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Research at ISIS: 
Where Atoms Are 
 
 
The basic property of any material, and the one from which the other properties 
originate, is its structure.  Knowing how the individual atoms are arranged within 
a material is therefore an extremely important part of the scientific investigation 
of that material. 
 
In order to be able to look at materials at the 
scale of the atoms (which is about 1 thousand 
millionth of a metre) a probe has to be found 
which has approximately the same scale. 
Fortunately this is the case for two types of 
radiation, neutrons and X-rays. 
 
When a neutron or X-ray beam is shone onto 
a material many of the neutrons or X-rays are 
scattered by it. This is called diffraction and 
the same basic physics can be used to 
explain how the material scatters both 
neutrons and X-rays. 

 
 

Neutrons can determine the 
structure of materials  

 
Most materials have a crystalline structure at 
the atomic scale.  That is, the material is 
made from a regularly repeated pattern of 
atoms or molecules.  
 
To understand how neutrons are scattered we need to appreciate a fundamental 
characteristic of particles that was discovered at the beginning of the 20th 
century.  Particles like neutrons, protons and electrons sometimes behave as if, 
in fact, they are waves!  This property of all particles is known as wave–particle 
duality.  
 
Diffraction occurs because neutrons interact as waves with the regular array of 
atoms or molecules in a solid.   
 
The diagram shows what happens to neutrons, which are behaving like waves, 
as they encounter a regular arrangement of atoms within a material. 
 
Two neutron waves are shown reflecting off two planes of atoms that are 
separated by a distance d, with the angle between the planes of atoms and the 
incident neutron waves, θ.  
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After reflection from the planes the peaks and troughs of the two waves may no 
longer coincide, because the lower wave has had to travel further than the upper 
one. The section of the lower wave that is indicated in red, is the extra distance 
that it has had to travel. Geometry allows us to write an equation for this extra 
distance  
 
Extra distance = 2d sin θ 
 
To determine the effect of the extra distance travelled we need to think about 
how waves are added together, a process called the interference of waves. The 
diagram shows that the relative position of the peaks and troughs in the wave 
determine whether ‘constructive’ or ‘destructive’ interference occurs. 
 
The interference is ‘constructive’ when the waves are shifted by a whole number 
of wavelengths so in the previous equation the extra distance travelled must be 
a multiple of the wavelength, 
 
Extra distance = nλ , allowing us to write  
 
nλ = 2d sinθ  where n = (whole number, 1, 2, 3, 4….etc). 
 
This equation is known as Bragg’s Law.  It forms the basis for the understanding 
of the diffraction of waves (like X-rays or neutrons) by crystalline materials. 
 
Bragg’s law says nothing about the intensity of the scattered neutrons, which 
depends on the particular atoms that make up the planes that the neutrons are 
being diffracted from.  
 
Different planes contain different combinations of atoms, so measuring the 
intensity of the diffraction from a particular plane provides information about the 
atoms in that plane. 
 
Each individual atom belongs to many planes, so that measuring the diffracted 
intensity from these planes allows its position and type to be calculated.  The 
more intensities that can be measured, the more information can be determined 
about the sample. 
 
Although both X-ray and neutron beams can be produced with the same 
wavelength and both obey Bragg's law, there are fundamental differences 
between them that provide different information about the crystal.  In this way X-
rays and neutron diffraction are complementary. 
 
One difference is that neutrons interact with the nuclei of atoms via the strong 
nuclear force, whereas X-rays, being electromagnetic waves, interact with the 
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electrons. This has a dramatic effect on the intensity of the scattered neutrons or 
X-rays. 
 
The amount by which atoms scatter neutrons, called the neutron cross section, 
varies randomly with atomic number, whereas for X-rays it increases steadily. 
This means that neutrons are useful for studying light atoms, materials with 
different isotopes and samples that contain elements of similar atomic mass as 
these can have very different neutron cross sections. 
 
One other fundamental property of the neutron that makes it very useful for 
diffraction is that it is magnetic.  The neutron has a magnetic moment, meaning 
that it acts like a tiny bar magnet. 
 
This is useful because as well as being scattered by the nuclei, by the strong 
nuclear force, neutrons are also scattered by the magnetic fields of the orbiting 
electrons around the nuclei of some atoms.  
 
This means that additional diffraction occurs when materials contain magnetic 
atoms, allowing the magnetic structure of materials to be determined as well as 
the structural arrangement of the atoms.  
 
Almost all that we know about the magnetic structure of materials, and a huge 
amount about the structure of many other materials has been discovered by 
neutron diffraction. 
 
There is a further property of neutrons that makes them invaluable for 
diffraction.  Neutrons interact weakly with materials.  This means that they can 
penetrate deeply into the materials being studied, and also easily pass through 
other materials that surround them. 
 
Neutron diffraction can therefore be used to study samples in a variety of 
extreme environments, such as temperature less than a degree Kelvin above 
absolute zero, pressures many thousands of times atmospheric pressure, strong 
magnetic and electric fields or indeed a combination of these.  
 
Understanding magnetic materials is very important as magnetism lies at the 
heart of many modern devices such as sensors, data storage and medical 
imaging. 
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Research at ISIS: 
What Atoms Do 
 
 
 
Neutron diffraction allows us to find out the structure of materials at an atomic 
level – ‘where atoms are’.   
 
We can also use neutrons to examine what the atoms are doing.  
 
In most materials the atoms do not move in a random way.  They move in 
coherent, correlated ways because there are interactions and forces between 
them.  It is these forces and interactions that give materials their properties. 
 
At an atomic level, materials can be thought of as arrays of balls (atoms) held 
together by springs.  If one of the atoms is moved the 'springs' (the inter-atomic 
forces) will pull it back into position.  This will cause a wave to  propagate 
through the array, like ripples across a pool.  The wave is characterised by its 
wavelength and the energy required to create it.  
 
In complicated materials, with several 
different types of atoms and different 
strengths of forces between them, 
waves of many different wavelengths 
and energies can be created.  
 
To measure these waves we use the 
fact that a neutron passing though a 
material will interact with the atoms of 
the material and create a wave by 
transferring some of its energy to 
them.  
 
The instruments at ISIS measure the 
change in energy of the neutron when 
it is scattered, which is the same as 
the energy of the wave that is created 
in the material (conservation of 
energy). The instruments also 
measure the direction in which the neutron is scattered, allowing the change in 
velocity of the neutron to be calculated.  From the velocity change and 
conservation of momentum, the direction of the wave that is created can be 
deduced.  Remember that momentum is a vector quantity, so the collected data 
sets contain a lot of information. 

 
 

Neutrons can examine motion of 
atoms in materials  
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The change in the neutrons' energy gives this technique its name – inelastic 
neutron scattering. 
 
Measuring the characteristics of the waves in a solid allows us to understand in 
great detail the forces that hold materials together at the atomic level.  
 
It is these forces that are responsible for the mechanical and thermal properties 
of materials. They are also involved in the electrical properties, and in the 
special case of superconductivity the vibrations of the atoms are responsible for 
the dramatic change in the way that the electrons behave in these materials. 
 
In materials made from molecules, neutrons are scattered by the molecules 
rotating, twisting, stretching and oscillating. It is very similar to the ‘ball and 
spring’ idea as each particular motion of the molecule has a particular energy.  
As before, the neutron loses an amount of energy when it interacts with a 
molecule and excites one of these motions.  
 
Neutrons can therefore be used to examine these molecules as they take part in 
chemical reactions or bond to surfaces.  This is particularly useful as it gives us 
an atomic view of the way that catalysts work and how chemical reactions 
proceed. 
 
It is not just the wave movements of atoms and the motions of molecules that 
can cause neutrons to be scattered from a material: magnetism can scatter 
them too. 
 
Magnetic atoms behave like tiny microscopic ‘bar magnets’, so that even if the 
atoms themselves are not moving very much, the directions in which their ‘bar 
magnets’ are pointing can move.  These tiny ‘bar magnets’ also interact with 
each other so that, exactly like the waves in the motion of the atoms, the 
directions of the ‘bar magnets’ form waves too – waves of magnetism.  
 
Just like their atomic motion counterparts, the magnetic waves have particular 
energies and wavelengths. 
 
The neutron also behaves as if it is a tiny microscopic ‘bar magnet’.  This means 
that when it passes through a magnetic material it can create a magnetic wave 
by transferring some of its energy to it. 
 
In exactly the same way as with the atomic motion waves, the change in energy 
and direction of the neutron can be measured and the particular energy and 
wavelength of the magnetic waves can be determined. 
 
Understanding magnetic materials is very important as magnetism lies at the 
heart of many modern devices such as sensors, data storage and medical 
imaging. 
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Research at ISIS: Archaeology 
Illuminating the Dark Ages 
 
 
 
Introduction 
 
Archaeological finds are important carriers of information about our cultural 
heritage.  
 
Scientific examination of them allows us to reveal the materials and processes 
used in their construction and to understand how the finished objects were used.   
 
The mass of information gathered in this way has led to an understanding of 
where and when our ancestors developed certain technologies and skills, and 
how these impacted on their lives. 
 
Pottery 
 
One type of archaeological artefact is of particular importance because of its 
long history and world-wide use: pottery.  
 
Pottery has many uses in archaeology. Finds are used to date excavation layers 
in archaeological digs and indicate the status of the people who occupied that 
site.  Its distribution provides information about trade routes, population 
movements, changes in the sites’ use and also about the exchange of 
technology between people. 
 
Composition 
 
Pottery is manufactured from materials like clay and sand, which are mixtures of 
many minerals, each of which has a particular chemical composition and 
structure.  
 
The subsequent firing of the pottery, in a kiln, leads to chemical transformation 
in these minerals, depending on the kiln’s temperature, the mix of raw clays and 
the introduction of other mineral material in the firing process. 
 
This means that the final mineral composition of pottery from different places 
and times is generally different. 
 
Neutron diffraction is used at ISIS both to determine the presence of minerals 
such as quartz, cristobalite, mullite and calcite and to establish their relative 
abundance in the pottery.  This is achieved by comparing the neutron diffraction 
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pattern from the pottery with the patterns from a number of minerals with known 
structures.   
 
This technique has the distinct 
advantage that it can be used on 
whole pieces of pottery (or other 
objects) of almost any shape and size 
and, unlike chemical tests, does not 
require small samples to be removed 
from the pottery by drilling, coring, 
cutting or scraping.  The technique is 
truly non-destructive, and its only 
requirement is that the object contains 
crystalline material, for example, 
ceramics, metals, natural stone or 
bricks. 
 
This characterisation by mineral 
composition provides valuable 
information on both the origin of the 
pottery and the firing process carried 
out in its production. 

 
 

Schematic of how neutron diffraction 
measures an archaeological object 

 
Calcite, commonly found in Mediterranean clays, does not survive firing above 
850ºC, so its presence would set an upper limit to the kiln temperature.  Mullite, 
however, is only produced when the firing temperature is above 1000ºC so that 
the proportion of this mineral increases with increased firing temperature and 
duration. 
 
Bronze 
 
Bronze is a metal that was extremely important in our development. The 2000 
year period known as the Bronze Age started around 3000 BC when we 
developed the technology to make tools and vessels from this metal. The 
beginning of the Iron Age at about 1000 BC saw the use of bronze for tools 
dying out, but its resistance to corrosion led to its continued use for ornaments 
and vessels, particularly in coastal areas. 
 
From a scientist’s point of view bronze is an alloy of copper (85–95%) and tin 
(5–15%).  The addition of small amounts of tin to copper does not change the 
structure of the copper but the larger tin atom makes the structure expand. 
Neutron diffraction can measure this expansion and therefore determine the tin 
content. It can also identify any other materials present, in a similar way to the 
determination of minerals in pottery. 
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Bronze gained technological importance because it is harder than copper but is 
easier to make things with, as it has a lower melting temperature. 
 
A study of an Etruscan bronze vessel at ISIS using neutron diffraction revealed 
that the handle not only had lower tin content but also contained lead, indicating 
that this part of the vessel was cast.  The process of adding lead to bronze for 
casting started in the 4th century BC. 
 
The repair patch has very little tin, no lead and contains copper oxide.  The lack 
of tin and the presence of oxidisation indicate that the patch was not soldered 
but fixed by heating and then hammered into place.   
 
The diffraction patterns also showed that the vessel had undergone a heat 
treatment to relieve any internal stresses in the metal. 
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Research at ISIS: Engineering 
Taking the Stress out of Failure 
 
 
 
Introduction 
 
It is vitally important for engineers to understand how materials behave when 
used to construct buildings and machines.  
 
Lack of knowledge of the mechanical properties of a material, the effects of 
repeated use or the effects of processing during manufacture can lead to failure.  
The consequences of this can be expensive or at worst lead to injury or death. 
 
New materials and components are subjected to many tests to characterise their 
physical properties.  By applying forces to the materials or components and 
measuring the strain, the breaking and yield stress are measured and Young’s 
modulus determined. 
 
However, these measurements do not tell engineers what is happening deep 
within the material, such as why components break at certain places and why 
some methods of processing lead to better components. 
 
At the ISIS facility engineers have been exploiting neutron diffraction to answer 
these questions by obtaining an atomic view of the way in which materials and 
components behave. 
 
 
Neutron Diffraction 
 
The strain in a material results from change in the distances between atoms 
within the material, either as external forces are applied or as a consequence of 
residual stress created during a manufacturing process.   
 
When the material is under tension the distance between atoms increases and 
when under compression the distance decreases. 
 
Neutron diffraction directly measures the precise atomic structure of a material 
so that these small changes in the atomic distances resulting from stress can be 
determined. 
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Strain Maps 
 
Neutrons have an advantage over other methods of determining atomic 
structures of materials, such as X-ray diffraction, in that they can penetrate deep 
into materials. 
 
The engineering instruments at ISIS measure the atomic structure in a very 
small volume of a component on test.  By scanning the neutron beam over the 
whole of the component, a three-dimensional map of how the strain varies with 
position inside the component can be constructed.  
 
This map of the strain within a material or component provides the detailed 
information that allows engineers to understand its mechanical behaviour. 
 
Texture Maps 
 
Most materials used to make components are poly-crystalline.  The individual 
grains are often oriented in certain preferred directions rather than randomly.  
This is called texture and is frequently a result of a particular process used in the 
manufacturing. 
 
Neutron diffraction can be used to create a map plotted on the surface of a 
sphere to show the directions of preferred orientation of the grains. This is called 
texture analysis. 
 
The texture of a material can have an important effect on its physical properties 
and produce different properties in different directions within the material. 
Controlling and understanding texture is therefore very important to engineers. 
   
Bone 
 
Many materials are naturally stiffest in the direction of greatest strain.  Studying 
these materials helps engineers to make the best use of natural and artificial 
materials in engineering.  One example of this is bone. 
 
Bone is a complex material consisting of small crystals of the mineral, apatite 
(Ca5(PO4)3OH) in a protein matrix.  Generally in healthy bone a particular 
direction in the crystal structure of the apatite is aligned preferentially along 
direction of greatest strain.   
 
To investigate what happens when bone re-grows after a bone is broken, 
neutron diffraction measurements were carried out on a ewe’s leg bone, three 
months after she had broken it.   
 
The diagram shows the neutron diffraction patterns obtained from the bone at 
three positions; at the break, 1mm and 2 mm from it.  The size of one of the 
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Bragg peaks (labelled 0002) gets 
much smaller as we get closer to 
the break indicating that the degree 
of preferential alignment of the 
apatite crystals is changing with 
different positions along the bone. 
 
So although the bone appears to be 
healed, and the bone density is at 
the same level as before the break, 
the neutron diffraction study has 
revealed that the degree of 
preferential alignment of the apatite 
crystals in the bone is not same in a 
repaired break as it is in healthy 
bone.  

 
 

Neutron diffraction patterns taken from a 
broken bone 

 
Further investigation showed that it takes another 3 months for the crystals to 
orient themselves in the correct directions. 
 
Stress 
 
Neutrons are well suited to looking at 
stresses across large structures and 
the effects of bending or cutting 
materials.  
 
Measurements have been made of 
the residual stresses in sections of 
railway line after manufacture and 
after they had been in service for 
some time.  The manufacturing 
process will induce residual stresses 
in the rails.  When trains run over 
them, the rail surfaces become 
plastically deformed, which also 
changes the residual stress pattern.   
 
The diagram here is a map of the 
stress in rails. It shows the stress concentrations and can be used to predict the 
safe lifetime of a component and where the initial cracks will occur in the rail in 
service.  

 
 

A map of the vertical stress in a rail 

 
 
 
 

Images courtesy of P.J.Webster (Salford University) and the Institute Laue Langevin, France 
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Research at ISIS: Superconductors  
Superconductors all in a Spin 
 
 
 
History 
 
The phenomenon of superconductivity was discovered less than one hundred 
years ago, in 1911.  
 
The discovery was made by H. Kamerlingh Onnes following his success in 
liquefying the gas helium.  Using liquid helium Onnes was able to reach 
temperatures that were only a few kelvin above absolute zero.  
 
He found that the electrical resistance of various metals, such as lead and tin, 
completely disappeared once they had been cooled below a characteristic 
temperature for that material.  This is called the superconducting transition 
temperature. 
 
The next big discovery in superconductivity came in 1933, when Meissner and 
Ochenfeld found that if a superconducting material is placed in a magnetic field 
and cooled through its superconducting transition temperature, it expels the 
magnetic field from its interior.  
 
This is a very unusual magnetic 
property and shows that 
something more fundamental 
than the total loss of resistance 
happens to a material when it 
becomes a superconductor. 
 
It was not until almost fifty years 
later that theoretical physics was 
able to describe why these metals 
become superconductors at low 
temperatures. 
 
In 1957 three Americans, John 
Bardeen, Leon Cooper and 
Robert Schrieffer showed that it 
was the vibrations of the atoms in 
the structure of the metal that 
were responsible for superconductivity.  At very low temperatures these 
vibrations change the way that the electrons behave.  They allow the electrons 

 
 

A magnet floating above a superconductor 
due to the Meissner Effect 
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to form loosely associated pairs which are able to move through the material 
without resistance. 
 
In 1972 they were awarded the Nobel Prize for Physics 'for their jointly 
developed theory of superconductivity, usually called the BCS-theory'. 
  
Higher Tc 
 
In 1986 scientists were astounded by the discovery of superconductivity in a 
ceramic material made from the elements lanthanum, barium, copper and 
oxygen.  
 
The transition temperature was 30 kelvin (30 K), a temperature higher than the 
previous record of 23 K found in a metal alloy, which earned materials like this 
the name ‘high temperature superconductors’. 
 
More was to come.  The discovery triggered a world-wide hunt for similar 
materials with higher transition temperatures and, a year later, a compound of 
yttrium, barium, copper and oxygen was found to have a superconducting 
transition temperature of 92 K.  
 
This was a huge scientific and technological breakthrough.  It allowed a 
relatively cheap refrigerant, liquid nitrogen, to be used to cool the material to its 
superconducting state and also held the promise of higher transition 
temperatures. 
 
The current highest superconducting transition temperature is about 160 K. 
 
Mechanisms 
 
Since their discovery of 'high-temperature' superconductors there has been an 
intensive search, using the full range of measurement methods, for the essential 
mechanism behind this phenomenon.  It has become clear that the 
superconducting transition temperatures are too high to be explained by the 
theory based on vibrations of the atoms. 
 
Neutron scattering at ISIS has been at the forefront of this research.  It has 
provided the first correct solution to the structure of one of these materials and, 
more recently, been used in the hunt for the superconducting mechanism. 
 
A clue to the possible mechanism comes from the fact that a superconductor 
turns into a magnetic material, which does not show superconductivity, when the 
relative amount of oxygen in its composition is changed.   
 
The loss of superconductivity and emergence of magnetism suggests that there 
could be a close relationship between the two in these materials. Is it that the 
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magnetism is the key to understanding why the superconductivity occurs at such 
high temperatures? 
 
Neutron scattering is useful in looking for the answers as it allows us to study 
the dynamic magnetism – magnetism that varies with time – as well as the static 
magnetism. 
 
The research has discovered that whilst high-temperature superconductors do 
not have static magnetism they do show dynamic magnetism. It is not random 
but highly correlated,  meaning that it occurs at particular energies and over 
particular length scales that are closely related to the structure of the 
superconductor.  
 
Whilst a full explanation of high-temperature superconductivity has not yet been 
achieved, measurements like those carried out at ISIS are showing that the 
underlying microscopic magnetism in these materials is extremely important in 
creating the conditions necessary for high-temperature superconductivity. 
 
 
  
 
. 
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Research at ISIS: Materials 
Carbon Reaches 60 
 
 
 
Carbon 
 
Until very recently any physics or chemistry text book would have told you that 
there were just two forms of carbon: graphite – a soft, silvery black, semi-
metallic material, mainly used as pencil leads and electrodes; and diamond – 
one of the hardest known materials, mainly used in making cutting tools and, of 
course, jewellery. 
 
The difference in hardness between graphite and diamond arises from the 
arrangement of the atoms in each form.  In graphite hexagonal rings of carbon 
atoms are joined together in weakly connected sheets stacked on top of each 
other, whilst in diamond the carbon atoms are arranged in a vast array of rigid 
tetrahedra. 
 
Now scientists have discovered a third form of carbon. 
 
History 
 
The story behind this discovery began in the 1960s and 70s when astronomers 
started to pick up radio signals from dust clouds deep in space that appeared to 
arise from large clusters of carbon atoms.  
 
Harry Kroto, a scientist working at Sussex University, wanted to find out how 
these formed.  He persuaded two scientists from the USA, Richard Smalley and 
Robert Curl, to study carbon clusters using the sensitive new mass 
spectrometer that they had recently built. 
 
Carbon - C60  
 
A page from their experimental logbook shows the data entered on the day that 
Kroto, Smalley and Curl discovered two new forms of carbon.  
 
The scale along the bottom is in units of time but it is simply converted to mass, 
as the instrument scans mass with time.  The scientists easily identified the two 
large peaks as belonging to stable clusters of 60 and 70 carbon atoms. 
 
The ‘Eureka!’ moment came a day or so later when, in a moment of brilliance, 
they realised that the carbon atoms were arranged in hollow clusters of 
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connecting pentagons and hexagons shaped like a ball, and that they had 
discovered a new form of carbon. 
 
"This is the dream of every kid who's ever owned a chemistry set," Curl said 
when he, Kroto and Smalley collected the Nobel Prize for Chemistry in 1996. 
 
The new C60 structure was named Buckminsterfullerene or ‘buckyball', after the 
brilliant, though eccentric inventor of the geodesic dome, the American architect 
and thinker Richard Buckminster Fuller.    
 
C60 is the roundest, most symmetrical large molecule known.  Shaped like a 
football (technically, a truncated icosahedron), it is exceedingly rugged, very 
stable and capable of surviving the extreme temperatures of outer space. 
 
Once a convenient way of making this molecule had been formulated, the 
discovery set off an explosion of research among chemists, physicists and 
materials scientists.  A whole family of related 'fullerene' molecules soon 
followed and these unusual molecules 
turned out to have extraordinary chemical 
and physical properties.  
 
When individual buckyballs are collected 
together in solid form they are organised in a 
crystal structure known as face-centred-
cubic.  This is a very simple structure of the 
kind that you get if you pile oranges into a 
box.  
 
At room temperature, each buckyball is 
continuously rotating, but on cooling down 
the motion becomes more jumpy until 
eventually they stop.   
 
The structure and behaviour of the 
buckyballs were first solved here at ISIS 
using neutron diffraction. 

 
 

Neutrons have been use to 
determine how C60 molecules pack 

together  
 
Nanotubes 
 
Another breakthrough in carbon chemistry came when a Japanese scientist, 
Sumio Iijima, looked carefully at the carbon deposits created when using a new 
C60 production method that had been invented by Wolfgang Kratschmer.  
 
He saw amazing tube-like structures of various diameters, usually several tubes 
inside each other, each smaller than the next.  
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It did not take him long to work out that these tubes were rolled up layers of 
graphite sheet with ends made from buckyball-like structures. These new 
carbon structures soon gained a name for themselves: carbon nanotubes. 
 
Scientists soon discovered that carbon nanotubes had some truly amazing 
properties. 
 
Firstly, they are very strong, with a Young’s modulus of over 1 TPa (it is 700 
GPa for carbon fibre and 70 GPa for aluminum).  This means that they have 500 
times the strength-to-weight ratio of aluminium and also have a maximum strain 
10–30% higher than any metal. 
 
Secondly, their electrical properties depend on the direction in which the 
graphite layer was rolled up to make the tube.  Some nanotubes behave like 
metals and have conductivities 60 times better than that of copper whilst others 
are semi-conductors. 
 
When an electric field is applied across a nanotube, it can be made to emit 
electrons.  If nanotubes are grown in aligned, regular arrays this property can be 
used to make flat panel displays and even compact x-ray sources. Some 
companies have already made prototypes for commercial products based on 
this technology. 
 
Because nanotubes can be semi-conducting, it is possible to make microscopic 
transistors, diodes and other electronic components that work at room 
temperature.  Scientists at Delft in Holland are making good progress in building 
devices using these components. 
 
Nanotubes also have a huge surface area and in certain forms can store 
enormous quantities of hydrogen.  Hydrogen is the perfect environmentally 
friendly fuel, since when burning it produces only heat and water.  It is, however, 
difficult to store since hydrogen gas has a very low density and so occupies a 
large volume, but it is only a liquid below 20 K (-253 oC).  However, inside 
nanotubes the hydrogen atoms can be stored at a higher density than in the 
liquid phase.   
 
NEC has recently announced that they have made a prototype fuel cell, based 
on nanotubes, that has 10 times the power density of the lithium battery that is 
currently the industry standard for laptops and phones. 
 
Another great idea, from NASA, is to use nanotubes to create a more realistic 
method for storing information, by adding a ‘probe’ molecule on the end that can 
sense the difference between fluorine and hydrogen atoms.  This could in theory 
be used to create a memory storage device where the fluorine and hydrogen 
atoms are the 0 and 1 bits and the nanotube is the read head.  If this were 
feasible the storage capacity would be staggering.  You could store the 
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information from 15 000 CD’s on the head of a pin! 
 
 
At ISIS we are looking at the new forms of carbon produced by squeezing 
buckyballs in a pressure cell and heating it.  At 90 000 times atmospheric 
pressure and 500–600oC a material forms that is magnetic.  The magnetism is 
not very strong, but this is the first pure carbon magnet.  
 
It is difficult to say exactly which materials will be technologically useful and 
which of these ideas will come to fruition and which will wither away. But what is 
clear is that new carbon materials and nanotubes will have an impact on our 
lives.  
 
At the moment anything appears possible.  
 
Understanding magnetic materials is very important as magnetism lies at the 
heart of many modern devices such as sensors, data storage and medical 
imaging. 
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Research at ISIS: Magnetic Multilayers 
Metallic Sandwiches 
 
 
 
Origins 
 
People have observed magnetism for almost 3000 years.  
 
The attractive powers of lodestone were known in Europe and China by around 
800 BC, and this iron oxide mineral was used as a primitive compass by the 
Chinese as early as AD 100.  
 
It was not until 1263 that Pierre de Maricourt discovered that magnets have a 
north and south pole, and it was another 600 years before physicists and 
chemists such as André-Marie Ampère and Michael Faraday demonstrated the 
intimate link between electricity and magnetism.  We now know that this link 
results from quantum mechanical effects. 
 
Thin Films 
 
Now, over one hundred and fifty years later, magnetism is at the heart of the 
modern materials world.  
 
Magnetic devices play an intrinsic role in computers, medical scanners, motor 
cars and even mountain bikes!  
 
Much of this expansion of magnetism into everyday life is a result of the 
production of magnetic material in very thin films.  By thin we mean typically 1 
nanometre, which is 1/100 000th the width of a human hair or just a few layers of 
atoms.  
 
The study of magnetism in such thin film systems has generated enormous 
interest in both trying to understand the underlying physics, and exploiting their 
characteristics for use in devices.  
 
Resistance 
 
One such area is data storage.  Traditionally data is stored as a series of 
magnetic bits on a disk which is then read (or written) by a read-write head – a 
wire coil wound on a core of magnetic material.  The magnetic fields on the disk 
cause variations in the electrical resistance of the read head.   
 
Following the discovery of the 'giant magnetoresistance' effect in 1988 the head 
is no longer made from a single piece of magnetic material.  Instead it is made 
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of alternate layers of magnetic and non-magnetic material.  Such 'magnetic 
multilayers' show a very large change in electrical resistance when they are 
exposed to a magnetic field.  This means the heads are more sensitive, can run 
faster, be made smaller and have no moving parts. 
 
Techniques 
 
Many techniques can be used to study magnetic systems, relying on such 
diverse effects as the rotation of the polarisation of light, or the induced voltage 
in a coil placed close to a magnetic sample.  These measurements give a 
weighted average of the magnetism in the whole sample.  
 
Neutron scattering, on the other hand, can provide information on the atomic 
magnetic arrangement (by magnetic crystallography) or on the magnetism in 
thin film systems (by magnetic reflectometry). 
 
Neutrons 
 
The reason neutrons are so useful is that the neutrons themselves can be 
considered as small bar magnets and as such 'feel' the magnetic structure of the 
material they pass through.  
 
In this way we are able to build up detailed 
images of the magnetism within artificial 
structures.  
 
When combined with more conventional 
techniques, neutron scattering can help us 
not only to understand the magnetism but 
also to predict how future data storage 
devices will perform and may open up new 
possibilities for quantum computing. 
 
Hard Disks 
 
For example, what really happens when 
one bit of information passes below the 
read head of your hard disk drive? 
 
The exchange bias effect discovered in the 
late 1950s is used extensively in magnetic 
recording technology and underpins the 
latest generation of read heads in computer 
hard disks, but is not completely 
understood.  

 
 

New magnetic materials are vital 
for the improvement of computer 

hard disks  
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The effect is used to fix the orientations of magnetic moments of adjacent layers 
in different directions, usually an antiferromagnetic (alternate moments aligned 
anti-parallel) layer and a ferromagnetic (all moments parallel) layer.  
 
Using polarised neutron beams, when the ferromagnet layer is rotated (by 
reading a bit), the complicated magnetic structures that arise deep in the layers 
can be uniquely observed, leading to new insights and understanding of the 
effect.  
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Research at ISIS: Muons 
Where Do Muons Fit In? 
 
 
 
Introduction 
 
The properties of materials are determined by how they work at the microscopic, 
atomic level.   
 
Understanding how atoms behave helps us to explain things such as why some 
materials conduct electricity and others don’t; why some are magnetic and 
others are not; why some are hard, some soft, and so on.   
 
But it’s very hard to see atoms directly.  One way to find out where atoms are 
and what they are doing is to use neutron scattering.  Another way to find out 
about materials on an atomic level is to implant particles called muons into the 
material. 
 
What is a Muon? 
 
Muons are very small particles that are not part of the ordinary matter around 
us. 
 
They only live for a short time – 2 millionths of a second on average – and they 
are made by collisions between other particles.  This is something that happens 
naturally high up in the Earth’s atmosphere, and muons from these collisions 
come down to Earth – each of us gets hit by about one every second!   
 
As this is not enough to do experiments with, we make muons at ISIS – many 
millions of them every second. 
  
Muons are fundamental particles of the lepton family, 207 times heavier than an 
electron and about 9 times lighter than a proton. They can have positive or 
negative charge, and decay into a combination of electrons and positrons.   
 
The way they behave reflects how we think of them – either as heavy electrons 
or light protons!  Like electrons and neutrons, muons also have a spin – acting 
like miniature bar magnets whose direction is affected by magnetic fields. 
 
Muons are made when the ISIS proton beam passes through a thin carbon 
target upstream of the neutron target.  They are fed to different experimental 
areas where researchers can bring materials they wish to investigate. 
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How We Use Muons 
 
The muons produced by each pulse of the proton beam are spin polarised – that 
is, the spin of each muon always points in the same direction as all the others. 
 
Muons are implanted into a material, and stay for their lifetime until they decay 
and emit a positron in the same direction as their spin.  Before they decay, they 
become depolarised by local magnetic fields or by diffusing through the material, 
so that their spins point in different directions. 
 
By detecting the directions of the positrons, we can learn about the material’s 
microscopic properties in the vicinity of the muons. 
 
New Materials 
 
Many items of modern technology need 
batteries (mobile phones, laptop computers 
etc), so it is important for us to develop 
batteries which are lighter, carry more 
energy and are environmentally friendly.   
 
New materials, which work by the flow of 
charged particles called ions (rather than 
electrons, as in a traditional battery) are 
being developed. 
 
To exploit these new materials fully, we 
need to understand how the ions move at 
the microscopic level.  Muons have been 
used to tell us how the ions move at 
different temperatures. 

 
Muons are used to study new 

battery materials  

 
Magnetism 
 
It has been found relatively recently that some molecular materials containing 
only carbon, nitrogen, oxygen and hydrogen become magnetic at very low 
temperatures.   
 
This is quite unusual, since magnetic materials normally contain specific atoms 
that are magnetic, such as iron or dysprosium.   
 
Muons have been used to explore the weak magnetic properties of these 
molecules at very low temperatures below 600 mK.   
 
From the oscillation frequency of the implanted muons, the size of the magnetic 
field can be measured.   
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Summary 
 
These are just a few examples of the very wide range of things that can be 
studied using muons.   
 
Muons are excellent probes of their local environment and how it changes 
through a material.  They can be used to study diffusion of light particles, charge 
transport in ion conductors and conducting polymers, and very weak magnetic 
signals. 
 
Because muons have to be created specially, and have a short lifetime, they are 
quite an exotic probe to use for studying materials – but a very useful one, 
nonetheless!  
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Research at ISIS: Molecules 
When Size is Everything 
 
 
 
Length Scales 
 
The length scale from 10-10 m to 10-6 m covers a huge range of physical and 
chemical science and is of paramount importance in technological applications.  
 
Atoms, the smallest building blocks available to nature, with diameters around 
10-10 m, are easily assembled into large and intricate structures.  Increasingly, 
researchers are able to manipulate atoms into large artificial structures which 
allows changes to the atomic environment within these large structures to be 
studied more easily.  
 
As the size of the structures increase, it becomes less important to think about 
individual atoms and more important to study the properties and interactions of 
these larger building blocks – we call them large scale structures.  
 
Surfaces and Interfaces 
 
When we study the relationship of large scale structures with each other and 
with their local environment, the surface area at the interface is the most 
important factor to consider.  
 
Many investigations of large scale structures address issues that are of 
immediate technical, medical and industrial relevance, such as the behaviour of 
bio-membranes, magnetic recording media, polymer films and interfaces, 
detergents, emulsions and the stability of colloids.  
 
In all these areas we are interested in the quality of the surface and how the 
structures interact with it:  What is the surface area coverage?  How does 
surface roughness affect the interaction?  Does the porosity of the surface play 
an important role?  
 
Seeing the Structures 
 
‘Large’ structures, such as biological molecules, scatter neutrons at very small 
angles.  To separate the scattered neutrons from the main neutron beam, the 
detector must be placed a long way back from the sample, often up to 40 
metres!  
 
Small Angle Neutron Scattering allows us to measure objects with sizes ranging 
from 1 nanometre up to 1 micrometre. 
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For layered systems, such as oil films on water, the neutron beam is bounced 
off the surface of the sample at angles of a few degrees.  
 
Neutron Reflectivity measures the thickness and density of individual layers, the 
roughness of the interfaces, and the direction of the magnetism in magnetic 
systems. 
 
Replacing Soaps 
 
Whilst soaps are cheap, biodegradable and easily made, in hard water they tend 
to form an insoluble, greasy precipitate that causes many problems, and not just 
for your washing!  Consequently, synthetic surfactants have replaced soaps in 
many applications.  One advantage is that only water-soluble salts are formed in 
hard water, so no precipitate forms. 
 
Surfactant molecules work because they have a head that loves water and a 
long hydrocarbon tail that hates water.  The effectiveness of a surfactant is 
determined by the number and organisation of the molecules that stick to a 
surface.   
 
Neutron reflectivity can be used to study the layers of molecules that form on 
surfaces immersed in water.  As the surface becomes rougher, the amount of 
surfactant on the surface decreases, but the thickness of the surfactant layer 
increases, and the layer becomes asymmetric.   
  
Structure of Immunoglobulin 
 
Antibody or immunoglobulin 
molecules play a critical role in 
the body’s immune defence 
against bacteria and viruses.  
Immunoglobulin A (IgA) is found 
in the blood and surfaces of the 
lung and intestines, but very little 
is known about how its three-
dimensional structure relates to 
its unique role in immunity. 

 
 

Immunoglobulin molecule 

  
IgA has a structure composed of two identical arms and a flexible hinge region.  
The tips of the arms are responsible for recognising and binding to the surface 
of foreign cells or molecules.  The hinge region then attracts killer cells to the 
site to eradicate the invaders. 
 
Small angle neutron scattering has been used to provide a better understanding 
of IgA’s structure, function and interactions. 
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T06 - Answers to Questions from Where Atoms Are section (R1) 
 
 
Question 1 
 

1. 2.8 × 10–36 m 
 

2. 3.9 × 10–12 m 
 
 
Question 2 
 

1. 5.5 × 10–11 m 
 

2. 22.5o 

 



 
T 04-15 

T07 - Answers to Questions from What Atoms Do section (R2) 
 
In addition to using their course notes, students could be encouraged to 
research these terms using the glossary, their textbooks and the internet. 
 
Some suggestions for further extension work follows: 
 

1. List some examples of: 
• Mechanical properties of materials 
• Thermal properties of materials 
• Electrical properties of materials 

 
2. Write a short paragraph to suggest how magnetic waves travel through a 

material (think about sound waves travelling through air) 
 

3. Research using textbooks or the internet to find out how 'magnetism lies 
at the heart of many modern devices such as sensors, data storage and 
medical imaging'. 
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T08 - Answers to Questions from Archaeology section (R3) 
 

1. Dating excavation layers, trade routes, population movements, changes 
in the use of sites. 

 
2. Can be used on whole objects of almost any shape and size and is totally 

non-destructive. 
 

3. Crystalline material. 
 

4. This question could be expanded to include a comparison with other 
methods. 

 
5. At the time of writing one useful website is 

http://emuseum.mnsu.edu/archaeology/dating. 
 

6. Looking for the idea that the prior experience of archaeologists can often 
provide the right answer. 
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T09 - Answers to Questions from Engineering section (R4) 
 
Question 1 
 

1. 0.0707 × 10–6 m2   
 

2. 2.2 × 1011 N m–2 
 
Question 2 
 

1. tension: below the x-axis 
 

2. compression: above the x-axis 
 
Question 3 
 

1. original length = nr 
 

2. overall extension = nΔr 
 

3. F = kΔr   
 

4. N m–1 
 

5. overall force between each layer = bkΔr 
 

6. area of each layer = br2 
 

7. stress = kΔr/r2 
 

8. strain = Δr/r 
 

9. Young modulus = k/r 
 

10. 2.73 × 10–10 m 
 

11. 2.73 × 10–10 m 
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T10 - Answers to Questions from Superconductors section (R5) 
 

1. H. Kamerlingh Onnes in 1911 
 

2. The characteristic temperature of a metal below which it completely loses 
all its electrical resistance. 

 
3. Superconductivity in a ceramic material at temperatures much higher 

than had been previously discovered. 
 

4. In 2003 this had reached 160 K  
 

5. Copper and oxygen. 
 

6. The use of neutron scattering at ISIS provided the first correct solution to 
the structure of one of the superconductors. Scientists are also looking at 
the co-operative behaviour of the atoms and magnetism in these 
materials at ISIS to see how it is related to the superconductivity. 
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T11 - Answers to Questions from Carbon section (R6) 
 
Question 1 
 

1.   
i) atoms at corners of cube 

additional atoms on faces 
 

ii) idea of hexagon 
intermediate layer 

 
2. Face-centred cubic layers are ABCABC … 

Hexagonal close-packed layers are ABABA … 
 
Credit: OCR 2000, Specimen Materials, Physics 
 
 
Question 2 
 
Information about Harry Kroto can be found on 
http://almaz.com/nobel/chemistry/1996b.html.   
 
Using the search term ‘buckyballs’ should lead to a number of useful sites. 
 
Suggested uses of buckyballs include: 
 

• Buckyball layers as a magnetic storage medium 
• Superconducting materials 
• New electronic devices on a molecular scale 
• Buckyballs that fluoresce 

 
Neutron beams have been used to determine the crystal structure of buckyballs 
and related molecules and been used to investigate both their rotations and 
vibrations. 

 

http://almaz.com/nobel/chemistry/1996b.html
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T12 - Answers to Questions from Magnetic Multilayers section (R7) 
 
Question 1 
 

1.  
a) 6.5 MB cm-2 
b) 6.5 × 104 MB m-2   

 
2.  
a) 2.4 × 10–2 MB cm-2  
b) 240 MB m-2  or 2.4 × 102 MB m-2   

 
3.  
a) 1.5 × 108 
b) 6.8 × 10-7 cm2 or 6.8 × 10-11 m2 

 
Question 2 
 

1. Gilbert was born in Colchester 
 

2. De Magnete (On the Magnet) 
 

3. A spherical magnet which Gilbert believed would revolve spontaneously  
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T13 - Answers to Questions from Muons section (R8) 
 
1. time = 1830/3.0 × 108 

= 6.1 μs 
 
2. approximately 4 half-lives 

So 24 fewer reach sea level 
Hence 302 in 10 minutes. 

  
3. Half-life extended 
 
Credit: OCR 2000, Specimen Materials, Physics 
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T14 - Answers to Questions from Molecules section (R9) 
 
1. Colloids are made by dispersing fine particles of one substance (the disperse 

phase) in another substance (the continuous phase).  For example, mist in 
the air.  Air is the continuous phase and the water droplets are the disperse 
phase.  Other examples might include hand cream, smoke, paint, milk and 
the head on a pint of beer! 

 
2. The washing-up liquid contains molecule with two ends: a head that likes 

water (hydrophilic) and a tail that does not (hydrophobic). During the 
cleaning process these molecules get attached to grease droplets. They 
break them up into small droplets or micelles, where the grease is contained 
inside a spherical layer of these molecules with the hydrophobic tails pointing 
into the grease and hydrophilic heads pointing out. The grease can thus be 
broken up and dispersed in the water, allowing it to be washed away. 

 
3. Possibly anionic, non-ionic and cationic surfactants. 
 
4. Possibly mono- and di-glycerides (E330). 

 


	r01
	Research at ISIS:
	Where Atoms Are

	r02
	r03
	Research at ISIS: Archaeology
	Illuminating the Dark Ages
	Introduction
	Pottery
	Composition

	r04
	Research at ISIS: Engineering
	Taking the Stress out of Failure
	Introduction
	Neutron Diffraction
	Strain Maps
	Texture Maps
	Bone
	Stress
	The diagram here is a map of the stress in rails. It shows the stress concentrations and can be used to predict the safe lifetime of a component and where the initial cracks will occur in the rail in service. 

	r05
	Research at ISIS: Superconductors 
	Superconductors all in a Spin
	History
	Higher Tc
	Mechanisms

	r06
	Carbon
	History
	Carbon - C60 
	Nanotubes

	r07
	Research at ISIS: Magnetic Multilayers
	Metallic Sandwiches
	Origins
	Thin Films
	Resistance
	Techniques
	Neutrons
	Hard Disks

	r08
	Research at ISIS: Muons
	Where Do Muons Fit In?
	Introduction
	What is a Muon?
	How We Use Muons
	New Materials
	Magnetism
	Summary

	r09
	Research at ISIS: Molecules
	When Size is Everything
	Length Scales
	Surfaces and Interfaces
	Seeing the Structures
	Replacing Soaps
	Structure of Immunoglobulin

	r012
	r022
	T07 - Answers to Questions from What Atoms Do section (R2)

	r032
	r042
	T09 - Answers to Questions from Engineering section (R4)

	r052
	r062
	r072
	r082
	r092

