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Polarization Dependent Imaging with X-Rays

X-Ray Magnetic Circular Dichroism X-Ray Natural Linear Dichroism
Stohr et al., Science 259, 658 (1993) Ade and Hsiao., Science 262, 1427 (1993)
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X-Ray Magnetic Linear Dichroism X-Ray Natural Circular Dichroism

Stohr et al., Phys. Rev. Lett. 83, 1862 (1999)
Scholl et al., Science 287, 1014 (2000)




PEEM-II at ALS

Polarized

Full Field Imaging
Electrostatic (30 kV)

20 - 50 nm Resolution

Linear and circular polarization




PEEM Contrast Mechanisms

Topological Elemental
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to Emission Electron Microscopy - PEEM
Stohr et al. Surf. Rev. Lett. 5, 1297 (1998)
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Magnetic Spectroscopy and Microscopy

X-ray Magnetic Linear Dichroism: Antiferromagnets
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X-ray Magnetic Circular Dichroism: Ferromagnets
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Magnetic Recording Bits imaged with PEEM
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Alignment of Ferromagnetic by Antiferromagnetic Domains
Nolting et al., Nature 405, 767 (2000)
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Spectro-Microscopy of Ferromagnets on Antiferromagnets

Tune to Co edge — use circular polarization — ferromagnetic domains
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Co on NiO(001)

Bare NiO(001) NiO after deposition 2nm Co on NiO(001)

Co causes Ni spins at NiO surface to rotate into plane

AFM and FM spins couple parallel




X-Rays-in / Electrons-out - A way to study Interfaces
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Electron Signal
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Depth from Surface

FM Co -tune to Co edge — circular polarization
AFM NIO — tune to Ni edge - linear polarization

FM Ni(O) — tune to Ni edge - circular polarization
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X-Ray Picture of Exchange Bias

Co/NiO

Co

NiO

» The interface is not sharp
= AFM axis is rotated at interface
» Parallel coupling FM-AFM

= 1 ML of uncompensated “AFM” spins



A new way of magnetic switching: spin injection
MagRAM Architecture

electric current creates magnetic field spin current acts like an

“Oersted field” “Exchange field”
sensor
C
layer “”Pnt
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Weak, long range Strong, short range



Spin injection from a ferromagnet

=> NM =5
current
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T spin coherence length
o or spin flip length
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A ~ 1 nm for ferromagnets (or 10 fs)
A ~ 1 um for noble metals ( or 10 ps)
A ~ 100 um for semiconductors (or 1 ns)

before switched

Current m m



Principle of Magnetic Structure
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Real samples for spin-injection studies

}4_ 100nm *{ prepared by Jordan Katine, Hitachi Global Storage

Co,Fe, 4nm to be switched
Cu 3.5nm

Co,Fe, 2nm polarizes spins

Challenge:

measuring thin 4 nm magnetic
layer buried in 250nm of metals !




1 Nanometer Resolution

Scdnning Transmission X-ray Microscopy Transmission X-ray Microscopy X-Ray Photoemisson Electron Microscopy
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Scanning transmission x-ray microscopy of samples

@ Spatial resolution ~35 nm

@ Polarized x-rays give magnetic
contrast (XMCD)

magnetic layer:

~ 4 nm thick @ Transmission experiment through

all layers in device

@ X-rays can distinguish layers:
elemental (Fe,Co,Ni,Cu) and
chemical (e.g. Cu, CuO,) contrast



STXM image of spin injection structure

100 x 300 nm

1. Culead - currentin

2. Ptlead - current to bottom of
spin injection pillar

3. Current flows through pillar,
switching second ferromagnet

4. Cu lead - current out

Challenge is nanoscale sample production — pillar diameter is ~ 100 nm



Images of the magnetization in nanopillar after spin-injection

excitation reset
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Another way of imaging

-- reciprocal space



X-Ray Dichroism in Absorption and Scattering

Fe metal — L edge
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X-ray diffraction and scattering

_ wide angle diffraction
single |

crystal

X-rays

<t



Yes - soft x-ray spectro-holography

STXM image
of sample

X-Iay source
20 um pinhole

mask and samp!e |

Au mask

SiN, membrane
Magnetic film

Eisebitt, LUning, Schlotter, Lérgen, Hellwig, Eberhardt and Stéhr, Nature 432, 885 (2004)



Digital Image Reconstruction

Difference (RCP — LCP) FFT (Difference)

Convolution theorem applied to diffraction: FT(diffraction) = Autocorrelation (Object)



Is It real?

FT Hologram
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Resolution
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Smaller and faster .....



Space and Time: Toward seeing the ultra-fast nanoworld
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Nature Technology Nature
molecular i
chain 10%s
moves
W?‘“ Head of a -
Flea = 14 10'3 m- pin ~ 1mm Tps
Human hair el
~30 um wide E
—— EW = =100 um
2
9
: B
g —10 um p: jﬁ{[,} 10's
[ & 6 molecular groups
Red blood cells 10 mJt1 um move ~ 1ns _—
& white cell ~ 5um S——
i @ ° 1 pm Electrodes
Virus ~ 200 nm 76 4100 nm connected with 10 ps
= nanotubes
2
S 12_ |
; Z 1.10nmm Carbon nanotube 10 s +1ps
-—gtll?ntﬁltl;t(h E ~ 2nm diameter JPWE
= L= atoms
1 =9 oscillate m {100 fs
0 m. ~100 s
0-8 - 10fs
Water O
molecule Atom

~ 14 nm diameter

atomic electron
circlesin~ 1 fs

@ 10™s L 1¢s

fastest camera
shutter speed
~1us

Magnetic recording
Computing time time per bit is ~ 2 ns
per bit is ~ 1 ns

synchrotron
sources

THE
ULTRAFAST
VOID

X-ray
lasers

Rule of thumb: the smaller the faster!




The Technology Problem: Smaller and Faster

The Microworld

The Nanoworld
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Present: Pump/Probe Experiments

Pump pulses:
* heat electrons (optical pulse)
 kick magnetization (field pulse)

* heat lattice (pressure or IR pulse) A A
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Process has to be repeatable:

Not enough intensity for
single shot experiments
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Imaging of Nanoscale Magnetization Dynamics with PEEM - ALS

laser
pump

Pump / probe requires reversibility of excitation process
- not enough intensity to obtain single shot images



Magnetic Patterns in 20 nm Cogy,Fe,, films on waveguide
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S.-B. Choe, Y. Acremann, A. Scholl, A. Bauer, A. Doran, J. Stohr, H.A. Padmore, Science 304, 430 (2004)



Two pattern with same static structure, but .....

Field
response

Field
response

Opposite rotation is caused by direction of vortex core magnetization, i.e. chirality

right handed é\; left handed é&i




Response to a fast field pulse

Instanteneous precession determined by torque:

T=HXxm
[H

slow «
+* — *

fast (<1ns) «

""precession""

""damping"’ »
1

=>

Tiny vortex core determines fast dynamics of the whole domain structure!



