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Magnetic Magnetic MultilayersMultilayers
Outline

Introduction to magnetism
X-ray techniques

Spectroscopy
Imaging 
Scattering
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MagnetismMagnetism
Atomic property Collective response

applications
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Spin and orbital magnetic momentSpin and orbital magnetic moment

Spin magnetic dipole moment:
component of S is quantized,  with  mS=±1/2

Orbital magnetic moment
component of L is quantized,  with  mL= 0,±1, ±2,…±n-1

Total moment

Arrange electrons via Hund’s rules
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hμ
dipole moment created by electron 
on Bohr radius of the hydrogen 
atom, aB=0.529Å
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SpinSpin--Orbit InteractionOrbit Interaction
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Spin-orbit interaction
• only for orbitals with L≠ 0
• atomic number Z implicit 

in V ⇒ stronger for 
heavier atoms
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3d transition metals 3d transition metals vsvs. 4. 4--f raref rare--earth elementsearth elements
magnetism carried by
- 3d electrons: outer shell
- 4f electrons: inner shell
results in different properties
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Band magnetismBand magnetism
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Band magnetismBand magnetism



5

9

NanoNano--structuresstructures

bulk 3-d

films 2-d

dots 0-dwires 1-d
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NanomagnetismNanomagnetism: length scales?: length scales?
Characteristic length scales (metals)

exchange and λF: <1 nm 
(semiconductors λF ~100 nm)

e- mean free path: ~10 nm
spin diffusion length: 1 – 1000 nm
RKKY: 0.4 – 5 nm
exchange length: 5 nm
Dipolar: all length scales
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NanoNano--structuresstructures

Indirect effects

Fe

Fe

Cr
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Giant Giant magnetoresistancemagnetoresistance (GMR)(GMR)
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Nobel Prize in Physics 2007Nobel Prize in Physics 2007

Peter Grunberg Albert Fert
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Magnetic NanotechnologiesMagnetic Nanotechnologies

UCT)

TE

Storage – Hard Disk Drive

Memory – MRAM, FeRAM
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Magnetic recording componentsMagnetic recording components

t

d

W

B
NN NN NN NN NNSS SS S SSS

Iwrite

Iread

Grain Structure and
Magnetic Transition

SH

B = 30 nm (σ<3 nm), 
W=210 nm, t = 14 nm
Data rate: GHz
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Magnetic nanostructuresMagnetic nanostructures
• Important new physics (e.g. Nobel Prize)

• Important technologies
• Sensors (bio-magnetism, auto, …)
• IT (storage, memory, processing)
• Energy efficiency
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Magnetic nanostructuresMagnetic nanostructures
•Want to link structure and magnetism

• atomic depth resolution
• <10 nm lateral resolution 
• < 1 ns temporal resolution

have a spin 

• neutrons
• electrons
• scanning probe
• x-rays

18

NonNon--resonant scatteringresonant scattering

Relative Intensity:  (hν / mc2)2Relative Intensity:   1

hν ~ 10 keV,  mc2 = 500 keV

X-rays typically are not very sensitive to magnetism
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Core level resonancesCore level resonances

2p3/2

2p1/2

EF

spin polarized
3d bands

e0

ef

f = f1 + if2

Fe

Kortright et al., Phys. Rev. B 65, 12216 (2000)
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Soft xSoft x--ray techniquesray techniques
• 3d-transition metal L-edges  2p → 3d transitions (550-900 eV)
• rare-earth M-edges   3d → 4f transitions  (800-1600 eV)

λ = 1 – 2 nm
tuning energy gives element specificity
tuning polarization gives magnetic specificity 

Various spectroscopy, imaging, optical and 
scattering techniques with nm resolution

For reviews see 
Kortright et al,  J. Magn. Magn. Mater. 207, 7 (1999).
Srajer et al,  J. Magn. Magn. Mater. 307, 1-36 (2006).
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Elemental and chemical sensitivityElemental and chemical sensitivity

Stohr et al., Surf. Rev. Lett. 5, 1297 (’98). 

22

SpectroscopySpectroscopy
Measures average 
Properties

MCD (magnetic 
circular dichroism)

e.g.
•d-band filling
•Moment

•spin
•orbital

•hysteresis loops

J. Stohr, JMMM 200, 470 (97).
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Element specific Element specific magnetometrymagnetometry
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Elemental and chemical sensitivityElemental and chemical sensitivity
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S. Mangin et al., Phys. Rev. B 78, 024424 (2008) 
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Spin and orbital momentsSpin and orbital moments
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Spin and orbital momentsSpin and orbital moments
Gambardella, et al., Nature 416, 
301 (2002)

mL = 0.68 μB 0.31 μB 0.14 μB
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Spatial sensitivity Spatial sensitivity 

Spectroscopy gives you and average response of the 
atoms in systems

Spatial variations require either imaging or scattering

Z

MZ = 0 MZ = 0
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Magnetic MicroscopyMagnetic Microscopy
film with 
domains

circular polarized
x-rays Intensity
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Magnetic MicroscopyMagnetic Microscopy
film with 
domains

circular polarized
x-rays Intensity

Magnetic contrast is the difference of the left and right circular polarization

30

Microscopes at the ALSMicroscopes at the ALS

http://www-als.lbl.gov/als/microscopes/index.html
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Domains in Co/Pt MLDomains in Co/Pt ML’’ss

CCDXM-1 x-ray microscope: 25 nm resolution
Advanced Light Source
P. Fischer

MFM                XM-1

Co/Pt multilayer

stray fields        magnetization

32

• Δr = 25 nm
• D = 63 µm
• N = 618  zones

E. Anderson, B. Harteneck, D. Olynick, E. Veklerov / CXRO

• Zone plate manufacturability limits spatial resolution
• State of the art resolution is 20-30nm

Zone platesZone plates
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Example movieExample movie

Davies, et al., Phys. Rev. B 70, 224434 (2004).
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Vector magnetic microscopyVector magnetic microscopy
film with 
domains

circular polarized
x-rays Intensity
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Vector magnetic microscopyVector magnetic microscopy
yz
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Images
Δμ/<μ>

33 nm Fe sample
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S. K. Kim and J. B. Kortright, Appl. Phys. Lett. 78, 2742 (2001)
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Vector magnetic microscopyVector magnetic microscopy

LS

5μm

S. K. Kim and J. B. Kortright, Appl. Phys. Lett. 78, 2742 (2001)
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Domains in LaFeODomains in LaFeO33/Co films/Co films

• Full Field Imaging
• Electrostatic (30 kV)
• 20 - 50 nm Resolution
• Linear and circular polarization

Polarized 
  X-rays

38

Domains in LaFeODomains in LaFeO33 filmsfilms

11 μm E

Scholl et al., Science 287, 1014 (2000)

LaFeO3 is an antiferromagnetic material Non-magnetic
orbitals

Magnetic
orbitals
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Domains in LaFeODomains in LaFeO33/Co films/Co films
a) LaFeO3 layer b) Co layer
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Nolting et al., Nature 405, 767 (2000)
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SmallSmall--angle scattering (SAS)angle scattering (SAS)
scattering arises from in-plane 
inhomogeneities (2-300 nm)

Microstructure

Grains

Chemical segregation

lithography

Magnetic disorder (e.g. domains)

Kortright et al., Phys. Rev. B 64, 092401 (2001)

q
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Magnetic domain scatteringMagnetic domain scattering

'

fn ~ Mn

charge magnetic -XMCD

θ

q = 4πsinθ/λ

e
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Scattering ~ |Fourier Transform|2 of the domains
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Real vs. reciprocal spaceReal vs. reciprocal space
Domains in a Co/Pt ML

FT5 x 5 μm2

Magnetic SAS
~⎪FT⎪2

XM-1
Imaging x-ray microscope
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Aligned domainsAligned domains

X-ray
SAS
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Hellwig et al., Physica B 336, 136 (2003). 
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Example 2: Example 2: nanoparticlenanoparticle arraysarrays
particles are coated 
with Oleic acid and
oleyl amineFe

CO

CO

CO

CO

OC

O

O

CH3

CH3

O

O

H3C

H3C

Pt

- COHeat,

FePt

COOH

NH2

reduction

Tune: particle size
and separation

S. Sun
IBM
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99--nm Co particle arraysnm Co particle arrays
Superparamagnetic at

room temperature

H

H=0

Magnetic structure at H=0?
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ε-Co hcp-Co
Magnetic scatteringMagnetic scattering

Kortright et al., Phys. Rev. B 71 012402 (2005)
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XX--raysrays
&&

Magnetism Magnetism 

Imaging: specific patterns 
w/ relatively poor resolution

Scattering: statistical 
information w/ good 
resolution
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Coherent scattering (speckle)Coherent scattering (speckle)

co
he
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nt

 so
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ce

Undulator ALS
Wavelength                 16 Å
T correlation length   ~ 40 μm (19,000 λ )
L correlation length   > 13,000 Å (800 λ)
Coherent flux ~ 1012 photons/second

Pattern encodes the spatial 
distribution of the domain.
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Coherent scatteringCoherent scattering

S. Eisebitt et al., Phys. Rev. B 68, 104419 (2003). 

BESSY – UE-56/1
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SpeckleSpeckle

Metrology
configurational changes (H, T etc.)

Pierce et al., Phys. Rev. Lett., 90, 175502 (2003). 

Dynamics
configurational changes (time)

Shpyrko et al., Nature 447,  68-71 (2007)

Data Inversion to real space
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Coherence length larger than domains,
but smaller than illuminated area

Speckle
Coherence length
larger than illuminated area
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Fourier Transform HolographyFourier Transform Holography

J.T. Winthrop, C.R. Worrington, Phys. Lett. 15, 124 (1965)
G.W. Stroke, Lensless Fourier-transform method for optical holography, APL 6, 201-203 (1965)
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Fourier Transform HolographyFourier Transform Holography

Co 2p3/2 XMCD:
778 eV
1.59 nm
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Au (600nm)

Si Substrate

Si3N4 (100nm) Membrane

side

cross cut
Co/Pt multilayer

Fourier Transform HolographyFourier Transform Holography

Gold

W.F. Schlotter
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FFT

…… the real space imagethe real space image

I+ - I-

charge-magnetic 
interference
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Microscope on a chipMicroscope on a chip

S. Eisebitt, J. Lüning, W. F. Schlotter, M. Lörgen, O. 
Hellwig, W. Eberhardt,  J. Stöhr,  Nature 432, 885 
(2004)

‘Microscope on a chip’
• stable image area
• high fields/low temperature

Apply to a range of materials 
science problems
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TimeTime--resolved measurementsresolved measurements
multi-bunch operation

2-bunch operation

electron-bunches typically 30-
50ps
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Synchrotron xSynchrotron x--ray techniquesray techniques

Time resolved probe
<100 ps resolution

Microscope

50 nm resolution
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< 100 ps

328 ns
Δt

Synchronization

excitation
laser pulse

observation
x-ray pulse
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Synchrotron xSynchrotron x--ray techniquesray techniques
CoFe patterns

S.-B. Choe, et al., Science 304, 430 (2004)

Measures only deterministic processes

60

Summary: XSummary: X--rays and magnet rays and magnet 
nanostructuresnanostructures

Resonant soft x-ray techniques provides 
nm-resolved magnetic and chemical information of 
heterogeneous films
Spectroscopy: spin/orbital moments, DOS, etc.
Imaging: real space (20 nm resolution)
Scattering: reciprocal space (< 10 nm res.)
Coherent scattering provides new opportunities.  
Pump-probe techniques give time resolved 
measurements


