
Reconstructions were performed using the difference

map algorithm [20] and the support constraint used was
the pinhole. After the 8000th iteration, the final reconstruc-
tion was taken by averaging every second iterate for 2000

FIG. 1. (a) The magnetization parallel to the sample plane for
TbCo using SQUID magnetometry and (b) perpendicular to the
film. (c) The speckle pattern of the total scattering: magnetic plus
charge. (d) Pure magnetic speckle which is the difference of the
coercive and saturated coherent diffraction patterns.
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the wall energy to calculate l, and estimating the critical
stable domain size as 8l, gives about 100 nm. Therefore the
observed domain width is 4 times the critical stable domain
size, what is expected for low coercivity. The calculated
domain wall width, !w ¼ "ðA=KuÞ1=2 is 5 nm, about 1% of
the width of one domain.

To estimate the spatial resolution from the reconstruc-
tion, the Wiener-filtered [16] phase retrieval transfer func-
tion (WPRTF) [24] is used and is shown in Fig. 3. This
function is the accepted method in XDM to estimate
resolution and is a q-resolved measure of how well the
phases are retrieved. The WPRTF confirms the fidelity of
the image and gives a spatial resolution of 7 #m$1 spatial
frequency, or a resolution of 71 nm [16]. The inset shows
the phase-only image along with a curve and its derivative
to estimate the resolution. The FWHM of the derivative
gives 75 nm, though this is less accurate since it is based on
a local region of the image. In the present case, the limited
spatial resolution was chamber related, due to the mini-
mum propagation distance between sample and detector
being about 0.6 m.

In conclusion, we have used x-ray diffraction micros-
copy to recover magnetic domain structure by performing
phase retrieval on the coherent magnetic speckle pattern of
an amorphous TbCo film. This was demonstrated using
linearly polarized light and without the use of a reference
wave, such as is used in holography [25], or a permanent
mounting of sample to optic, such that a large field of view
can in principle be imaged as well [26]. The results are
applicable to any coherent x-ray source and the basic
method will also work with circularly polarized x rays.
Because of the fact that this experiment uses a support
constraint instead of overlapping illumination functions

such as in ptychography [27], magnetic phase retrieval is
also directly applicable to single-shot imaging at free-
electron laser sources to image spin dynamics on ultrafast
time scales. In addition, applying high resolution XDM
inside domain walls would furthermore allow the density
of pinning sites to be obtained, opening up new avenues to
test theories of wall motion coercivity, particularly relevant
in exchange bias and multiferroic systems.
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FIG. 3 (color). The Wiener-filtered phase retrieval transfer
function [16] of the reconstruction in Fig. 2. This is the ratio
of the magnitude of the complex amplitude with the square root
of the measured intensity. Inset: a plot across the domains of the
phase-only image, along with arrows showing orientation of the
domains. The derivative is given by the red curve and gives an
estimated resolution of about 75 nm.
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resolution. Without such a model we can base an estimate
of the upper limit of the CTF cutoff on the SNR of the
measured diffraction data plotted in Fig. 9. The largest
spatial frequency used in the interpolated 3D diffraction
data set (recorded near the corner of the CCD) is at
umax=!2N!q=0.068 nm−1. At this resolution shell we re-
corded an average of "1 photon/pixel, and obtained a
SNR of 1 photon/pixel at u=0.062 nm−1. (Since the noise
level of our camera is considerably less than 1 photon, we
assume that the noise in our diffraction patterns is deter-
mined by photon shot noise.) If we assume hypothetically
that the diffraction phases are known, then the image can
be fully represented, without loss of information, with a
pixel sampling of !q=1/D, where D is the width of the ob-
ject, corresponding to s=1, and so we could rebin our over-
sampled data into larger pixels with a correspondingly
higher photon count. Summing in this way over pixels (re-
ferred to as pixel binning) is not the same as resampling,
however, and such an operation would multiply the auto-
correlation image with the Fourier transform of the
summed pixel shape, which will be a function that falls
from unity at the image center to 2/# at the edge of the
autocorrelation image. The effect could be deconvolved
from the pattern, but we avoid that by binning to a pixel
sampling of !q=1/ "sD#, with s=2, which is the critical
sampling interval of the object’s autocorrelation function.
The measured data were collected at s=4.6, so resampling
to s=2 gives an average of 1 photon/pixel"SNR=1# at u
=0.066 nm−1. If we take a measure of resolution as the
frequency at which the SNR of the rebinned data is unity,
then we find that the average 3D cutoff is 0.066 nm−1, or
a smallest resolvable half-period of 7.5 nm. This is very
close to the smallest half-period of 7.3 nm limited by the
detector NA.

The phase retrieval process recovers the diffraction
phases with a limited accuracy, due to factors including
SNR of the diffraction amplitudes, missing data, the in-
consistency of constraints, and systematic errors in the
data (such as errors in interpolation). These errors in
phase reduce the resolution of the synthesized image.

With a complex image a loose support constraint will lead
to unconstrained low-order aberrations, for example, as
was discussed in Subsection 4.B. In our case of recon-
structing complex 2D images, with low frequencies miss-
ing due to the beam stop, we have observed that phase re-
trieval from independent random starts may differ by a
phase vortex (right or left handed) centered at the zero
spatial frequency. This too has the effect of reducing the
image resolution. One way to quantify the effect of these
phase variations is to determine the correlation between
phases retrieved from independent random starts of the
phase retrieval algorithm. For example, we could compute
the differential phase residual of these two solutions in
the same way that independent images are compared in
cryoelectron microscopy (Ref. 58, Chap. 3, Sect. B). Since
we have the ability to compute an unlimited number of re-
constructions from independent random starts, a more
appropriate choice is to determine the variation in re-
trieved phases as a function of resolution, as suggested by
Shapiro et al.36 More specifically, the average of the inde-
pendent complex reconstructions is computed, and the
square of the Fourier amplitudes of this average are com-
pared with the measured diffraction intensities. Where
the phases are consistently retrieved to the same value,
the squared modulus of the average will be equal to the
constrained modulus and the ratio will be unity. Where
the phases are random and completely uncorrelated, the
average will approach zero. Thus the ratio is effectively a
transfer function for the phase retrieval process, and the
average image is the best estimate of the image: Spatial
frequencies are weighted by the confidence with which
their phases are known.36 It should be possible to obtain
even better estimates of the complex amplitudes by a
more detailed analysis of the distributions of retrieved
phases over independent trials, for example by applying
patching and voting methods as described by Fienup and
Wackerman.59

All 2D and 3D images displayed in this paper are aver-
ages of more than 300 independent phase retrieval trials.
That is, the best estimate of the image is given by

$̄M = $$Mexp"i%0#%, "22#

where $ % denotes an average over independent recon-
structions. Analogous to the modulus of the CTF of a co-
herent imaging system, we define the phase retrieval
transfer function (PRTF) as

PRTF"u# =
&Fu'$̄M(&

!I"u#
=

&$&M"u#exp"i%0#%&

!I"u#
, "23#

where &M is the diffraction amplitude with retrieved
phases, the Fourier transform of Eq. (18). Plots of the
PRTF, averaged over shells of constant u and where I"u#
are nonzero, are shown in Fig. 10(a) for the 3D image of
Fig. 5 and for the 2D projection image of Fig. 8(a).

When we compute the average image $̄M, the arbitrary
multiplicative phase constant %0 of each image must be
adjusted to a common value so that the random variation
of this constant does not reduce the average, which would
result in a low value of the transfer function. We do this
for the first reconstructed image $M

"0# by finding the con-

Fig. 9. 3D diffraction intensities I"u#, averaged over shells of
constant u, in units of average photon count per CCD pixel. The
average over constant u of the 3D SNR of the measured intensi-
ties is shown as a dotted’s dashed curve.
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• Measured intensity


• Iterative phase retrieval can be used is the sample size is smaller than the 
coherent size of the beam (oversampling ratio σ>2)


𝐼 = |𝐹 (𝑓𝑟𝑒𝑠) | 2

Turner, J., et al., PRL 107.3 (2011): 033904. Marchesini, S., et al., Physical Review B 68.14 (2003): 140101.

Estimate of the resolution is given by the frequency at which 
the PRTF reaches a value of 0.5.

Real-space resolution estimated from PRTF d<50 nm  
(~ 30-40 nm) without focusing optics

Ukleev, V., et al., Quant. Beam. Sci.  2 (2018)



TECHNIQUES
Fourier transform holography

FTH

2. General formulation

Let us assume that the field in object space can be represented by the sum of an object addi-
tive modulation o(x,y) and an extended reference r(x,y), i.e. f (x,y) = o(x,y)+ r(x,y), where
(x,y) are the Cartesian transverse coordinates. Notice that the additive modulation o(x,y), will
only be equal to the object amplitude transmissivity, t(x,y), if the object and the reference do not
overlap. In Podorov’s approach, on the other hand, where the object lies entirely within a rectan-
gular aperture, f (x,y) = t(x,y)r(x,y) = o(x,y)+ r(x,y), making o(x,y) = [t(x,y)−1]r(x,y). In
general we can say that for an extended uniform reference o(x,y) ∝ t(x,y)−1 when the object
is inside r(x,y) and o(x,y) ∝ t(x,y) when the object is outside r(x,y).
In the paraxial approximation, the Fraunhofer field (far field) [2] can be described as the

product of a quadratic phase factor and F(u,v) = O(u,v)+R(u,v), where (u,v) are the Carte-
sian transverse coordinates in Fourier space, and the FT is defined as

F(u,v) = F { f (x,y)} =
∫∫

f (x,y)exp [−i2π (ux+ vy)]dx dy . (1)

Throughout this paper all integrals are to be taken in the range (−∞,∞) and upper-case letters
will refer to the FTs of their lower-case counterpart.
In a typical lensless imaging approach, an intensity detector array is used to measure the

Fourier intensity |F(u,v)|2 in the far field, which is related to the object-space field autocorre-
lation by means of an inverse FT

F−1{|F(u,v)|2
}

= f ⊗ f = o⊗o+ r⊗ r+o⊗ r+ r⊗o, (2)

where
o⊗ r≡

∫∫
o(x′,y′)r∗(x′ − x,y′ − y)dx′ dy′ (3)

is the cross-correlation of o(x,y) and r(x,y), and (∗) denotes complex conjugation. For brevity
we omit the functional dependence on (x,y) of the cross-correlations whenever it does not lead
to ambiguity.
Notice that if either r⊗ o or o⊗ r in Eq. (2) can be separated from the other terms and the

reference object is known, we might attempt recovery of the original object field by means of a
deconvolution [18,23,24].We emphasize that HERALDO is fundamentally different from this
approach, as it involves the application of linear differential operators on the field autocorre-
lation. Furthermore for HERALDO the entire r(x,y) does not have to satisfy the holographic
separation condition from o(x,y).
Let us assume that we selected an extended reference and a linear differential operator,

L (n){·}, such that when we apply the latter onto r(x,y) we get the sum of a point Dirac delta
function at (x0,y0) and some other function, namely,

L (n) {r(x,y)} = Aδ (x− x0)δ (y− y0)+g(x,y), (4)

where A is an arbitrary complex-valued constant,

L (n) {·}≡
n

∑
k=0

ak
∂ n

∂xn−k∂yk (5)

is an n-th order linear differential operator and a k are constant coefficients. The term g(x,y)
could be another point, or line Dirac delta, or any arbitrary extended function. Notice that
Eq. (4) imposes a very special relationship between the differential operator and the extended
reference.
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• Phase problem can be solved with the amplitude modulation by a reference wave:

Fourier transform holography (FTH) with a reference hole is limited by the intensity/resolution ratio

Charge and magnetic contrast separation:

Real-space reconstruction via single Fourier transform 

Note: x-ray holography  
electron holography

≠



TECHNIQUES
Fourier transform holography and HERALDO

• Phase problem can be solved with the amplitude modulation by a reference wave:

Fourier transform holography (FTH) with a reference hole is limited by the intensity/
resolution ratio

Derivative of the step function is two delta functions

F-1
!
!"⃗ (I)

Reference slit can improve the contrast compared to 
reference hole without loosing the resolution

F-1(I)

2. General formulation

Let us assume that the field in object space can be represented by the sum of an object addi-
tive modulation o(x,y) and an extended reference r(x,y), i.e. f (x,y) = o(x,y)+ r(x,y), where
(x,y) are the Cartesian transverse coordinates. Notice that the additive modulation o(x,y), will
only be equal to the object amplitude transmissivity, t(x,y), if the object and the reference do not
overlap. In Podorov’s approach, on the other hand, where the object lies entirely within a rectan-
gular aperture, f (x,y) = t(x,y)r(x,y) = o(x,y)+ r(x,y), making o(x,y) = [t(x,y)−1]r(x,y). In
general we can say that for an extended uniform reference o(x,y) ∝ t(x,y)−1 when the object
is inside r(x,y) and o(x,y) ∝ t(x,y) when the object is outside r(x,y).
In the paraxial approximation, the Fraunhofer field (far field) [2] can be described as the

product of a quadratic phase factor and F(u,v) = O(u,v)+R(u,v), where (u,v) are the Carte-
sian transverse coordinates in Fourier space, and the FT is defined as

F(u,v) = F { f (x,y)} =
∫∫

f (x,y)exp [−i2π (ux+ vy)]dx dy . (1)

Throughout this paper all integrals are to be taken in the range (−∞,∞) and upper-case letters
will refer to the FTs of their lower-case counterpart.
In a typical lensless imaging approach, an intensity detector array is used to measure the

Fourier intensity |F(u,v)|2 in the far field, which is related to the object-space field autocorre-
lation by means of an inverse FT

F−1{|F(u,v)|2
}

= f ⊗ f = o⊗o+ r⊗ r+o⊗ r+ r⊗o, (2)

where
o⊗ r≡

∫∫
o(x′,y′)r∗(x′ − x,y′ − y)dx′ dy′ (3)

is the cross-correlation of o(x,y) and r(x,y), and (∗) denotes complex conjugation. For brevity
we omit the functional dependence on (x,y) of the cross-correlations whenever it does not lead
to ambiguity.
Notice that if either r⊗ o or o⊗ r in Eq. (2) can be separated from the other terms and the

reference object is known, we might attempt recovery of the original object field by means of a
deconvolution [18,23,24].We emphasize that HERALDO is fundamentally different from this
approach, as it involves the application of linear differential operators on the field autocorre-
lation. Furthermore for HERALDO the entire r(x,y) does not have to satisfy the holographic
separation condition from o(x,y).
Let us assume that we selected an extended reference and a linear differential operator,

L (n){·}, such that when we apply the latter onto r(x,y) we get the sum of a point Dirac delta
function at (x0,y0) and some other function, namely,

L (n) {r(x,y)} = Aδ (x− x0)δ (y− y0)+g(x,y), (4)

where A is an arbitrary complex-valued constant,

L (n) {·}≡
n

∑
k=0

ak
∂ n

∂xn−k∂yk (5)

is an n-th order linear differential operator and a k are constant coefficients. The term g(x,y)
could be another point, or line Dirac delta, or any arbitrary extended function. Notice that
Eq. (4) imposes a very special relationship between the differential operator and the extended
reference.

#88310 - $15.00 USD Received 5 Oct 2007; revised 29 Nov 2007; accepted 1 Dec 2007; published 11 Dec 2007
(C) 2007 OSA 24 December 2007 / Vol. 15,  No. 26 / OPTICS EXPRESS  17596

The phase is encoded in the interference pattern
(object and reference)

Upon application of the linear operator to the field autocorrelation, we obtain

L (n){ f ⊗ f} = L (n) {o⊗o}+L (n) {r⊗ r}+(−1)n
[
o⊗L (n) {r}

]
+

[
L (n) {r}⊗o

]
, (6)

where we have used the identity (see Appendix A),

L (n) {h⊗g}= (−1)n
[
h⊗L (n) {g}

]
=

[
L (n) {h}⊗g

]
. (7)

Using Eq. (4) and the sifting property of the Dirac delta [2],

L (n){ f ⊗ f} = L (n) {r⊗ r}+L (n){o⊗o}+(−1)no⊗g+g⊗o
+(−1)nA∗o(x+ x0,y+ y0)+Ao∗(x0− x,y0− y), (8)

or alternatively

L (n){ f ⊗ f} =
1
2
(−1)n [A∗r(x+ x0,y+ y0)+ r⊗g]+

1
2

[Ar∗(x0− x,y0− y)+g⊗ r]

+L (n){o⊗o}+(−1)no⊗g+g⊗o+(−1)nA∗o(x+ x0,y+ y0)+Ao∗(x0− x,y0− y). (9)

The last two terms of Eqs. (8) and (9) are the main result of this paper as they enable direct
recovery of the original object field, provided that the reconstruction does not overlapwith other
cross-correlation terms. As for conventional FT holography, we reconstruct both a translated
image, o(x+ x0,y+ y0), of the object and a twin image, o∗(x0− x,y0− y), which is complex-
conjugated and inverted through the origin.
Conventional holography is a special case of this formulation where r(x,y) = Aδ (x−

x0)δ (y− y0), g(x,y) = 0, andL (0) {·} = I is the identity operator.

3. HERALDO separation conditions

When Eq. (4) holds, Eqs. (8) and (9) show that we could use this approach to directly retrieve the
object field, provided we can separate it from other cross-correlation terms. It is then of interest
to analyze the conditions under which these terms would not overlap with the reconstruction.
Let us assume that the object is spatially finite and can be contained in a circle of radius ρ 0,
as shown in Fig. 2(a). Without loss of generality we can assume that the object is centered at
(0,0). The conditions to separate undesired terms from the desired reconstruction term, o(x+
x0,y+ y0), are as follows.

1. L (n) {o⊗o}: Because the autocorrelation of o(x,y)will be contained by a circle of radius
2ρo centered at the origin, anyL (n) {o⊗o} is also confined to a circle of radius 2ρ0. We
can then avoid overlap with the reconstruction by constraining the separation, from the
center of the object, of the Dirac delta in Eq. (4) to (x 20+ y20)1/2 > 3ρ0. This is equivalent
to separating the reference feature [the feature of r(x,y) that gives rise to the desired
Dirac delta] from the edge of the object by a distance 2ρ 0, which is the same separation
condition as for a conventional holographic reconstruction.

2. (−1)no⊗g+g⊗o: Notice that, much like the delta function, any feature in g(x,y) will
replicate the object, or its complex-conjugated inversion, at any position where g(x,y) or
its centrosymmetrical inversion about the object are non-zero. Since g(x,y) may be ex-
tended, it will create continuously overlapped images that are not suited for direct recon-
struction. If we want no overlap between this cross-correlations and the reconstruction,
g(x,y) and g(−x,−y) must be zero in a radius of 2ρ0 around the Dirac delta. Notice that
ifL (n){r} results in more than one point Dirac delta, resulting in additional reconstruc-
tions, this separation condition prevents overlap between the different reconstructions.
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TECHNIQUES
Holography with extended reference (HERALDO)

Aperture size: d=700 nm

Slit size: 
w=0.04 µm, l=1 µm

Ukleev, V., et al. PRB, 99.14 144408 (2019)

HERALDO example: skyrmion host Co8Zn8Mn4



TECHNIQUES
Holography with extended reference (HERALDO)

• Phase problem can be solved with the amplitude modulation by a reference wave:

Fig. 1. (Color online) (a) Schematic of the sample design cross section. (b) Scanning
Electron Micrograph (SEM) of the object aperture and the reference slit viewed from the
side of the Au mask (scale bar = 1 µm). (c) Polar MOKE hysteresis loop of the Co/Pt
multilayer. (d) Typical MFM image showing the maze domain structure that forms in a
[Co(5Å)/Pt(10Å)]×30 multilayer at remanence (scale bar = 300 nm).

as point references, in HERALDO the reference emerges from boundary waves produced by
sharp corners or edges of an extended object. In principle, the highest resolution possible is
no longer limited by the size of the reference, but rather by the quality of its sharpest features.
In our experiment we have chosen an extended reference where boundary waves emerge from
both edges of a narrow slit. The far-field diffraction pattern formed from the interference be-
tween the waves from the object and extended reference produces a hologram. The hologram is
multiplied digitally with a differential filter, and after a simple Fourier transform of this result,
a complex valued reconstruction is retrieved.
In this paper we demonstrate the use of HERALDO as a means of identifying the magnetic

domain patterns which form in the remanent state of a Co/Pt multilayer film. A magnetic mul-
tilayer of [Co(5Å)/Pt(10Å)]×30 was deposited onto the front side of a 100 nm thick Si3N4
membrane. A 600 nm Au film was deposited on the reverse side of the membrane to form an
x-ray opaque mask. Focused ion beam (FIB) milling was used to fabricate a reference slit (2
µm× 30 nm) and a viewing aperture (1.5 µm diameter) in the mask. A schematic cross section
through the sample is shown in Fig. 1(a), and a scanning electron micrograph of the viewing
aperture and reference slit is shown in Fig. 1(b). The slit length and distance from the viewing
aperture were chosen such that separation conditions [8] prevented real space objects in the
reconstruction from overlapping.

2. Results and Discussion

The polar magneto-optical Kerr effect (MOKE) hysteresis loop for the Co/Pt multilayer film
is shown in Fig. 1(c), which indicates that the sample possesses perpendicular magnetic
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Fig. 3. (Color online) (a) Difference between the images taken with the two opposite x-ray
helicities after applying a differential filter (only the central 1000×1000 pixels are shown.
Scale bar = 20 µm−1). (b) Fourier transform of (a), showing the real part of the image. The
crosscorrelations between the reference slit edges and the object, and their twin images can
be seen (only the central 410×410 pixels are shown. Scale bar = 1.5 µm). (c) Magnified
view of one of the crosscorrelations from (b); the thin lines across the domains indicate
the location where the profile scans in (d) were taken. (d) The horizontal line scan (orange
square symbols) corresponds to the resolution along the slit direction. The intensity profile
across the domain vertically (blue triangle symbols) corresponds to the resolution across
the width of the slit. The data is fitted (red lines) using a hyperbolic tangent and the resolved
width of the domain wall is obtained as w≈ 30±10 nm in both directions. For clarity, both
curves have been shifted arbitrarily along the x-axis.

gram, as can be seen in Fig. 2(b). Accumulations of 10 images, each frame with an exposure
time of 40 s on the full area of the CCD, were recorded for the two opposite x-ray helicities
under attenuated beam intensity. The difference between the images for the two helicities gives
the magnetic contrast [15]. The 800 s total exposure time used to achieve the reconstruction
should not be taken as being representative for the required image acquisition time, as we did
not optimize this aspect of the measurement. The difference image multiplied by the differential
filter [see Fig. 2(c)] is shown in Fig. 3(a) with the corresponding Fourier transform shown in
Fig. 3(b). The reference provides a Dirac delta function at either end of the slit. This reconstruc-
tion reveals four object–reference crosscorrelations, which are two–by–two conjugated. Each
conjugate image shows the same domain structure, similar to the case of traditional FTH. Also
the image reconstructions at opposite ends of the slit display the same structure, but as seen
in Fig. 3(b) they show an unexpected difference in contrast and reversal in color. The image
reconstructions can indeed have different global amplitude and phase if the slit is not uniformly
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2. General formulation

Let us assume that the field in object space can be represented by the sum of an object addi-
tive modulation o(x,y) and an extended reference r(x,y), i.e. f (x,y) = o(x,y)+ r(x,y), where
(x,y) are the Cartesian transverse coordinates. Notice that the additive modulation o(x,y), will
only be equal to the object amplitude transmissivity, t(x,y), if the object and the reference do not
overlap. In Podorov’s approach, on the other hand, where the object lies entirely within a rectan-
gular aperture, f (x,y) = t(x,y)r(x,y) = o(x,y)+ r(x,y), making o(x,y) = [t(x,y)−1]r(x,y). In
general we can say that for an extended uniform reference o(x,y) ∝ t(x,y)−1 when the object
is inside r(x,y) and o(x,y) ∝ t(x,y) when the object is outside r(x,y).
In the paraxial approximation, the Fraunhofer field (far field) [2] can be described as the

product of a quadratic phase factor and F(u,v) = O(u,v)+R(u,v), where (u,v) are the Carte-
sian transverse coordinates in Fourier space, and the FT is defined as

F(u,v) = F { f (x,y)} =
∫∫

f (x,y)exp [−i2π (ux+ vy)]dx dy . (1)

Throughout this paper all integrals are to be taken in the range (−∞,∞) and upper-case letters
will refer to the FTs of their lower-case counterpart.
In a typical lensless imaging approach, an intensity detector array is used to measure the

Fourier intensity |F(u,v)|2 in the far field, which is related to the object-space field autocorre-
lation by means of an inverse FT

F−1{|F(u,v)|2
}

= f ⊗ f = o⊗o+ r⊗ r+o⊗ r+ r⊗o, (2)

where
o⊗ r≡

∫∫
o(x′,y′)r∗(x′ − x,y′ − y)dx′ dy′ (3)

is the cross-correlation of o(x,y) and r(x,y), and (∗) denotes complex conjugation. For brevity
we omit the functional dependence on (x,y) of the cross-correlations whenever it does not lead
to ambiguity.
Notice that if either r⊗ o or o⊗ r in Eq. (2) can be separated from the other terms and the

reference object is known, we might attempt recovery of the original object field by means of a
deconvolution [18,23,24].We emphasize that HERALDO is fundamentally different from this
approach, as it involves the application of linear differential operators on the field autocorre-
lation. Furthermore for HERALDO the entire r(x,y) does not have to satisfy the holographic
separation condition from o(x,y).
Let us assume that we selected an extended reference and a linear differential operator,

L (n){·}, such that when we apply the latter onto r(x,y) we get the sum of a point Dirac delta
function at (x0,y0) and some other function, namely,

L (n) {r(x,y)} = Aδ (x− x0)δ (y− y0)+g(x,y), (4)

where A is an arbitrary complex-valued constant,

L (n) {·}≡
n

∑
k=0

ak
∂ n

∂xn−k∂yk (5)

is an n-th order linear differential operator and a k are constant coefficients. The term g(x,y)
could be another point, or line Dirac delta, or any arbitrary extended function. Notice that
Eq. (4) imposes a very special relationship between the differential operator and the extended
reference.
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Fig. 2. Di�erence between the scattering patterns taken with LCP and RCP and energies (a)
E = 779.0.0 eV and (b) E = 640.5 eV. The colorbar is given for both patterns. (c) Fourier
transform of (a) after applying linear di�erential filter and rotation of the image by 39�. (d),
(e) Magnetic texture recorder at Co and Mn L3 edges, respectively. The colorbar is given
for both images. The region outside the field of view is filled with the black background
manually. (f) Slice of the intensity of the real-space image along the aperture diameter.

Linear di�erential operator was applied to the autocorrelation of the di�raction pattern in
direction parallel to the slit. Then, the di�erence between real-space images obtained with RCP
and LCP X-rays was calculated to enhance the magnetic contrast. Di�erences between the
di�raction patterns taken with the two opposite X-ray polarizations and energies E = 779.0 eV
(Co L3 edge) and E = 640.5 eV (Mn L3 edge) are shown in Fig. 2a,c. The highest harmonics
of the interference pattern can be found at q = 0.02 Å�1 what corresponds to the real-space
resolution of 32 nm. The di�erence between Fourier transform images taken with RCP and
LCP after applying the di�erential filter in the slit direction is shown in Fig. 3(a) with the
corresponding Fourier transform shown in Fig. 2c. Reconstructed real-space image shows the
sample autocorrelation and two objectâ��reference cross-correlations delivered by both ends
of the slits, as well as their complex conjugates. Figure 2d,e shows a magnification of the
sample-reference cross-correlations taken from Co and Mn holograms, respectively. Due to the
di�erence of the wavelengths, the real-space image corresponding to magnetic texture of Mn ions
was scaled by factor E1/E2 = 779.0/640.5 ⇡ 1.22. The regions of the sample where the local
magnetization pointing antiparallel to the applied field B = 70 mT corresponding to the negative
values in Fig. 2d,e. The magnetic structures exhibiting by both magnetic elements Mn and Co are
similar within the resolution limit. Signal to noise ratio is worse in case of the measurement at Mn
L3 edge due to the higher absorption of soft X-rays at E = 640.5 eV and smaller concentration of
Mn atoms compared to Co, therefore the real-space image is blurred (Fig. 2c).

Elongated skyrmions can be observed at the holograms taken both at E = 779.0 eV and
E = 640.5 eV indicating similar magnetic texture of Co and Mn sub-lattices. Magnetic holograms
were recorded up to the temperature T=120 K at which the magnetic scattering is su�ciently
reduced due to the shortening of the magnetic moments. Corresponding evolution of the magnetic

Duckworth, T. A., (2011). Optics express, 19(17), 16223-16228.

No compromise between the contrast and 
resolution

Ukleev, V., et al. PRB, 99.14 144408 (2019)

Real-space reconstruction via Fourier transform an linear differential operator (HERALDO) 

Co L3 edge Mn L3 edge 

HERALDO example: Co8Zn8Mn4
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X-ray ptychography

similarly prepared PLD SmCo5 films deposited under UHV
conditions crystallize directly upon deposition on a heated
Si3N4/Si substrate and develop a preferred in-plane texture
(c-axis in the film plane),21,22 these films remain x-ray amor-
phous due to the lower kinetic energy of the material plasma
and obtain a perpendicular magnetic anisotropy.

Alternating gradient magnetization loops shown in
Fig. 1(a) indicate a pronounced in-plane anisotropy with a
much weaker PMA. Whereas the former leads to a dominant
stripe domain pattern, a strong PMA yields a labyrinth do-
main pattern. Magnetic transmission soft x-ray microscopy
(Fig. 1(b)) covering a field of view of several lm with a spa-
tial resolution of about 25 nm shows indeed a magnetic do-
main structure that resembles both, a primarily stripe-like
domain pattern, that locally vary towards a more labyrinth-
like domain structure.

To obtain further insight into the local spin structure,
ptychographic imaging was performed using the experimen-
tal setup described previously13 and located at beamline
11.0.2 of the Advanced Light Source, as shown schemati-
cally in Fig. 1(c). All results presented here were recorded in
zero magnetic field with the film in the as-prepared demag-
netized state and at ambient temperature. A monochromat-
ized, transversely coherent, and circularly polarized soft
x-ray beam with !90% degree of polarization tuned near the
Co L3 edge at 778.6 eV was focused using an FZP lens at
normal incidence onto the SmCo5 film. The FZP had a 60 nm
outer zone width and provided an approximately 75 nm focal
spot on the sample. Diffraction patterns were collected in a
transmission geometry using a 1300" 1340 pixel charge
coupled device (CCD) detector placed 60 mm downstream
of the sample. Ptychography scans consisted of collecting
20" 20 diffraction patterns at 50 nm spacing in orthogonal
directions. Two diffraction patterns with 10 ms and 400 ms
exposure times were collected at each scan point to measure
regions of higher signal at low momentum transfer and lower

signal at high momentum transfer, respectively. These were
combined to extend the dynamic range of the measurements,
thereby improving the spatial resolution.13

A typical diffraction pattern is shown in Fig. 1(d). The
intensity profile is not radially symmetric, which is again
indicative of a non-symmetric component to the scattering
textures. To modulate the magnetic contrast (X-ray magnetic
circular dichroism, XMCD) at each scan point, independent
measurements were performed using left and right circular
polarization. This enabled to distinguish magnetic and
charge textures by combining those polarization dependent
phase and amplitude images. Finally, measurements were
performed at three photon energies, specifically at 778.0 eV
just below the L3 absorption edge to provide dominant (mag-
netic) phase contrast, at the absorption maximum at 778.6 eV
to provide dominant (magnetic) absorption contrast, and
above the main absorption white line at 780 eV, where the
imaginary part of the refractive index d has crossed zero to
provide inverted magnetic phase contrast.23,24 Ptychographic
reconstructions of phase and amplitude images were per-
formed using 300 iterations of the standard methods in the
SHARP ptychography package.25,26 The values of the reso-
nant contribution to the real and imaginary parts of the re-
fractive index derived from our ptychographic analysis at the
three photon energies are in very good agreement with those
derived from holographic imaging with better spectral sam-
pling though with poorer spatial resolution.24

Figs. 2(a)–2(f) show the reconstructed amplitude and
phase images collected at the three photon energies all with
left circular polarization. Figs. 2(e) and 2(f) are different
sample positions than (a)–(d), and the inversion in phase
contrast noted above is readily apparent by noting that the
amplitude and phase contrast are the same above the edge
but opposite below the edge. The SmCo5 magnetic domains
exhibit a labyrinthine structure as expected for a PMA film,
with an average domain width of 76.5 nm. The domain

FIG. 1. (a) Magnetic hysteresis loop of
the SmCo5 film for in-plane and out-of-
plane contributions. (b) Magnetic trans-
mission soft x-ray microscopy image
taken at BL 6.1.2 at the Advanced
Light Source in Berkeley showing
stripe-like domains with local distor-
tions into labyrinth domains as well as
dark inclusions. (c) Schematics of the
ptychography setup at beamline 11.0.2
at the STXM branch at the Advanced
Light Source. A Fresnel-Zone-Plate
(FZP) focuses the x-ray beam through
an order-sorting-aperture (OSA) onto
the SmCo5 thin film sample. Coherent
diffraction patterns are collected on a
charge coupled device detector. (d)
Example of a single diffraction pattern
showing experimental data of SmCo5

sample.
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patterns were reconstructed with high reproducibility from
independent measurements. Fig. 2(g) shows the difference of
right and left circular polarized phase images collected at
780 eV, i.e., above the resonant energy, where both ampli-
tude and phase contrast are similar. As the XMCD contrast
changes its sign with opposite polarization, this difference
image isolates features with a component of magnetization
along the photon propagation direction.23,24 As expected for
perpendicular magnetic anisotropy, the observed features are
the domain labyrinth. The dark spots (¼“inclusions”) appa-
rent in the individual images in Figs. 2(a)–2(f) are mostly
absent in the difference phase image. In contrast, Fig. 2(h)
shows the sum of the same two phase images as in Fig. 2(g),
which mimics an image collected with linear polarization
where the signal is quadratic in magnetization and the mag-
netic contrast of the domain labyrinth should be small. The
magnetic domains are indeed barely visible, while the scat-
tering from the inclusions is enhanced. This suggests that the
inclusions are dominated by charge scattering, though they
may be ferromagnetic but with in-plane anisotropy which is
not visible in the experimental geometry used here; we will
return to this issue below. A powerful aspect of polarization-
dependent soft x-ray microscopy is this straightforward sepa-
ration of features associated with magnetic and charge
scattering.

The spatial resolution achieved with ptychography is not
determined purely by the numerical aperture of the detector
because it depends crucially on the measured signal at high
spatial frequency, which depends strongly on the sample’s

scattering contrast, as well as any systematic perturbations to
the data, i.e., sample positioning errors, drift, or unstable illu-
mination. This needs careful consideration specifically for
magnetic systems, where the charge-scattered signal is
significantly stronger than magnetic scattered signal,27 and
one might expect the corresponding resolutions to be differ-
ent. To estimate our structural and magnetic resolution inde-
pendently, we applied an FRC analysis28 separately to the
Fourier transforms of Figs. 2(g) and 2(h). The FRC measures
the spatial frequency dependence of the cross-correlation
of diffracted intensity from two independently measured
and reconstructed datasets. In our case, we reconstructed
“separate” images from a single ptychography scan using
even- and odd-numbered 2D scan positions. This approach
ensured perfect registry of the resulting images, but provided
a conservative estimate of the true resolution because only
half of the total available data were used in each image. The
resulting FRC results are shown in Fig. 3; the spatial fre-
quency where these curves cross a threshold is the estimated
resolution. A slight shift to lower frequency for magnetic rel-
ative to charge scattering does indeed suggest that our reso-
lution is slightly better for charge than magnetic features.
That the shift is small is probably related to the fact that scat-
tered intensity depends much more strongly on spatial fre-
quency than sample contrast.29 The reported numerical
resolution depends on the criterion applied to the FRC
curves; a threshold of 0.5 suggests charge and magnetic reso-
lution of 12 and 10 nm, respectively, while the half-bit
threshold places them both near 7 nm.

FIG. 2. Reconstructed amplitude (a)–(c) and phase (d)–(f) components of three x-ray energies of SmCo5 thin film sample in transmission geometry. (a) and (d)
are reconstructions at x-ray energy of 778 eV; (b) and (e) are reconstructions at x-ray energy of 778.6 eV; and (c) and (f) are reconstructions at x-ray energy of
780 eV. Red open circle and square (with red zoomed open square) indicate the inclusions present in the thin film sample. Note that in (d), the inclusions have
opposite contrast (white color), indicating that the phase contrast is reversed compared to phase contrast in (f). The gray-scale bar is in the range of "0.2 to
0.5 rad. The phase component of the refractive index changes sign when going through the absorption component maximum. (g) Difference of left and right
polarized reconstructed phase images at 780 eV x-ray energy taken at the position shown in (c) and (f). The gray-scale bar is in the range of "0.4 to 0.4 rad. (h)
Sum of left and right polarized reconstructed phase images at 780 eV x-ray energy. The gray-scale bar is in the range of 0 to 1.2 rad.
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New ways: Ptychography

• Coherent Imaging + SXM Î Going beyond resolution 
limit

• Phase approximation problem: 
• Time consuming and complicated! 

PRL 98 (2007) 03480 1. J. M. Rodenburg

Taking coherent scattering patterns from overlapping regions using FZP 

Shi et al. Appl. Phys. Lett. 108, 094103 (2016)

15 nm real-space resolution imaging of magnetic domains in SmCo5

• Reconstruction algorithm similar to CDI


• Ptychography can be used to study extended objects
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X-ray holography in reflection

Holographic mask is placed after reflected beam

• So far only demonstrated only for charge patterns…


• Ptychography is also possible


• ~60 nm resolution

SEM

S. Roy et al. Nature Photonics 5, 243–245(2011)

reconstruction
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X-ray imaging in three dimensions

Donnelly, C., et al., Phys. Rev. B 94, 064421 (2016)


Donnelly, C., et al., Nature 547, 328–331(2017)

• High energy allows transmission of a few 
tens µm


• Ptychographic scans are measured for 
multiple projections to reconstruct 3D 
magnetization vector distribution

Hard x-ray resonant tomography (Gd L3 edge) 

Magnetic contrast variation across the edge
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X-ray imaging in three dimensions

The more generalized geometry of laminography,20−22 in
which the axis of rotation is no longer perpendicular to the
incident X-ray beam, has proven to be particularly suitable for
the investigation of extended, flat objects. In contrast to
tomography, it does not require the preparation of free-
standing samples that are accessible to the radiation from all
directions and ideally cylindrically shaped. Recent advances
using hard X-rays allowed laminography to reach sub-20 nm
resolution.23

The combination of soft X-ray radiation and 3D lamino-
graphic imaging has the unique potential of bridging the gap
between the investigation of elaborate nanostructured thin film
samples with nm-depth resolution and the advantages provided
by the characteristic properties of soft X-ray radiation. As a
result, soft X-ray laminography (SoXL) provides new insights
into the interior structure and 3D composition of complex
sample systems on the micro- to nanometer scale.
This work reports on SoXL and the new instrumentation for

realizing this new technique installed at the PolLux beamline
(X07DA) of the Swiss Light Source, Paul Scherrer Institut
(PSI), Switzerland. This bending magnet beamline provides
soft X-ray radiation in the spectral range between 270 and
1600 eV24,25 and operates a scanning transmission X-ray
microscope (STXM). A detailed description of the instrument
can be found elsewhere.25 For the scope of this Letter, the
operating principle of STXM can be summarized as follows:
The monochromatic X-ray beam is focused by a Fresnel zone

plate (FZP) to a spot diameter of a few tens of nanometers.
The first diffraction order light of the FZP is selected by an
aperture (order selecting aperture, OSA) to separate it from
the directly transmitted (zero-order) light and the higher
diffraction orders. The sample is positioned in the focal spot,
and the transmitted radiation is detected using a point detector
while raster-scanning the sample. This enables spatial and
spectroscopic information at the same time. Depending on the
selected photon energy, the entrance and exit slit settings, and
the FZP parameters, a spatial resolution of Δx < 10 nm can be
achieved,26 but most commonly, Δx is usually chosen to be
between 30 and 40 nm. In the following, the new SoXL
instrumentation will be described and three case studies will
present possible applications for SoXL, followed by a
discussion of future perspectives using SoXL in combination
with time-resolved setups and ptychographic techniques.
In order to realize SoXL in the existing STXM setup, a

customized in vacuo rotation piezo stage (SmarAct GmbH,
SR-7021-S-HVK-TI) was mounted on top of the STXM
translation stages, denoted as the (xyz)′ coordinate system. A
schematic of all STXM scanning stages including the SoXL
rotation stage can be found in Figure S1 of the Supporting
Information. The rotation axis, coincident with the sample
surface normal, points downward to increase the available
space for the STXM focusing elements, as can be seen in
Figure 1. Two configurations are implemented with a

Figure 1. Soft X-ray laminography (SoXL) at the PolLux beamline. (A) Schematic illustration of the imaging geometry, in which xyz denotes the
sample coordinate system and (xyz)′ denotes the X-ray microscope coordinate system. (B) Photography of the implemented SoXL rotation stage
(without sample) on top of the STXM scanning stages. (C) Zoom on the sample position in the SoXL setup with a mounted Si3N4 membrane on a
conventional sample plate (inset, scale bar: 1 cm).

Nano Letters pubs.acs.org/NanoLett Letter
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comfortable working distances during the measurements,
higher photon flux, and sufficient contrast of the object.
The volume rendering of the 3D reconstruction in Figure 4A

shows an overview of the grid-like internal structure of the
BWS tip. While the resolution toward the edges is degraded
due to fewer overlapping projections for the reconstruction, a
normal feature in laminography, a zoom into the inner part
(red rectangle in Figure 4A) reveals a detailed view of ridges
connected by crossribs (Figures 4B). These crossribs have
diameters in the range of 150 ± 50 nm and can also be
identified in some of the STXM projections (yellow circle in
Figure 4B and D.2). It is important to note that for this
example not the entire BWS was in the FOV but only a small
area of it. This underlines the possibility of using SoXL and
laminography in general to acquire overviews and subsequently
“zoom-in” on selected parts of a sample with higher resolution
to obtain more detailed information.23 Even though the coarse
structure containing ridges and ribs can be identified in the
STXM images (Figure 4D.1 and D.2), it becomes clear from
virtual slices through the 3D reconstruction that the tip has an
internal curvature and that it is slightly curving upward (see
Figure S8 in the Supporting Information). The 3D visual-
ization further shows how the different planes are connected to
each other, similar to the simplified schematic depicted in
Figure 4E.
In contrast to previous 2D imaging by transmission electron

microscopy of the internal structure of BWSs,39,40 SoXL has
the advantage of presenting the entire volume and not only the
first plane of the ridges. This allows for subsequent numerical
simulations, e.g., of the interaction of light with these
structures. Although the spatial information on this sample is
also accessible by using hard X-ray computed nanotomography
(CT),41 it is noteworthy that SoXL can be sensitive to
chemical bonds of light elements in organic materials, therefore
providing extra insight, in addition to revealing the 3D
structure.
The SoXL results shown so far were mainly based on their

absorption contrast. To illustrate the spectroscopic contrast of
soft X-rays, the last example will reveal the increased sensitivity

concerning magnetic states and magnetic contrast in the case
of the L-absorption edges of transition metals.
Until recently, most of the X-ray microscopy investigations

of magnetic materials have been carried out with 2D methods,
such as, e.g., STXM,42 holography,43 and photoemission
electron microscopy.44,45 Recent developments in hard X-ray
magnetization vector CT46 and in the reconstruction
algorithms47,48 have allowed for the achievement of 3D
magnetic imaging of bulk-like samples.46

However, hard X-rays are not the most efficient choice for
X-ray magnetic imaging, especially for transition-metal-based
magnetic materials, as their K absorption edges exhibit an
extremely low X-ray magnetic circular dichroism (XMCD)
asymmetry.49,50 Instead, the L2 and L3 absorption edges, which
find themselves in the soft X-ray energy range, exhibit XMCD
asymmetries up to 20−30%,51 making these energies a prime
choice for the magnetic imaging of these materials. Previous
work based on soft X-ray tomography has already successfully
demonstrated the investigation of 3D magnetic structures but
facing as well the limitations concerning the size, shape, and
risk of collision of conventional tomographic imaging as
described above.52

Recently, laminography has been applied to three-dimen-
sional magnetic imaging in the hard X-ray regime, demonstrat-
ing the successful reconstruction of the three components of
the magnetization vector field with only one axis of rotation.53

As a result, the development of SoXL provides an opportunity
to combine the advantages of the laminography geometry for
magnetic imaging with the high XMCD signal found in the soft
X-ray range. This allows for the determination of the magnetic
configuration of both 3D topological structures predicted to
occur in thin magnetic discs,54 as well as patterned three-
dimensional magnetic nanostructures, which are predicted to
exhibit new curvature-induced magnetic textures and dynam-
ical properties, making them promising candidates for future
technological applications.55

To assess the performances of SoXL with respect to 3D
magnetic imaging, a magnetic laminogram of a 150 nm thick
Ni81Fe19 (permalloy, Py) disc with an average diameter of 835

Figure 5. Three-dimensional magnetic laminography reconstruction of a 150 nm thin permalloy disc (A). The out-of-plane (Mz) magnetic
configuration features concentric perpendicularly magnetized ring domains. The cross section through the reconstructed volume illustrates a
transition between two different magnetic states from the top (4 ring domains) to the bottom of the disc (5 ring domains). Neél closure caps can
be seen at the top surface of the disc shown in part B, which is virtual at the height shown with the dashed line in the cross section of part A. Bloch
domain walls at the center of the disc can be seen in part C, which is a virtual cut at the height shown with a dotted line in the cross section of part
A. The color bar shows the in-plane magnetization direction.
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Witte, K., et al., Nano Lett., 20, 1305−1314 (2020)


Hierro-Rodriguez, A., et al., Nat. Comm., 11, 6382 (2020)

• Naturally thin or nanofabricated samples


• Multiple projections to reconstruct 3D magnetization vector distribution measured with single 
rotation axis


• Challenging to introduce complex sample environment

Reconstruction of the magnetic structure of a permalloy nanodisc

Great talk by Claire Donnely on 3D imaging (LINXS seminar) 
https://www.youtube.com/watch?v=K4jQlE0HaHs

Soft x-ray resonant laminography (TM L3 edge or RE M-edge) 

https://www.youtube.com/watch?v=K4jQlE0HaHs
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Time-resolved imaging

Stroboscopic pump-probe imaging: synchronized x-ray and excitation pulses (magnetic field, laser pulses, etc.)

Stevenson, S. E., et al., PRB 87.5: 054423.(2013) 
Bukin, N., et al.., Sci. Rep.: 6, 36307 (2016)

Sub-100 ps imaging of periodic phenomena 
PEEM, STXM, holography, 3D methods, etc.  
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Time-resolved imaging

https://www.psi.ch/en/swissfel

Please, watch this (5min) movie about SwissFEL 
https://www.youtube.com/watch?v=P2CG69hRYR8

Time resolution is limited by the pulse duration
Need high-flux x-ray source with fs pulses to study spin dynamics at atomic scales:  
x-ray free-electron laser 

https://www.youtube.com/watch?v=P2CG69hRYR8
https://www.youtube.com/watch?v=P2CG69hRYR8
https://www.youtube.com/watch?v=P2CG69hRYR8
https://www.youtube.com/watch?v=P2CG69hRYR8
https://www.youtube.com/watch?v=P2CG69hRYR8
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ordering and relevant dynamics is of fundamental interest
[7] and is important for tailoring and utilizing their prop-
erties in nanotechnology. However, experimental studies of
these materials on both the relevant length and time scales
have been limited. XFELs such as the Linac Coherent
Light Source (LCLS) [8] promise to fill this gap by giving
access to nanoscale phenomena at time scales pertinent to
the motion of atoms, charges, and spins. Although coherent
x-ray scattering can yield spatial frequency information
[9], imaging is necessary to recover the complete real-
space structure. Consequently, single-shot imaging has
become an essential tool in the study and characterization
of transient states during both stochastic and deterministic
ultrafast, nanoscale dynamics. In particular, single-shot
imaging is vital in the study of speed limits in technologi-
cal processes [10,11] since it can elucidate the involved
transient states where such temporal processes cease to
be repeatable [12].

While the attainable resolution in single-shot coherent
diffractive imaging is typically determined by photon flux,
the onset of radiation damage will render imaged states
meaningless. It has been proposed that with short femto-
second pulses, one can outrun the damage processes and
obtain atomic length scale structural information before
atomic motion sets in [1]. This concept was recently dem-
onstrated by recovering the structure of protein nanocrystals
with 70 fs and shorter x-ray pulses [5]. However, even
before internal Coulomb forces start moving the atoms
apart, the faster processes of photoabsorption and photo-
ionization with subsequent screening, Auger decay, and
secondary electron cascades set in within a few femtosec-
onds, and can dramatically change the electronic response
[13,14]. Any x-ray induced electronic damage will therefore
dictate the time frame in which the image of the underlying,
nanoscale valence electronic structure must be captured.

Here we demonstrate single-shot imaging of the spin-
resolved electronic structure of the 3d valence shell in a
nanoscale-ordered magnetic film. For 80 fs pulses, no mani-
festation of damage is observed during the pulse. For the
longer 360 fs pulses, demagnetization due to the thermal-
ization of electrons and subsequent equilibration with the
spin reservoir and the lattice is observed during the pulse.
Using resonant x-ray spectroholography [15] combined with
sample spatial multiplexing [16], we achieve an imaging
fluence threshold of 5 mJ=cm2 which corresponds to
4! 105 photons=!m2. This fluence is smaller by a remark-
able 5 orders of magnitude than that used in destructive
x-ray crystallography experiments at hard x-ray wave-
lengths [5,6]. The damage threshold is 25 mJ=cm2, above
which the x-ray pulse induces irreversible changes after the
pulse through heating on picosecond time scales.
Nondestructive and repeatable single-shot imaging is pos-
sible in the regime between these two thresholds. Future
ultrafast studies of the spin system can therefore combine
pump-probe techniques using variable time delays with a

sequence of snapshots captured on a single sample, thereby
generating a femtosecond ‘‘movie’’ of excited state
dynamics.
We record individual diffraction patterns from a

magnetic sample with an integrated holographic mask
(Fig. 1), referred to as single-shot x-ray spectroholo-
graphy. For the experiments we chose sputter-deposited
Ta1:5 nmPd3 nmðCo0:5 nm=Pd0:7 nmÞ40Pd2 nm multilayers on
Si3N4 membranes which have been studied extensively
as a candidate system for perpendicular recording media
[17,18]. When demagnetized in an external perpendicular
ac field, the samples show a metastable configuration of
ferromagnetic labyrinth-like nanoscale stripe domains of
100 nm in width, which sensitively depend on both exter-
nal and internal parameters [17]. An 800 nm thick Au film,
opaque to soft x rays, is sputtered on the back side of the
membrane. A focused ion beam is then used to mill a
1:45 !m field-of-view (FOV) aperture through the Au
with five or fifteen 100 nm diameter reference holes milled
through the entire sample, forming the holography mask.
By tuning the LCLS x-ray pulses to the Co L3 absorption

resonance, the spin orientation in the ferromagnetic do-
mains is resolved through the x-ray magnetic circular
dichroism effect [19]. X-ray pulses of up to 1.87 mJ are
sent through a grating monochromator to select the photon

FEL pulses at 
778.8eV, Co 

L3 edge

CCD

Co polarizer
M FFT

(a) (b)

(c)

E

E
60°

Sample

FIG. 1 (color). The experimental setup. (a) Scanning electron
microscopy image of a 15-reference gold holography mask,
showing the aperture and the references. Samples with 5 refer-
ences contain the inner ring of references only. The sample
aperture diameter is 1:45 !m (two markers), and the references
are 100 nm in diameter. (b) A CCD camera located 490 mm
downstream (numerical aperture of 0.028) records the spectro-
hologram in the far field. A tungsten carbide beam stop is used to
block the direct transmitted beam to prevent damage to the
detector. (c) Reconstruction of the initial magnetic domain state
from a low-fluence-accumulated spectrohologram with 58%
circularly polarized x-ray pulses (< 2 mJ=cm2). The dark and
light regions are 100–150 nm wide domains with opposite out-
of-plane magnetization directions.
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thresholds will further extend the current spatial
resolution of 50–80 nm for nondestructive sequential
single-shot imaging. Our results open new ways to study
the nanoscale charge and spin dynamics in materials by
ultrafast x-ray laser spectroscopy.

The experiments were carried out at the SXR beam line at
the LCLS and the 13.3 beam line at SSRL using the
Resonant Coherent Imaging (RCI) end station; both national
user facilities are operated by Stanford University on behalf
of the U.S. Department of Energy, Office of Basic Energy
Sciences. The SXR instrument is funded by a consortium

whose membership includes the LCLS, Stanford University
through SIMES, Lawrence Berkeley National Laboratory
(LBNL), University of Hamburg through the BMBF priority
program FSP 301, and the Center for Free Electron Laser
Science (CFEL). We would like to gratefully acknowledge
support from the following: U.S. Department of Energy,
Office of Basic Energy Sciences, Division of Materials
Sciences and Engineering, under Contract No. DE-AC02-
76SF00515; German Federal Ministry for Education and
Research under Contract No. BMBF-05K10KTB; DFG
within SFB925 and the Excellence cluster ‘‘Frontiers in
Quantum Photon Science’’; ETH Zürich; CNRS via the
PEPS SASELEX (Soutien aux activités scientifiques
françaises autour des lasers à électrons libres émettant des
rayons X); and FCT, Portuguese Foundation for Science and
Technology.
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432, 885 (2004).

[16] W. F. Schlotter et al., Appl. Phys. Lett. 89, 163112 (2006).
[17] O. Hellwig, G. P. Denbeaux, J. B. Kortright, and E. E.

Fullerton, Physica (Amsterdam) 336B, 136 (2003).
[18] O. Hellwig, A. Berger, J. B. Kortright, and E. E. Fullerton,

J. Magn. Magn. Mater. 319, 13 (2007).
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FIG. 4 (color). Fluence thresholds and image correlations in
single-shot images with 360 fs pulses. (a) Fluence plot of the
single-shot series. The blue markers represent pulses that are
above the statistical threshold of 5 mJ=cm2 for spectroholo-
graphic imaging. The red marker represents the pulse with
sufficient fluence to induce irreversible changes in the sample.
Gray markers indicate pulses that are below the imaging thresh-
old. Error bars indicate uncertainty due to shot noise.
(b)–(c) Average reconstruction from shots 12 to 23 and recon-
struction from shot 24. (d)–(e) Average reconstruction from shots
25 to 31 and reconstruction from shot 33. Line cuts show good
agreement of the domain patterns shot to shot.
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267403-5

XFEL experiment@LCLS: single-shot imaging 

Damage of the spin structure by the pulses longer than 80 ps! -> 
non-linear interaction of x-rays with electronic order

Wang, T., et al., PRL 108, 267403 (2012)

Time resolution is limited by the pulse duration
Need high-flux x-ray source with fs pulses to study spin dynamics at atomic scales:  
x-ray free-electron laser 



TECHNIQUES
Time-resolved imaging

Time resolution is limited by the pulse duration
Need high-flux x-ray source with fs pulses to study spin dynamics at atomic scales:  
x-ray free-electron laser 

Synchrotron-based FTH imaging:
XFEL SAXS experiment

Nucleation of magnetic skyrmions by optical laser pulses: 
time scale >10 ps

Büttner, F., et al. Nature Materials 20, 30–37 (2021)



SUMMARY
Comparison to other magnetic imaging techniques

Method Probe Spatial 
resolution

Temporal 
resolution

Magnetization 
direction

Sample type Instrument 
type

Kerr 
microscopy

Optical 
photons

Fair (>300 nm) Very good (fs) Any Surface 
(Kerr) 
Thin film 
(Faraday)

Lab.

Lorentz TEM 
(+DPC, 
holography, 
etc.)

Electrons Very good  
(<10 nm)

Good (ps) In-plane Thin film Lab.

MFM Cantilever Good (10-100 
nm)

Bad (min) Out-of-plane Surface Lab.

Neutron 
imaging

Neutrons Bad (µm) Bad (min) Any Bulk Neutron 
source

PEEM X-rays + 
Electrons

Good (10-100 
nm)

Good (ps) Out-of-plane (NI) 
In-plane (GI)

Surface Synchrotron

STXM (+ 
holography, 
ptychography, 
etc.)

X-rays Good (10-100 
nm)

Good (ps) Out-of-plane Thin film 
‘thinned 
bulk’ <1 µm

Synchrotron
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Where?

Lightsources of the World
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Where?

…and of Europe

https://www.wayforlight.eu/

https://www.wayforlight.eu/


SUMMARY
When?

https://lightsources.org/for-users/proposal-deadlines/

Facility Deadline

CHESS (USA)

Pohang XFEL (Korea Rep.)

Canadian Light Source (Canada) 
European XFEL (Germany)

2022/12/20  
2022/12/31 
2022/12/31

2022/12/29

MAX IV (Sweden) 
ESRF (France) 
PETRA-III (Germany) 
BESSY-II (Germany) 
APS (USA) 
SwissFEL (Switzerland) 
ALS (USA) 
SLS (Switzerland) 

2023/02/28 
2023/03/01 
2023/03/01 
2023/03/01 
2023/04/17 
2023/06/30 
2023/07/31 
to be announced (SLS 2.0 upgrade is upcoming)

Committee decision ~2-3 months after the proposal submission deadline 
Beamtime ~4-12 months after the proposal submission deadline

https://lightsources.org/for-users/proposal-deadlines/


SUMMARY
Beamlines (example)

https://www.wayforlight.eu/

Method Beamline Facility Energy range Magnetic field Temperature range

PEEM SIM 
SPEEM@UE49-PGM 
I06 
CIRCE 
HERMES 

SLS PSI,  Switzerland 
BESSY II, Germany 
Diamond, UK 
ALBA, Spain 
SOLEIL. France 

90-2000 eV 
100-1800 eV 
100-1300 eV 
100-2000 eV 
70-2500 eV

~100 mT 
~100 mT 
available 
available 
available

120-800 K 
45-600 K 
100-1900 K 
100-1500 K 
150-2000 K

TXM MISTRAL 
SPEEM@UE41-PGM

ALBA, Spain 
BESSY II, Germany

270-1200 eV 
180-2800 eV

2 mT 
no

105-300 K 
100-300 K

STXM POLLUX 
HERMES 
MAXYMUS

SLS PSI,  Switzerland 
SOLEIL. France 
BESSY II, Germany

250-1600 eV 
70-2500 eV 
200-1900 eV

200 mT 
20 mT 
250 mT

280-400 K 
150-600 K 
30-350 K

Holography / coherent 
diffraction imaging in 
transmission

ALICE-2 
COMET@SEXTANTS 
MaReS@BOREAS

BESSY II, Germany 
SOLEIL, France 
ALBA, Spain

depends on beamline 
50-1700 eV  
50-4000 eV

700 mT 
1000 mT 
2000 mT

10-350 K 
30-800 K 
20-400 K

https://www.wayforlight.eu/


SUMMARY
Summary

• Real-space imaging of magnetization down to (sub)10 nm is possible using resonant x-rays


• Element selectivity is naturally provided


• Complex sample environment (high vacuum, cryogenic temperatures, magnetic fields, optics, 
etc.)


• Naturally thin or nanofabricated samples or surfaces


• Coherent imaging has great potential to push the resolution to ~1 nm limit 


• Three-dimensional imaging is possible


• Time-resolved imaging (sub-100 ps routinely, fs time scale at FELs) is possible




SUMMARY
Further reading/watching

• Fundamentals of magnetic dichroism, sum rules, etc. 
Stöhr, J. "X-ray magnetic circular dichroism spectroscopy of transition metal thin films." Journal of Electron Spectroscopy and Related Phenomena 75 (1995): 253-272. 
van der Laan, G., and Figueroa, A. I.. "X-ray magnetic circular dichroism—A versatile tool to study magnetism." Coordination Chemistry Reviews 277 (2014): 95-129.


• Resonant x-ray scattering 
Fink, J., et al. "Resonant elastic soft x-ray scattering." Reports on Progress in Physics 76.5 (2013): 056502. 
Paolasini, L., and de Bergevin F. "Magnetic and resonant X-ray scattering investigations of strongly correlated electron systems." Comptes 
Rendus Physique 9.5-6 (2008): 550-569.


• X-ray magnetic imaging 
Fischer, P.. "Magnetic imaging with polarized soft x-rays." Journal of Physics D: Applied Physics 50.31 (2017): 313002.  
Reeve, R. M., et al. "Magnetic imaging and microscopy." Handbook of Magnetism and Magnetic Materials (2020): 1-52.


• Coherence 
Nugent, K. A. "Coherent methods in the X-ray sciences." Advances in Physics 59.1 (2010): 1-99. 
Munro, P. "Coherent x-ray imaging across length scales." Contemporary Physics 58.2 (2017): 140-159. 
LINXS Webinar CoWork series on YouTube https://www.youtube.com/playlist?list=PLoa4trwK2Db7kaHauxrN9KhPYgS44Oo8Y


• Dynamics 
Raftrey, D., and Fischer, P. "Advanced magnetic X-ray spectro-microscopies to characterize mesoscopic magnetic materials." Journal of 
Magnetism and Magnetic Materials 545 (2022): 168734. 

Huang, N., et al. "Features and futures of X-ray free-electron lasers." The Innovation 2.2 (2021): 100097.    

https://www.youtube.com/playlist?list=PLoa4trwK2Db7kaHauxrN9KhPYgS44Oo8Y
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HZB photon school (with practicals!)
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