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Magnetic imaging

Introduction



Spin resolved PhotoElectron Emission Microscope

Spectromicroscopy  & Magnetic imaging on the nanometer scale

SPEEM:   

ǒspatial resolution ~ 25nm

ǒenergy analyzer (ȹE<0.3eV)

ǒanalysis of all three spin components

ǒtime resolved pump-probe experiments

ǒtemperature control (60 ï600K)

Beamline:

ǒspectral resolution E/ȹE  @ 700eV ~10000

ǒphoton flux: 1011 to 1013 ph/s/100mA 

ǒspot size 5 x 16µm

ǒspectral range 80 ï1800eV
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Special sample holders for:

Temperature control

Magnetic field

Electric field

Transport measurements

Laser optics (micro focus)

Customized sample holders



Upgrade of the manipulator by a lHe cryostat

Extendend temperature range down to 45K

Cooling upgrade in 2013



outline

-> Nanoparticles and 3d objects

Thin films and wedge profiles

PEEM with laser excitation

XPS PEEM & SW excitation



outline

-> Nanoparticles and 3d objects

Characterization of individual nanoparticles

PEEM in transmission mode / shadow contrast of 3d objects

Thin films and wedge profiles

XPS PEEM & SW excitation

PEEM with laser excitation



Magnetic Nanoparticles 

ÅBiomedical diagnostic and therapeutic applications 

ĄThey can save lives.

ÅMagnetic data storage media and sensors

ÅMultifunctional Materials



Structure-function relationship

Individual magnetic properties depending onEnsemble measurements vs.

-composition

-size

-shape 

-orientation

-configuration

- particle interactions
Superparamagnetism

Kani * Vparticle ~ kBT
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particle diameter (nm)

30 nm

C.B. Murray, MRS Bulletin (2001) U. Wiedwald, Ph. D. Thesis, 

University Duisburg-Essen (2004)

Synthesis and size distribution



Magnetic colloid Fe

Spin-coating

by spin-coating onto a Si wafer 

or ñSelf-Assemblyò

Preparation of two dimensional nanoparticle arrays



Two dimensional array of reduced 18nm Fe-cubes

SEM
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Addressing individual nanoparticles with PEEM and SEM

PEEM

Demands on sample:

- particle separation ~ 100nm

- position markers, to identify    

particle configurations by SEM

- narrow marker array, as small width as possible 



Magnetic micro-spectroscopy of a single dimer
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X-ray Magnetic Circular Dichroism (XMCD)

- element specific

- magnetization sensitive / quantitative
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F.Kronast et al.,Nano Lett. 2011, 11, 1710ï1715



Magnetic hystersis of a single dimer

F.Kronast et al.,Nano Lett. 2011, 11, 1710ï1715

Åaquisition time 8-20h

ÅPEEM fov 3-5µm

Åsimultaneous recording of 

several 100 hystersis

photon energy

magnetic field

PEEM / XMCD

1µm

SEM

Au-marker

PEEM



Recording hysteresis of individual Fe nanocubes

F.Kronast et al.,Nano Lett. 2011, 11, 1710ï1715
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After normalization the  Fe L3 XMCD signal 

is proportional to the average magnetic 

moment per Fe atom in each configuration



Recording hysteresis of individual Fe nanocubes

Movie: In this movie, the read out of the XMCD signal for three different

particle configurations and the resulting hysteresis loops are illustrated.

F.Kronast et al.,Nano Lett. 2011, 11, 1710ï1715
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PEEM allows parallel acquisition of many hysteresis
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Systematic investigation of different  nanocube configurations
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Systematic investigation of different  nanocube configurations
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Systematic investigation of different  nanocube configurations



material parameters for (bcc) Fe : 

A = 21 pJ/m (exchange constant) 

m0Ms = 2.15 T (Ms: saturation magnetization).

<100>

<110>

F.Kronast et al.,Nano Lett. 2011, 11, 1710ï1715

strongly reduced coercitive field close to the 

blocking temperature 

dipolar coupling enhances

shape anisotropy and increases blocking 

temperature

evidence for magnetocrystalline anisotropy

complex switching in non-collinear 

alignments

Micromagnetic simulations for selected configurations



outline

Three-dimensional magnetization configurations in core-shell nanotubes



Sources of topographical contrast in PEEM

IBM J. RES. DEVELOP. VOL. 44 NO. 4 JULY 2000

J. STÖHR AND S. ANDERS

Field distortion and different emission angels

cause imaging artifacts

Imaging 3d nanomagnets

J. Kimling, F. Kronast, et al., PRB 84, 174406 (2011)

Transmitted x-rays probe bulk magnetization 

with enhanced spatial resolution (works for

structure sizes 50nm ~ 400nm)



J. Kimling, F. Kronast, et al., PRB 84, 174406 (2011)

Probing bulk and surface in coaxial nanomagnets

Iron oxide tube partially

filled with a nickel core (SEM)

XAS spectra recorded on the wire (A),

In the shadow of the empty tube (B)

In the shado of the Ni core (C)



J. Kimling, F. Kronast, et al., PRB 84, 174406 (2011)

Ni L3 edgePEEM image / Iron L3 edge

magntic contrast 

(measured in remanence

after applying different 

field values)

Magnetization reversal in coaxial nanomagnets

parallel state

Fe3O4 tube magnetization

tilted

multi-domain state

parallel state



J. Kimling, F. Kronast, et al., PRB 84, 174406 (2011)

Individual magnetization configurations in coaxial nanomagnets

Ni core: low magnetic anisotropy ï

dominant shape anisotropy

magnetic moments align along the axis

magnetization reversal by domain wall motion

Fe3O4 tube:  competition between

magentostatic energy, exchange energy,

and magnetocrystalline anisotropy

Magnetostatic energy prefers

magnetization curling radially 

Exchange energy prefers 

magnetization parallel to the Ni core

Fe3O3 tube magnetization 

virgin state    saturated state

In 3d nanostructures PEEM can image the 

surface and transmitted X-rays simultaneously



Azimuthal180deg domains
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Magnetic patterns in ferromagnetic tubes

Streubel, DM et al., Adv. Mat. 26, 316 (2014)

Mei et al., Adv. Mater. 20, 4085 (2008)

Strain engineering

Streubel, DM et al., SPIN 3Σ моплллм όΨмоύ ϧ Adv. Mat.26Σ омс όΨмпύ & Nano Lett.14Σ офум όΨмпύ 



Compact sensorics for 
magneto-encephalography 

Azimuthal 180deg domains
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Magnetic patterns in ferromagnetic tubes

Streubel, DM et al., Adv. Mat. 26, 316 (2014)
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Collaboration:R. Schäfer (IFW-IMW); F. Kronast (BESSY II); P. Fischer (ALS Berkeley)



Magnetic patterns in ferromagnetic tubes

R. Streubel, F. Kronast, et al, Nat. Comm. accepted (2015)



azimuthal helical

side viewside view

Ç Considering azimuthal and helical magnetization

Ç Precise spatial orientation of tube

Ç Angle series reveals distinguishable features

Modeling the XPEEM shadow contrast

R. Streubel, F. Kronast, et al, Nat. Comm. accepted (2015)



azimuthal helical

side viewside view

Ç Considering azimuthal and helical magnetization

Ç Precise spatial orientation of tube

Ç Angle series reveals distinguishable features

120 deg

Modeling the XPEEM shadow contrast

R. Streubel, F. Kronast, et al, accepted at Nat. Comm. (2015)



Ç Proper choice of sample for development of measurement technique

Ç Post-processing of acquired data (development of reconstruction algorithm)

o Accounting vector properties of magnetization

Magnetic Soft X-ray Computed Tomography

R. Streubel, F. Kronast, et al, Nat. Comm. accepted (2015)
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Nanoparticles and 3d objects

-> Thin films and wedge profiles

Exchange bias

Phase transition

XPS PEEM & SW excitation

PEEM with laser excitation
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HEB

Hc Broadening

(Enhanced Coercivity)

Shift 

(Exchange Bias)

Challenges

ÅUnderstand its microscopic origin

ÅInfluence of finite size effect

ÅTraining effects

ÅAccess to the AFM-FM interface

Åé

Applications

ÅPermanent magnets

ÅHard disk drives

ÅMagnetic random access memories

Åé

Exchange Bias

Magnetic interaction exerted  

by the antiferromagnet (AFM) 

onto the ferromagnet (FM)

Þ

Only one stable configuration 

for the direction

of the FM magnetization



Magnetic switching of the Co layer

FeMn                    

Cu                        

Co

25 mm field of view
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Extracting hysteresis loops of individual pixelsé

Hysteresis loops of individual pixels



J. Herrero-Albillos, F. Kronast, L. Bismaths, C. Papp, and C. Fadley, unpublished

Exchange

biasCoercivity

H

M

HEB

Hc

éto calculate the lateral distribution of coercivity & exchange 

bias



Magnetization

Coercivity

Exchange bias

ÅDomain pattern in the Co layer

(as grown Co magnetization far from saturation)

Ý Small Exchange Bias.

ÅExchange bias mimics the as grown Co magnetization:

Imprinted FM domains on the AMF layer

Imprinting of ferromagnetic domains



temperature-driven AF- FM phase transition in FeRh thin films

Baldasseroni et al. APL 100, 262401 (2012)

temperature

Mag. field

strain



L.C.Phillips et al., Nature Scientific Reports, 5, 10026 (2015)

Using strain and charge from ferroelectric BaTiO3 to control the 

magnetic phase of FeRh



L.C.Phillips et al., Nature Scientific Reports, 5, 10026 (2015)

Electric field / strain controlled AF/FM phase transition on FeRh



Electric field control of 

magnetic properties at room 

temperature

Å Electric-field controlled spintronics

Å Multi-state data storage

Å Low power dissipation

BTO
FeRh

R. O. Cherifi et al., Nature Materials, 13, 345-351 (2014)

Electric field / strain controlled AF/FM phase transition on FeRh



Ewerlin et al. PRL 110, 177209 (2013)

Magnetic ordering in 2d macrospin arrays

Square lattice of Pd0.87Fe0.13 islands



Ewerlin et al. PRL 110, 177209 (2013)

Two-step phase transition

Tc = 260K

Pole interaction ~ 160K



3
6

0
3

4
0

3
2

0
3

0
0

2
8

0
2

6
0

2
4

0
2

2
0

2
0

0
1

8
0

1
6

0
1

4
0

360340320300280260240220200180160140

-60

-40

-20

0

20

40

60

x
1

0
-3 

210 K

3
6

0
3

4
0

3
2

0
3

0
0

2
8

0
2

6
0

2
4

0
2

2
0

2
0

0
1

8
0

1
6

0
1

4
0

360340320300280260240220200180160140

-60

-40

-20

0

20

40

60

x
1
0

-3 

185 K

380

360

340

320

300

280

260

240

220

200

180

160

140

120

350300250200150

160 K

3
6

0
3

2
0

2
8

0
2

4
0

2
0

0
1

6
0

360320280240200160

1µm

Ewerlin et al. PRL 110, 177209 (2013)

Higher pole interaction lead to the formation of 

Characteristic string patterns.

Two-step phase transition



F. M. Römer, F. Kronast, et al., Appl. Phys. Lett. 96, 122501 (2010)

Spatially resolved measurements of  AC-susceptibility

Synchronizing the camera with an alternating magnetic field
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outline

Nanoparticles and 3d objects

Thin films and wedge profiles

-> PEEM with laser excitation

laser induced switching in TbFeCo, GdFeCo

XPS PEEM & SW excitation
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Ti-Sapphire Laser

Femtolasers XL 300

300nJ Pulse energy

80fs pulse duration

Synchronization unit 

Adjustable pump-probe delay

Pulse picker 2.5Mhz -> single pulse

SPEEM Laser system



X-raylaser

Experimental site at BESSY II



Laser heating and the effect of circular polarization acting as effective magnetic field?

Or laser heating as a sufficient stimulus for magnetization reversal in a ferrimagnet?

All optical switching in ferrimagnetic thin filmsTbFeCo / GdFeCo

Stanciu et al.,

Physical Review Letters 99, 047601 (2007)

Mangin et al.,

Nature Materials DOI: 10.1038/NMAT3864 (2014)

M. Finazzi et al, 

Physical Review Letters 110, 177205 (2013)



New possibilities for PEEM

Excitations of magnetic states on the micrometer-scale

Local heating -> thermomagnetic effects

Observation of plasmonic effects

L. Gierster et al., Rev. Sci. Inst., 86, 023702 (2015)

Using a sample holder with integrated laser optics


