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Invented nano-materials for electronics 
under routine investigations with neutrons

a) Exchange coupled 
bi-layers and superlattice with 
antiferromagnetic ordering 
(GMR and TMR systems)

c) Laterally patterned 
magnetic films, nano-wires,etc. 

d) Ferromagnetic films 
on antiferromagnetic
substrates with 

���������	�
	���
����	

b) Dilute magnetic
semiconductors as
spin-injectors  
in semiconductor 
heterostructures 

substrates with 
Exchange bias
through common interfaces 

e) Spring magnets: 
soft magnetic layer exchange 
coupled to a magnetically hard 
layer (spin valves) 



All kinds of 2D lateral patterns: stripes, bars, di scs etc.

NiFe Ellipse arrays: thickness 20nmCobalt bars on Si wafer
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3.0mmmmm

1.6mmmmm

Cobalt discs



To-day spintronics application:
Magnetic Random Access Memory (MRAM) 

• ® “read-write” 2D arrays of spin valves
• Writing with weak magnetic field
• Reading with electric current

Neutrons:
Revealing spin 
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configurations in 
nano- elements, 
nature and role of 
magnetic 
interactions,
interfacial 
properties, etc.



What is to-morrow challenge for neutrons?
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What we do want and can 
learn from neutron scattering at grazing incidence? 

1. Specular reflectometry:
a)  Distribution of material and magnetization across the multilayer stack 

(layer-by-layer vector magnetometry)
b) Properties of interfaces (interdiffusion, roughness, e.g. magnetic, etc.)
c) Wave-field parameters inside the film (optional)

2. Off specular scattering:
a)  Physical parameters of lateral micrometer size structure  
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a)  Physical parameters of lateral micrometer size structure  
b) In- and out-of-plane distribution of magnetization vector,  

e.g. over lateral magnetic domains 

3. GISANS (Large scale up to 100 nm) and GID (atomic scale) near 
surface structure

4. Time resolved and inelastic PNR: re-magnetization times, domain wall 
nucleation, velocity and relaxation, spin excitations spectrum



General scattering kinematics at grazing incidence

Incident wave vector:

Wave vector 
transfer:
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Kinematics of polarized neutron reflectometry (PNR)

},{ zx QQQ =
�

2D Wave vector transfer:

)(
2

if
zQ aa

l
p

+»

ysinkQ y =PNR signal is integrated over

Transverse component:

ia

0B

^B
�

||B
�

x

y

g
fa

fp

ik
�

fk
�

z-

B

���������	�
	���
����	

z
if

x QQ <<-» )( 22 aa
l
p

specular reflection at: if
xQ aa =�= 0

off-specular scattering: if
xQ aa ¹�¹ ,0

Snell’s law: zero order Bragg diffraction

Lateral transfer:

from lateral structure, domains, etc.
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GISANS for Co multilayer of Co nano- particles (Boch um, D22 ILL)
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PRB 78, 134426 (2008)



Principles of analysis:

• Specular reflectivity: exact solution of 1D optical potential profile

• Of specular scattering, GID & GISANS: perturbation theory, e.g. DWBA 

• 1. Action: Interaction potential is decomposed into parts 

• 2. The main part allows for easy exact solution: plane waves reflected and refracted, etc.

���������	�
	���
����	

• 3. The remaining part of interaction causes parametrically small corrections to the 
reference solution: plane waves distorted due to 1D potential 

• 4. Higher order corrections are estimated to be neglected

• 5. Symmetry constrains obey in any order of the perturbation theory expansion

• 6. Sum rule, e.g. the total flux conservation law, holds in any order of the perturbation 
parameter



Formalism of DWBA for PNR 

��
�

�
��
�

�
Y

Y
=Y=Y

�
	



�
�



-D++Ñ-
-

+)(spinor for    0)()(ˆ)(ˆ
2

 S.E. 0
2

2

rrErUzU
m

����

   ˆˆ        ;)(ˆ)(ˆ

SLD) -density length  g(scatterin  
2ˆ        );(ˆ)(ˆ)(ˆ

magn

2

nuclmagnnucl

BiBB

iBBB
rBrU

Nb
m

UrUrUrU

zyx

yxz ������

����

=��
�

�
��
�

�
-+

-
==

=+=

smmmm

p

���������	�
	���
����	

GISANS) ,scatteringspecular -(off   correction is       )(

 nce)birefringe n,(reflectiospinor   reference is       )(

    )()()(     :Solution

 periodic)or  (random,on perturbati  is    )(ˆ)(ˆ)(ˆ

over    averaged potentialmean  is                 )(ˆ)(ˆ

0

0

coh
,0

r

z

rezr

rUrUrU

lrUzU

s

s
i

yx

zyx

�

��

���

�

��

Y

Y

Y+Y=Y

-=D

=

��

rk



Reference solution: specular reflection, refraction , etc
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Scattering amplitude matrix in DWBA
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General structure of off-specular scattering cross section
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Reciprocity principle:
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Coherent vs. incoherent averaging
Example: random magnetic domains

Limiting cases: 

a) large  domains:   specular 
reflection only (!) measures 

intra-domain magnetization
b)  small domains:   specular 

reflection (main effect) & 
off-specular scattering

Coherence ellipsoids
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off-specular scattering

Reflection is due to mean 
optical potential, e.g. 
magnetization averaged over 
domains within coherence 
ellipsoids  
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(2002, unpublished)

Random magnetic domains in 25 nm Co film on Si
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Coherence ellipsoid
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NSF    &    SF specular

NSF and SF off-specular scattering from small random domains.
Data (left) fitted to the model (right) by use of DWBA
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Diffuse scattering from domains in 250 nm Co film o n Si

°±=D= 30gg
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°±=D= 30gg



Diffuse scattering from domains in 20 nm Co film on  200 nm 
Ti sub-layer in sapphire

°±=D= 30gg
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°±=D= 30gg



Antiferromagnetic dipolar ordering in [Heusler/vanadium] 
multilayers

experiment
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A. Bergmann,
J, Grabis,
B.P. Toperverg, 
et al 
Phys. Rev. B72
(2005)

theory



Off-specular scattering map for uncorrelated domain s in 
multilayers
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Reflectivity ridge

Total reflection plateau

Yoneda wings

Bragg peaks



Off-specular scattering map for laterally random 
column-like multilayer domains
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Bragg sheets

S. Couet, et al
New J. Phys. 11, 2009  



Example of DWBA: magnetic domains over micro-stripe s
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Coherent ellipsoids

Periodic deviations from mean potential

0ºDNb Does not contribute to specular !



Angular distribution of intensity  scattered from a n  array 
of Co70Fe30  stripes with the period 3 micron and 7 6nm  

height

Simulation:

Coherence ellipsoids Specular,
fringes

Total reflection
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PRB 71 (2005) 
Domain model

Simulation:

diffuse
Bragg
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Exchange bias
stripe & hyper
Domains.
Phys. Rev. B73
(2006);
New Journ. Phys.
(2008)
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Off-specular scattering map for multilayered stripe s
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Lateral Bragg 
bands



Reflectivity on striped multilayer

[Cr/Co/Cr/Fe]8  L=16 nm

Stripe period: 6 mm
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F. Brüssing, et al, to be published
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Inelastic off-specular reflection on dynamic homogeneous 
deviations  � U(t)=U(t)-U
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Dynamical fluctuations with size greater coherence length

0=xq



Inelastic off specular scattering from homogeneous mode
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Thank you for your attention
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General form for polarization dependency 
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SF and NSF reflection coefficients for ideal polari zation

Averaging over large domains:
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Non-spin-flip (NSF)

Spin-flip (SF)
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Example: Off-diagonal elements of 3D vector PNR  
determine magnetization vector direction
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Off - diagonal reflectivities from Fe thick 
film with magnetization tilted at – 45 and 
+45 with respect y axis 
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