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Topological spin orders in magnetic materials
INTRODUCTION

G. Börge, I. Mertig, and O. A. Tretiakov. Physics Reports 895, 1-28 (2021)

Particle-like spin objects hosting “topological charge”: a zoo of the topological spin textures

Theoretically proposed topological spin orders:

Discovered in bulk materials



Topological spin orders in magnetic materials
INTRODUCTION

Electrons adiabatically traversing the topological 
spin texture adapt to the local M and acquire a 
quantum-mechanical Berry phase

• Topological spin textures and emergent fields

Topological contribution to the Hall resistivity:

normal anomalous topological

The effective field in MnSi (skyrmion size of 15 nm)

generated by the applied field of 0.3 T!

Ritz, R., et al. Physical Review B 87.13 134424 (2013) 



Topological spin orders in magnetic materials
INTRODUCTION

Racetrack memories GHz and THz nano-oscillators 

Unconventional computing 
K.  Everschor-Sitte, et al. J. Appl. Phys. 124, 240901 (2018)

K.  Everschor-Sitte, et al. AIP Advances 8, 055602 (2018)

C. Jin, et al. Phys. Rev. App. 9, 044007 (2018) Y. Li, et al. Phys. Rev. Res., 2, 033006 (2020)

K.M. Song, et al. Nature Electronics 3, 3 148-155 (2020)

• Potential applications



INTRODUCTION
Resonant x-rays for magnetism

Polarised x-rays - a tool to study static and dynamics magnetic orders 

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

XMCD microscopy, diffraction, 
scattering, etc.

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

contrast mechanism for ‘soft’ x-rays (~100-2000 eV) - XMCD 



-0.1  -0.075 -0.05 -0.025 0     0.025 0.05  0.075 0.1   
-0.1  

-0.075

-0.05 

-0.025

0     

0.025 

0.05  

0.075 

0.1   

450

500

550

600

650

700

750

800

850

900

950

1000

INTRODUCTION
Resonant x-rays for magnetism (scattering)

• 3d-2p transition is used for resonant scattering and diffraction: L2,3 edges of TM correspond to soft x-rays in the energy range of 
460 (Ti L3) – 950 eV (Cu L2) and wavelength range ! ~ 13-27 Å 

• Resonant x-rays allow both reciprocal (scattering) and real-space (imaging) 
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Method for Single-Shot Coherent Diffractive Imaging of Magnetic Domains

Samuel Flewett,1 Stefan Schaffert,1 Jyoti Mohanty,1 Erik Guehrs,1 Jan Geilhufe,2

Christian M. Günther,1 Bastian Pfau,1 and Stefan Eisebitt1,2

1Institut für Optik und Atomare Physik, Technische Universität Berlin, Straße des 17. Juni 135, 10623 Berlin, Germany
2Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Hahn-Meitner-Platz 1, 14109 Berlin, Germany

(Received 16 November 2011; published 29 May 2012)

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

2.2 REXS in Reflection Geometry 45
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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

Thickness (nm)

1 µm-thick Cu2OSeO3Limited by a few 100s of nm

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

Rather weak effect (need a  
bright x-ray source)



Small-angle scattering: a tool to study nanometric orders
INTRODUCTION

λ~5 Å
d~800 Å
θ~0.2o - small!

https://www.psi.ch/sinq/sansi/components
Yamasaki, Y., et al., PRB 92.22 (2015): 220421

Also known as: 

Resonant Elastic X-ray Scattering (REXS) 
X-ray Magnetic Resonant Scattering (XRMS) 
Resonant X-ray Magnetic Scattering (RXMS) 
Soft X-ray Magnetic Resonant Scattering (SXRMS) 
Resonant Magnetic Small-angle X-ray Scattering 
(RMSAXS) 
Small-angle Resonant Elastic X-ray Scattering 
(SAREXS) 
Transmission REXS (T-REXS) 
Anomalous Small-angle X-ray Scattering (ASAXS) 
Resonant Soft X-ray Scattering (RSoXS), etc.

typical SANS setting 

Large instrument!  
! ~ 13-27 Å

pixel size ~ 1x1 cm2 

pixel size ~ 15x15 µm2 

SANS (neutrons) SAXS (resonant x-rays)



Sample preparation for soft x-ray experiment 
EXPERIMENTAL

• Sample size and shape are adjusted according to the attenuation length of soft x-ray beam  
(~50 - 1000 nm thick for TM) and desire to use the coherence (aperture size of 1-20 µm)   

• Method: thin plates prepared by Focused Ion Beam (FIB) milling 

Thermal evaporation of Au with the help of
Eugen Deckardt (LMN PSI)

Zeiss Nvision 40 at EMF PSI

Commercial membranes (Silson Ltd., UK)

Zeiss NVision  
at EMF PSI

1 µm Au-coated 
Si3N4 membranes

Silicon nitride is almost transparent for soft x-rays
50 - 500 nm



Sample preparation for soft x-ray experiment 
EXPERIMENTAL

Bulk single crystal (FeGe)

Thinning process (100-200 nm) Making an aperture and specimen attachment to SiN membrane

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.

(C) 2013 OSA 16 December 2013 | Vol. 21,  No. 25 | DOI:10.1364/OE.21.030563 | OPTICS EXPRESS  30566
#196549 - $15.00 USD Received 27 Aug 2013; revised 30 Oct 2013; accepted 20 Nov 2013; published 5 Dec 2013

Si3N4 membrane: thickness of 
200 nm (transparent for soft 
X-rays)

c

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.

(C) 2013 OSA 16 December 2013 | Vol. 21,  No. 25 | DOI:10.1364/OE.21.030563 | OPTICS EXPRESS  30566
#196549 - $15.00 USD Received 27 Aug 2013; revised 30 Oct 2013; accepted 20 Nov 2013; published 5 Dec 2013

Coating membrane with a few 
micron of Au to block the beam

Membrane preparation Specimen preparation by FIB

For soft X-ray holography a reference object (i.e. hole, slit, etc.) should be prepared. 
The real-space resolution is limited by the feature size. Limit for Ga-ion beam ~30 nm. 

Büttner, F., et al., Optics express, 
21(25), pp.30563-30572.

30 µm

(a)(a) (b) (c)

30 µm 10 µm

5 µm 4 µm

10 µm 5 µm

5 µm

5 µm

(d) (e) (f)

(g) (h) (k)

• Sample size and shape are adjusted according to the attenuation length of soft x-ray beam  
(~50 - 1000 nm thick for TM) and desire to use the coherence (aperture size of 1-20 µm)   

• Method: thin plates prepared by Focused Ion Beam (FIB) milling 

`



• Location: Adlershof, Berlin, Germany
• Operator: Helmholtz-Zentrum Berlin für Materialien und Energie 

(Financing: 90% federal government, 10% State of Berlin)
• Commissioned: September 1998  

• Upgrades: October 2012: Top-up mode and fast-orbit feedback
• Circumference: 240 metres
• Bending magnets: 32
• Beam tubes: approx. 45
• Electron energy: 1.7 gigaelectronvolts (GeV)
• Nominal beam current: 300 milliamperes (mA)
• Energy of the synchrotron radiation: 1 to 150 kiloelectronvolts (keV)
• Duration of the light pulse: 20 picoseconds (after the upgrade to 

BESSY VSR: 1.5 and 15 ps)  

• Measurement time per year: 40 weeks p.a., approx. 6,600 hours or 
800 shifts p.a. (2017)

• User visits from guest researchers: 3,000 p.a.
• Strategic partners: Max Planck Society, PTB, BAM, Berliner 

universities

https://www.helmholtz-berlin.de/forschung/quellen/bessy/bessy-in-zahlen_en.html

BESSY-II, Helmholtz-Zentrum Berlin for Materials and EnergyEXPERIMENTAL

https://www.helmholtz-berlin.de/forschung/quellen/bessy/bessy-in-zahlen_en.html


https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=en&gid=1969&typoid=75136 

https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=en&gid=1937&typoid=75136 

PM-2 VEKMAG, Dep. Spin and Topology in Quantum Materials

PM-2 beamline:
• Source: Dipole
• Energy range: 20-1600 eV
• Flux:  photons/sec
• Polarization: 77% circular, linear horizontal 
• Focus: from 60x50 µm to 800x800 µm
• Beam availability: 24 h/d, 6 d/w, 40 w/y
• User beam: ~70%  

VEKMAG instrument:
• Pressure:  mbar
• Temperature: 350 mK - 500 K 
• Magnetic field: 9 T (X), 2 T (Y), 1 T (Z), up to 1 T in any 3D direction
• Sample manipulator: x, y, z, , azimuthal (ext. holder)
• Detectors: drain current: TEY, photodiodes: FY, transmission, reflection 

(z, ), 2k-CCD, 4k-CCD (scattering in transmission).
• Techniques: XAS, XMCD, XLMD, XFMR, XRMS, SAXS
• Unique capabilities: downstream deposition chamber for in-situ 

experiments and vacuum transfer; in-situ cleaving; electric transport 
capability; XFMR; SAXS; laser (to be commissioned in 2023-2024)

∼ 5 ⋅ 109

∼ 10−9

θ

2θ

Instrument scientist: Dr. Florin Radu

Dr. Victor Ukleev Dr. Chen Luo

EXPERIMENTAL

https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=en&gid=1969&typoid=75136
https://www.helmholtz-berlin.de/pubbin/igama_output?modus=einzel&sprache=en&gid=1937&typoid=75136


EXAMPLE I

The k-vector anisotropy is the 
only way to isolate the AEI 

L - Cubic invariant:

P. Bak and M. H. Jensen, J. Phys. C 13, L881 (1980) 
S.V. Grigoriev, et al. PRB 91.22, 224429 (2015)

2/3 for [111], 0 for [100]

Anisotropic k-vector in the (001) plane

High-resolution SAXS for capturing weak effects in cubic helimagnets

Conical state

Helical state

→2

Bak-Jensen model of B20s:

“weak” AEI contribution  
(a few % to D/J)

spiral wavector k = 2'/l

standard “D/J”



EXAMPLE I

What about Cu2OSeO3?

Zn-doped Cu2OSeO3 

• Recently, we proposed a SAXS-based method to unambiguously quantify the AEI constant via tuning the spiral orientation by the vector field   

• Anisotropic exchange interaction is called to explain the new tilted conical and low-T skyrmion phases in cubic chiral insulator Cu2OSeO3

S. H. Moody, et al., Phys. Rev. Research 3, 043149 (2021)

Recent data on FeGe

F. Qian, et al., Science Advances 4.9 (2018): eaat7323.

High-resolution SAXS for capturing weak effects in cubic helimagnets



Cu2OSeO3 is a P213 cubic chiral magnet with the spiral period of 60 nm

Single crystals by P.R. Baral & A. Magrez (EPFL) 

Nanofabricated sample to allow the transmission

[001]
Bin-plane

Helical state

Conical state

Skyrmion lattice →2

→2

High-resolution SAXS for capturing weak effects in cubic helimagnets

E

F

G



EXAMPLES

Individual images of the conical states with 3 deg. step Summed image at 14 K

Peaks are not lying at the same |Q|!

High-resolution SAXS for capturing weak effects in cubic helimagnets



Strongly anisotropic periodicity of the conical texture! 

Q is minimum for <100> and maximum for <110> -> F>0

Summed pattern for all vector field angles Fitted peak position

Theory by O. Utesov (IBS, Korea Rep.)

50 K vs. 14 K

High-resolution SAXS for capturing weak effects in cubic helimagnets
EXAMPLE I



Anisotropy gradually vanishes on warming to 50 K (Tc = 55 K), but a weak uniaxial distortion is present 
due to the tensile strain

F vs T

High-resolution SAXS for capturing weak effects in cubic helimagnets
EXAMPLE I

Reciprocal space resolution and 
acquisition time are superior 
compared to the neutron scattering

Dramatic increase compared 
to the Zn-doped COSO



• Flexibility in the field orientation compared to Lorentz TEM: ex-situ in-plane field on D2d Mn1.4PtSn at BOREAS 
(ALBA) 

• The spiral moves towards orthogonal-to-the-field axis - typical to cycloid/stripe domain but it is unexpected for this 
symmetry group  

• At low Ts gets more ‘cycloidal’

SAXS on single-Q and multi-Q textures in tetragonal Heusler alloy
EXAMPLE II

15 K

T. Ma, et al., Adv. Mater. 2020, 32, 2002043 

In collaboration with TU Dresden and MPI CPfS
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Tetragonal (D2d) anti-skyrmion Heusler  
alloy Mn1.4PtSn

tilting of the spiral plane by the in-plane field 

Dipolar interactions!
A. Sukhanov, V.U., et al. PRB 106, L140402 (2022)



• Full control over the in-plane spiral propagation plane via vector magnetic field at VEKMAG (BESSY-II) 

• At 300 K the spiral can be rotated freely within the tetragonal plane 

• The Q-vector anisotropy depends on the sample shape 

SAXS on single-Q and multi-Q textures in tetragonal Heusler alloy
EXAMPLE II

15 K

In collaboration with TU Dresden and MPI CPfS

Full rotation of the spiral plane by the in-plane field!

Dipolar interactions!

Hin-plane

q

VEKMAG @ BESSY-II

Summed over all azimuthal angles

T. Ma, et al., Adv. Mater. 2020, 32, 2002043 

Tetragonal (D2d) anti-skyrmion Heusler  
alloy Mn1.4PtSn



Orthogonal helices in a D2d system have 
opposite chiralities (in principle) 

 
To change the helical propagation vector 
from [100] to [010] the system goes through 
an intermediate triple-Q state

SAXS on single-Q and multi-Q textures in tetragonal Heusler alloy
EXAMPLE II In collaboration with TU Dresden and MPI CPfS

History dependence of the spiral switching: 
(1) Prepare a single domain by the 

corresponding in-plane field 
(2) Apply a finite field in the direction of k 
(3) The selected domain re-orients to the 

orthogonal direction



CONCLUSIONS

❑ Resonant SAXS is an excellent tool study long-periodic spin textures 
❑ Element selectivity is naturally provided 
❑ Flexible sample environment 
❑ Sensitive to very small sample volumes, e.g. 1 x 1 x 0.1 µm3 
❑ Requires rather complex sample preparation 
❑ Complementary to neutron scattering and electron microscopy 

❑ Allows to extract weak parameters of the spin Hamiltonian (AEI) in cubic 
chiral magnets (FeGe, Cu2OSeO3, CoZnMn, FeCoSi, etc.) 

❑ Adds new knowledge of the spin spiral behaviours in (not quite) D2d systems
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SUMMARY

Thank you for your attention!
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