
Thermal  

Helical structure of the hexamer part of an hydrated 
C-phycocyanin (simulation).

BIOLOGY

- Protein folding
- Localisation of water molecules
- Membrane conformation
- ....

PHYSICAL CHEMISTRY

- Polymer conformation
- Vesicles, micelles,
- Microemulsions
- Electrolytes, gels
- ....

- Ceramics, zeolites, hydrides,
alloys

- Intercalation compounds
- Molecular systems
- Quasi-periodic systems
- Lattice dynamics
- ....

STRUCTURAL STUDIES 
PHASE TRANSITIONS

NEUTRON

Disorder of protons (in yellow) of an ammo-
nium group in a molecular solid (NH4)2Si F6
(3D reconstruction by entropy maximisation
based on the diffraction spectrum).

Neutron radiography check of
a series of 8 paddle turbines
(European Gas Turbine LTD). 



 Neutron Scatter ing

Spectrum of electron excitations obtained by
inelastic neutron scattering:
1) YBaCuO pure (superconducting)
2)YBaCuO doped with zinc (non superconducting)

Hydrogen content in a nuclear fuel cladding (made of zircaloy)
determined by incoherent neutron scattering

22ppm

107ppm

242ppm

717ppm

1024ppm

MATERIALS

- Textures
- Strains - Stresses
- Precipitates
- Voids
- Composites
- …

DISORDERED
SYSTEMS

- Alloys
- Nanostructures
- Liquids, amorphous solids
- Dynamics
- Glass transitions  
- …

MAGNETISM

- Low dimension
magnetism

- Molecular magnetism
- Multi-layers
- Nano particles
- Heavy fermions
- ....

SUPER-
CONDUCTIVITY

- Structure
- Phase diagrams
- Excitations
- Electronic correlations
- .... 

RADIOGRAPHY

The ribs of the 4 lower ele-
ments exhibit manufacturing
defects.



6

1 - Radiation and matter

In order to explain the physical properties of a material or of a class of compounds, it
is essential to understand the interactions between its elementary components. On a
microscopic scale, these interactions determine:

• the ordering relations between atoms (or molecules) and between electronic
magnetic moments;

• the dynamical characteristics of each atom (individual dynamics) and the phase cor-
relations between the motions of two distinct atoms (collective dynamics). The same
analogy exists for magnetic moments. 

Over the past century numerous techniques have been developed, which investigate
on an atomic scale and which enable the physicist to describe with increasing preci-
sion these fundamental interactions. Techniques where radiation interacts with matter
occupy a special place in these investigations: beams of photons, electrons, protons,
helium atoms...and slow neutrons. 

Wave-Particle 
duality

In 1924, Louis de Broglie wrote
in his treaty on wave mecha-
nics: 

«A wave must be associated
with every material particle. The
particle motion can be deduced
from the propagation laws for
the corresponding wave.»

This statement, whose rele-
vance has been proven by
numerous experiments with
electrons and photons, has
divided the scientific world;
since rational thinking would
require that an object be clas-
sified as black or white, but not
both at the same time : «It is
obvious that the unconditional
and simultaneous application
of the undulatory and corpus-
cular representation leads to
immediate contradictions. We
must therefore conclude that
the use of these representa-
tions must have certain natural
limits». 
(W. Heisenberg, Les principes phy-
siques de la théorie des Quanta, 1932).

Charge:

Mass:

Radius:

Spin:

Magn. Moment:

Momentum: 

Energy: 

0

m = 1,67 . 10
-24

g

ro = 6 . 10
-16

m

1/2

� = -1,9�N

p = m  v

E =  1 
       2   

Wave length:

Wave number:

Momentum: 

Energy: 

         

� =  h 

k = 2�

p = h k = h k

E =    h
2
   =  h

2 k2
  

 2�

  2m�2      2m
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��

(v = velocity) (h = Planck's constant)

Particle

�

�

�

Wave

100 1000 10.000 V(m/s)

  4  0,4   0,04 �(nm)

0,05    5   500 E(meV)

mv2

Characteristic neutron parameters 
and expressions for its moment and its energy 

in the two representations
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Beam
separator

(Si single crystal) Scattered beam

Transmitted
beam

Mirror 
(Si single crystal)

Variable dephaser
(aluminium plate)

Analyser
(Si single crystal)

Detector

�

�

��

A demonstration of the undulatory nature of the neutron is provided by the results of interferometry experiments done with
neutron beams (which are similar to long proven results using light). The interferometer consists of 3 silicon single crystals
whose lattice planes (containing the atoms) are all perfectly parallel. (Fig a).

Wave physics teaches us that the intensity of the outcoming beam is expressed as:

I = I0 [ a + b cos (�d)]

where �d is the difference in the «optical paths» followed by the two beams. By introducing an aluminium plate (aluminium
is very transparent for neutrons but its neutron index, and therefore its optical path per unit length, is different from that in
air), we cause �d to vary by changing the angle ��(variable dephaser).

Figure (b) shows the number of neutrons counted per unit time in the detector as a function of �d. The observed modula-
tion indicates that, in the analyser crystal, the 2 beams have recombined coherently - in complete agreement with the undu-
latory hypothesis. 
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A beam with a well-defined and well-known energy and direction propagates through
the material under study and interacts with its basic constituents. In the scattering pro-
cess, which results in a change in the direction of propagation and/or in the energy of
the radiation, the «radiation-scatterer» pair specifically determines the interaction.
From theory, one can link the characteristics of the scattered beam to the properties
(order and dynamics) of the scatterers. Thus, by using several «radiation probes», dif-
ferent and complementary informations can be obtained. 

Other frequently used measuring methods include: magnetic resonance techniques
(nuclear and electronic), different kinds of microscopies (electronic, near field...), infra-
red and Raman spectroscopies,...

Neutron interferometry

(a) Diagram of a crystal interferometer (b) Modulation of the beam caused by interferences in the analyser
(from H. Rauch in «Neutron Interferometry», Oxford science
publications, 1979).



2 - Interaction with matter
A: Scattering function

Let us return for a moment to the wave-particle duality. When the particles have
a high energy (for neutrons, E = 40 keV corresponds to � = 10-4 nm, by far shor-
ter than the distances between atoms in matter), the corpuscular approach
illustrated by the image of a shock between 2 billiard balls is perfectly justified
(cf. P.24 «Neutron thermalization process»). On the contrary, we are interested
here in thermalized neutrons with wavelengths between 0.05 and 2 nm, the-
refore comparable to inter-atomic distances. Theory indicates that, in this case,
it is the «diffraction» phenomena that are predominant; the latter can only be
treated rigorously when using a wave point of view. 

In the incident beam, a neutron is defined by its wave vector ki
→and its energy

Ei; after scattering, its wave vector becomes kf
→and its energy Ef. Based on the

conservation laws (moment and energy) resulting from the application of the
basic principles of physics, we deduce that the neutron and the scattering sys-
tem have exchanged:

• a momentum Q→ = ki
→– kf

→ Q→ = momentum transfer

• an energy h
_

	 = Ei – Ef �E = h
_

	 = energy transfer

The probability of this exchange (noted S(Q→ ,	), scattering function) is measured by the
number of neutrons (kf

→, Ef); it is directly linked to the nature and to the force of
the interactions between the wave and the scatterer.

It is the characteristics of this interaction, which will reveal the properties of the scatte-
rers that are accessible for the experiment, making neutron scattering an indispen-
sable tool in the study of numerous properties of condensed matter.

8

If the scatterers (atoms) exhibit a per-
iodic spatial order, the spherical
wavelets produced by each scatterer
add up coherently in certain direc-
tions (in other words, all have the
same phase within 2�). Consequently,
we will have in these directions a
plane wave of great amplitude (Bragg
diffraction). The angle 2
 by which
the beam deviates from its incident
direction depends on the periodicity
of the lattice (d) and on the incident
wavelength (�).

Wave scattering in an ordered plane of atoms.

Bragg’s diffraction
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B: Neutron-atom interaction 

❏ Carrying no electrical charge, the neutron has no
electrostatic interaction with the electron cloud of
the atom. 

❏ The neutron is sensitive to the nucleons within the
nucleus of the atom. It interacts with the latter via
«nuclear» forces, that is to say at very short range
(diameter of the nucleus � 10-12 cm).

These characteristics entail 3 important differences
between neutrons and X-rays:

• Due to its weak interaction with matter, the neu-
tron has a high penetration power. Contrary to 
X-rays, which perceive atoms only within a thick-
ness of a few µm (10-6 m) from the surface, neu-
trons can probe all the atoms in a large sample. 

Measurement of residual stresses in a hip prosthesis

The hip prosthesis is made of solid
titanium-based alloy (TA6V), covered
with a layer of hydroxy-tapatite (HAp)
a few tens of �m thick.

One of the possible causes of this limited lifeti-
me could be the appearance of stress in the
titanium during the transformation phase from
HAp to bone. Thanks to their great penetration
power, neutrons enable the scientist to measu-
re these stresses in the prostheses. The results
to the left show that, before implantation, the
deposit of the HAp coating has little effect on
the level of internal stresses, which is relatively
weak on the whole. 

Depth (mm)
(measured from the [bone-TA6V] boundary)
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�xx TA6V+HAp
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The prosthesis is 
implanted in the bone.

The bone «colonises» the layer
of HAp and, over several months,
transforms it, assuring adherence

On the average, at the end
of 20 years, there is a loss

of adhesion. A new surgical 
operation is then necessary
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Penetration depth of a beam of thermal neutrons (0.18 nm), of 
X-rays (0.1 nm) or of electrons (0.004 nm) as a function of the atomic
number. Note the logarithmic scale along the vertical axis. 

Residual stress in titanium as a function of depth.
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• The «nuclear» interaction depends on the number of nucleons in the nucleus and
on the energy levels that they occupy. It shows no correlation to the atomic num-
ber Z, whereas for X-rays it is proportional to the number of electrons present.  The
neutrons thus allow the scientist to «see» some light atoms that are barely visible
with X-rays. An important application is the location of hydrogen in crystallised bio-
logical systems and in molecular crystals. 
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Thermal neutron scattering lengths of different
elements.

Interaction of the neutron with the corres-
ponding element, measured in unit of length
(10-12 cm). In a material made of several atom
species, the contribution of each atom to the
total cross section is a function of its scatte-
ring length. The broken green line is the
same quantity for X-rays. 

• Finally, 2 isotopes of the same element have different interactions, which is not the
case for X-rays (2 isotopes have the same number of electrons). This property is the
basis for «differential» measurements by isotopic substitution, such as the measu-
rement of partial structure factors or of the conformation of objects (macromole-
cules, micelles, vesicles) by the contrast variation method.  

Generally speaking, all polymers are made of carbon
and hydrogen in similar proportions and thus possess
the same scattering power (no contrast). Thanks to the
selective deuteration of one or the other component of
this system (A, B, A-B), the neutrons allow us to quantify
the concentration of the different macromolecules when
crossing through the glued interface.

- bring
together the 
two surfaces

- coat one of the sides to be glued
- wait for the penetration of the 

corresponding part of the 
copolymer (curing)

- prepare the copolymer A-B

1

0

-40 -30 -20 -10 0 10 20 30 40

PS PS-PMMA PMMA

z   (nm)

A = Polystyrène (P.S.)
B = Polyméthyl - 

métacrylate (PMMA)

PS(h)/PS(h) - PMMA(d)/PMMA(d) :
total concentration in PMMA
PS(h)/PS(d) - PMMA(h)/PMMA(h) :
concentration in PS belonging to the copolymer
PS(h)/PS(h) - PMMA(d)/PMMA(h) : 
concentration in PMMA belonging to the copolymer

A method for gluing 2 objects, one made of polymer A, the other of polymer B:

Concentration of the different components
as a function of the position.
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❏ Numerically the relation that links the energy (E) of the
neutron to its associated wavelength (�) is well adap-
ted to the study of condensed matter. Indeed, thanks
to its mass value, the neutron simultaneously satisfies
2 requirements:

• a wavelength comparable to the interatomic distances
(a few 10-1 nm) and therefore the possibility of interfe-
rence patterns (diffraction).

• energy of the same order of magnitude as the excita-
tion energies of the scatterers (atoms or magnetic
moments) which are thus easily measurable. 

Regions of space [momentum
transfer (Q), energy transfer (E)]
accessible by different probing
radiations.

❏ The neutron has a spin 1/2. It is equivalent to a magnetic moment →�N and, consequently, is sensitive to the magnetic
fields created by unpaired electrons present in the material under study. In these magnetic materials, the [matter-neu-
tron] interaction potential includes a coupling term [neutron spin-atomic magnetic moment] which, similar to the term
for the [neutron-nucleus] interaction, allows us to study the order (magnetic structures) and the interaction of these
moments.

The manganese perovskite undergoes a
succession of structural and magnetic
phase transitions, as a function of tempera-
ture, which are seen in the modifications of
the diffraction pattern: 

T > 240 K, paramagnetic
phase
(blue curves)

240 > T > 180 K, ferromagnetic 
phase
(red curves)

T < 180 K, antiferromagnetic
phase
(green curves) 
with a charge 
order of the  
Mn3+/Mn4+ions

2
(deg)

T(K)

Neutron diffraction patterns at different
temperatures.

Magnetic phase transitions
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When a given structure associates elements of very different atomic numbers Z, the lightest element only makes a
very weak contribution to the scattered X-ray beam (each species makes a contribution proportional to Z2). On the
contrary, thermal neutrons have a strong interaction with hydrogen.

The AB5-type compounds have the property to reversibly store large quantities of hydrogen at room temperature and pres-
sure. The replacement of a fraction of the atoms B by another metal often improves the storage performance. For ins-
tance, up to 6 hydrogen (or deuterium) atoms may be inserted in the hexagonal unit cell of La Ni4.5 Sn0.5. Neutron 
diffraction enables the scientist to pinpoint their positions. 

The insertion of deuterium causes the unit cell to expand (the diffraction peaks shift) and changes the relative intensity
of some peaks. 

«Neutron» and «X-rays» pictures of a Texas Instrument pocket calculator.

A practical application of the great
«visibility» of hydrogen is to allow
observation, by neutron radiography
of an organic material (containing
mainly carbon and hydrogen), enclo-
sed in a metallic host. For example,
the pyrotechnic devices that ensure the
in-flight separation of the different
stages of the Ariane rocket are syste-
matically «neutronographed» using
the neutrons produced by the reactor
Orphée.   

: La : Ni et Sn : D
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)

Singling out hydrogen atom

Powder diffraction pattern of LaNi4.5Sn0.5 and LaNi4.5Sn0.5D5.2. Position of the atoms in the unit cell.



13

In CuGeO3, the Cu++ ions form chains of spins 1/2 coupled antiferromagneti-
cally. When the temperature is lowered, the tendency for an antiferromagne-
tic quasi-one-dimensional order competes with a dimerisation in which 2
neighbouring spins form an entity with zero net spin, resulting in a nonma-
gnetic ground state.

A coupling between the spins and the lattice vibrations (phonons) favours this
dimerisation and leads to a structural transition characterised by the
displacement of the Cu++ ions: this is the spin-Peierls transition.
Measurements of the phonon dispersion curves by inelastic scattering of
neutrons on a single crystal of CuGeO3 provide indications as to the
microscopic origin of the coupling. Part of the results obtained at room
temperature and the calculated spectrum (full line) based on a lattice
dynamics model may be found in the graph to the left. The modes having the
symmetry involved in the transition are noted T2

+ in the figure. 

• Similarly, infrared and Raman spectroscopies provide access to the
energy values of the elastic excitations in solids (phonons). But the
wavelength of photons used, to first order at least, only allows coupling
to modes near the zone centre (q~0). Measurement of the characteris-
tics of the propagation (dispersion curves) in the entire Brillouin zone,
which are indispensable when testing models of interaction potentials
between atoms of a crystal, requires to use neutron spectrometry. 
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Intensities measured by small angle scattering when applying a
magnetic field of 1.4 T. The nuclear and magnetic contributions
can be separated due to the anisotropy of the magnetic
scattering: it vanishes in the direction q

➜
// H

➜
(◆ ) and has a

maximum in the direction q
➜

H
➜

(o). The scattered intensity can
be fitted ( — ) satisfactorily by taking into account spherical
particles made of pure copper with a gaussian size distribution,
and a mean radius of 8nm. This study is part of the research on
the mechanisms of an eventual embrittlement of the pressure
vessels used in some nuclear reactors after several years of use.
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3 - The specific contribution of neutron spectrometry

Neutron scattering in a polycrystalline sample of 
Fe Cu1,5% after thermal ageing (312h, 500°C).

Spin-Peierls transition in CuGeO3

As a result of its characteristics (zero charge, mass, spin) the neutron possesses, on one hand, some unique properties
(different interaction with 2 isotopes, penetration power, magnetic interaction) and, on the other hand, characteristic
values (wave vector, energy) that are found together in no other probing radiation. To conclude this chapter, let us look at
some examples in which these properties apply:

• X-rays beams are more intense, easier to produce and to operate; their use must be the basis of any structural study.
But when trying to locate light atoms in the midst of heavy ones, to observe specific correlations between certain atoms
in a liquid or to characterise clusters in an alloy, the advantage of neutron beams is easily proved. For example, the use
of the magnetic interaction between the neutron and the iron atom provides information on the precipitation of copper
aggregates in certain steels that have undergone significant thermal ageing or neutron irradiation.
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Melt of polymer as «seen» by a neutron beam

• In physical chemistry as well as in biology, it is important to be able to measure
objects of nanometer size, to ascertain their form and, if they are heterogeneous, to
know the distribution of each of their components. Again, if small angle scattering of
X-rays is widely used, there are cases where only neutrons can provide an answer.
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Chain conformation (above) and scattered intensity (below) by a polystyrene melt.
In black: hydrogen chains; in red: deuterated chains.

(a) All chains are hydrogenated: there is no contrast, thus 
little scattered intensity.

(b) 13% of the chains are deuterated: the H/D contrast allows
for measurement of the characteristics of a chain.

To ascertain the conformation of a macromolecule among similar molecules (solid or mel-
ted polymers), some macromolecules have been introduced in which hydrogen has been
replaced by deuterium. These molecules become «different» for neutrons and are therefo-
re observable. The isotopic substitution H→D introduces a «contrast» in the midst of a che-
mically homogeneous group. 
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• The interaction between neutron and magnetic moments of electronic origin carried by the atom allows study of magne-
tism on a microscopic scale:

- order relationships (ferro, antiferro, ferrimagnetism; canted and helicoidal magnetic structures,...) are measured by 
diffraction;

- magnetic excitations are accessible by inelastic scattering.

The compounds RMnO3 (R=Rare Earth, perovskite structure)
exhibit a strong variation in resistivity when placed in an
external magnetic field (giant magneto-resistance).
The introduction of electron holes by La substitution causes
an additional branch of excitations to appear. The very strong
decrease in intensity when the wavevector increases reveals
the existence of a small ferromagnetic region associated with
these new excitations, indicating the existence of «charge
droplets» in this compound. 
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Scattered intensity from colloidal particles of silica surrounded with polymers grafted to their surface according to whether the
silica core or the polymer crown is being observed. A judicious choice of the (hydrogenated/deuterated) solvent proportion allows
adjustment of the neutron scattering length of the solvent to that of one or another component of the particle. The corresponding
part of the particle thus becomes completely «transparent». By varying the «neutron contrast» in this way, different components
appear, thus simplifying the problem that can then be resolved. 

Observation of the components of a heterogeneous object by the contrast variation method.

Energy spectra for different wavevectors observed in the magnetic
doped semiconductor La1-xCaxMnO3.
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The neutron-nucleus interaction: Fermi's pseudo-potential

A neutron and a nucleus interact through nuclear forces that, experience shows, are short range (of the order 
10-13cm). 

This interaction distance is, on one hand small compared to the average radius of the nucleus (~ 10-12 cm), on
the other hand insignificant compared to the wavelength of thermal neutrons (~ 10-8 cm).

It can be demonstrated that, in these conditions:

a) neutron scattering is isotropic, in other words equiprobable in all directions of  space («s» character  scattering);
b) outside of the nucleus, the wave function of the scattered neutron is barely different from the function of the

initial wave (plane wave) and therefore, can be calculated by a perturbation treatment to first order (Born
approximation);

c) a single parameter, independent of the energy of the incident neutron, is sufficient to describe the interaction.
This parameter (b=scattering length) is a complex number which has the dimension of a length. Its real part
can be positive or negative according to whether the neutron-nucleus interaction is attractive or repulsive.  Its
imaginary part represents the probability that the neutron will be absorbed by the nucleus.

Fermi proposed a phenomenological description of this interaction in the form of a «pseudo-potential» having the
desired properties: relative to an arbitrary origin, if the neutron is at r➞ and the nucleus at R➞ :

V (r) = b � ( r➞ -  R➞ )

In the case where there is a group of N atoms, the nuclei are numbered from 1 to N

bj = scattering length of the atom labelled j

N

1

Neutron-atomic magnetic moment interaction

The neutron carries a spin sn
➞ (� sn���= Q ). It is equivalent to a magnetic moment

The interaction potential between the neutron and an unpaired electron of the scattering atom carrying 
a magnetic moment �e

➞ ,, is written:

and the total magnetic interaction is obtained by summing over all unpaired electrons:

It is much easier to work in the reciprocal space:

�→N = – �N
eh

mnc 
s→n ;  �N = 1,91  (gyromagnetic ratio) that creates a magnetic field at a distance r:

Ve ( r ) =  – �e � HN

Vj (Q) = (�N
2e ) M➞ � (Q) . sn

➞ ➞
hc

M(Q) = �e �e e - iQ
➞

r
➞
e➞ ➞

M�

Q
➞

M
➞

➞

Vj ( r ) = �
e

Ve ( r➞ )
➞

Vj (Q) = ( 2�h2 )  dr➞ e       Vj ( r )
➞ ➞

mN

iQ
➞

r
➞

➞ ➞

�

re = coordinate of the electron e

M➞ �(Q) = component of M➞ (Q) in the plane 
perpendicular to Q.➞

➞

➞

HN (r) = rot  
�N ��r➞

� r�3

➞ ➞

V (r) = ��bj� ( r➞ - Rj
➞ )
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Polarisation of a neutron beam

The neutron carries a spin s (� s���=   ). Projected on an arbitrary direction in space (for example an external magne-
tic field), it can only take on the values  sz

(+) = et sz
(–) = – (quantum mechanics).

The beam coming out of the reactor is non-polarised, that is to say it contains 50% of the neutrons with sz
(+) and 50% of

the neutrons with sz
(–) .  The production of beams in which all the neutrons have the same spin direction is an excellent

opportunity for magnetic studies.  Let us look at two currently used methods and one method for the future.

1) Diffraction by a ferromagnetic crystal
When an atom possesses a magnetic moment m➞ , its interaction with the neutron is the sum of the neutron-nucleus
(amplitude b) and the neutron-magnetic moment (amplitude fmg) interactions. 
If these atoms are arranged regularly (crystal), and if at the same time their magnetic moments are all parallel (fer-
romagnetic), the intensity of the Bragg peaks is proportional to (b ±� fmg��)

2. The sign to be chosen depends on the
relative orientations of the neutron spin and of the magnetic moment of the atom.  If the crystal and the Bragg peak
are chosen such that b�� fmg� , in other words if (b-� fmg��) �0, the diffracted beam will only contain the neutrons
with (s➞ //m➞ ) (sz

(+)).

2) Reflection by a «magnetic mirror»
At the interface between the vacuum and a medium region with index n, a beam of neutrons undergoes total reflec-
tion if its incidence angle  �� is inferior to a critical value (cf. P.27, «Neutron Guide»).  In the case of a
magnetic medium subjected to an external field H➞ , the factor (1-n) contains 2 terms that are added up if the spin
of the neutron s➞ is parallel to the induction B➞ (critical angle          ) and are cancelled out if spin and induction are
antiparallel (      ).  If these terms are approximately equal     ~ 0; for all incidences such that 0 <   < only
neutrons with sz

(+) will be reflected.
Please note:  In this case, the reflected beam is not monochromatic.

3) Filtering of spins by polarised 3He
This very promising method, presently under development at ILL (Grenoble), relies on the fact that the capture cross-
section of 3He, an isotope of the helium atom with 3 nucleons (2 protons and 1 neutron), depends on the spin of the
incident neutron. If the latter can couple to the spin of a single nucleon to form a pair with a zero total spin (anti-
parallel spins), the capture cross-section is considerable; it is 1000 times weaker in the opposite case.  When a neu-
tron beam propagates through a volume of polarised 3He (all nuclei have // spins), 1000 neutrons sz

(–) are captured
whereas only one sz

(+) neutron disappears.

• Better still, with a beam in which all neutrons have the same spin orientation, for example sz = + 1_
2 (a polarised beam that

we know how to produce), the measurement of the number of neutrons whose spin has been reversed (sz = – 1_
2 ) after scat-

tering allows us to determine with great precision the local density of magnetic moment.

In this compound, the Mn2+ and Cu2+ ions are linked by an organic oxamide
bridge (-O-C-N-). The spin density is represented in projection along a per-
pendicular to the bridge. The existence of a high positive density region (in
red) centred on the manganese (Mn) and of a negative density region (in blue)
centred on the copper (Cu), confirm the antiferromagnetic coupling between
the metallic ions via the organic bridge, leading to a ground state with spin S
= 2.  The greater delocalization of the density of negative spin on the bridge
reflects the stronger covalent character of copper as opposed to manganese. 

The interest of this bimetallic compound resides in that it is similar to the
basic links of the chains (Mn, Cu) that form one of the first molecular com-
pounds to display a ferromagnetic order.
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Coherent and incoherent scattering

Let's consider the interaction of a slow neutron (�0>10-2 nm) with the atoms of a perfect crystal, in other words with
a large number of scatterers placed at the nodes of a regular lattice. Since each incident particle has a wavelength
that is comparable to the distance between 2 scatterers, the neutron is not going to interact with one specific atom
but with all the scatterers in the sample. 

In wave mechanics, the wave function of the incident neutron is a plane wave. This wave is scattered by each of the
nuclei in the sample which, according to Fermi's hypotheses (cf. P.16), act as secondary sources: they reemit a sphe-
rical wave that is out of phase with respect to the incident wave by an amount that is  proportional to bl, the scatte-
ring length of nucleus l. This representation, originating in the optical theory of the propagation and scattering of
waves developed since Huyghens' work («Treaty of Light», 1690), is applicable to any kind of wave; it allows us to
understand an essential point concerning neutron scattering: the simultaneous presence in the detected signal of 2
components, one «coherent», the other «incoherent»: 

❑ If all scatterers in our perfect crystal are strictly identical (same isotope of the same chemical species) and if also
the nuclei have no spin, then bl = b whatever l is and the reemitted waves exhibit a definite phase relationship
among themselves.  At one point situated far from the sample all these waves interfere; the amplitude A of the
resulting wave, obtained as the sum of all contributions, is non zero only in the directions in which the path dif-
ference between the two secondary waves is an integral multiple of 2� (Bragg direction); A is thus equal to the
sum of the scattering lengths (or scattering amplitude):

A =         bl = Nb

All the scatterers contribute to the final result in a «coherent» manner. The scattering length of each nucleus is cal-
led coherent, bcoh=b. The number of scattered neutrons in the Bragg direction (coherent differential scattering
cross-section) is given by the square of the amplitude of the neutron wave function. It is proportional to (bcoh)2.

❑ Let us now suppose that the scattering lengths fluctuate in a random way from site to site, around a mean 
value:

bl = b + �bl with        �bl = 0 

The system could thus be represented schematically by assuming that 2 scatterers at the same position occupy each
site :
- one scatterer having a scattering length b. This subset reemits waves in phase that interfere in an identical way to

the preceding case. It produces a coherent component with bcoh = b.
- a scatterer having a scattering length �bl that varies randomly from site to site, thus with no correlation between

the values of �b on 2 neighbouring sites. As a result, the phases of the waves re-emitted by these scatterers are
also at random and, like light issued from 2 incoherent sources, it produces no interference. The resulting intensi-
ty is the sum of the intensities, in other words the sum of the squares of the amplitudes. Moreover, since the inten-
sity emitted by each scatterer is isotropic, the same holds for the overall intensity. This random fluctuation of the
scattering length produces an incoherent component.  Its intensity (d�/d�)inc is isotropic and proportional to: 

K2 =        �bl = N [(bl - b)2] = N [bl - (b)2]

N

l = 1
�

N

l = 1
�

N

l = 1
�
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In comparison, we define an incoherent scattering length (per nucleus):

We have thus the addition of a coherent and an incoherent component. This result is very general; it is so for the
elastic as well as for the inelastic part of the scattered beam. As we have attempted to explain, the coherent
component is the result of a collective process in which all the scatterers of the crystal contribute. The law of
variation of its intensity with the momentum transfer Q and with energy exchanged h	 (coherent scattering func-
tion Scoh (Q, 	)) reflects the spatial correlation and the collective dynamics of the scatterers. On the contrary, each
scatterer contributes independently (simple addition of the scattered intensities) to the incoherent component.
The corresponding scattering function Sinc (Q, 	) contains only their individual dynamics. The relative magnitude
of each of the components is given by the respective values of the average scattering length b and of its fluc-
tuation �b. 

In conclusion, let us look at the two causes that bring about a fluctuation of b from site to site:

1) isotopic disorder: we have seen that 2 isotopes of the same element in the periodic table do not have the same
scattering length.  If no particular «care» is taken at the time of preparing the sample, each chemical species pre-
sent in the sample is a mixture of its isotopes in such a way as they exist in the natural state, the spatial distri-
bution being at random. 
For example, if an element has 2 isotopes with concentration C1 et C2 (C1 + C2 = 1) whose respective scattering
lengths are b1 and b2:

2) the nuclear spin: the neutron has a spin 1/2. The nuclear forces responsible for neutron scattering by a nucleus
depend, if the latter has spin i (nuclear spin), on the mutual orientation of their spins. In this case, there are 2 scat-
tering lengths b(+) and b(–) according to whether these spins are «parallel» (total spin i + 1/2) or «antiparallel» (total
spin  i – 1/2). If neither the target nor the incident beam is polarised, the passage via one or the other of these
total spin states is at random. Finally, everything happens as if scattering lengths b(+) et b(–) were randomly dis-
tributed on the scatterer lattice, in proportion to the number of corresponding states (there are (2s+1) states with
total spin s). One can thus show that: 

Note: the distinction between «coherent» and «incoherent» in the expression of the effective scattering cross-section
is not always obvious and is sometimes a source of confusion. For example: the chemical disorder in an alloy pro-
duces a fluctuation in the scattered length from site to site and, therefore, adds incoherent terms; on the other hand,
a position disorder modifies the correlations and therefore the coherent terms. Since experimentally these two types
of disorders both manifest themselves in a similar fashion by the appearance of a scattered intensity between the
Bragg directions, one frequently speaks of «diffuse» scattering. 
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bl - (b)2

b = C1 b1 + C2 b2

i + 1
2i + 1

b(+) b(–)b = + i
2i + 1

(�b)2 = C1 C2 (b1 - b2)2
b2 = C1 b1 + C2 b2

}2 2

i (i + 1)
(2i + 1)2

(b(+) – b(–))2��b)2 =

binc = =


