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Small Angle Neutron Scattering
Applications in ‘hard’ condensed matter

9 ‘Hard matter’ ≡ solid state physics
9 ≈ 1/3 of requested beam time at reactor facilities
9 Main area:

- Material science
- Superconductivity
- Magnetism

Magnetic nanoparticles, long-period
magnetic structures (helices, cycloids), 
topological defects, etc.
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Magnetic scattering
Basic facts

9 Wavelength in the Å range → Probe structures with 1-100 
nm characteristic sizes/correlation length at small angle

9 High penetration power → Probe bulk samples

9 Spin 1/2 → Probe magnetic moments within the sample

Nuclear scattering Magnetic scattering
Halpern & Johnson (1936)
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9 Dipole-dipole interaction →  Magnetic scattering obeys
selection rules

9 Polarized neutrons → Separate nuclear and magnetic
contributions, reveal chirality, etc.

Magnetic neutron scattering
Basic facts

𝒏 𝒎𝒙 𝒎𝒚 𝒎𝒛

𝐏 ∥ 𝒙 9 ↑↑ 8 9 ↑↓ 9 ↑↓
𝐏 ∥ 𝒚 9 ↑↑ 8 9 ↑↑ 9 ↑↓
𝐏 ∥ 𝒛 9 ↑↑ 8 9 ↑↓ 9 ↑↑𝑄
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Sample Detector

Magnetic neutron scattering
Quick examples

9 Scattering off a monodomain helimagnet
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Magnetic neutron scattering
Quick examples

P

9 Scattering off a monodomain helimagnet (with polarized
neutrons)



Detector
Sample

9 Scattering off a multidomain helimagnet (powder)

Magnetic neutron scattering
Quick examples



Magnetic neutron scattering
Sample environment

• Superconducting magnet
(Oxford):
• T = 2 → 300 K
• H = 0 → 10 T (horizontal)



60 A water-cooled
electromagnet

+ 
10 K cryocooler

(ARS)

Magnetic neutron scattering
Sample environment



• Amagnetic clamp pressure cell
(R. Sadykov, Russia):
• p = 0 → 1.5 Gpa
• Sample volume up to 600 mm3

• T = 2 → 300 K
• H = 0 → 10 T

R. Sadykov et al., J. Neutron Research 20 (2018) 23-31

Magnetic neutron scattering
Sample environment
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Small-angle diffraction
Principles

Sphere of constant |𝑄|

Sphere of reflection
|𝑘𝑖| = |𝑘𝑓|
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𝑘𝑓 𝑄

2𝜃
Bragg’s law: 

𝜃 = arcsin
𝜆 ∙ 𝑄
4𝜋



Small-angle diffraction
Principles

Sphere of reflection
|𝑘𝑖| = |𝑘𝑓|

Wavelength spread 
Τ∆𝑘𝑖 𝑘𝑖

Sphere of constant |𝑄|

Bragg’s law: 

𝜃 = arcsin
𝜆 ∙ 𝑄
4𝜋

→ At small angles:
• Large scattered intensity

(wavelength spread + Lorentz 
factor)

• Measurements take place 
around direct beam: only
‘ferromagnetic’ components 
are seen

• No ‘real’ refinement



Small angle single crystal diffraction
(1) Metastable skyrmion lattice in MnSi

field-polarized

H

S. Mühlbauer et al., Science 323, 915 (2009)

• Crystal structure lacking inversion 
symmetry → Chirality inherited by 
magnetism (spin-orbit coupling)



Small angle single crystal diffraction
(1) Metastable skyrmion lattice in MnSi

L.J. Bannenberg et al., Phys. Rev. B 96, 184416 (2017)
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Small angle single crystal diffraction
(1) Metastable skyrmion lattice in MnSi

L.J. Bannenberg et al., Phys. Rev. B 96, 184416 (2017)

• Stepwise rotation within the applied
field

→ Irreversible change of skyrmion lattice
orientation (depends on magnetic field
direction and history)

0° 30° 36° 55° 90°

SkL2

SkL1 SkL1 SkL1 SkL1 SkL1

SkL1SkL1
2 1



Small angle single crystal diffraction
(1) Metastable skyrmion lattice in MnSi

L.J. Bannenberg et al., Phys. Rev. B 96, 184416 (2017)

• Quick rotation of 55° within the applied
field

→ Relaxation of the skyrmion lattice over 
two characteristic time scales: few s 
and few minutes



Small-angle powder diffraction
(2) From short- to long-period helimagnetism in Mn1-xRhxGe

N. Martin et al., Phys. Rev. B 96, 020413(R) (2017)

Nuclear peaks

Helimagnetic
satellite



Small-angle powder diffraction
(2) From short- to long-period helimagnetism in Mn1-xRhxGe

N. Martin et al., Phys. Rev. B 96, 020413(R) (2017)

Powder diffraction (G4.1, LLB) Small angle scattering (PA20, LLB)

Magnetic diffraction peak parameters

• Position 𝑄𝐻 → magnetic structure periodicity 𝜆𝐻 = Τ2𝜋 𝑄𝐻
• Integrated intensity 𝐼 → magnetic moment value 𝑚 = 𝐼
• Width 𝜅𝐻 → magnetic structure coherence length 𝜉𝐻 = Τ1 𝜅𝐻

𝜅𝐻

𝑄𝐻 𝐼



Small-angle powder diffraction
(2) From short- to long-period helimagnetism in Mn1-xRhxGe

N. Martin et al., Phys. Rev. B 96, 020413(R) (2017)

𝜆h 𝜆h

x 20

• Magnetic period:



Small-angle powder diffraction
(2) From short- to long-period helimagnetism in Mn1-xRhxGe

N. Martin et al., Phys. Rev. B 96, 020413(R) (2017)

Powder diffraction 
(refined)

SANS (rescaled)

• Ordered moment:



Small-angle powder diffraction
(2) From short- to long-period helimagnetism in Mn1-xRhxGe

N. Martin et al., Phys. Rev. B 96, 020413(R) (2017)

• Correlation length (resolution deconvolved):



SANS for ‘hard condensed matter’
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Magnetic form factor measurement
(1) Magnetization distribution in spin-crossover nanoparticles

K. Ridier et al., in preparation (2018)
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Magnetic form factor measurement
(2) Spin vortices in a reentrant spin glass

• Nearest neighbor interaction frustration:
• Ni-Ni & Ni-Mn: ferromagnetic (FM)
• Mn-Mn: antiferromagnetic (AFM)

• Generic phase diagram:
• TC → FM ordering
• TG → spin-glass transition, onset of 

FC/ZFC irreversibilities

Phase diagram adapted from R.L. Sommer et al., JMMM 103 (1992) 25-29

Ni0.81Mn0.19



Magnetic form factor measurement
(2) Spin vortices in a reentrant spin glass

I. Mirebeau et al., Phys. Rev. B 98, 014420 (2018)

H

T = 3 K
H = 2 T
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H
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Magnetic form factor measurement
(2) Spin vortices in a reentrant spin glass

I. Mirebeau et al., Phys. Rev. B 98, 014420 (2018)

Integrated intensity vs. H 
(2 different spectrometers!)



Magnetic form factor measurement
(2) Spin vortices in a reentrant spin glass

I. Mirebeau et al., Phys. Rev. B 98, 014420 (2018)

Vortex radius vs. H



Magnetic form factor measurement
(2) Spin vortices in a reentrant spin glass

I. Mirebeau et al., Phys. Rev. B 98, 014420 (2018)

• Monte Carlo simulations 
corroborate the ‘flat’ vortex 
(‘crouton’) picture

• MC also yields the same
scaling law for the defect size 
vs. applied field
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Inelastic scattering
Measurement of spin wave stiffness
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Inelastic scattering
Measurement of spin wave stiffness

𝑘𝑓

𝑘𝑖

𝑄
2𝜃 +          energy conservation 

= 2θC



Inelastic scattering
Measurement of spin wave stiffness

S.V. Grigoriev et al., Phys. Rev. B 97, 024409 (2018)

• On Mn0.97Fe0.03Si:

H = 1.1 T H = 1.8 T

𝜃𝐶

𝜃𝐶

𝜃𝐶2 = 𝜃02 −
𝜃0
𝐸𝑖
𝐻 + 𝜃𝐵2

where 𝜃0 =
ℏ2

2𝐴𝑚𝑛
with 𝑚𝑛 = neutron mass

𝐴 = SW stifness
𝐸𝑖 = indicent neutron energy



Inelastic scattering
Measurement of spin wave stiffness

S.V. Grigoriev et al., Phys. Rev. B 97, 024409 (2018)

𝜃𝐶2 = 𝜃02 −
𝜃0
𝐸𝑖
𝐻 + 𝜃𝐵2

Pure MnSi
Mn1-xFexSi series

S.V. Grigoriev et al., Phys. Rev. B 92, 220415(R) (2015)
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Advanced SANS techniques
Spin Echo Small Angle Neutron Scattering (SESANS)

M.T. Rekveldt, Nucl. Instr. and Methods in Physics Research, B 114 (1996) 366-370

• Sees what’s inside the beam stop
• Polarized neutron technique → Polarization as a 

function of applied magnetic field:

SESANS instrument @ TU Delft

𝑃 𝐵 ≈ 𝐺 𝒓 = න𝑑2𝑄 𝑆 𝑸 cos 𝑸 ∙ 𝒓 Th. Rekveldt, Delft

LARMOR instrument @ ISIS



T. Krouglov et al., J. Appl. Cryst. (2003), 36, 1417-1423 R. Andersson et al., Powder Tech. 189, (2009) 6-13

Advanced SANS techniques
Spin Echo Small Angle Neutron Scattering (SESANS)

→ Increases SANS length scale up to 10 μm!



Advanced SANS techniques
Modulation of Intensity Emerging with Zero Effort (MIEZE)

R. Gähler, ILL R. Golub, HMI
(now NYC University)

Spin analyzer ToF detectorRF spin flippers

L1 L2
ω1 ω2

• Quasi-elastic spectroscopy @ sub-µeV
resolution

The incoming polarized neutron beam is
manipulated by a pair of radio-frequency
(RF) spin flippers running at frequencies
𝜔1 and 𝜔2 ⟶ oscillation of neutrons’ spin
at a frequency 𝜔M = 2 ∙ 𝜔2 − 𝜔1

M. Krautloher et al.,  Rev. Sci. Instrum. 87, 125110 (2016)  



Advanced SANS techniques
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R. Gähler, ILL R. Golub, HMI
(now NYC University)

Spin analyzer ToF detectorRF spin flippers

L1 L2
ω1 ω2

• Quasi-elastic spectroscopy @ sub-µeV
resolution

This time-dependent precession is
converted into an intensity modulation by
the spin analyzer.

M. Krautloher et al.,  Rev. Sci. Instrum. 87, 125110 (2016)  



Advanced SANS techniques
Modulation of Intensity Emerging with Zero Effort (MIEZE)

No scattering ⟶ harmonic intensity
modulation at the detector

Quasi-/inelastic scattering process at the 
sample ⟶ distribution of neutron 

propagation time

Spin analyzer ToF detectorRF spin flippers

ω1 ω2



Advanced SANS techniques
Modulation of Intensity Emerging with Zero Effort (MIEZE)

→ Signal contrast proportional to 
𝑆(𝑞, 𝜏) i.e. the time-Fourier 
transform of the scattering
function 𝑆(𝑞, 𝜔)

Spin analyzer ToF detectorRF spin flippers

ω1 ω2



Advanced SANS techniques
Modulation of Intensity Emerging with Zero Effort (MIEZE)

R. Gähler, ILL R. Golub, HMI
(now NYC University)

• Quasi-elastic spectroscopy @ sub-µeV
resolution

This time-dependent precession is
converted into an intensity modulation by
the spin analyzer.

• Signal contrast proportional to 
𝑆(𝑞, 𝜏) i.e. the time-Fourier 
transform of the scattering
function 𝑆(𝑞, 𝜔)

• The Fourier time 𝜏 (proportional to 𝜔M and ҧ𝜆3) quantifies the 
time/energy resolution. It can reach the 100 ns –range, which
corresponds to a few neV resolution

• Unlike ‘traditional’ neutron spin echo (NSE) spectroscopy, 
MIEZE is insensitive to beam depolarization at the sample
position. One can achieve high resolution under large 
magnetic fields, with protonated or magnetically disordered
samples, etc.



The ‘SAM’ project
A new SANS beamline for the French community

N. Martin, Nucl. Instr. and Methods in Physics Research, A 882 (2018) 11-16

9 SAM is a Small Angle Multi-purpose instrument, meant to
serve the large community of ‘soft’ and ‘hard’ matter
scientists. It will be a medium size SANS instrument, with
dimensions similar to that of PAXY @ LLB.

9 SAM will embark a MIEZE module in the last part of its
collimator to allow for high-resolution dynamic
measurements under extreme conditions



Conclusions
9 SANS is the most versatile neutron scattering technique

9 SANS allows measurement of the statics and dynamics of 
magnetic materials:

• Structure of long-range ordered magnets and lattices of 
topological defects

• Form factor of magnetic objects with arbitrary shape
• Spin dynamics of helical magnets or ferromagnets in 

powder/amorphous form

9 Technical developments/addons to a SANS spectrometer:

• SESANS ⟶ increase length scale up to 10 µm
• MIEZE → dynamics of large scale structures in the 100 ns 

regime
• but also ToF-SANS, stroboscopic experiments, TISANE, etc.






