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pin resolved I:)hotoEIec:tron Emiss.ion Microscope

Spectromicroscopy & Magnetic imaging on the nanometer scale
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Customized sample holders

Special sample holders for:
Temperature control
Magnetic field

Electric field

Transport measurements

Laser optics (micro focus)




Cooling upgrade in 2013

Upgrade of the manipulator by a IHe cryostat
Extendend temperature range down to 45K

- Lm| Elmitec sample =
Elmitec HV mount o U TY VT A it

feedthrough

ol ===
; T '
‘,L?i:—__._ " :;,(ll‘l' _____ . _},3

electrical isolation / thermal
contact by
10 sapphire plates

’-‘ A
k Field coil
A

N ¥

Resistive heater /
temperature sensor




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

Molecular imaging & therapy

Localized
therapy

A Biomedical diagnostic and therapeutic applications
A They can save lives.

A Magnetic data storage media and sensors

A Multifunctional Materials



Structure-function relationship

Ensemble measurements vs.
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Superparamagnetism

Kani * Vparticle ~ kBT

Individual magnetic properties depending on

-composition
-size

-shape
-orientation
-configuration

- particle interactions




Space resolved magnetospectroscopy:

dipolar interactions




Synthesis and size distribution

acid
. = Oxygen
@ = Cobant

»
. ”~ v
'°" ..G
| | | |
2 \ A
| | f AR {

d ¥ i
————
0 =2 =

Orientation

C.B. Murray, MRS Bulletin (2001)

V.

L

number of Co particles

sizedistribution:

e

6 8 10

12

14

16

particle diameter (nm)

U. Wiedwald, Ph. D. Thesis,
University Duisburg-Essen (2004)

18

20



Preparation of two dimensional nanoparticle arrays

by spincoating onto a Si wafer
or RASlSseddmbl yo

Magnetic colloid Fe

Spin-coating



Two dimensional array of reduced 18nm Fe-cubes
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Addressing individual nanoparticles with PEEM and SEM

sample nolder o+ 33mT  pemands 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)
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Magnetic hystersis of a single dimer

Aaquisition time 8-20h

APEEM fov 3-5um

Asimultaneous recording of
several 100 hystersis
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Recording hysteresis of individual Fe nanocubes
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Recording hysteresis of individual Fe nanocuk
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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, 17101 1715



PEEM allows parallel acquisition of many hysteresis
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Systematic investigation of different nanocube configurations

SEM overview
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Systematic investigation of different nanocube configurations

SEM overview

975 1000 1025 1050 1075 Dimer

3
N 01 SpOt 3
©
o 0.0
L=
(]
O 014
=
> T 1
-10 0 10
B-field (mT)
3
N 01 spot 13
g WW
:c), 0.0 ¥
(]
QO 0.1
=
x T T
-10 0 10

B-field (mT)



Systematic investigation of different nanocube configurations

SEM overview
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Ly XMCD (normalized)
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Micromagnetic simulations for selected configurations

Experiment
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material parameters for (bcc) Fe :
A =21 pJ/m (exchange constant)
mM, = 2.15 T (M saturation magnetization).
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3el Imaging part |

Three-dimensional magnetization configurations in core-shell nanotubes



Imaging 3d nanomagnets

Field distortion and different emission angels Transmitted x-rays probe bulk magnetization
cause imaging artifacts with enhanced spatial resolution (works for
structure sizes 50nm ~ 400nm)

Corresponding PEEM image

incident emitted
X-rays o.0 photoelectrons

Electron
trajectories

Topographical surface features

Sources of topographical contrast in PEEM

IBM J. RES. DEVELOP. VOL. 44 NO. 4 JULY 2000
J. STOHR AND S. ANDERS

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)

7S

XAS spectra recorded on the wire (A),
In the shadow of the empty tube (B)
In the shado of the Ni core (C)
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J. Kimling, F. Kronast, et al., PRB 84, 174406 (2011)



Magnetization reversal in coaxial nanomagnets

Fe-edge @ 707.8 eV Ni-edge @ 851.8 eV

PEEM image / Iron Ls edge Ni Ls edge

magntic contrast parallel state
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field veﬁﬁgs)g e e Fes0a4 tube magnetization
gt i e tilted
§ A
(d) -50 mT : : :
e 5 ? . .
e : st multi-domain state
=
(e)-61—n;_:i, : :
ARt e parallel state
. 1 pm ~’/_1'pm
. um dpm
| g ——

-0.1 005 0 0.05 0.1

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



Individual magnetization configurations in coaxial nanomagn

Ni core: low magnetic anisotropy i

dominant shape anisotropy

magnetic moments align along the axis

magnetization reversal by domain wall motion Fe303 tube magnetization

Fes04 tube: competition between virgin state  saturated state

magentostatic energy, exchange energy, —
and magnetocrystalline anientran (b) ()

In 3d nanostructures PEEM can image the
Magnetostatic energy pref surface and transmitted X-rays simultaneously

magnetization curling radially

Pl oL
1pm i 1 pm y 1um
Exchange energy prefers — _ e
magnetization parallel to the Ni core Hﬁ_

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



_ hiiagnetic patiennsiinféercomagnetic.ibes

Strain engineering

Pre-stressed
nanomembrane

Photoresist layer

Substrate

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

~(d) Ni - length: 100 um; @ = 12 um

Azimuthal180deg domains

Streube] DM et al. Adv. Mat.26, 316 (2014)
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Kerr effect
microscopy




_ hidiagnetic patiennsiiniéercomagaetic.tibes

Compactssensaricsfor
magneto-encephdtography

SEM

Humanc¢ Machine interface

Azimuthal 180deg domains

Streubel, DM et alAdv. Mat.26, 316 (2014)
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Kerr effect
microscopy




Shadow of the top 10 um of the tube

——

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




C Considering azimuthal and helical magnetization
C Precise spatial orientation of tube

C Angle series reveals distinguishable features

(d) Shadow contrast of an azimuthal magnetization

coakast

side view side view
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(e) Shadow contrast of a helical magnetization
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conatmast

side view side view
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C Considering azimuthal and helical magnetization
C Precise spatial orientation of tube

C Angle series reveals distinguishable features

______________ I azimuthal helical
(d) Shadow contrast of an azimuthal magnetization I (e) Shadow contrast of a helical magnetization
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T-XM

X-ray

Odeg

C Proper choice of sample for development of measurement techni

C Postprocessing of acquired data (development of reconstruction algorithm)

0 Accounting vector properties of magnetization

——

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




outline

Nanoparticles and 3d objects
-> Thin films and wedge profiles
Exchange bias
Phase transition
XPS PEEM & SW excitation

PEEM with laser excitation



Exchange Bias

Applications

APermanent magnets

AHard disk drives

AMagnetic random access memories

Aé

Challenges

AUnderstand its microscopic origin
Alnfluence of finite size effect
ATraining effects

AAccess to the AFM-FM interface
g3

M I Magnetic interaction exerted
| by the antiferromagnet (AFM)
;HC Broadening onto the ferromagnet (FM)
”_’ (Enhanced Coercivity) b

: Only one stable configuration
| Hgg | ST for the direction
~—j—|(Exchange Bias) of the FM magnetization




Magnetic switching of the Co layer
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Extracting hysteresis | oops of I ndi Vv
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Imprinting of ferromagnetic domains I

Coercivity

'

Magnetization
ADomain pattern in the Co layer ——

(as grown Co magnetization far from saturation)
Y Small Exchange Bias.

AExchange bias mimics the as grown Co magnetization:
Imprinted FM domains on the AMF layer

Exchange bias




temperature-driven AF- FM phase transition in FeRh thin films
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Using strain and charge from ferroelectric BaTiO3 to control the

magnetic phase of FeRh

(b) c T (c) T(a)
o
i}
a&ro

1 - cool through T, without V
2 - cool through T in applied V
3 - heat through T,

4 - apply V
5- remove V

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



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

ay

From c- to a,-domains
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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

A Electric-field controlled spintronics

A Multi-state data storage

A Low power dissipation

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



Magnetic ordering in 2d macrospin ar

Square lattice of Pdo.s7Feo.1s Islands

T>T, Te s To T, Ta>T

paramagnetic ferromagnetic dipolar coupled

O
O
O
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O
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Ewerlin et al. PRL 110, 177209 (2013)



Two-step phase transition
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Two-step phase transition

Higher pole interaction lead to the formation of

Characteristic string patterns.
T > TC1 TC'I} T > TCZ TCE} T

paramagnetic ferromagnetic dipolar coupled

Curie-Weiss Law

M~(T+T,)

Magnetic moment

Temperature T

140 K

Ewerlin et al. PRL 110, 177209 (2013)



Spatially resolved measurements of AC-susceptibility

Synchronizing the camera with an alternating magnetic field

Image / gate controller

A ¢.0.triggerd to B*
Y

Ucp

rt = resistance
thermometer

CCD Camera
d  Jated channel plate
I
| PEEM Optic X-ray

filament
heating

/

field coll

'————d

IN, cooled sample holder

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



Observing T.in an epitaxial Fe wedge

Fe magnetic contrast

Fe
100
saturation N InAS
magnetization o
60 | TR Ry ;
40
line profile
AC

susceptibility

x10

. XMCD (normalized)-

x10

lateral distance (um)



outline

Nanoparticles and 3d objects
Thin films and wedge profiles
PEEM with laser excitation
laser induced switching in TbFeCo, GdFeCo

XPS PEEM & SW excitation



SPEEM Laser system

Ti-Sapphire Laser

Femtolasers XL 300
- 300nJ Pulse energy
80fs pulse duration
Synchronization unit

. Adjustable pump-probe delay

5

A

-

-
= = "i’;’ '

Pulse picker 2.5Mhz -> single pulse

53



Experimental site at BESSY I




All optical switching in ferrimagnetic thin filmsTbFeCo / GdFeCo

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?

Mangin et al.,
Nature Materials DOI: 10.1038/NMAT3864 (2014)

Stan(_:iu et aI._, M. Finazzi et al,
Physical Review Letters 99, 047601 (2007) Physical Review Letters 110, 177205 (2013)



Using a sample holder with integrated laser optics

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)



