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Outline

• The difference between nuclear and 
magnetic scattering of neutrons

• What does that mean for our 
experiments?

• How can we optimize our experiments 
to take advantage of this?

• What do we need to account for when 
measuring magnetic materials?



What do neutrons interact with?

Density of what?  What do neutrons couple to?

Basic properties of the neutron

mass 1.675 x 10-27 kg

charge 0

spin ½

magnetic dipole moment -1.913 nuclear magnetons (= 0.001 μB)

• Nuclei, via the strong force.

 Short-range interaction (especially compared to the neutron wavelength λ).

 So, we approximate the scattering potential of a single nucleus at position r as:

𝑉 𝒓 =
2𝜋ℏ2

𝑚
𝑏 𝛿(𝒓)

 b is the scattering length of the nucleus.



What do neutrons interact with?

Density of what?  What do neutrons couple to?

Basic properties of the neutron

mass 1.675 x 10-27 kg

charge 0

spin ½

magnetic dipole moment -1.913 nuclear magnetons (= 0.001 μB)

• Magnetic fields

 In a solid, these are generated by magnetic nuclei and electrons.

 Because of the enormous difference in strength between the nuclear magneton and the (electron) 

Bohr magneton, we will ignore scattering from magnetic nuclei here (although it can be studied).

 We mostly assume that we can model the magnetic fields by placing magnetic moments on 

atoms/ions.

The Bohr magneton

𝜇𝐵 =
𝑒ℏ

2𝑚electron
= 9.274 × 10−24 [Am2]



How does this help us with looking at magnetic structures?

The variations in magnetic field brought about by the electronic magnetic moments are not uniform in space, 

and so provide spatial variations that can be scattered off.

To start with, we can consider it as providing different labels for scattering sites.

= 75%Cu, 25%Au

Cu3Au at high temperatures X-ray powder diffraction

{111}
{200}

fcc lattice



How does this help us with looking at magnetic structures?

The variations in magnetic field brought about by the electronic magnetic moments are not uniform in space, 

and so provide spatial variations that can be scattered off.

To start with, we can consider it as providing different labels for scattering sites.

= Cu

Cu3Au cooled down X-ray powder diffraction

{111}
{200}

= Au

fcc lattice

simple cubic 

lattice
{111}

{100}
{110}

{200}



How does this help us with looking at magnetic structures?

The variations in magnetic field brought about by the electronic magnetic moments are not uniform in space, 

and so provide spatial variations that can be scattered off.

To start with, we can consider it as providing different labels for scattering sites.

= Mn

MnO – now a magnetic example

= O

Neutron powder diffraction

300 K – sample is 

paramagnetic; fcc lattice

{111}



MnO – now a magnetic example

How does this help us with looking at magnetic structures?

The variations in magnetic field brought about by the electronic magnetic moments are not uniform in space, 

and so provide spatial variations that can be scattered off.

To start with, we can consider it as providing different labels for scattering sites.

= Mn

= O

Neutron powder diffraction

{111}



MnO – now a magnetic example

How does this help us with looking at magnetic structures?

The variations in magnetic field brought about by the electronic magnetic moments are not uniform in space, 

and so provide spatial variations that can be scattered off.

To start with, we can consider it as providing different labels for scattering sites.

= Mn

= O

{111}

80 K

300 K

New unit cell!



This perhaps obvious statement has a number of important consequences. 

 The magnetic moment is not just a label; the moment direction matters.

• Possible directions may be restricted by the nature of the atom, or the orientation 

of the electron orbitals in the crystal lattice.

Magnetic moments are vectors



This perhaps obvious statement has a number of important consequences. 

 The magnetic moment is not just a label; the moment direction matters.

• Possible directions may be restricted by the nature of the atom, or the orientation 

of the electron orbitals in the crystal lattice.

 We can detect the magnetic moment direction because the scattering interaction is, at 

root, one between two dipoles – the atomic magnetic moment and the neutron 

magnetic dipole.

• Only magnetization (magnetic moments) that is perpendicular to Q, the scattering 

vector, generates a signal.

• Extra info if the neutron beam 

is polarized.

Magnetic moments are vectors



In a neutron scattering experiment, the measured quantity is the number of neutrons into a detector.  

From this, we can get the differential cross-section.

d𝜎

dΩ
=
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 𝑖𝑛𝑡𝑜 dΩ 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝜃, 𝜙

𝑛𝑒𝑢𝑡𝑟𝑜𝑛 𝑓𝑙𝑢𝑥 Φ . dΩ

If we have the experimental capability, we can also measure the partial differential cross-section, which adds 

energy discrimination.

d2𝜎

dΩd𝐸′
=
𝑎𝑠 𝑎𝑏𝑜𝑣𝑒, 𝑤𝑖𝑡ℎ 𝑓𝑖𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐸′𝑎𝑛𝑑 𝐸′ + d𝐸′

𝑛𝑒𝑢𝑡𝑟𝑜𝑛 𝑓𝑙𝑢𝑥 Φ . dΩ. d𝐸′

The full and complete derivation can be found in the books in the bibliography; one uses Fermi’s golden rule to 

get:

d2𝜎

dΩd𝐸′
𝜎𝜆→𝜎′𝜆′

=
𝑘′

𝑘

𝑚

2𝜋ℏ2

2

𝒌′𝜎′𝜆′ 𝑉 𝒌𝜎𝜆 2𝛿 𝐸𝜆 − 𝐸
𝜆
′ + ℏ𝜔

where V is the interaction potential, k refers to the neutron wavevector, σ refers to the neutron spin state,      

and λ refers to the state of the system being scattered off. ℏ𝜔 is the energy change of the neutron.

An interlude on neutron scattering theory



d2𝜎

dΩd𝐸′
𝜎𝜆→𝜎′𝜆′

=
𝑘′

𝑘

𝑚

2𝜋ℏ2

2

𝒌′𝜎′𝜆′ 𝑉 𝒌𝜎𝜆 2𝛿 𝐸𝜆 − 𝐸
𝜆
′ + ℏ𝜔

To proceed further, we need to know about the interaction potential.  For nuclear scattering, as already stated, 

where the strong force is involved, we use an approximation

𝑉 𝒓 =
2𝜋ℏ2

𝑚
𝑏 𝛿(𝒓)

where b is the scattering length for a given nucleus.

For magnetic scattering, the interaction potential is more complicated, as the forces are not central and exist 

over longer ranges, and we have to consider the vectorial nature of the magnetic moments.  

The magnetic equivalent for scattering from one unpaired electron is

𝑉 = −𝝁𝑛 ∙ 𝑩 = −
𝜇0
4𝜋

𝛾𝜇𝑁2𝜇𝐵𝝈 ∙ curl
𝒔 × ෡𝑹

𝑅2
+
1

ℏ

𝒑 × ෡𝑹

𝑅2

An interlude on neutron scattering theory

we treat the nucleus as a point scatterer

the electron is distributed over a 
larger spatial area



d2𝜎

dΩd𝐸′
𝜎𝜆→𝜎′𝜆′

=
𝑘′

𝑘

𝑚

2𝜋ℏ2

2

𝒌′𝜎′𝜆′ 𝑉 𝒌𝜎𝜆 2𝛿 𝐸𝜆 − 𝐸
𝜆
′ + ℏ𝜔

We can insert our potential for the neutron in the magnetic field of an electron, eventually adding in multiple 

electrons or moments at periodic sites (labelled as i).  The spin and orbital components cannot be separated as 

they manifest as one magnetic field.  We can then write the cross-section in terms of the Fourier transform of 

the magnetization.

d2𝜎

dΩd𝐸′
𝜎𝜆→𝜎′𝜆′

=
𝑘′

𝑘
(𝛾𝑟0)

2 𝜎′𝜆′ 𝝈.𝑴⊥ 𝜎𝜆 2𝛿 𝐸𝜆 − 𝐸
𝜆
′ + ℏ𝜔

where 

𝑴⊥ 𝑸 = ෡𝑸× 𝑴(𝑸) × ෡𝑸

and

𝑴 𝑄 = ෍

𝑖

𝑓𝑖 𝑸 𝒎𝑖
𝒌 exp 𝑖𝑸. 𝒓𝑖 exp(−𝑊𝑖)

Magnetic interaction between a neutron and an electron



𝑴⊥ 𝑸 = ෡𝑸 × 𝑴(𝑸) × ෡𝑸

𝑴 𝑄 = ෍

𝑖

𝑓𝑖 𝑸 𝒎𝑖
𝒌 exp 𝑖𝑸. 𝒓𝑖 exp(−𝑊𝑖)

Magnetic interaction between a neutron and an electron

individual moments

lattice information

Debye-Waller factor

form factor

Form factor: the Fourier transform of 

the magnetization distribution of a 

single atom/ion.  Tabulated as a 

series of Bessel functions for all ions 

in the Neutron Data Booklet.

The magnetization distribution is 

long-range in real space and so this 

envelope function kills off magnetic 

signal at large Q.

Im
age: ETH

Z



This perhaps obvious statement has a number of important consequences. 

 The magnetic moment is not just a label; the moment direction matters.

• Possible directions may be restricted by the nature of the atom, or the orientation 

of the electron orbitals in the crystal lattice.

 We can detect the magnetic moment direction because the scattering interaction is, at 

root, one between two dipoles – the atomic magnetic moment and the neutron 

magnetic dipole.

• Only magnetization (magnetic moments) that is perpendicular to Q, the scattering 

vector, generates a signal.

• Extra info if the neutron beam 

is polarized.

Magnetic moments are vectors



Magnetic moments are vectors



What does that mean for our experiments?

qy

qx

Real space Reciprocal space

(000) (100)

(110)(010)(110)

(100)

(010)(110) (110)

qmagnetic = (½ 0 0)



What does that mean for our experiments?

qy

qx

Real space Reciprocal space
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What does that mean for our experiments?

Q

qy

qx

Beam centre

qy

qxImage credit: ILL

Q ~ // qy



Changes in the magnetization direction

Beam centre

qy

qxImage credit: ILL

Q // qy no additional magnetic signal seen

Q // qx additional magnetic signal seen

Scattering system has 

magnetization parallel to qy



Changes in the magnetization direction

Beam centre

qy

qxImage credit: ILL



We can use an external field to control the magnetization

Nature Education (2010)

magnetite (Fe3O4) 
particles

Magnetotactic bacteria

Image: Heraeus

Scattering from a close packed array of magnetite particles

magnetic field
Image: NIST

d2𝜎

dΩd𝐸′
𝜎𝜆→𝜎′𝜆′

=
𝑘′

𝑘
(𝛾𝑟0)

2 𝜎′𝜆′ 𝝈.𝑴⊥ 𝜎𝜆 2𝛿 𝐸𝜆 − 𝐸
𝜆
′ + ℏ𝜔



We can use an external field to control the magnetization

Nature Education (2010)

magnetite (Fe3O4) 
particles

Magnetotactic bacteria

Image: Heraeus

Scattering from a close packed array of magnetite particles

magnetic field
Image: NIST

d2𝜎

dΩd𝐸′
𝜎𝜆→𝜎′𝜆′

=
𝑘′

𝑘
(𝛾𝑟0)

2 𝜎′𝜆′ 𝝈.𝑴⊥ 𝜎𝜆 2𝛿 𝐸𝜆 − 𝐸
𝜆
′ + ℏ𝜔

If the magnetic field applied is large enough, the magnetization of 
the particles will all point in the same direction, parallel to the field.



We can use an external field to control the magnetization

Scattering from a close packed array of magnetite particles

Image: NIST

NB: magnetic SLD same 
order of magnitude as 
nuclear SLD



Directing the polarization of the neutrons

Polarizing before the sample:

• We measure with the spins polarised along a given axis, I+

• And then measure with the spins polarised in the opposite direction, I-.

• We can therefore measure the Flipping Ratio for a given axis, I+ / I-

Polarizing before and after the sample:

• We can measure the specific cross-sections for spin-flips or non-spin-flips with the 

neutrons polarized in a particular direction.

• We can separate out magnetic (spin-flip) from non-magnetic scattering in certain cases.



What can we actually study with SANS?

Diffuse SANSDiffraction at small angles
Long lengthscale periodic structures

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

Skyrmions

Vortex lattices in superconductors

Z. Fu et al., Nanoscale 8, 18541 (2016)

Fe-O NPs – self 
assembly



What influences the observed magnetic small angle scattering?

Everything you have already 

heard about in Lectures 2 and 3

• Particle shape (including size)

• Packing of particles

• Polydispersity (level of 

variations in shape and size)

• Interparticle interactions

And in addition we have to consider:

• Magnetic anisotropy

• Domain walls

• Demagnetization factors

• Magnetic dead layers

• Magnetic interparticle interactions



Magnetic anisotropy



Domain walls

A = exchange energy

K = anisotropy energy

Image credit: Rasmus Westerström



Domain walls

Image credit: Rasmus Westerström



Domain walls

Image credit: Rasmus Westerström

Domain walls are not sharp interfaces – the magnetisation changes over a relatively 

long distance.  This means that the assumptions built into, e.g. Porod’s law, regarding 

sharp interfaces are not always appropriate.



Demagnetization factor



What influences the observed magnetic small angle scattering?

Everything you have already 

heard about in Lectures 2 and 3

• Particle shape (including size)

• Packing of particles

• Polydispersity (level of 

variations in shape and size)

• Interparticle interactions

And in addition we have to consider:

• Magnetic anisotropy

• Domain walls

• Demagnetization factors

• Magnetic dead layers

• Magnetic interparticle interactions



Summary

• The difference between nuclear and 
magnetic scattering of neutrons

• What does that mean for our 
experiments?

• How can we optimize our experiments 
to take advantage of this?

• What do we need to account for when 
measuring magnetic materials?



Useful references

Introduction to the Theory of Thermal Neutron Scattering, G. L. Squires, Dover (1996).

Theory of Neutron Scattering from Condensed Matter (2 volumes), S. W. Lovesey, Clarendon Press (1984).

Neutron Data Booklet: https://www.ill.eu/fileadmin/user_upload/ILL/1_About_ILL/Documentation/NeutronDataBooklet.pdf


