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Neutron Diffraction and the Structure of
New Materials

SX010 New materials are everywhere! Imagine all the tiny

magnets in the electric motors of a new car, the
lighter, longer-lasting batteries that power a portable
telephone or computer, or the selective catalysts used
to create new fuels and clean up the environment.
Imagine machines made from new kinds of ﬁbers,
with motors made from new kinds of ceramics—both
lighter and tougher than the metals they replace.
Imagine storing greenhouse gases at the bottom of
the ocean, or ﬁnding vast reserves of energy in this
‘‘inner space.’’ But who could imagine, a few years
ago, new superconducting materials that could
conduct electricity without loss, and be used in more
powerful magnetic scanners to map the human body
in the ﬁnest detail? Who can imagine the future
without working on the materials that will make it
possible?
In this article we will describe some of the
SX015
advantages of neutrons for this kind of work,
compared to X rays and electrons, and give speciﬁc
examples of recent applications of neutron diffraction
to our understanding of the structure of new
materials.
SX020

1.

Why Neutrons?

The properties of materials are largely determined by
their structure—structure on the atomic scale, or
nanostructure. The distance between atoms is only
about 0.1 nm, much smaller than the wavelength of
light (400-700 nm), so clearly we cannot use light.
But neutrons, along with electrons and X rays, can
provide a new kind of ‘‘microscope.’’ Neutrons are
subatomic particles that act like waves—like X rays
and electrons. Since the wavelength of ‘‘thermal’’
neutrons is similar to the distance between atoms,
they have the potential for providing details of
structure on the atomic scale. There are a number
of advantages of using neutrons:
* Neutrons are electrically neutral, unlike elecSX025
trons, which have a negative charge. They can
therefore penetrate deeper into materials, and are
even more penetrating than X rays. This can be
important for ‘‘nondestructive’’ measurements of
engineering components and materials under extreme
conditions, such as inside pressure cells, furnaces, and
refrigerators.
* Neutrons interact with the tiny central nuclei of
atoms, while X rays are scattered by the surrounding
clouds of electrons. Neutrons can then locate atoms
more precisely, and scattering from point objects is
strong even at high scattering angles.
* More importantly, the scattering power of
SX030
atoms for neutrons does not depend on the atomic
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mass number, as it does for X rays and electrons.
This means that light atoms such as hydrogen and
oxygen scatter neutrons as strongly as heavy atoms
like lead (Fig. 1). We will see why hydrogen and
oxygen are important for many new materials.
* Even more importantly, neutrons act like tiny
magnets, and are a unique tool for determining the
magnetic structure of materials.
* Finally, the energy of thermal neutrons is SX035
similar to the energy of vibration of atoms in solids,
and other types of ‘‘excitations’’ involving magnetism—the energies of X rays are very much higher.
Neutrons can then be used to study the dynamics of
materials, and the forces between atoms.
These latter two advantages in particular earned
the 1994 Nobel Prize for Bert Brockhouse and Cliff
Shull, two of the pioneers of neutron diffraction.
Figure 1 compares the scattering power of elec- SX040
trons, X rays, and neutrons for scattering at
moderate angles. X-ray scattering is proportional to
the number of electrons, and electron scattering
depends on the electrical potential, which also
depends on the atomic number. However, neutron
scattering is of similar magnitude for all of these
atoms, heavy or light.
Furthermore, the scattering centers for X rays and SX045
electrons are atomic spheres of ﬁnite dimension d, so
the scattering power for X rays of wavelength l then
falls off rapidly with scattering angle 2y, decreasing
by half when sin y ¼ l=d ¼ 1, i.e., when the X-ray
wavelength is comparable to the size of the atoms
(l=d).Thermal neutrons, with similar wavelength, are
scattered by the much smaller nucleus, so sin y can
have large values without any fall-off in intensity.
Large scattering angles are needed to obtain high
resolution of structural details.

2.

How Do We Obtain Neutrons?

SX050

Excess neutrons are produced by the ﬁssion of heavy
elements, since light elements contain proportionally
fewer neutrons. Nuclear ﬁssion occurs either via a
chain reaction in a nuclear reactor, or in an
accelerator, where a heavy metal target is bombarded
by energetic protons to produce neutrons by ‘‘spallation’’ ﬁssion. Europe possesses both the best reactor
and best spallation neutron sources, respectively at
the Institut Laue-Langevin (<Bib12>ILL) in Grenoble, and at the <Bib13>ISIS pulsed source near
Oxford. Although neutrons are the ideal probe for
studying the structure of materials, the number of
neutrons, even at ILL—the world’s highest ﬂux
source—is still only a tiny fraction of the number of
electrons in the beam of an electron microscope, or
the number of X-ray quanta from X-ray sources.
These ﬁssion neutrons are very energetic, and must SX055
be ‘‘moderated’’ or slowed down before they can be
used for diffraction. The moderator may be just a
1
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Figure 1
The scattering power for X rays, electrons, and neutrons
of the different atoms in oxide superconductors. The
diameters of the circles are proportional to the scattering
amplitude, and the areas to the intensity, for scattering
at angles 2y such that sin y=l ¼ 1.

tank of (heavy) water surrounding the ﬁssion source.
The neutrons lose energy by colliding with the
hydrogen atoms in the water, and after a few
collisions end up with the same energy as these
atoms, i.e., ‘‘thermal energies’’ with neutron wavelengths of B0.1 nm. Thermal neutrons are then ideal
for measuring both the structure and energy of
materials on the atomic scale. Less-energetic, longerwavelength neutrons (B1 nm) can be produced by
using a ‘‘cold’’ moderator such as liquid hydrogen,
and shorter wavelength neutrons ( <0.1 nm) by using
a ‘‘hot’’ source, such as graphite heated to 2000
QA:1 degrees .
It would be expensive to build a more intense
SX060
neutron source, but cost effective to make better use
of the existing source, since many neutrons are
wasted because the detectors are small. New types
of detectors can increase the number of neutrons that
we actually count, by a factor of 10 or more. As well,
neutron optical elements, such as focusing monochromators and super-mirror neutron guides (which
act like optic ﬁbers for light), can bring more of the
available neutrons to our samples. These techniques
are particularly important for the study of structure
with neutrons, since new materials are often only
available in small quantities when ﬁrst produced.

SX065

3.

What Kind of Experiments Can We Do?

On a reactor source, we generally use a large crystal
monochromator to select a particular neutron wavelength, just as the different wavelengths of light can
be separated using a prism or ﬁne grating. The
material to be studied is placed in this monochromatic neutron beam, and the scattered neutrons
collected on a large 2D detector. The sample can be a
liquid, a bunch of ﬁbers, a crystal, or a polycrystal. A
polycrystal is the usual form of solid matter, such as a
2

Figure 2
Bragg’s law is simply the condition for constructive
interference for scattering by angle 2y with wavelength l
from a set of planes of d-spacing d.

lump of metal or ceramic, and is made up of millions
of individual crystals.
To understand how neutron diffraction works, SX070
imagine how light is diffracted by a regular grating or
grid. Scattering from the different lines of the grid
interferes to give diffraction lines and ‘‘spots’’ with
spacing inversely proportional to the spacing of the
grid lines. X-ray and neutron diffraction work the
same way, but the grid is now the array of atoms in
the material. This interference condition is called
‘‘Bragg’s law’’ (Fig. 2). By measuring the intensities
and positions of the scattered X-ray or neutron Bragg
peaks, we can deduce the atomic structure.

4.

Neutron Powder Diffraction

SX075

Neutron diffraction experiments are then really quite
simple, and available to a wide variety of users—
materials scientists, chemists, physicists, and biologists. The simplest type is ‘‘neutron powder diffraction,’’ ﬁrst used by Shull to obtain magnetic
structures, where a polycrystalline lump of material,
often ground to a ﬁne powder, is placed in the beam
(Fig. 3). Neutrons are scattered at speciﬁc angles,
corresponding to the spacing between atomic planes,
and by measuring these angles and intensities, the
atomic structure of the material can be deduced.
If instead of a crystalline powder an amorphous or SX080
liquid sample is used, there are only broad peaks at
speciﬁc angles corresponding to average interatomic
distances. To obtain more data, short neutron
wavelengths are used, and sometimes one type of
atom is replaced by its isotope—chemically identical,
but with a different nucleus and different neutron
scattering power. This difference then gives information speciﬁc to that atom.
On the other hand, if a large single crystal of the SX085
material is available, it can be oriented to select the
particular atomic plane of interest, which greatly
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Figure 3
The high-resolution powder diffractometer D2B at ILL
.
Grenoble. A Soller
collimator is used to deﬁne the
incident beam direction to 5’ or 30’ of arc, and a
(vertically focusing) monochromator crystal is used to
( Further
select a particular wavelength, such as 1.594 A.
5’ collimators in front of the 64 3He detectors deﬁne the
scattered beam (Hewat <Bib10>1986).

simpliﬁes the analysis of the data. Inelastic neutron
scattering also uses single crystals if available, but is a
little more complicated. Here the change in neutron
energy is measured as well, and this gives information
about the energies of vibrations and other excitations
in the sample. Just as the incident energy, or
wavelength, is selected by a monochromator crystal,
the scattered energy is measured with an analyzer
crystal in the so-called three-axis machine invented by
Brockhouse.
On a pulsed (spallation) neutron source, things are
SX090
a little different. Instead of a steady stream of
neutrons, intense pulses are produced with high peak
intensity but low average ﬂux. The so-called time-ofﬂight (TOF) method is used to separate the neutron
wavelengths, instead of using monochromating or
analyzing crystals. Over a long ﬂight path, the
neutrons arrive at the sample spread out in time, so
their energy or wavelength are obtained by measuring
this ‘‘time of ﬂight’’ (TOF). In practice, the slowest
neutrons arrive just before the fastest neutrons from
the next pulse. Some experiments, such as three-axis
measurements are best suited to reactor sources, and
some—those for which the TOF method is an
advantage—to pulsed sources. Many experiments
can be performed on either type of neutron source.

5.

Single-crystal Neutron Diffraction

SX095

Sometimes it is possible to grow large single crystals
of the material of interest (at least 1 mm3), and it may
then be best to perform neutron diffraction on these
crystals, rather than on polycrystals. The advantage
is that single crystals can be aligned to select each
individual atomic plane (Bragg peak), so there are no
overlapping peaks and data analysis is easier. The
single-crystal neutron diffractometer looks like its Xray counterpart, except that it is bigger. A precise
mechanism (chi-circle) is used to align the crystal in
the neutron beam, and a detector is positioned to
measure the diffracted beam. The crystal is then
realigned for the next atomic plane and the measurement repeated for as many different planes as
possible. A computer controls all this of course,
and the machine works 24 hours per day, usually with
the sample in a refrigerator, a furnace, or a pressure
cell. The neutron beam may even be magnetically
polarized when magnetic materials are being measured.
A very important advance has been made recently
to increase the efﬁciency of such single-crystal
diffractometers. Instead of collecting Bragg peaks
one at a time, a large 2D area detector can be used to
collect many peaks simultaneously, just as is commonly done with polycrystalline samples. This only
works if a band of wavelengths is used, or if the
crystal structure is so large that many peaks
simultaneously satisfy the Bragg condition for
diffraction. New 2D detectors are being made using
arrays of wires to determine the positions of the
different Bragg peaks, or more simply using a kind of
photographic ﬁlm.
Neutrons themselves cannot be ‘‘photographed,’’
as can light and X rays, but a neutron scintillator
coating can be used to ﬁrst convert the neutrons to X
rays or gamma-rays. This is the basis of amazing new
single-crystal diffractometers constructed at EMBLILL Grenoble—the ‘‘neutron image plate camera’’
(Niimura et al. <Bib16>1997). Figure 4 shows such
a machine, with the neutron-detecting ﬁlm or image
plate wrapped around a cylindrical drum surrounding the sample. The image is read out using a laser
and a mechanism similar to that of a photocopying
machine!
Similar machines can be used on pulsed neutron
sources, but here the continuous reactor source has a
distinct advantage, since it is the time-averaged ﬂux
that is important, not just the peak neutron ﬂux.
Figure 5 shows a diffraction pattern obtained on
the new VIVALDI image plate camera at ILL
Grenoble. Hundreds of diffraction peaks are obtained simultaneously, just as with photographic
techniques on X-ray sources. Neutron image plates
are especially powerful for hydrogenous materials,
such as this vitamin B12 sample, and for magnetic
materials as well as for materials that undergo
3
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Figure 4
The ﬁrst neutron image plate diffractometer, developed
at EMBL-ILL Grenoble, showing the image plate (1) on
a rotating drum (2) surrounding the crystal on its
supporting rod (3). The neutron beam enters and exits
through the small holes in the drum, and the remaining
components allow the laser (9) to scan the surface of the
image plate, and also to erase it after reading out the
diffraction pattern (Niimura et al. <Bib16>1997).

Figure 5
A neutron diffraction pattern obtained from vitamin
B12 on the latest neutron image plate diffractometer
VIVALDI at ILL Grenoble. A great many Bragg peaks
are obtained simultaneously using a large band of
neutron wavelengths, using almost all of the neutrons
available from the continuous high ﬂux source
(Wilkinson et al. <Bib23>2000).

magnetic or structural transitions. In this they can be
compared with powder diffractometers in that they
survey the whole of scattering space as a function of
temperature, magnetic ﬁeld, etc.

SX120

6. Rietveld Reﬁnement for Neutron Powder
Diffraction
Neutrons have a particular advantage over X rays
when used with polycrystalline or ‘‘powdered’’
material: because of the great penetrating power of
4

the neutron, an average is obtained over many more
crystalline grains than is possible with X rays or
electrons.
Powder diffraction, like classical crystallography,
requires the measurement of the scattering power of
the various crystal planes, but of course, with a
powder it is not possible to select these planes by
orienting the crystal, as it is with single crystals. The
different planes are separated only by the different
‘‘d-spacings’’ between them, not by their orientation.
Different d-spacings produce constructive scattering
at different angles (sin y=l), and the neutron
diffractometer must have high angular resolution to
resolve these ‘‘Bragg peaks’’ (Fig. 6). Even so, there
are many peaks, corresponding to different crystalline planes, that are still not resolved.
A major advance came when Rietveld
(<Bib18>1969) showed that rather than extract the
individual peaks and use them to obtain the crystal
structure, it is much better to reﬁne the crystal
structure to ﬁt the observed diffraction pattern
directly. This is because the peak positions (dspacings) are all determined by at most six parameters, the dimensions and angles of the primitive
structure unit (unit cell). The peak intensities are then
all determined by the positions of the individual
atoms in the unit cell for a periodic structure.
In Rietveld reﬁnement, only physically real parameters describing the crystal structure are reﬁned—
the atomic coordinates, unit cell dimensions, etc.
Alternatively, attempts to ﬁt a series of overlapping
peaks, without imposing such physical constraints,
inevitably result in strong correlation between the
individual peak heights and positions. The atomic
coordinates obtained with neutron powder diffraction are often more reliable than those obtained with
classical single-crystal methods, because in practice it
is very difﬁcult to obtain good single crystals, and
even when it is possible, the crystals may break up on
undergoing structural transitions at lower temperature.
The powder experiment is also much easier and
faster, and because of this the structure can be
determined at many different temperatures, instead
of the one or two temperatures usual with classical
crystallography.

7. Applications of Neutron Diffraction

SX125
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Rietveld and his co-workers used his method mainly
for the determination and reﬁnement of magnetic
structures, and this remains an important application. However, the ‘‘Rietveld Method’’ of neutron
powder diffraction is now applied to many different
branches of solid-state chemistry and physics, as
listed in Table 1.
The ﬁrst column lists those areas for which SX150
powders have natural advantages over single crystals.
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Figure 6
( unit cell of yttrium iron garnet (YIG) on the D2B
The results of a high-resolution neutron powder scan for the 12 A
machine at ILL Grenoble. Notice how sharp the Bragg reﬂexions are throughout the entire pattern, and how strong
the peaks are at high scattering angle, where X-ray patterns fall off because of the ‘‘form factor’’ (Hewat
<Bib110>1986).

Table 1
Applications of neutron powder diffraction.
Suited to powders
Structural transitions
Solid liquids and gases
Zeolites
Intercalates
Catalysts
Solid electrolytes
Other disorder/defects
Superconductors
Ceramics
Other X-ray applications

Suited to powders and neutrons

Other applications

Magnetic structures
Heavy metal compounds
Hydrides and H2 storage
Hydrogen bonding
Other bonding
Mixed valence

Minerals
Polymers and biological
Other structures
High pressure
Thermal expansion
Texture and stress
Techniques
Synchrotron papers

For example, materials that undergo phase transitions often break up on cooling, or at least form
multidomain crystals less suitable for conventional
crystallographic study—the sample is more naturally
available in powder form. In particular, solid liquids
and gases are easier to prepare and handle as
powders. Other materials, such as zeolites, may only
be available as powders and some materials may
break up on intercalation. Catalysts are usually
powders, and the puriﬁcation process of crystal

growth may be undesirable for the study of solid
electrolytes (ionic conductors and electrode materials). Other defected or disordered structures and nonstoichiometric compounds may also be changed by
single-crystal growth.
Oxide superconductors already formed an impor- SX155
tant category in 1984 and included materials such as
partially oxidized Chevrel phases, where the transition temperature is sensitive to the stochiometry.
Finally ‘‘ceramics’’ includes those other oxides,
5
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SX160

SX165

SX170

SX175

SX180

nitrides, etc., which are usually produced in powdered ceramic form—for example, as dielectrics.
The second column in Table 1 lists powderdiffraction subjects that are particularly suited to
neutron diffraction. Magnetic structures are, of
course, the typical example, since neutrons see the
magnetic moments on the atoms. Because the
neutron scattering factor is of similar magnitude for
all nuclei, heavy metal compounds such as transuranics, on the one hand, and hydrides and hydrogen
bonds, on the other, usually require neutron diffraction. Metal hydrides were studied for their potential
applications for hydrogen gas storage.
The study of other types of bonding, and of mixed
valence compounds, may also be better done with
neutron powder diffraction. This is simply because
systematic errors in X-ray powder diffraction are
more important, reducing the precision with which
bond lengths can be determined: for example, quite
precise bond lengths are required to distinguish
between Fe2 þ and Fe3 þ using the Zachariasen/
Brown–Shannon rules. This is a technique that has
since proved especially valuable for the study of the
new oxide superconductors, as we shall see.
The third column of Table 1 lists other subjects for
which powders have been used to advantage, ranging
from mineral structures to polymers and biological
materials. High-pressure structures can sometimes
best be done with powders, and of course systematic
measurements, as a function of temperature, may be
less time-consuming with powders.
Finally, we have a category for texture, stress, and
strain measurements. This is a well-established
subject for X rays, but has acquired new applications
with neutron powder diffraction; the greater penetrating powder of the neutron permits nondestructive
testing of the interior of objects of square centimeter
dimensions—welds, pressure vessels, rolled and
worked metal, prestressed composite superconducting wires, etc.

8. Di-electric and Ferro-electric Ceramics and
Structural Transitions
This is an early example of the use of Rietveld
reﬁnement (Hewat <Bib9>1973) that is of particular
relevance to the study of oxide superconductors,
because many of the same types of material (oxide
perovskites) were studied, and many similar phenomena (small displacements of atoms) were of interest.
In the classical ferroelectric BaTiO3 the electrical
dipole is created by a structural transition involving
small displacements of positively charged cations in
opposite directions to the displacements of the
negative oxygen ions. The dipole moment requires
the measurement of the magnitude of these displacements, and this is the objective of Rietveld reﬁnement. The idea was to measure the powder
6

diffraction pattern at a number of temperatures,
and to obtain the atom coordinates at each temperature.
The resulting atomic coordinates obtained with SX185
Rietveld reﬁnement for the similar KNbO3 (Fig. 7)
are in this case much more reliable than those
obtained with classical single-crystal methods, because in fact it is very difﬁcult to obtain good single
crystals. When such crystals are grown at high
temperature, they are in the cubic phase. When they
are cooled to the orthorhombic phase, there are
several possibilities for the (a,b,c) axes, and the
crystal breaks up into microscopic domains corresponding to each possibility. ‘‘Single’’ crystals can be
obtained by applying a very strong electric ﬁeld to the
crystal as it is cooled from the cubic phase, but even
then the resulting strains in the material affect
different reﬂections in different ways.
The powder experiment is also much easier and SX190
faster, and because of this the structure can be
determined at many different temperatures, instead
of the one or two temperatures usual with classical
crystallography. The proof of the success of the
method in this case was the fact that the polarization
obtained by measuring the microscopic displacements
of the ions agreed well with macroscopic measurements.

9. New Hard Magnets and Molecular Magnets

SX195

Conventional permanent magnets are everywhere: in
the car, the kitchen, the phone, the computer—in all
kinds of electrical motors and recording devices.
Neutron diffraction is of course unique for the
determination of magnetic structures, and again real
materials are ﬁrst produced as powders. In fact the
ﬁrst uses of Rietveld reﬁnement were to magnetic
structures in the 1970s, and since then magnetic
structure determination has always been an important application of the method.
In the early 1980s a Nd-Fe-B alloy was found to SX200
have remarkably good magnetic properties up to 585
K, with an energy product of up to 360 J m3. Even
the chemical formula of this new phase, Nd2Fe14B,
was not known until the crystal and magnetic
structures were established (Givord et al.
<Bib8>1984). The neodymium and boron atoms
were found to occupy layers, separated by iron layers.
The strong anisotropic magnetic properties of these
materials up to room temperature and above, due to
the rare earth ions, and the relatively large proportions of common iron compared to expensive rareearth–cobalt magnets such as SmCo5, make these
hard magnet materials particularly attractive.
On the other hand, the use of soft molecular SX205
compounds to make permanent magnets is a
fascinating possibility due to their potential lightness,
transparency, solubility, optical properties, and
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Figure 7
The diffraction patterns obtained for KNbO3 at temperatures corresponding to the (a) tetragonal, (b) orthorhombic,
and (c) rhombohedral phases. Even though the atomic displacements are small, large changes are produced in the
neutron diffraction patterns. These patterns are the ﬁrst application of the Rietveld method to such problems; modern
diffractometers produce much better resolution, and the changes are even more striking (Hewat <Bib9>1973).
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biocompatibility. Since the discovery of the ﬁrst
ferromagnetic molecular compound (Tc ¼ 4:5 K) in
1986, great progress has been made, and it is now
common to create molecular magnets for which the
critical temperature is above room temperature,
opening up many practical applications.
SX210
In conventional insulating materials, the distribution of the magnetization is the sum of contributions
due to individual magnetic atoms. The magnetic
moments are well localized on the metal and a small
part of the density can be transferred on the ligand.
In the case of molecular compounds, the situation is
completely different (Fig. 8): the magnetism of a free
radical, a building brick often used to synthesize
molecular magnets, can be attributed to one unpaired
electron described by a molecular orbital built up
from the orbitals of the atoms constituting the
molecule.
Polarized neutron diffraction allows us to deterSX215
mine the distribution of magnetization, which contains information on the electronic structure of the
material. The nature of the magnetic orbitals, the
interactions with neighboring molecules in the solid,
and effects such as chemical bonding, spin delocalization, or spin polarization can be revealed (Schweizer
et al. <Bib20>2001).

SX220

10.

New High-temperature Superconductors

Ceramic superconductors are generally heavy metal
oxides, and neutron diffraction has long been superior for the precise location of light atoms, such as
hydrogen and oxygen, in the presence of heavy
atoms. The advantage of neutron diffraction for
locating oxygen is obvious from Fig. 1, which
compares the scattering powers of the different
atomic constituents of high-temperature superconductors for electrons, X rays, and neutrons. This is
important if we are to understand the oxidation state
of these materials, which controls their superconducting temperature. In practice, neutron diffraction is no
more difﬁcult to perform than X-ray diffraction,
except of course that it must be done in a central
laboratory rather than in the local basement.
A second reason for using neutron diffraction is
SX225
that these new materials are often only available in
polycrystalline or ‘‘powder’’ form. While X-ray
studies and electron diffraction may be superior for
initial structure determination, neutron powder
diffraction provides a more precise measure of
important structural details. For example, precise
measurements of metal–oxygen distances with neutron diffraction can be used to determine the valence
state of the metal ions such as copper. This simply
means that Cu3 þ is smaller than Cu2 þ , which is
smaller than Cu þ , so the oxygens are slightly closer
to the metal atom. It was this kind of measurement
that resulted in the idea that superconductivity in
8

Figure 8
Spin density of the Cu complex CuCl2(NitPh)2 projected
along the p-direction of the Nit. The density is positive
on most of the two NitPh atoms and negative on the
copper. The lack of magnetization on O1 shows that we
are in an extreme case where the spin distribution of the
nitronyl nitroxide has been completely upset by the
magnetic interaction with the copper (Schweizer et al.
<Bib20>2001).

layered copper oxides can be controlled by the
oxidation/reduction of ‘‘charge reservoir’’ layers, a
concept that led to the successful search for new
materials with thallium, bismuth, or mercury oxide
charge reservoirs. Neutron diffraction was also
important because neutrons are scattered by magnetic moments, and magnetic coupling of electrons is
believed to be necessary for high-Tc superconductivity.
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Figure 9
Structures of the 90 K superconductors (a) ‘‘YBa2Cu3O9x’’ obtained by X rays (Siegrist et al.<Bib21>2001) and (b)
‘‘YBa2Cu3O7’’ obtained by neutrons (Capponi et al. <Bib4>1987).

One of the key questions about new materials
concerns their precise atomic structure and stoichiometry. For example, Fig. 9 compares the structure of
the original 90 K superconductor, YBa2Cu3O7, as
obtained with X rays at Bell Laboratories (Siegrist
et al. <Bib21>1987), and as obtained with neutrons
at ILL Grenoble (Capponi et al. <Bib4>1987); these
are typical of the results obtained by several
laboratories using the two techniques. Even though
both the X-ray and neutron models are correct in
principle, the X-ray model looks very different, and
would be very misleading for chemists trying to make
similar materials. It emphasizes the heavy atoms and
appears to show that the material is simply an oxygen
deﬁcient perovskite, a common mineral structure
containing copper oxide ‘‘octahedra’’ as predicted by
Bednorz and Muller (<Bib3>1986).
The inspiration for Bednorz and Muller’s
.
discovery
SX235
of high- temperature superconductors came from
their earlier work on perovskite ferroelectrics. They
argued that small displacements of oxygen atoms,
surrounding a ‘‘mixed valence’’ cation such as
copper, could provide the electron–phonon coupling
thought to be necessary for superconductivity.
SX230

The neutron model, much more sensitive to SX240
oxygen, shows that there are no such octahedra in
this material. This was a sensational discovery, and at
ﬁrst hotly contested by Bednorz and Muller, who
were to be nominated for the Nobel prize! Neutrons
showed that there were two very different kinds of
copper, the one in the ‘‘chains’’ with four-fold square
oxygen coordination typical of Cu2 þ and the other in
the ‘‘planes’’ with ﬁve-fold coordination indicating
perhaps a higher copper oxidation state. Neutron
diffraction also showed that the oxygen is lost from
the chains when the material is reduced, destroying
superconductivity. The oxygen atoms were simply
not well located with the ﬁrst X-ray experiments, and
this resulted in an incorrect understanding of the
structure.

11. Charge Reservoirs and the Search for New
High-Tc Materials

SX245

Evidence for coupling between the charge on copper
and the distance to oxygen, as predicted by Bednorz
and Muller, had to await detailed measurements with
9
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Figure 10
The difference between (a) superconducting YBa2Cu3O7 and (b) oxygen reduced YBa2Cu3O6. The arrows show the
displacement of O1 oxygens, indicating reduction of Cu2 from Cu3 þ to Cu2 þ in the non-conducting phase.

neutrons. Since YBa2Cu3O7 can be made non-superconducting simply by heating it to reduce the oxygen
content in the charge reservoir CuO chains, an
obvious experiment was to use neutron diffraction
to measure the oxygen content of these chains, and
compare this with the changes in copper–oxygen
distances, on passing from the superconducting
(Fig. 10(a))
to
non-superconducting
phase
(Fig. 10(b)).
Cava et al. (<Bib5>1990) found that for wellSX250
ordered samples of YBa2 Cu3 O7x , Tc varied with x
as shown in Fig. 11(a). Starting at 90 K for x ¼ 0, Tc
dropped ﬁrst to a 60 K plateau before falling to zero
for x40:6. Remarkably, the Cu2–O1 distance to the
apical oxygen O1 showed similar changes (Fig. 11(b))
in contrast to the almost constant behavior of the
other copper–oxygen distances. Since the Cu2–O1
distance enters into the bond sum used to calculate
the apparent valence of Cu2 in the conducting plane,
it was concluded that the observed changes in Tc were
directly related to the effective valence of this copper.
The plateau at 60 K was assumed to correspond to an
intermediate superconducting phase, with every
second oxygen missing from the CuO chains (the
details of the structure of this second phase were
determined later).
Since the valence of copper in the conducting
SX255
planes, and hence Tc , could be controlled by the
structure and oxidation state of the charge reservoir,
these neutron diffraction experiments led to an
intense search for new materials in which the copper
oxide reservoir was replaced by other oxides. A great
many different superconducting oxides were so
discovered and, remarkably, materials with lead,
bismuth, and mercury oxide reservoirs were found
to result in even higher values of Tc .
10

12.

Giant Magnetoresistive Materials

SX260

In an oxide, metal atoms give up one or more
electrons to the oxygen atoms, resulting in more
stable electronic conﬁgurations for both types of
atoms. Usually a ﬁxed number of electrons are given
up, characteristic of the ‘‘valence’’ of the metal. But
some metals like copper or iron can give up a variable
number of electrons. For example, iron atoms can
give up either two or three electrons forming,
respectively, divalent Fe2 þ and trivalent Fe3 þ
compounds.
When metals exist with multiple valence in the SX265
same compound, they are said to be of ‘‘mixed
valence.’’ A famous example is iron oxide, Fe3O4,
commonly called ‘‘magnetite’’ or ‘‘lodestone.’’ At
ordinary temperatures, this is a metal-like conductor
because an electron is free to move between the Fe2 þ
and Fe3 þ atoms. When it is cooled to near the
temperature of liquid air, it becomes an insulator
because the free electron is ‘‘frozen’’ onto one of the
iron atoms, and they separate into distinct Fe2 þ and
Fe3 þ ions. Fe3 þ , with one less electron, is a little
smaller and the oxygen atoms a little closer.
We have seen that neutron diffraction can be used SX270
to measure the metal–oxygen distances very precisely,
and so reveal where these electrons are ‘‘frozen.’’ This
is mainly possible because of the strong scattering
power of oxygen relative to heavier metals, and the
few systematic errors in the neutron powder diffraction technique.
Charge ordering in Fe3O4 is still not fully under- SX275
stood, but in simpler compounds, such as YNiO3,
neutrons have beautifully illustrated the metal–
insulator transition mechanism (Alonso et al.
<Bib1>1999). In fact they gave two independent
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Figure 11
Variation of Tc with oxygen loss in YBa2Cu3O7x
showing two plateau regions followed by a sharp drop
to the non-superconducting phase. This variation is a
reﬂection of the electron hole content of the
superconducting copper oxide planes, as obtained from
the calculated ‘‘bond valence sum’’ for Cu2. The ‘‘charge
reservoir’’ concept for high-Tc superconductor of this
type led to the discovery of new materials with record Tc
values (Cava et al. <Bib5>1990).

proofs for the co-existence of two types of nickel
atoms at low temperature: one was the difference
between metal–oxygen distances, and the other was
the difference between the ‘‘magnetic moments’’ on
the two nickel sites. Remember that neutrons are
unique for measuring the magnetic scattering from
atoms, since they are themselves tiny magnets.
There are more important materials for which
SX280
these neutron techniques have been used to understand charge order, including superconductors and
colossal magnetoresistive (CMR) oxides. In these
latter materials, such as La0.33Ca0.67MnO3, the
charge-order transition can be made to occur near
room temperature by adjusting the (La,Ca) stoichiometry (Suard et al. <Bib22>2000). Neutron diffraction has been used to study this charge order,
allowing us to distinguish between different models
(Fig. 12) with very different physical implications.

Figure 12
Alternative models for charge ordering in the CMR
material La0.33Ca0.67MnO3. The stripe model proposed
from electron microscopy was ruled out by a
combination of neutron and synchrotron diffraction
(Suard et al. <Bib22>2000).

Because of charge ordering, there are very large
changes in electrical resistivity with temperature and
magnetic ﬁeld, which have important applications in
magnetic recording devices. The earlier giant magnetoresistive (GMR) materials are already being used
by IBM to make more efﬁcient hard disks for
computers.

13.

New Types of Batteries

SX285

Because neutrons are so penetrating, we can use them
to study chemical reactions deep inside relatively
large objects such as batteries (Fig. 13). With large
detectors we can also collect the complete diffraction
pattern in a fraction of a second, making it possible
to study the electrochemical changes in the battery in
real time—during the charge/discharge process.
Energy storage materials have been subjects of SX290
intense research in recent years, following the rapid
development of portable electronic equipment such
11
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Figure 14
Neutron diffraction pattern as a function of time in
seconds, showing the changes in the diffraction pattern
corresponding to electrochemical reactions in the
electrical cell. Understanding this chemistry should help
increase the lifetime of batteries and improve their
energy storage capacities (Latroche et al.
<Bib15>2002).

Figure 13
An electrochemical cell ready for study in the neutron
beam compared with a real AA battery.

as cellular phones and laptop computers. Two kinds
of lightweight rechargeable cells are now available;
nickel–metal hydride (Ni-MH) and lithium-ion batteries. Both are charged by injecting electrons via an
electrical circuit, which has the effect of intercalating
light atoms (H þ and Li þ ) into the electrode. This
intercalation can destroy the electrode after a number
of charge/discharge cycles, and a detailed understanding of this mechanism is needed to improve the
battery life. Since light atoms are again involved,
neutron diffraction is the ideal tool.
The neutron diffraction pattern from such a cell is
SX295
shown in Fig. 14, with the horizontal x-axis showing
the scattering angle, the y-axis the time for charging/
discharging the cell, and the vertical axis the scattered
neutron intensity. The various peaks indicate changes
in the structure of the electrode material. Not only
12

can we determine these structures, but we can study
the degradation of the cell as we repeat the charge/
discharge cycle.
Extensive studies have been undertaken on the rare SX300
earth intermetallic hydrides of the LaNi5 family,
which are used as negative electrodes in Ni-MH
batteries (Latroche et al. <Bib15>2002). These
hydrogen batteries replace highly polluting cadmium
batteries, and allow more charge/discharge cycles.
However, some problems remain with the use of
metal hydrides. During cycling, important structural
changes break up crystallites and greatly increase
corrosion, thus reducing the battery cycle life. In situ
neutron experiments with diffractometers have
helped overcome this problem by showing how the
appearance of an intermediate structural phase can
reduce internal stress.
Another problem is related to the high charge/ SX305
discharge rates required by many applications. In situ
neutron experiments could be performed during
electrochemical cycling at high rates. By following
the relative amounts and unit cell volumes of the
metal and hydride phases, it was shown that the ratelimiting factor was the kinetics of the metal–hydride
transformation, rather than hydrogen diffusion.
These studies show that in situ neutron diffraction SX310
is a very powerful tool with which to study electrode
materials in alkaline batteries. The next challenge will
be in situ neutron studies of lithium-ion battery
electrodes. The aim of this work is to understand why
batteries age, and the limits to their capacity, with the
hope of developing lighter, more efﬁcient, and less
polluting batteries that last much longer.
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Figure 15
The structure of Ti3SiC2 (left) showing double layers of titanium carbide TiC (grey-green tetrahedrae) sandwiched
between single layers of silicon (blue). To the right we see the rapid growth and disappearance of a TiC intermediate
phase during the reaction: the horizontal axis is scattering angle, the vertical axis time in seconds (Wu et al.
<Bib24>2001, Riley et al. <Bib9>2002).
SX315

14.

New Types of Ceramics

Many chemical reactions are even faster than those in
batteries. If we can understand these reactions in real
time we can perhaps improve the reaction yield and
produce pure end products. This is the case for a
fascinating new ceramic material, titanium-silicon
carbide Ti3SiC2 that has the refractory and hightemperature properties normally associated with
carbide ceramics, combined with the electrical and
thermal conductivity of a metal. We know that it is a
layered material, with double layers of TiC interleaved with single layers of silicon (Fig. 15), and this

laminated structure probably leads to its unusual
combination of properties. This material is also quite
ductile due to shearing of the layered structure that
enables it to be readily worked with ordinary machine
tools. Other mechanical properties include excellent
thermal shock resistance, reasonable fracture toughness, a high Young’s modulus, and good hightemperature strength.
Unfortunately, Ti3SiC2 is difﬁcult to synthesize as SX320
a pure phase, but the heat of formation is quite large,
making it an excellent candidate for self-propagating
high-temperature synthesis (SHS). SHS aims to use
13
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the heat of reaction as the primary energy source in
the production of a material. Once ignited by an
ignition source (laser, electron beam, furnace, or
electric arc) the reaction becomes self-sustaining and
converts reactants to products very rapidly.
SX325
A recent experiment at ILL has allowed in situ
neutron powder diffraction data to be recorded at 0.9
s time resolution (Wu et al.<Bib24>2001, Riley et al.
<Bib19>2002). Part of the diffraction pattern for
one SHS reaction is shown in Fig. 15, where it was
found that pre-ignition consists of a reaction of
titanium with free carbon in the sample. As this
reaction is exothermic, it provides local temperature
increases that are the real ignition source. A single
solid intermediate phase is formed in o0.9 s—the
SHS combustion reaction. It is believed that this
intermediate phase is a solid solution of silicon in TiC
that is relatively stable at the combustion temperature
but then becomes unstable and disappears as the
temperature decreases. The ﬁnal stage is the rapid
nucleation and growth of the desired product phase
Ti3SiC2.

SX330

15.

Hydrogen Storage Materials

The sensitivity of neutrons for light atoms such as
hydrogen is naturally most important for hydrogenous materials. Hydrogen is an ideal ecological fuel.
In an engine it burns to produce only water as waste,
and conversely it can be recovered from water simply
by using electrical energy. Unfortunately hydrogen is
difﬁcult to store, since in gaseous form it takes a lot
of space, and it is very explosive.
However, new types of metal alloys can store even
SX335
more hydrogen in solid form than is possible with
liquiﬁed gas in a fuel tank. This hydrogen can be
released simply by heating these metal ‘‘hydrogen
sponges.’’ At present such alloys are expensive and
relatively heavy. But new research at Geneva University aims to develop cheaper materials that are
both light and can store large quantities of hydrogen
that can be recovered by moderate heating.
The ﬁrst step is to understand how hydrogen is
SX340
absorbed, to localize the small hydrogen atoms in the
space between the heavy metal atoms, and to imagine
new more efﬁcient structures. Neutrons are of course
ideal for locating these light atoms, which are almost
invisible to X rays.
Two new materials discovered in Geneva, and
SX345
characterized using neutron diffraction, hold the
world records for the amount of hydrogen that can
be stored, although neither is yet commercially cost
effective. In one of them, Mg2FeH6 shown in Fig. 16,
the density of hydrogen (150 g l1) is more than twice
that of liquid hydrogen (70 g l–1) (Hollmuller et al.
<Bib11>2000)!
14

Figure 16
Illustration of how six hydrogen atoms (H, white)
occupy the interstices around the iron atoms (Fe,
orange) in Mg2FeH6. The density of hydrogen is then
more than twice the density of liquid hydrogen
(Hollmuller et al. <Bib11>2000)!

16.

New Electro-optical Materials

SX350

Since the ﬁrst demonstration of a lasing device in the
early 1960s, we now ﬁnd ourselves in the midst of an
optical revolution. From high-speed optoelectronics
and quantum optics, to laser light shows, and digital
displays in cars and hi-ﬁs, the world has experienced
this new form of light. The demand for so many
different optical devices has led to a broad development and an explosion of new materials.
Nonlinear optics (NLO) plays a major role, since it SX355
can enable highly desirable effects such as the
doubling of the frequency of light. Known as
second-harmonic generation (SHG), this frequencydoubling effect is used in lasers to change the color of
the outgoing light beam. The phenomenon can be
illustrated by use of a lithium niobate LiNbO3
crystal: when invisible infra-red laser light of a given
frequency is shone through the NLO material, the
SHG effect produces visible light—red, green, or blue
depending on the incident infra-red energy.
First observed in quartz in 1961, the materials used SX360
to generate the SHG effect have normally been
inorganic—crystals of potassium dihydrogen phosphate (KDP) and lithium niobate are still important
for industrial applications. In inorganic materials, the
process relies on displacements of ions within the
solid-state crystalline framework. The symmetry of

Neutron Diffraction and the Structure of New Materials

SX365

SX370

SX375

SX380

SX385

the atomic structure is also crucial: SHG can only be
observed in non-centrosymmetric compounds (i.e.,
those lacking inversion symmetry).
Structural techniques such as neutron and X-ray
diffraction have played a vital role in understanding
the link between atomic structure and physical
properties, and this knowledge has led to the
discovery of new materials that have better structural
attributes for the NLO process. This has led, not only
to the discovery of other inorganic materials for SHG
applications, such as KTiO3 (KTP), but also to the
investigation of organic compounds. These latter
studies were stimulated by the realization that
organic SHG materials involve the transfer of
electronic charge across the molecule. Their optical
response is therefore much faster than for inorganic
materials where ionic displacements are needed.
The use of single-crystal neutron diffraction is
particularly crucial where the hydrogen atoms are
important for the charge-transfer process. Given that
organic materials typically contain a number of
hydrogen atoms, and that these necessarily exist at
the extremities of molecules where the charge-transfer
processes are often most important, knowledge of
hydrogen atom positions and charges is often critical
for understanding the SHG process.
At the ILL, the combination of X-ray and neutron
diffraction data has been used to generate contour
maps of electron density in several well-known
organic SHG-active compounds (e.g., Fig. 17) in
order to determine the critical regions of chargetransfer across the molecule (Cole et al.
<Bib6>2001). These studies also determine the
effective atomic charges and associated molecular
dipole moments. They have shown that the nature of
intermolecular hydrogen bonding is very important,
with strong hydrogen bonding generally aiding the
charge-transfer process. Some hydrogen-bonding
arrangements appear to be more favorable than
others.
The prospects for organic SHG materials are very
good, although they have at present one major
disadvantage compared with inorganic materials:
that of thermal stability—organic materials have
much lower melting point temperatures. In recent
years, however, there has been progress in overcoming this practical problem, using organometallic
materials that also have a fast optical response while
having good thermal stability like inorganic materials.

17.

Zeolites as Catalysts

Zeolite is derived from a Greek word meaning
‘‘boiling stone,’’ since zeolites swell and lose water
from their porous structure when heated. They have
many important industrial applications due to their
unique architecture, which consists of an alumino-
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Figure 17
A contour map of the bonding electron density in an
organic electro-optical material (MBADNP). Neutrons
are used to locate the atom centers very precisely,
especially those of the hydrogen atoms, and X rays to
then map the electron density around these centers to
reveal charge transfer associated with the electro-optic
effect (Cole et al. <Bib6>2001).

silicate framework containing channels and cavities
(Fig. 18). They can be used as sieves to purify water,
to separate out molecules of different sizes, to make
detergents for the kitchen, to remove radioactive
elements from spent nuclear fuel, and as catalysts for
many chemical reactions, especially in the petrochemical industry (Baehtz et al. <Bib2>2000).
Zeolites are easily transformed to acidic or basic SX390
behavior by adding various amounts of hydroxyl
groups to the interior surfaces. In this activated form
they are widely used in the petrol industry as catalysts
for cracking oil, and for the production of ﬁne
chemicals. The absorptive and ion exchange capacities are the base for many washing powders.
Huge amounts of synthetic zeolites are produced SX395
every year, and a great deal of effort goes into the
design of new materials with different pore systems,
like the mesoporous carbide system (MCM) developed by the Mobil oil company. Neutrons are
particularly suited to study both the structure and
the dynamics of light cations, water, or organic
molecules in the voids and channels of zeolites.

18.

Molecular Sieves and Ion Exchangers

SX400

Toxic metals in the environment are dangerous for
public health, and ways must be found to concentrate
15
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Several new porous litho-silicates have been SX420
synthesized, including the complex framework structure RUB29 shown in Fig. 19. Here, only the Si-Si
(blue) and Li-Li (grey) frameworks are shown. Notice
the large channels surrounded by the ﬂexible lithium
oxide structure; these channels can accommodate
large metal ions such as caesium, removing them
from the environment. This type of material is of real
interest for cleaning up radioactive waste.

19.

Figure 18
A small organic molecule trapped inside the pore of
NaY-zeolite. Because of their porous structure, zeolites
ﬁnd many uses as molecular sieves and catalysts.
Neutrons can help locate light atoms in such aluminosilicates, and can help distinguish between silicon and
aluminum, which is more difﬁcult with X rays (Baehtz
et al. <Bib2>2000).

and remove them. This is a job for ‘‘ion exchangers,’’
which many people already use in their homes as
water puriﬁers or ‘‘softeners.’’ These minerals or
synthetic resins trap the unwanted ions and replace
them with harmless ions. (An ion is just an atom that
has been electrically charged.)
New types of mineral structures must be invented
SX405
for speciﬁc ions, and we use neutron and X-ray
diffraction to understand the structure of these
materials and to guide their development.
For example, the ion-exchange capacity of alumiSX410
no-silicate zeolites is proportional to the aluminum–
silicon ratio (Al/Si), since replacing Si4 þ with Al3 þ
allows other positively charged ions to be accommodated while still retaining charge balance. It is
much easier to distinguish between aluminum and
silicon using neutrons than with X rays, since these
two elements have similar atomic numbers.
In this material, the maximum aluminum/silicon
SX415
ratio that can be obtained is 1. However, the ionexchange capacity can be further increased by
replacing Si4 þ by lithium Li þ , since the lower charge
on lithium will allow even more positive ions to be
accommodated (Prewitt and Parise <Bib17>2001).
The lithium oxide polyhedra are also more ﬂexible
and so can more easily accommodate other ions
within their cavities. Lithium is also, of course, a very
light element, much more easily located with neutrons than with X rays.
16

Clathrates

Clathrate hydrates are a little like zeolites, in that
they encage small gas molecules in a framework of
hydrogen-bonded water molecules. Known for
around 200 years, these gas hydrates were only
recently found to exist in nature. Marine sediments
were found to contain huge amounts of methane
hydrate, estimated at 10 000 billion tons, a natural
source of methane gas (CH4) far exceeding other
known fossil energy sources of coal, oil, and gas.
These clathrates will be of major economic interest
once techniques for their safe extraction are established. One way of reducing carbon dioxide (CO2) in
the atmosphere, produced by burning such fossil
fuels, may be to trap it as a CO2-hydrate and sinking
it in the ocean—a potential closed CH4–CO2 carbon
cycle with extraction of energy!
Clathrates are otherwise a nuisance in many gas
and oil pipelines where they cause blockages by a
reaction of hydrocarbons with traces of water. Due to
the widespread importance of these mysterious gas
hydrates, many industrial nations have started
research to better understand them.
Gas hydrates need high gas pressure and/or low
temperatures to exist, conditions that are met on the
ocean ﬂoor or in permafrost regions. Experimental
work must then be done under non-ambient conditions, and because we are looking for light atoms in
polycrystalline material at low temperature and high
pressure, in situ neutron powder diffraction has
proved essential. One of the main unknowns is the
occupancy of the small and large cages as a function
of pressure and temperature. Neutron diffraction has
been used to establish this for a number of hydrates.
The results allow for the ﬁrst time a completely
assumption-free check of the widely used statistical
thermodynamic theory for gas hydrates.
Coming as a complete surprise it was found that
the large cages in nitrogen hydrate were doubly
occupied, violating one of the basic assumptions of
the theory. Yet, in other cases (e.g., CO2 hydrate)
speciﬁc interactions between guest and host molecules must be introduced into the model. These
ﬁndings are of major importance to chemical
engineers (Kuhs et al. <Bib14>2000).
Another point of considerable interest is the
compressibility of clathrate hydrates, needed for
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Figure 19
RUB29, a new lithium-containing zeolite for removing radioactive caesium from nuclear waste (Prewitt and Parise
<Bib17>2001).

seismic proﬁling of the ocean ﬂoor. For the ﬁrst time
neutron diffraction has established the isothermal
compressibility of a number of clathrate hydrates

including methane (CH4) hydrate (Fig. 20). Finally,
neutron experiments on CO2 and CH4 hydrate were
17
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Figure 20
The clathrate ‘‘methane-hydrate’’ is formed when
methane dissolves in water, and can be stabilized at high
pressure and low temperature, for example at great
depth in the ocean. Water forms a zeolite-like cage
structure around the yellow and green methane
molecules (Kuhs et al. <Bib14>2000).

helpful in understanding the molecular processes
during clathrate formation and decomposition.

SX450

20. Stronger and Tougher Engineering
Components

Every mechanical component is stressed to some
extent, even when unloaded. This is due to different
steps in manufacturing such as rolling and machining, heat treatment, and welding. These residual
stresses reside deep inside the material and inﬂuence
the characteristics, performance, and lifetime of the
product, whether it be an automobile engine, a
railway line, or an aircraft wing.
To produce more reliable hi-tech products, and
SX455
especially for applications where safety is a priority, it
is important to know the distribution and the size of
stresses in materials. Tensile stresses can favor crack
development whilst compressive stresses can inhibit
crack formation. For instance, hardening surfaces, by
shot peening or other surface treatments, introduces
beneﬁcial compressive stresses.
The neutron strain imaging technique is a unique
SX460
tool for the determination of residual stresses deep
inside matter. It is nondestructive and allows mapping of stresses with a spatial resolution of typically 1
mm3 or even ﬁner. The high penetrating power of
18

neutrons enables measurements through several
centimeters of steel, aluminum, etc. The principle is
quite simple: compressive stress shortens the lattice
spacing (atomic distances) of crystallites inside the
material, while tensile stress enlarges them. Neutron
diffraction can be used to measure these atomic
distances to a precision of 1 part in 10 000 and so it
allows the determination of stress deep inside real
engineering components (Ezeilo and Webster
<Bib7>1999).
A neutron strain scanner is an instrument for the
determination of internal stress, especially for industrial applications. Of course it cannot be a routine
testing method, but it can be used to learn how to
develop stronger engineering components, and how
best to weld, rivet, or glue them together.
Strengthening the crankshafts for automobile
engines is one application. The problem is that a
crankshaft can oscillate while it is rotating, and this
has to be minimized to lengthen its lifetime. One way
of doing this is deep rolling. During this process three
wheels are turned around the workpiece while force is
applied in the radial direction such that compressive
residual stresses are introduced into the material to
strengthen it.
The force and the length of treatment must be
chosen to produce the required stress, and engineers
perform ﬁnite element calculations to try to optimize
these parameters. However, these calculations, and
the efﬁciency of the deep rolling procedure itself,
must be checked by measuring the induced stress.
That is where neutron strain scanning comes in.
Figure 21 shows the result of such a measurement
71.5 mm around the deep rolled region and down to
a depth of 4 mm below the surface. Compressive
stresses are marked in blue, and it was found that in
this case deep rolling had modiﬁed the stress ﬁeld
down to a depth of about 2 mm.
Due to the great potential of this technique, new
strain scanners with improved characteristics for an
extended range of applications are being built at most
neutron sources. They will enable measurements on
specimens from 1 cm up to 2 m in length, and
weighing more than 500 kg.

21.

Conclusion

We have seen that neutron diffraction can contribute
to the understanding of many types of new materials,
offering a different perspective to that obtained with
the more common techniques of X-ray diffraction
and electron microscopy. In practice, all of these
complementary techniques are often needed. Neutrons are of particular interest for magnetic materials,
or when light atoms must be studied in the presence
of heavy atoms, and this is the case for many new
oxides and hydrides. The disadvantage of neutrons is
that the experiment can only be done at a very limited

SX465

SX470

SX475

SX480

SX485

Neutron Diffraction and the Structure of New Materials

Figure 21
A typical sample for neutron strain scanning. Because neutrons are more penetrating than even X rays, they see deep
inside large objects, and can map the strain by measuring small changes in the spacing of planes of atoms (Ezeilo and
Webster <Bib7>1999).

number of neutron sources—nuclear reactors or
accelerators. Even then there are few neutrons so
that samples must be relatively large, of milligram
quantity. Neutrons are then often used for ‘‘deﬁnitive’’ experiments after all other methods have ﬁrst
been applied.
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