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foreword

Progr%smsciencejIUeasinglydependsm
dbserving and measuring subtle ef fects in ever more
sophisticared experiments. It is vital, therefare, thet
resources that match users requirements. With this in
mind, we have now set in place an ambitious
progranme  the Millemnium Programme  to
upgrade IIL s instrurents and infrastructure to new
standards of excellence, and to attract new users.
The progranmme will be inplemented in two parts over
the next 10 years, ard aims at improving the overall
instrurent performence by a factor of 10. This will
allow our user camunity to carry cut new types of
highly sensitive experiments not possible before. The
programme is not yet finalised but we have already
started the upgrade of a first group of instruments.
W e hope to amtimue with other instruments and to
renew the neutron guides. These refurbishments will

MNoout the IIL

Left to right: ILL directors Dirk Dubbers,
Christian Vettier and Colin Carlile

especially benefit those areas of research thet are
currently creating a great deal of excitement amongst
the scientific comunity, either because they have
tremendous commercial potential —such as
electranics, catalysis, pharmeceutical develcpment,
materials and egineering, or are at the frantiers of
knowledge such as magnetism and particle physics.

The IIL has an exciting future ahead. However, we
can also lock back at the many successes over the
past 30 years. In the pages that follow you will fird a
cross-sectim of recent results which illustrate the
range of research carried aut at IIL. I hope you enjoy
reading about them.

QA QU

Professor Dirk Dudoers Directar

The Institut Lauve Iangevin (IIL) in Grendble, France,

is a mejar intemetiawl facility far scientific resesrch,
operating the most intense contimious source of
neutrans in the world. It possesses a wide range of

instnuments for carrying out similtanecusly — Neutron scattering experiments have mede

mery dif ferent kinds of experiments to
investicate the structure of netter at a

microsogpic level across the disciplines of

bioclogy, materials science, engineering,
chemistry and physics.

Aoaut 1200 scientists visit the Grendole

site every year to work with orr an-site
scientists in carrying aut acutting-edge

research. Although much of the research is

in fundamental science, a substantial
amout is of direct industrial relevance.

significent cotributians to our understanding of
the structire ard behaviour of biclogical ard soft
condensed matter, to the design of new chemicals
such as drugs and polymers, and to materials
used in electranics and structural engineering.
Neutran studies also of fer uniqee insidhts into the
nature of conplex systems at the most
fundamental level.

IL was founded in 1967 as a bi-naticnal
enterprise between France and Germany with the
K joining later in 1973. As well as these three

Associate Menbers, six Scientific Members now

perticipate in IML: Spain, Ttaly, Switzerland, Austria

and Russia, and more recently the Czech
Republic. The Institute has a Gexmen director
(Dirk Dubbers) and two associate directors, ane
fram France and one from the UK (Christian
Vettier and @lin Carlile) .



| - infroduction to neutron scattering

Neutrons are excellent probes of all kinds of matter. They are more penetrating

than X-rays and provide complementary information on structure and dynamics

Naﬂ:ﬁmsaxesubatmd.cparticl&fa]rﬁ:intl’e
miclel of atars. They are aemitted during certain
muiclear processes including the fission of wranium-
235 so can be dotained from a nuclear reactor. Like
all subatamic particles neutrans doey the laws of
quantum mechanics, which means they behave like
waves as well as particles. The wavelergth of
neutrons (tens of nanometres) corresponds to the
distances between atoms and molecules in solids and
liquids. Consequently when they interact with matter
for exanple, a regular array of atams or molecules in
a crystal lattice the neutron wewves are reflected, ar
scattered. Waves reflected from similarly ariented
plares of atars in the crystal interfere and re-inforce
each other pericdically to produce a characteristic
df fraction pattem (like water waves a a lake that
meet after being reflected of £ two rocks). The pattem
can be recorded as a series of pesks of the scattered
neutron intensity, which provides information about
the position of the atoms and the distance between
them.

There are meny variatians of the scattering
process which gives the tecmique its wide
agoplicability to mery dif ferent kinds of meterials. For
instance, the structure of larger molecular or atamic
asserblies such as biological menbranes, polymers,
engineering structures arnd minerals, can be studied
by measuring very smell angles of scattering (the
wider the distance between atoms the smaller the
agle of reflecticn) . This is called smll angle neutron
scattering (SANS) and requires a special, very lag
instrurent to resolve the swll angles.

Neutrans scatter of £ hydrogen atoms quite strangly
(nlike X-rays) so are also used to establich their

positions in biclogical meterdals, pertiailarly those
cantaining water (H,0). What is more, hydrogen
scatters very dif ferently fram its heavier isotope,
deuterium. This means that selected components in a
structure can be highlighted by substituring hydrogen
with deuterium. The degree of isotopic substitution can
also ke axtrolled such thet the scattering strength in
ae part of a structure is the sare as in the
surrounding medium, rendering it inwvisible so that
arother part of the structire stands ot in cofrast .

As well as determining structure, neutron scattering
also reveals the motions of atams and molecules via an
exchange of energy between the neutrons and the
sarple (inglastic scattering) . Very small changes in
energy measured at low temperatures may also be
used to measure subtle quantum processes in exotic
meterials.

Neutrons also have a spin, or megnetic moment,
vhich can interact with the electron spins in megnetic
materials. Beams of polarised neutrans (in which all the
spins are aligned) of fer a wnique tool far daracterising
exotic materials with complex megnetic structures an
area of growing interest.

Another area of increasing importance, is the study
of thin films and multilayers. Many of the most inmportant
bioclogical, chemical and electronic/megnetic
phenomena occur at surfaces and interfaces. Under
appropriate experimental conditions, neutrons can be
reflected of £ surfaces ard interfaces so that the depth of
the layers and their structure and dynamics can be
determined.

Firelly, the nautrn itself is used to irmvestigpre the
laws of Nature. IIL has facilities to prepare beams of
neutrans of very low energies (cold neutrans) for
extremely precise experiments on gravity and an
perticle properties significant in develqping a wnified
theory of the fundamental perticles and forces of the
Universe.




Neutrans help £

Studies revealing the shape and structure
of a molecular complex involved in fat
digestion could lead to new slimming drugs

i
g

M ammals, including humens, digest
food with secretions produced in several
orgens alayg the digestive tract  the
salivary glands in the mouth, the starech,
the gll bladder, the pancreas ard the
intestine. The secretions contain enzymes
which break down the complex food
molecules  proteins, fats and
carbdydrates into simpler molecules that
can then be absorbed into the bloodstream.

W e are particularly interested in the way fats are aaplex with PL, and bile salts which solubilise the fatty
Iroken down. The reasm is that the process is quite acids fram the triglyceride breskdown to form mirmte
amplicated. Nirety-five per oat of fats in the sgoherical structures called micelles.

W estem diet consist of molecules known as Mnalysing the active complex

triglycerides which, because they do not dissolve in W e wanted to understand at a molecular level how
water, exist in the fam these camponents come together to form an active

of oily drplets. To be digested, an enzyme produced complex. A tedmique called small angle neutron

by the pancreas called pancreatic lipase (PL) must scattering, as described an page 3, is ideal for

fast investigating large molecular structures such as this
attach itself to the oil gldaules. However, PL can t act ae. By using a method called contrast variation, we
alae. Its moleaular shepe is such that its so-called could visualise gpecific parts of the corplex whilst other

active site the area in the enzyme structure where perts ramin irvisible. The principle behind this is the
the triglyceride would interact and be brcken up  is same as the familiar school laboratory experiment

Caleulated model of the  hidden away.Two other components are needed to vhereby sugar is slowly added to water in which is
acw'em:: 15.@(10}2;“&1 umask the site and help the enzyme adsorb onto the — inmersed a glass rod. At a certain sugar concentration
droplet surface. These are colipase, which forms a the glass rod becares invisible because it has the

molecules per micelle
sane refractive index as the sucrose solution. In other

words, light is scattered equally by the glass ad the
solution. We say that there is no omtrast between the
rad ard the solution. In the case of neutran scattering,
heavy water is added (water in which hydrogen is
substituted by its heavier isotope deuterium, D,0). So,
for exanple, when the water contains 10 per cent heavy
water to 90 per cent ordinary water, the lipase ad
Using these teclmiques we have been able to show
that the carplex contains two molecules of colipase
attached to each pencreatic lipase molecule and they
are camected and stabilised by a micelle of the bile
salts. The model of the caplex is shown in the Figure.
This knowledge could enable us to design drugs that
can prevent the aoplex franm forming in the first place
ard thus limit the amounts of fat assimilated by the
body. OQur colleagues in Marseille are currently
coducting preliminary clinical studies using rats. |

Research team D. Pignol, J. Hemmoso and J. C. Fontecilla-Camps
(LCCP, CEA-CRNS Grenoble), L. Ayvazian, B. Kerfelec, I. Crenm

and C. Chapus (ONRS Marseille), P.Timmins (ILL)




The bio-material cellulose is ford everywhere. All
plants and certain marine animals and bacteria
amtain cellulose, as do the materials we use derived
from plants, such as wood, peper ard textiles.
Despite being an inportant resource, we still have
much to lesm about its structure. Cellulose is a
composite carbolydrate with a basic molecular
structure cmsisting of a chain of 1000 to 20 000
linked glucose (sugar) molecules. In the native state,
these polymer chains terd to align into campact
needle-like crystals called microfibrils which are
stabilised by weak hydrogen bands and electrostatic
forces and are about 0.01 micrometres across (see
Figure 1). In ketween the microfibrils, are regians
vwhere the chains are arranged in a disorderly way.
Gellulcee fibres like the plant meterial flax casist of
budles of meny microfibrils.
Microfibril structure
However, ot aily is the crystal structure of the
these microfibrils are held together. Are they glued
together by a few disordered polymer chains lying an
the surfaces of the crystals or by more extended
regians of disordered cellulose polymers? This
information is important because the mechanical
properties of cellulose stragly depernd an the
arrangement of crystalline regions and disordered
regians within the meterial.

A onbination of the neurron inelastic scattering

Cellvlose is an extremely important
composite material. Even after more the
20 years of extensive research its
structure is not well understood. Inelast
neutron scattering may offer some of th

missing clues

method and the contrast variation method, described an
the previcus page, of fers an excellent prdee. Irelastic
scattering happens when some of the energy of the
inoaming neutrans is absorbed by the atans in a material,
as they oscillate during the scattering process, causing a
change in the energies of the scattered neutrans. This
change in energy reflects the dharacteristic vibratians of
the atoms depending on how they are bonded to their
immediate molecular envirament. At the same time, by
substituting certain hydrogen atams with deuterium in
chosen regions of the material we can render the
disordered regians invisible and highlight the dynamic
respanse  the spectrum of atamic vibrations of just the
crystallirne microfilrils, and vice versa.

From these results we foud that neutron inelastic
spectra of the disordered parts of cellulose were distinctly
df ferent fram those of the crystallire parts, closely

resanbling that of ampletely disordered artificial cellulose.

These gpectra therefore omstitute true signatures of the
respective parts of cellulose. The wniversal character of
these signatures indicates that the disordered regians are
similar in all types of this meterial and do not degpard an
its source. Fram the amount of hydrogen that can be
substituted by deuterium we also cancluded that the
disordered regions are mainly formed by the surfaces of
the crystallites.

These results will ke useful in the industrial processing
of cellulose and for wderstanding how

(10 7)

Research team C. Czihek (Univ.Viema ard IIL),
G. Vagl (thiv. Viema and HVMI Berlin),

H. Schdver (IIL), Y. Nishiyama (Univ.Tdckyo)
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Figmwe 1 (left) Hierarchical
organisation

of cellulcse. The polymer
(tep left in figure) aggrecates
to cellulose naro-crystallites,
which are intercomected by
disordered interface layers
(bottom right) . These
crystallites are argenised in
microfilrils of diameter 2 to
20 nancretres (bottom left)

Figure 2 (below) The
dynamic response of
disordered regians of
cellulcse sanples of dif ferent
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Neutron fibre

diffraction offers an
excellent way to
study the intricate
bonding in natural
polymers like
cellulose
Importance of hydrogen bonding
Neutron dif fraction provides the anly method that can
d fer a detailed visualisation of the hydrogen banding
network in cellulose fibres. The experiments were
carried aut an an instrurent called D19. This is the
];itj:;n; aily instrurent in the world that can carry aut this sort

of study (in the past it has also been used to carry aut
work can other biological molecules such as other
polysaccharides, INB, filamentous viruses) .
The idea behind the experiment is sinple. Neutrons
are fired at the sarple of cellulose ad the pattem of
C ellulose is often said to ke the most doundant polymer neutrans scattered by the sample is recorded. This
a Earth. It is certainly ae of the most inportant structiral pattem can ke used to determine the structure of the
OM an elarents in plants and other living systems. In Nature it cellulose. Since hydrogen atams cause significant
ocars as sleder rod-like crystalline microfibrils. Qe of the — scattering of neutrans their position in the cellulose car
key featiwes of cellulose is that each of the wnits meking up  be determined as well. To be absolutely sure of the

- - the polymer bears three hydraxyl groups ((H) . It is these process, crystalline fibres were also prepared in which
fiimy hydraxyl groups and their ability to band via wesk hydrogen  the hydrogen in all the CH groups were replaced by
l' h ﬁ* ] bading that not anly play a mejor role in directing how the deuterium (deuterium scatters neutrons even more
B Sk crystal structure fomms but also in governing important strangly than hydrogen does) and the same dif fraction
g giysical properties of cellulose meterials. experiment repeated.
Cellulose can oocour in a mber of dif ferent forms. Natural Recently we studied cellulose IT filres that result
ik cellulose is known as cellulose I, but other forms such as fram the swelling of fibres in concentrated sodium
Figure 1 A comparison of cellulose 1T, cellulose ITT ad cellulose IV have been hydraxide in this way. There were two suggested mode
the two dif fraction pattems gegeribed. We are irvolved in a lag-tem stdy at IIL to structures. Studies using X-ray crystallograghy could
of cellulose from nomel uravel the Fire details of these dif ferert foms. ot distinguish between the two models. Using our

and deuterated cellulose
reutron dif fraction data we were able to decide which

of the models was correct.

Figure 1 shows the dif fraction pattems recorded
fram cellulose II. Tre left half of the picture shows the
df fraction pattem recorded fraom normel cellulose and
the right half shows that from deuterated cellulose
(each picture has been cut in half and they are shown
side by side for corparisa) . The dif ferences between
these two pattemns arise from the hydrogen/deuterium
atans alane. These pattems were used to calculate
'y meps that show where the hydrogen atoms are located
) _:.' o ] s . : ' : Figure 2(a) shows the map, and Figure 2(b) shows the
: T ) hydrogen bonding network in cellulose that was
determined fram it. This stdy is the first three-
dimensional description of a hydrogen bonding system
in a fibraus polysaccharice.

@
Figure 2 (@) the resulting
mep of cellulose IT;
(b) hydrogen-bonding
retwork in cellulose

O N




A new model of a

biological membrane

A new model for studying cell membranes
is helping researchers to understand how

Giovanna
Fragneto-Cusani
(rdght) with
colleagues,
Laurence Perino

All living cells have an autside wall, or menbrare,
formed mainly from lipids. These lang-chain
molecules amsist of a head which likes water ard a
hydrocarbon  tail that hates water. They alion in a
double layer, arbilayer, with the tails tucked away
inside an intemal impermeable core and the heads
pointing cutwerds so as to form a protective barrier
pemeable only to certain very small molecules. The
structure of the bilayer plays an important role in the
activity of the cell ad is very carplicated. For
exanple, the membrane also contains proteins which
act as guardians regulating what goes in ard out of
the cell, and whose behaviour is influenced by
changes in the lipid bilayers. Such systems are

df fiailt to study at the nolecular level.

To study membrane structure and behaviour more
easily, researchers resort to sinmple models of
bilayers, in partiailar those based an a class of lipids
called phospholipids. We have succeeded in
preparing a new, and we think improved, model
system  a phogdolipid bilayer freely floating in
water, which will engble us to study interactians
between menbrane bilayers and molecules like
proteins.

A double bilayer an a surface

The model was created by assembling two bilayers
(Godble bilayer) a a flat solid surface in axtact with
water. The first bilayer is stragly adsoroed an the
surface and the secaxd  the free bilayer floats just
above it. At a certain temperature deperding an the
carposition, phospholipid bilayers change fraom a gel
pase, were the lipid dweins are rigid and well-
ordered, to a fluid phase, where the dwains are
disordered. In cells, manrbranes are fluid and
fluctiete in stncture, kot since it is more dif fiailt to
deposit fluid bilayers an solid substrates we formed
the bilayer in the gel phase and then raised the
tenperatire to get in the fluid ghase.

W e then used neutran reflectivity
measurements to follow the evolution
of the system. Neutrons are reflected
d £ an interface just like ligr. Qr
experiment consisted in bouncing a
neutron beam of f the bilayers at the solid/water
interface and collecting the reflected neutrans a a
detector while rotating the sanple. The signal fram
the reflected nautrans at the dif ferent angles was
anelysed to dotain the structire at the interface.

The reflectivity arves dotained at dif ferent
tenperatires, both in the el, at the transition point
ard in the fluid phase, are shown in Figure 1. Those
curves were interpreted by using mathematical
models (contimuous lines in Figure 1) . This allowed us
to determire the structire of the bilayers very
precisely. Results are shown in Figure 2.

Arourd the transition point between the two
phases we doserved a giant swelling (a big increase
of the thickness of the water layer between the two
bilayers) and an increase in the wevermess of the
free bilayer. Well above and below the phase
transition the systens present a similar structure and
in both phases they are stable. This means that the
fluid grese of the free bilayer is suitable far

Figure 1 Measured reflectivity
profiles ard curves from
mathematical models for the lipid
dauble bilayers in D,0 (heavy
water) at varicus temperatures.
The x-axis Q is a qatity

investicating the interaction of lipids with proteins.
Moreover, the glant swelling might be the first divect
doservation of a phenaomenon theoretically predicted
more than 20 years ago.

these important structures work

55.4 C

Figure 2 Possible
interpretation of models
that fit the data measured



Neutron reflectivity reveals much

more about the structure of

multilayer lipid membranes than
was previously thought possible

Figmre 1 (a) Sketch

of two lipid bilayer
membranes;

(b) scattering partem
of a stack of

multilamellar

phospholipid

membranes

Q

X

]-_Iipidb:ijayers (see page 7) are the basic huilding
blocks of biological membranes. Understanding their

Figre 2 (a) A peptide P

pysical properties such as their elasticity, small dynamic

(green) adsorbed on the lipid  fluctuatians, ard the intemlecular interactians that
hilayers L (ohe); (o) reflectivity govern how they assenble is extremely important in

curves at increasing peptide
amcentration  fram top to

various research areas, including engineering synthetic

bottam: pre Lipid (P/1-0), B/L biamaterials and drug develcpment.

Christian MuUnster & Tim Salditt

gives informetion an the vertical profile of lipid menoranes
the thickness of the layers, the rogmess of the
interfaces between the layers, and so an. But there is also
the possibility of doserving dif fuse, nonspecular scattering
which reflects properties alayg the swrface or interface
such as lateral flucherians, elasticity, and density vardations
in the layers.
Using specular and nonspecular scattering
By preparing the sanple an a transparent silicm substrate,
with the neutron beam incident fram either
the air ar sustrate side, the dif fuse scattering can be
measured for a range of positive and negative angles of
incidence ard exit. This method gives previocusly
inaccessible information on the lateral menbrane structure,
in partiailar, coweming themel fluctuatians.

For the experiments, sanples of stacks of several
thousard bilayers had to be ordented perfectly an a siliom
Substrate. The sanples were either partially hydrated
(there is a water layer of 1 to 1.5 nanometres between

= 0.025, 0.05, 0.1. The In this last amtext, the interaction between lipid
peptides af fect the miltilaellar bilayers of cell walls and artimicrabial peptides (short-
dain proteins) is of pertiadar interest, since the latter
chew hroad antibacterdal, fungicidal and
. However, the stmuctural
ing the interaction are
rderstood. We are, therefare,
al physical properties in

membranes) and kept at constant temperature in a
humidity cell or completely immersed in water.

The samples produced a tremendous amount of dif fuse
intensity reflecting the softress of the system.
The data dotained (Figure 1) an the specular reflections
showed that the average distance between the lipid
bilayers is 4.98 nanometres correspanding to a water layer
of about 1.4 nanometres between adjacent membranes.

model lipid systems with
and without antimicrdoial
peptides such as
Magainin derived from
of frogs.

When combined with
the aotrast variation
method described on
page 4, neutron
refletivity of fers unique
possibilities far sodying
the soucare of Lipid
membranes at the
molecular level. Specular
scattering, when the
argle of reflectim equals
the argle of incidence,

The nonspecular, df fuse scattering pattem reveals the
rance of fluctuatians in the layers ard how they correlate
across several adjacent layers. These results can then ke
carpared with those predicted from theoretical models.
When antibacterial peptides such as Magainin are

inserted in the lipid layers we noted that there were drastic
charges in the specular and nonspecular reflectivity as the
ratio of peptide to lipid increased. This wes a result of the
distortion of the 1lipid menoranes inflicted by the presence
of the peptide. The data also provided informetion an the
anfigration of the peptides with respect to the lipid
bilayer. We demmstrated that this tedmique can reveal
lateral structures on length-scales from a nanaretre up to
several millinetres. In the funure we hope to aooly this
same method to many interesting lipid membrane-based
meterials, including lipid/peptide, lipid/orotein ar lipid/mMNA

systems. |

Research team C. M nster, and T. Salditt Ghiv. Mmnich),

B. Bechinger (MPI Biochemie, Martinsried), R. Siebrecht and
V. Leiner (IIL ard Univ. Bochum)




Ta-thin polymer filns

Extremely thin polymer films are finding use in many
high-tech areas. A new advanced neutron scattering technique
can probe their structure and chemical composition

PETER MULLER-BUSCHBAUM

developing this method (grazing incidence smell
angle neutron scattering, GISANS) to dotain

% scattering signals that reveal pesks at positions
ﬂ:’;&l cheracteristic of the polymer film s structure.

Dewetting in polymer films
Polynerfihrsaxeusaiinnazya,r_plicatimsaﬁqas e experiment showing the potential of this
coatings and increasingly in electranics. Wih tedmique wes the irvestigation of the dewetting of
miniaturisation becoming the mejor tecdmical driver in omfined polymer filnms. Dewetting is frequently
most advanced technologies, ultra-thin polymer films doserved in daily life, for exanple, when rain dewets

will be increasingly in demend. However, as the m a car windscreen a once-contimuocus film breaks

thidkmess of the film is redueed to that close to the up into spherical drops. Using GISANS we could

polymer s molecular dimensions, its properties change  study a confined polymer film, measuring the average

fram those of the bulk meterial. To achieve an even diameters of the droplets and the distance between

thimer film, the polymer molecules must be confined or them. The results gave similar values to those

squeezed and thus their conformmetion  the intemal cbtained with ARM (Figure 2). A simple theoretical Figre 2 GISANS (circles)

arrengement of atavs  is changed. This so-called model, describing the dewetting of thicker filrs also mmd;;amwiei g
amfinement is not anly limited to single polymer films supported these results. Gescribed by a simple

ut also those fabricated from polymer mixtures. In samples of polymer blends GISANS can also be  theoretical model (solid
To irnvestigate such omfined polymer films requires  used to distinguish the chemical structures and lire)

rather special experimental tecdmiques. Atomic force gearetrical arrangements of the
microscopy (AEM) which relies on a microscopic prabe  df ferent polymer phases using
to feel the polymer s topology at atamic resolution can  the contrast method described on

ke used bt is limited to very swell aress of the page 4. Again hydrogen is
sanple. Neutron scattering methods therefore have to  substituted with deuterium in ane
e gplied in ader to dotain a staristically polymer.

representarive description of the film. Unfortunately, te Naturally, the tedmique is ot
thimess of the sanple means that the dif fraction limited to polymer sanples. It

signals dbtained by passing the neutrons through the cpens up new possibilities to
film are too weak to measure. The trick is instesd to prabe the topology and chemical
reflect the neutron beam of £ the polymer film at grazing  conposition of any type of
argles of about 1 degree (see Figure 1). We have been sanple surface. |

Figmre 1 (a) a schematic @ b
of the experimental set-
up used;
+
' |
o ¥ !
Vil L
L]

Research team P. M ller-Buschbaum and W. Petry (TU Mmich), J.
S. Gutmann, O. Wunnicke and M. Wolkenhauer (MPI

Polymerforsching Mainz) , R. Cubitt (ILL), M. Stanm (IPF Dresden)




Pouring fomato sauce or Dt eYJEIILS, foods

washing-up liquid out of a ard pastes

hottle involves complex 3 i 3
1

changes at the molecular

level, as neutron
experiments are revealing

soft metter
IMONA BARE AND ADRIAN RENNIE _

Flo
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M any familiar materdals such as thixotropic paints,
foods like tamato ketchip, the mineral and latex
dispersions used to coat paper and detergents are
colloids. These are dispersians of perticles ar
agoregates of molecules sugperded in a fluid. A
camon feature of nmost of these materials is that the
visaosity changes with the rate of flow. The pressure
required to maintain a flow decreases as the shear
rate, ar gradients in speed of flow, incresses.

The industrial importance of these liquids has
meant that scientists have made considerable ef fat to
urderstand the behaviour of these materials in terms
of the structire ard interactians of the particles ard
the fluid. Neutron scattering provides weryy
advantages in this work because it can prdoe the
perticles at the required dimensians  in the range of
1 nanonetre to a few micrometres. Exploiting the
omtrast dotained by substituting deuterium for
hydrogen in molecules, as described in previocus
articles, allows partiailar structural regians to ke
located. A class of meterials that we are particularly
interested in, which also behaves rather like the
particulate systems, are oocentrated dispersians of
surfactant (for example, socsp) molecules in water.
These are the sort of material used in detergents or

Incident
beam

~ 3

Figmre 2 Qrientation of
particles ar larellae in

a shear flow. The

to the sanple cell can
be measured by
rotating it in the beam

Figure 1 Thelamellar
structure of surfactants
showing the inter-lamellar

- -
spacing d used to determine C,EO,
the arientation

shampoos. At high concentrations they form bilayers, like
the lipids mentianed an the previcus pege, that pack into
layered sheets, or lanellae (see Figure 1).

Experiments with detergents

W e were interested to know how the lamellae were
ardented to the directio of flow at dif ferent shear rates
ad at dif ferent cooentratians. A full study of this
prablem clearly requires measurement of the orientation
in all three spatial dimensians (see Figawre 2). For this
study a gpecial oell that could meintain uniform shear
flow was used that could ke rotated in all directians in the
neutron beam. The dif fracted neutron intensity from the
bilayer structure can then be used to momitor the
aligment of the surfactant layers.

W e carried aut the experiments with a non-ionic
surfactant called C,,E O, in heavy water. When we
measured the orientations of the lanmellae we fourd that
there was a large dif ference between sanples with 40
per cent of surfactant by weight and those with 60 per
cent. Surprisingly the 60-per-cent sample showed a
meximm in the aligmment at an angle of about 45
degrees to the flow direction as shomn in Figure 3. This
behaviour had not been seen in previcus experiments on
surfactants but does resenble that seen in dispersions of
rigid, plate-like particles. |

0.6 _

0.5 |
A A 0.4 |
aligment with respect Fige 3 Blots of 2 03 \
the normalised é 02 | N,
df fracted intensity 01 4 '\
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Research team S. Bare and A. R. Ramie (Kings College
Londm), E. Bellet-Amalric and G. Fragneto (IIL)
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famous French chemist Joseph Louis Gay-Lussac (1778-
1850), a pail of pure water left autside during winter may
avoid freezing into an ice block if the tenperatire
decreases fast enough through the freezing point. The
state attained by the liquid under such caditians is
referred to as metastable . This means thet it takes just
a smll pertirbatrion to push the liquid into the state thet s
the most stable wder the arbient conditions, in other
words, normal ice. For meny substances, subsequent
cooling of this metastable state  usually referred to as
a supercooled liquid  leads to a trensfometion into a
solid phase known as a glass, which shares some
physical properties with meny everyday materials such
as window glass.

The details of how the atoms or molecules move
within a supercooled liquid, as well as the mechanisms
which drive the solidification of the liquid into the glass
phase (glass trensitian), have mesmerised scientists for
many decades, and the topic has been identified as one
of the main challenges in the field of condensed matter.
Very active research during the past few decades has
led scientists to realise that the behaviar of glasses and
supercooled liquids is also shared by a good rumber
of dojects, which span fram disordered crystalline
materials to cosmological black holes.

The hard-needle model
The characteristics of these disparate systems  in
pertiadlar, the way the motians of the particles
carposing the supercooled liquid came to a halt when
approaching the glass-transition tenmperature can be
described by a conceptually sinple model (Figure 1) .
This is a system of hard, infinitely thin nesdles which
sit o the nodes of a abic crystallirne lattice and mey
rotate freely.

To profit fram this analogy and understand glass
transitias better, our research group (a team of
Buropean and American physicists) decided to find a

made easy

An international team has been carrying out
experiments to test a conceptually simple model
of how a supercooled liquid changes to a glass

real meterial that behaved like the
hard-needle model and then study
what happens as it approaches the
glass transitiom. Fortunately, a
common material, pure ethanol,
exists in two forms, or ghases, that
behave just like the hard-needle
model above and below the glass
transition (Figre 2) . Both are crystalline
with the moleaules sitting at the nodes of
a adoic lattice. However, in ae phase
the rotator phase the molecules can
rotate like the needles. In the other ghase,

this crientatioal disorder has becore frozen in. The fact
that the glass transition fram the first pghase to the secad
involves molecular rotations anly, while preserving the
overall crystal structire, gives us an goportunity to
describe this phenorenon just in terms of the possible
molecular reorientations within a cubic crystal ewirament

a much sinpler situatim then in a superocoled liquid in
which the molecules are free to move around.

W e used quasielastic neutron scattering which
measures very small energy changes to study the change
in dynamics through the rotatiawl glass transition in the
ethanol phases and compared the spectra obtained with
those calculated for the hard-needle model. We fourd that
rotatiael freezing within the real meterial is closely
mimicked by that shown by the hard-needle model. The
inplicatians of such a finding are far-reaching since it
shows that this glass trensition can be wderstood in terms
of a purely dynamic phenomencon.

Figure 1 A system of
hard-needles sitting an
the nodes of a body-
catred adoic lattice  a
simple model for
particles approaching a
dlass transitim
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A team of German and
Italian scientists has been
investigating sound
propagation in water, which
should help shed light on its
complex physical and
biological behaviour

Figure 1 The energy of
the dif ferent vilrations
deduced from the
neutran scattering
experiment; the dots
are the results of the
previous X-ray
experiment. The
dashed lines represent
the expected behaviour
of the sound waves
when the velccity is
assumed to be about
3000 metres pers
second or 1500 metres 2
per seccnd;

Figure 2 The
intensity of the

df ferent vilratrias in
water. The dots
represent the
intensities of the low
frequency vibratians,
the triargles those of
the high-frequency
vibratians, ard the
open symbols the
sum of both
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W ater is certainly the most comon substance in ocur
everyday world but, most importantly, it isvital to te
existence of life. Because of the basic role that water
plays in living systams, it is ae of the most studied
liquids. And because of its conplex and wnique
characteristics it is also ae of the most fascinating. Qe
of the properties of water that deserves detailed
investigation is its dynamic behavior how the
omstituent molecules vilbrate which is known to af fet
bioclogical systems. For exanple, the functians of
bioclogical noleaules are driven by the interplay of the
vibrariael ad dif fusional notions of the surrounding
water molecules. A weak type of banding called
hydrogen bonding links these water molecules together

;
é 5
;

Q™

Eon
e
-

into carplex networks. It also links water to biological
molecules such as proteins. Many of the conplex
dynamic characteristics of water are thought to be related
to hydrogen bonding.

Strange acoustic vibrations

It tums ot thet at low frequancy the moleaular vibrations
correspand to the nommal sound, which can be heard by
humens. These vibrations often extend up to frequencies
as high as 1 terahertz (ae million million vikrations a
secand) and are respansible for mery properties of
liquids. In the case of water, however, researchers have
doserved that the velocity of these high-frequency sound
waves is much greater (about 3000 metres per second)
than that of normal sound (about 1500 metres per
secax) . Scientists amsider this ef fect quite ancmalous
ard they had not yet been able to of fer a sinple
explanation.

Irelastic neutran scattering is often used to study the
vibratians of atams, as mentianed an page 5, ard it is this
tedmique that we used at the IIL to investicate the
vibrations in water. We employed heavy water because
deuterium atoms are much stronger scatterers than
hydrogen, and are canparable to oxygen in this respect,
thus giving us a strang neutron spectrum for analysis.
Aalysing the results of the neutron scattering
experiment, we have been able to give a good account
for the strange behaviour of the high-frequency molecular
vibratians in water. We have iderified two dif feret
vilratians, that reflect the presaxe in water
of smell groups of molecules tightly boud together. There
are the vibrations inside each group of nolecules (these
are opotical vibratians, so-called because they dif fuse
optical light) and the high frequency sound which allows
the vibrations of ane group to propagate to ancther group
of molecules (acoustic vibratians) .

W e have been able to campare the energies of the
df ferent vibrations (Figure 1) with previcus data dotained
fram the compenion teclnique of X-ray scattering, an
experiment performed at the nearby European
Synchrotron Radiation Source in Grendole. It has been
perticularly satisfying to see that the neutron scattering
results give a more coplete accomnt of the X-ray data.
The neutron scattering experiment also enabled the
measurement of the intensity of the two vibratians at
df ferent wavelengths, as shown in Figure 2.



Super ool

Tfepmpetti&ofvaterarﬂicearefarﬁliarto
everyone and the simple chemical composition, H,0,
is the first (ad in sare cases the anly!) famuila that
aryane leamns at school. Yet, the behavioar of water
is still not well uderstood. Its structure at a moleaular
level is remerkably corplex as the result of
interactions between the water molecules called
hydrogen bonding. These weak forces are, for
exanple, respansible for the arrangement of
molecules in the nomel crystalline form of water,
hexagonal ice. Each molecule has only four nearest
neighbours leading to an wwsually low density, which
is why ice flcats an water.

Hydrogen bading also influences the structural
praperties of liquid water, as neutron or X-ray
scattering studies reveal. The pattem for most liquids
changes very little with tenperature over the whole of
the liquid range. Water, however, isdf fermt. Tt is
much more sensitive to temperature which af fects the
hydrogen bonding and thus the relative positions ard
orientations of neighbouring molecules.

Qe interesting feature is that liquid water can be
aooled well below its nomml freezing point. Variocus
studies have shown that the degree of hydrogen
bonding increases in this metastable regime, leading
to a more random network structure cheracteristic of a
low-density glassy ice formed when water is
condensed anto a cold plate at temperatures lower
than 140K. The properties of bulk super-cooled water
in this regim are more like a ol then a liquid.

W ater in a solid matrix

W e have ford thet a similar ef fect ocows, quite
renrally, when water is amfined in the pores of a
solid metrix, such as a mesoporous silica with a pore
size of about 10 nanaretres. Furthermore, the water
ramins in the liquid state below its nomel freezing

water!

Water is a surprisingly complex substance forming

point, eventually forming a defective version of
abic ice instead of hexagaal ice. The
formation of cubic ice was unexpected as

it is metastable in the lulk state, cawerting to
hexagonal ice above 200K.

The depression of the freezing point is
greater in the smeller-sized pores, and recently
we found that we could super-cool water even further
by onfining it in a new type of ordered mesoporous
silica (see right) with pores between 2.5
to 3.5 nanometres across.

Neutran dif fraction studies with heavy water
performed on IIL instrument D4 over a range of
temperatures revealed that the water remains liquid
down to 235K and then undergoes a reversible

transformetion to cubic ice. This low-tenperature state of

water of fers the possibility of irvesticgting water
properties in a very uwsual candition. The enhanced
network comectivity due to the hydrogen bonds means
thet the properties are very dif ferent from those of
rormel water. However, the water structure remains
celicate in the sense thet it is essily nodified by
awvirametal influences. It is therefore oaceivable that
these features are significent in defining the behaviowr of
oxnfined or interfacial weter in bioclogical systems. Water
does seem to have some perplexing characteristics but
there is no dobting the inportant influence that it hes
o&r ar lives!

many structural variations in different physical
environments. Under certain conditions, it can even remain
liquid at 40 degrees below its normal freezing point!

fea ganal MO -4 1

The geometry of
mesoporous MCM
silicas; a) hexagaal,
b) abic

A schematic model of low-
temperature water based
a the structure of low-
density amorphous ice
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Water exists in an
extraordinary number of
forms, some of them
discovered only recently.
Neutron scattering
experiments are helping
researchers to understand

the subtle forces that
govern the transitions from
one form to another

Althalgh, water has been the doject of extensive

Transitim of ice XIT

experimental ard thecretical investigarion it still rewerds

towards hexagonal ice US With new and unexpected properties. Because of its

upon heating. The top hydrogen-bonded molecular network (as mentioned in

photograph (a) shows  the previcus article) the struchure of crystallire water
ice XIT as recovered from  (je) ig strogly influenced by pressure and tenperature.

the pressure cell at low
tenperature. In cotrast

To date, ot less then 12 dif ferent ice phases (structral

to hich-density forms) are known. The stability of these phases over a
amorphous ice it has a range of temperatures and pressures can be shown on
milky appearance. The 5 go-called phase diagram (see right). The hexagonal

following photographs
show the flocking of ice

form is the stable ane at anbient pressure. Several ice

XIT as it transfams to the PSS are netastable in their region of existence o
lower density forms the phase diagrem, transforming into more stable forms

cubic ice and hexagonal of ice if we wait layg emough.
ice (bad o)
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Melting ice at -200 C

Researchers discovered so far two distinctly

df ferent non-crystalline (amorphous) forms of
ice oontaining random networks of water
molecules, and anly recently also the twelfth
crystallire ice gase. CGalled ice XII, it was
produced at about half a gigepascal pressure
(equivalent to a loed of 5 tames per square
centinetre!) ard a tenperature of -13 C. XII is
built up from seven and eight-menbered rings of
water molecules leading to an incredibly dense
structure. The two amorphous phases were
found at much lower tenperatures. High density
amorphous ice (HDA) is produced by
conmpressing hexagonal ice by applying a
pressure of at least 1 gigapascal at temperatures
of abart

-200 C. On heating to -150 C HDA transforms
into a low-density amorphous phase (LDA). One
interesting questim here is whether the collapse
of hexaganal ice to HDA is analogous to melting
at normal pressures and temperatures where a
slignt pressure applied to the delicate gpen
structure of hexagaal ice at just below 0 C
causes it to ligqefy (the moleaular mdbility
involved, though, in this melting is arders of
megnitude slower). Can we therefore think of
HA as a type of frozen liquid water but existing

at -200 C?

The mary phases
water

of

Fresamnt | el
The phase diagram of water; lrepresents the region
in which ice XIT has been doserved (temperature:

260K; pressure 0.55: gigapascals). Note that this
region is fully surrounded by ice V

There is ancther intriguing aspect of the new phases.
Having been doserved in totally dif ferent regions of water s
phase diagram, the amorphous phases and ice XIT were
originally thought to be uncomected. However, HDA was
foud to be cmtaminated with an unidentified crystalline
phase. Using IIL instruments we have since shown that the
phese is in fact ice XII! This inplies thet from an stability poin
of view the formation of HDA ocarpetes with that of ice XII. B
altering the corpression rate it is possible to favour the
production of either ice XIT or HDA. Under rapid compressian
the formetion of ice XII dominates.

Ice XII, therefore, is more comon in water s phase
diagram then originally thoght, existing in at least two
separate regions. The study of the cawersion of hexagonal
ice to ice XIT aorrrilutes valuable clues to the understanding
of the formation of amorphous and crystalline phases under
pressure. Crystallisation inplies a reorgenisation of water s
hydrogen-bond network. This requires a high molecular
mdoility as can be provided by transient melting. More
experiments are certainly necessary to determine definitely
the lowest temperature at which such melting can occur.
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Neutrons can penetrate porous rocks, revealing their
‘fractal’ nature and how trapped organic matter is
transformed into oil which then seeps out of the rock.
These findings help companies prospecting for oil

prepared series of rocks, and used them to
predict the extent of oil gereration in
recatly-drilled oil wells. Tre figure below
llustrates how extensive the fractal properties of a

Sedmentaryrcxﬂ@axedutysystarsmeyale sedimentary rocks can be. The figure shows a
formed from a mixture of orgenic and inorgenic debris — conbination of SANS data taken on three dif feret TIL
deposited in an aquecus evirament of lakes or and ORNL instruments. It may be seen that all three

marine incursions, in other words, from mud. The mud  data sets overlap smoothly with no adjustable

gets buried and compacted at elevated temperatures parameters. To our knowledge, these data represent
over geological periods of time. The resulting the largest range to date over which fractal behaviour
sedimentary rock develops a pore system through a has been dbserved in a natural system. Such an
lag and oarplex redistrilbution of wetter between its extent of fractal microstructire in a rock is rawerkeble,
solid ard liquid components. In the end, wany types when compared with the limited size range over which
of sedimentary rocks have a fractal structure, which the fractal properties are usually doserved  typically
means that an average their pore structure locks the 1.3 orders of megnitude.

same at ary magnification. This has been long This study extends the widest fractal length range
recognised by traditional geolagy, where varicus previcusly doserved in sedimentary rocks, which
dojects are used to define the scale of rocks shown in covered two decades (orders of megnitude) in length
photographs. scale ard 7.5 decades in intensity, and shows that

On the microscale, oold (low energy) neutrons are sedimentary rocks are in fact ane of the most extensive
much better than the direct imeging tedmiques (like fractal systems found in Nature. As doserved in
optical ar electron microsagpy) to detect fractal micro- Physical Review Focus: the amstarcy of the fractal
structure in rocks. The imeging tedmiques reveal an dimension over so mary scales is astomnding ,

overwhelming wealth of detail an every scale, and considering what a messy, heterogeneous material
time-consuming statistical analysis of meny imeges sedimentary rock gopears to be ... this study will
needs to be done to determine the general enhance the idea that you can describe rock with
characteristics of the averaged rock micro-structure. sinple aooepts ... There will be certain bama fide uses
In axtrast, neutrans penetrating rocks are raturally of fractal amcepts, and ae of them will ke in the
sorted  acoording to the intermnal microstructure geological sciences.

averaged over the volure of the entire sample

(typically 1 centimetre square and 0.1 centimetre :E\ R Thug:ll md B2 [ ) 2000

thidk) . O -

Rock micro-architecture

W e have used small angle neutron scattering (SANS),
see page 3, at IIL ard at the Ok Ridge National
Laboratory (ORNL) in Termessee to determine the
mejor properties of rock micro-architecture the
intermal surface area of the pores ard their fractal

W SANS data from

: sedimentary rock
showing that the pore-
rock interface is a
surface fractal over

Scattering intensity dS AW
d’!"ll

three arders of
scaling. When applied to petroleum geology, the I - . meonitude in length-
SANS teclmique can detect the deformation of the : scale ard 10 arders of
pore space caused by the intermal pressure due to the ; * Tegnitude in cross-
thermally-driven decanposition of large orgenic | !E\&‘ section (intersity)
molecules into hydrocarbans, as well as doserve the i h,

consequent  transport of these hydrocarbons through
the increasingly larger pores. We observed these

tering vectar —1
phenarena in both the natural and laboratory- Scat e
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Experiments at ILL using newly
developed equipment are

following the microstructural

changes in nickel-base alloys at
high temperatures. The work will

help to optimise industrially
important materials

Figure 2 Small-angle
scattering of nidel-rich
nickel-titaniun single
crystals homogenised at
1440K and aged insitu fr
(a) 46 minutes at 1240K,
(b) 10 mirutes at 1220K,
(c) 43 mirutes at 1200K.
One cuboidal main axis is
The inclined stresks are
perperdicular to the close-
packed planes of the face-
centred adbic structure of
the matrix

Figre 1 (a) Swall-angle
scattering pattem
measured on D11 fara
nickel-rich nidel~
aluminium-molybdenum
single crystal aged for 3
hours at 1073K. The dotted
lires represatt lines of
equal intensity as
calaulated for a cuboidal
precipitate; (o) autline of
the best-fitting adooidal
shape. The size is about 20
nanometres
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N owedays, nickel-rich alloys are widely used in
structural components which are exposed to very hich
temperatures. The so called nickel-base superalloys
have a particularly high mechanical strength and are
very resistant to corrosive emviraments. They are
used, for exanple, to meke turbine blades or
chemical-reaction vessels. The high-temperature
stragth of these alloys is primerily die to very strayg,
often microsoopically smell crystallire particles, or
precipitates, which are embedded in large rumbers in
the nickel-rich metrix.

The tecdlmological development of superalloys is
quite advenced, but there is still a kreed need for
reliable experiments to wderstand better the basic
physical processes underlying the changes that the
precipitates micght uwndergo during use  changes in
size, shape ard population. The lagevity of structural
companents depends an the stability of an optimised
microstructure under variocus envirammental changes.

Because the precipitates are a nanometre to a
micraretre across, small angle neutron scattering is
extrenely useful to study their structure and
behaviour (see page 3). Recently, our research team
at the EIH Z rich, together with researchers at IIL
ad the Ham Meitner Institut in Berlin, have
developed a new device  a high-tenperature cell
in which sanples of alloy can be studied with

neutrans while being subjected to caditions similar to
those in real processing. For exanple, we can follow
what happens as the precipitates form during heat
treatment by monitoring the srell-angle scattering
pettems over time.

Microstructure of superalloys

Our recent experiments have focused on investigating
the microstructure of alloys of nickel with aluminium and
molybderum. The strength of these alloys is influenced
by how well the dimensians of the crystal lattices of the
ordered precipitates and the surronding metrix match.
The molybdenum serves to modify any mismatch
between precipitates and matrix. A large mismatch
introduces strain into the meterial ard af fects the rate at
which the precipitates grow. We know fram electron
micrographs that when the mismatch is small,
precipitates are almost gpherical, but they becare
cuboidal (with rounded cormers and edges) with
increasing misfit. We followed the evolution of the size
ard shape of the precipitates with smell angle scattering
at various terperatures. Figure 1 shows the results for

Titanium is another element often incorporated in
nickel alloys. Like those with nickel and aluminium,
nickel-titanium alloys also form ordered precipitates. The
precipitation sequence is, however, more complex.
While in the case of aluminium the auboidal precipitates
are the final precipitate ghase, with titanium they are
only an intermediate stage, and an ordered hexagonal
phase develops after suf ficient ageing. ZAgpin, sell-
angle scattering experiments of fer insight into the
development of the microstructure. The small-angle
scattering partems of single crystals reveal the dif ferent
symetries of the scattering from the cuboidal arnd the
hesaganal, plate-like precipitates. Figure 2 shows
exanples taken at three dif ferent temperatures. They
indicate various stages of trensition from the aucoidal
pese famirng initially, to the plate-like gese.

These data alag with results from electron
microsoopy and large-angle X-ray dif fractio serve as a
basis for modelling and similating the behaviour of
alloys under real processing ard service coditians, in
the interest of improving the properties of these
meterials.



Helium budoles 1n steel

Sciaitistskrpetbatarrﬁﬂ:ureerﬁtgyreedewillbe
met by electricity produced from fusion reactors. The
idea is to reproduce the ruclear reactians that take
place in stars, where a mixture (called plasm) of
electrically-charged light elements (such as hydrogen)
is bumt to heavier anes (such as helium) producing
vast amounts of energy in the form of radiation.The
reaction conditions  extremely high temperatures and
pressures ard powerful megnetic fields are extremely
df fiault to realise in a men-mede device. Qe of the
prablems to ke solved is the dwice of suitable
meterials for the reactor. The thermal stresses and very
high radiation will induce dramatic chenges in both the
mechanical properties and the microstructure of the
resctar walls, especially in the first well the structiral
element closest to the plasma.

Radiation damage

The fusion process induces radiation damege such that
helium acoumilates in the first wall. Helium is not
soluble in solids ard it forms gasecus hudbles, whose
growth at higher temperatures causes the swelling and
oconsequent enbrittlement of the wall components.
These phenorena are key factors determining the life-
time and the reliability of the steels that would ke used
as structural meterials far fusio reactars. In arder to
understand better how these helium bubbles grow,

we investigated the influence of temperature an their

Neutrons probe the growth of helivm
bubbles in a type of steel developed for
future fusion reactors

A transmission
electron micrograph

formetian, evolution, and cherge in size.
These effects can be simulated barbarding

samples of steels with charged heli?x?/n atoms (alpha (left) of helium budoles
i i : . e in F82H steel after

perticles) in particle acelevatars. It is dif fiailt to doserve inplantation of helitm

the helium budbles with an electron microscope because at a temperature of

they are so amell (see left). Smll argle neutron 250 C
scattering, an the other hard, is a partiadarly
gopropriate tedmique for this study, for several reasms:
the neutrans have a wavelength of similar size to these
perticles; they penetrate relatively thick samples easily
(W to several millimetres); and finelly, because neutrons
in a magnetic field can sense the megnetisation of the
steel, this praperty can be used to enhence the visibility
of the non-magnetic helium budbles.

W e inmvestigated samples of a particular steel F82H,
which were barbarded with helium particles at the
cyclotran facility at the Karlsruhe Research Centre. They
were then heat-treated at 525 C, 825 C and 975 C for
two hours under high vacuum. These implantation
caditians are representative of the ef fect of heliun in
fusion reactars.

The neutron scattering measurements were then
carried aut at IIL. From the scattering data we calculated
the relative rumbers of helium budoles of dif ferat sizes
(in terms of the total volure of budoles of a given radius)
far three dif ferent amealing temperatures. From the
results shown in the figure below we concluded that the
thermal treatment and coalescence of the initially
inplanted helium atams is responsible for the growth of
larger bhudoles at the expense of the smallest anes.
Neutrans thtus have tumed out to be an essential tool for
characterising the budble-growth mechanism in these
steels in a quantitative way.

4
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The distrilbution of helium
bidoles according to size (in
angstroms) dotained from the
neutron scattering data at a)
250 C, b) 825 C and c) 975 C.
The shaded areas represent
the 80% confidence band. At
the lower temperatures (a and
b) we dbserve ane well-
defined peak centred around
1.5 nanometres corresponding
to a dense population of small
budbles. At 975 C (¢), a
secad distribution of bddoles,
10 times larger, appears. The
density of both budble
pooulations is almost ane
order of megnitude larger than
at 825 C. There is an increase
of a factar

of five in the relative value of
the udole volure fraction
from 250 C to 825 C and of
about 50 per cent from 825 C
to 975 C
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Glasses with tiny metal
clusters embedded in
them could lead to a

new generation of
information storage and
fast-switching devices

Ralf Sidorecht with
instrument ADAM
used to dbtain
these results

Figure 1
Reflectivity
measurements
(cpen circles) taken
at IL; the solid lire
ispt in to fit to the
data

Figure 2 The
experimental

in-dgoth nickel distribution
measured with Rutherford
backscattering
spectrosacpy (RBS), left,
ard reflectivity, rgt

Depth profile RBS

1.0 0.8 0.6 0.4

A favoured method of making
the carplex materials required, for
exanple, by the electranics
indistry is im inplantation,
whereby a material is bambarded
with highly acoelerated ions
(charged atoms or molecules) so
that they become embedded just
i S8 below the surface. Of particdlar
77 interest are glasses implanted with
metal ians, which form tiny clusters
of atams, only nanoretres across,
in a thin surface layer.

These metal nanocluster composite glasses, or
MN(Gs, show so-called nonlinear optical properties
which are useful in optoelectranics  using light rather
then electricity to transfer infamerion. In pertiailar the
refractive index of the MN(Gs varies depending on
the intensity of the ligt (gotical Kerr ef fect) . This
feature could ke exploited in high speed optical
switching devices which would cperate at rates of
aly a few thousard billianths of a secad.

Futhermore, MNCGs obtained by implanting ions
of metals like iron, nickel or chromium are important
for their megnetic properties. When the size of
megretic particles inside a non-megnetic metrix is in

Reflectivity 2dx10°
0:2140:0 ) 3.0

Db

Bk

X
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Glass SiO |
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-g the nanoretre range, surface effects are

dominant which significantly influences the
megnetic properties. Such composite materials of fer new
tedmological possibilities. For exarple, electranic
information is often stored as tiny megnetised areas an a
disk or tape, and MN(Gs of fer the possibility far hich-density
information storage. Used in new ultra-fast switching devices,
MN(Gs could also replace classical electronic devices base
on semiconductors.

To tailor MNGGs with specific properties, researchers need
to know how the clusters are distributed down through the
surface layer, the range of sizes of cluster and how they
interact with each other. Therefore, a non-destructive methoc
is needed to analyse the sanple s structure and especially
the magnetic properties. A pramising method of choice is
polarised neutran reflectivity

As explained in the Introduction, polarised neutrans (their
megnetic moments aligned) provide an indispensable tool for
studying megnetic behaviour. Reflecting the polarised beam
fram a sanple at angles just grazing the surface should help
uravel the megnetic properties of the implanted megnetic
perticles.

First of all, we perfomed reflectivity experiments with
unpolarised neutrons on a nickel-implanted MNGG to
determine the range of sizes of the nickel clusters at varicus
depths. The glass was bombarded with two beams of nickel
ias of dif ferent energies and intensities. Figure 1 shows the
reflectivity axve (open circles) we dotained. We then
ocampared the result with that dotained from another
method called Rutherford backscattering spectroscopy
(RBS) . Even though both techniques give the same
overall chemical structure, RBS cammot reveal the
sanple s megretic properties related to the nickel-

This upolarised reflectivity experinent is the first
step to set a more general approach to MNOGs using
neutron-based tedmiques, to study their megnetic
properties. Recently, we went an to perfam reflectivity
experiments with polarised neutrons. We dotained
new pramising locking data which is currently being
analysed. Soon, we hope to shed some light on the
physical nature of magnetic MNCGs.

Depth ()



Commensurate
magnetic cone

Incommensur
ate spin helix

Figure 1
Phase

Todayitispossibletogrwultra—tlﬁnnegetic films
of very hich quality. This allows us to raise the
question of how megnetic properties of the bulk
meterial are modified in thin films either because of
the ef fect of reducing interactians to just two
dimensians or because of interactions with adjacent
layers of other meterials. Infaometion an such filns is
important not only in understanding conmplex megnetic
behaviour at a fundamental level but also in the
design of novel megnetic nanostructures integrated in
new electronic devices. The most conplete
information on such ultra-thin structures comes fram
polarised neutron scattering, especially when the
megnetic ordering is carplex. In this cmtext, we
have been studying the magnetic behaviour in single
ultra-thin films of holmium. This rare-earth metal is an
excellent model system for such studies since its
strong magnetic moment and long-range magnetic
order result in intense megnetic scattering pattems.

Holmium s helical megrnetic structure
Holmium is also interesting because in the bulk, the
megnetic morents order helically below a transition
temperature of about 132K. The spins order
ferraregretically in the basal plare  that is, within a
monolayer of atams in the crystal. Then from one
layer to the rext, their ardentation tums a certain
argle, setting up a megnetic spiral perpendicular to
the planes. However, the pericdicity of the helix does
ot coincice with that of the crystal plares, in other
words, the spin helix is incomensurate . At the
transitim tenperature, the tum angle is 50 hut
decreases contimuously to about 30 at 20K. Below
20K the megnetic moments tilt upwards cut of the
basal plarne locking into a commensurate helical
megnetic-aone structure with a tum angle of 30
(Figre 1).

W e were interested in investigating the changes in
megnetic ordering of very thin holmium films anly 4.6
nanometres thick. The film was grown on a sapphire
substrate sandwiched between two layers of nidoium
ard yttrium. This prevented the holmium from
axidising and ensured that both surfaces of the film
were symretrical structurally and megnetically.

The magnetic scattering data gave us some

Research team V. Ieiner ard R. Sieorecht (IIL),
D. Labergerie, Ch. Sutter, and H. Zabel (Univ. Bochum)

n very thon fins

Investigating very thin layers of complex magnetic materials only
a dozen or so atoms thick is difficult. Neutron scattering, however,

VINCENT LEINER & HARTMUT ZABEL

wexpected results. Our results agreed with previous
studies an holmium films as concems the ordering of
the megnetic structure as a function of temperature.
However, the transitim tenperature from disorder to
megnetic ordering was anly 105K, considerably less
then in the bulk, and the tum angle was bigger at 20K
(46 ). Below 20K, the helical wegnetic ordering
remained incommensurate. However, we had expected
much more dramatic changes in a holmium film which
is aly slightly thicker then the distance required to
achieve ane coplete tum in the spin helix. Assuming a
tum angle of 30 as in the kulk at 20K, 12 lattice
plares, or single ataric layers, are required for a
oaplete tum, which amonts to a film thickness of 3.4
nanoretres. Theorists had suggested that the tum
argle of the spin helix should get smeller as the
munbers of layers of holmium atams is reduced, and
that below a film thickness of 10 nancometres the helical
arrangement of spins should collapse to a more
cawentional ferromegnetic state.

Instead we foud that the fewer the nurber of layers
the larger the tum argle, thus shortening the pitch of
rather rdoust. In future we hope to irvestigate what
happens in even thimer films which are less than the
dimension of a coplete helical tum. We cdleardy sH11
have a lot to leam about spin-helical megnetism. 1
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rises to the challenge, offering unique insights

Figure 2 Radial neutron
scans of the magnetic peak
for the 4.6 nanaretre-thick
single epitaxial holmium
film for dif ferent
temperatures. The peak
shifts to higher scattering
vectors due to an
increasing tum argle of the
holmium spin helix with
Simultanecusly the
intensity decreases due to
a loss of lag-range
magnetic order with

the inset, the megnetic
arder paraneter is plotted
as a functim of
temperature
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madnetoresistance

Figre 1 (@) an ir-
chromium miltilayer with
scattering geometry for
specular reflection. The
antiferravegnetic

the irn layers; (o) the

same multilayer with
magnetic domains creating
o f-gpecular scattering seen

in the scattering geometry.

The spin anfigmration of

antiferravegnetic order, bt
the gpins are tuming
sorewhat into the extermal

Figre 2 (a) M intersity
mep of specular
scattered and of £
specular scattered
neutrans fram the iron-
chromium multilayer as a
function of the incident
and outgoing scattering
argle. The colours reflect
the scattered intensity an
a log-scale. The
horizantal colouar lines
crossing the pictures are
background ef fects; () a
model calculation to
similate the
experimental results

-

A few years ago, French and German scientists
discovered a remarkable phenomenon called giant
megnetoresistance (QR) which is revolutionising the
storage of camputer data. Data are stored on hard
disks as mirnute magnetised areas whose fields are
detected as changes in electrical resistance in a read
head an effect called megnetoresistance. QR is
200 times more powerful than ordinary
magnetoresistance.

QR arises in ultra-thin miltilayers of megnetic
materials. The sinplest arrangement consists of two
magnetic layers with a nomegnetic layer in between.
The cawentional explanation of @R is as follows.
When a current passes through the layers, the
electrans ariented in the same direction as the
electron spins in a megnetic layer go through while
those oriented in the goposite direction are scattered
(leedirg to electrical resistance). If the sets of spins in
the two megnetic layers are oppositely aligned then
mery electrans will be scattered and the resistance

devices may be more complicated than at first thought

_ Polarised neutron reflection experiments are revealing
~ that the GMR effect used in the latest magnetic storage

-

will ke hich. If the ordentation of ae of the megretic layers
is then switched by a megnetic field fewer electrans will be
scattered ard the resistance will fall dramerically.

A more complex spin arrangement

In fact, the actual arrengeent of spins in these miltilayers
tums out to be quite conplicated, and we have been
studying just how the electron scattering leading to QR
arises. The miltilayer structure we studied is shown in
Figure la. It amsists of altenmsting layers of ivon ad
chromium, 6.8 and 0.98 nanometres thick respectively.h
each irm layer the spins are all aligned, it the
megretisation of each iron layer also interacts with that of
For a certain thickness of the cdhwomium layer the iran
layers are antiferraregnetically ordered, in other words,
the spin ardentation of neigicouring iron layers is in the
opposite direction. This arrangement shows a typical QR
ef fet.

Polarised neutron reflectivity is a very good tedmicue
for exploring the spin arrangements in these materials.
Reflecting polarised neutrans of £ the surface and interfaces
of the megnetic layers reveals not anly informetion about
the layer structure hut also the layers nmegnetisation. We
measured two components of scattering: the specular
reflectians (where the argle of reflectimn a equals the
argle of incidence a,) vhich gives a vertical profile of the
layers including thickness (Figure la); and of f-specular
reflections vhich reveals variatians horizattally alag the
layers (Figare 1b).

Figure 2 shows the experimental data for specular
scattering. The intensity variatio alay the diagael ridee
reflects the periodic carposition of the miltilayer. But there
are also intensity wings m the speaular line dee to of £
speaular megretic scattering ard this reflects the lateral
megretic structure of the layers. Theoretical calaulations
sugoest that what this shows is that there are tiny
domeins in each layer, about 200-300 nanoretres in
diameter and extending colum-like across all the multi-
layer. They are antiferraegnetically coupled (Figure 1b) .
W e are still amlysing the results it we thirk thet these
megnetic domains play an essential role in the electran
scattering process respansible for the QR ef fect. We
kelieve they of fer a more exact description then the sinple
explanation usually given in temms of stacks of
homogeneously-ordered antiferromegnetic layers. 1

Research team V. Lauter-Pasyuk (University of Munich and JINR Duma),
B. Toperverg, (IIL and BNPI St Petersburg), H. J. Iauter (IIL), O. Nikonov (IIL and JINR

Dubna), E. Kravtsov, M. A. Milyeev, L. Romashev and V. Ustinov (IMP Ekaterinburg)




Quantum tumelling

1n molecular megnets

ING. technician
Steve Jenkins
working on the
experiment

Snall clusters of atans that behave as tiny megnets

are arvently of grest practical interest as potential

information storage devices. They are also of theoretical

importance because their behaviour lies an the border
between classical and quantum physics. Among them,
molecular clusters are very attractive because of their
sinplicity: they are all identical dojects, arrarged over

regular arrays, and weskly interacting with each other.

These large molecules contain typically a dozen
similar metal ions whose megnetic spins (arising from
the unpaired electrans) obire into ae giant spin .

These molecules are fascinating because even though

they are quite large, they still behave as quantum
dbjects. A molecule containing 12 mengenese ions

lirked with acetate groups (Mn,,-ac) is the best studied

of these spins clusters. The directim of the giant spin

(S) is alayg an axis perperdicular to the plate-like shape

of the molecule. Acoording to quantum rules, the total

sin S could have 2S+1 possible projectians alay this

axds, yielding 2S+1 energy levels for the molecule. In
Mn,,-ac, the arrangement of the mangenese spins

inside the cluster yields a total spin S = 10, thet is, there

are 21 megnetic energy levels (M) fram -10, -9, to 49,
+10.

Magnetic transitions

A European team has been studying the

quantum ‘peculiarities’ in a large molecule

that behaves as a mini-magnet

ISABELLE MIREBEAU

(this is a dlassical pracess), bt it is also pe

to turel throuh the berrier. Turelling is

a curious quantum process which is a

result of the statistical reture of the

quantum mechanics  that there is always ¢

altemative state. Solvirg this fascinating qu

may have important practical consequences

since

magnetic molecules could be used in future

memories for new generations of computers

ard the study of their megnetic reversal hel

determire the size-limit for informetion storegye.
W e used inelastic neutron scattering at very low

temperatures to investigate the transitions. The

neutron can exchange energy with the cluster, when

the cluster passes from ane energy state to another.

Tt is not possible to see the turelling ef fadt divectly
kecause it is too low in energy. However, we hoped
to see it indirectly by a broadening of sare energy
levels. This broadening modifies the inten-sity and
eergy of the themel trensitians.

W e foud that we could see the transi-tions
between these energy sublevels very clearly (see
right) . At 1.5K the spectrum revealed a well-defined
transition fram the lowest energy level (M =
10) to the first exited ae (M = 9). At higher
tenperatures, the other levels start to ke
popdlated. At 23.8K all levels are popu-lated.
The giant spin then starts to bresk up. At
23.8K, we could see doserve how the
transitions near the central pesk are
influenced by tumelling. We were able to
ascribe the doserved ef fects to a tem
relared to turelling in the equatio
describing the energy of the system.

Thanks to the neutron prabe, the energy
term respansible for the tumelling was
determined very precisely. Although
extrerely smll, it could explain the main
tumelling transitions. More work needs to be
dme in uderstanding the whole tumelling

Intsre ity
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W e are interested to know how the giant spin flips from effet. |

ae energy level to another. This is a duelleging
question for theoreticians. Roughly spesking, two
mechanisms could be considered. The energy barrier

between the levels can be overcare by supplying heat

Research team I. Mirebeau and M. Hermion (LIB), H. Casalta (IIL),
H. Andres and H. U. G del (Univ. Bem), V. Irodova (Inst. Kurdhatov

Moscow) , A. Caneschi (Univ. Florence)

magnetism

View of the core of the
Mn,,-ac cluster, in vhich
anly the metal atoms and
the bridging axygens (small
spheres) are shown. The
tatal spin S=10 is built by
an antiparallel arrengement
of four Mh** ias (larce
spheres), and eight Mn®*
ions (medium spheres)
Energy spectra of the
Mn,,-ac spin cluster at

two temperatures
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A mixed metal bromide (CsMnBr,) has an
unusual type of ‘handed’ magnetic order.
Neutron experiments have confirmed that

it represents a new kind of magnetic

magnetism

behaviour

JIRI KULDA

TIEreisaJrraﬂ:lyagreat
interest in meterials with
exotic megnetic properties,
for example, compounds containing megnetic atoms in
which the direction of their electron spins are ardered in
an unusual way. One such material is caesium
mangenese tribromide (CsMnBr,). The manganese ions
are arranged an a triangular lartice, in flat layers. This
prevents their megnetic moments from lining up in an
orderly antiparallel (entiferraregnetic) way as might be
expected for a similar meterial, say, with a adoic crystal
lattice. Instead, the magnetic marents of neighbouring
menganese ians lie at angles of 120 to each other. This
e fect is called frustration and C8MBr, is a well-knomn
exanple of a frustrated two-dimensiawl triangular lattice
antiferravegnet.

While frustration in such triangular antiferravegnets
has been established for a layg tine, the collective
behaviaur of the spins is amtroversial. Two altemative
spin configurations can exist, as shown below: passing
alag a lire in the crystal lattice fram ae megnetic atom
to the next you can see that the spins cen either tum
systaretically to the left ar to the rignt. The two spin
pattems cammot be mapped onto each other by a simple
translation ar by rotating all the spins, and are said to ke
chiral , ar handed . As with cawventianal wegnetism,
vwhere there is a phase transitiom at a certain tenperature
from a state where megnetic moments point in ary
direction to an ordered wegretic state, this chiral
ordering is also expected to set in below a certain
transition temperature. Such phase transitions can be

expanents. These describe how typical bulk properties like
megnetisatian, specific heat or megnetic susceptibility
change with temperature as the phase transition
temperature is approached either from above or below. The
critical expoats reflect the struchiral symmetry of the
meterial ard its dimensiamwlity — whether the ordering is in
one, two or three dimensions. According to S. Kawamura,
the chiral ardering should have its omn dheracteristic set of
chiral critical exponents and would represent a new
wiversality class of negretic phese transitians.

Measuring chiral critical exponents

No one had, however, determined these critical exponents
experimentally, so my colleagues Sergey Maleyev and
Vladimir Plakhty from St Petersburg in Russia devised a
strategy to measure them meking use of fundamental rules
relating the spin rotation and energy transfer in the
scattering of polarised neurrans. At fivst we irwestigared
their scattering by CeMriBr, at vericus temperatures above
the transitio, lodking far traces of chiral ardering in the
crystal which would fluctuate over time and location. The
dynamics of this process would

be revealed by small changes in the energies of the
soattered nautrans correlared with their initial spin
arientation. By successively arienting the spins of incident
neutrans parallel and anti-parallel to an goplied wegnetic
field and measuring the dif ference in the praeebility of the
positive and negative energy transfers we have dbtained
information about the dynamic chirality. Ultinetely, the
temperature-dependence of this prdoability dif ference is
described by the critical expoent associated with the chiral
ardering.

W e also loked at the ardered state, below the transition
temperature of 8.22K, and fourd that wnequal populations
of left and right-handed domains were frozen in. Again we
were able to use the neutran data to calculate ancother of
the chiral critical expaents related to the spin ardering.
Combining the two measured
critical expoents, we could determine a third critical
exponent. We found they were all in excellent agreement
with the predicted values for this new class of megnetic
meterials. |

Research team V.P. Plakhty and E.Moskvin (BNPI Gatchina St. Petersburg),
J. Kulda (IIL Grendble), D. Visser (Univ. Warwick Coventry),
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A meterial is megnetic when its omstituent ataws or
molecules have a magnetic morent (due to the spin of
single, upaired electrans) which are aligned, or
ordered in some way. The most familiar meterial is iron
but today meny practical magnetic devices are made
from a corbination of magnetic elements so-called
transition metals such as iron or ocdalt, ard rare-earth
elements such as samarium or neodymium. Powerful
permanent magnets made of samarium and ccbalt
(SmCo,) or neodymium/ircn/borcn (Nd-Fe-B)
compounds are in wide commercial use. The magnetic
monrents of the dif ferent types of atams in these
meterials interact in conplex ways and we still do not
understand them. To find cut nmore about their wegnetic
structure, and thus improve their performance, we need
to lock at model systems and measure the
fundamental interactions.

One such megnetic material is a compound
omtaining iron, aluminium, and a rare earth M such as
dysprosium or holmium, or an actinide uranium
(MFe,Al,, where M = Dy, Ho, U). The electrans
respasible for irm s megnetism sit in the so-called 3d
electranic ghell in the atan, while in dysprosium or
holmium, which are heavier elements with more
electrans, they sit in the 4£dEll. Tn urenium, the
heaviest elarent, they sit in an auter 5fdell.

Combining neutron and X-ray studies

W e have been studying in omsiderable detail how the
varicus electrmic shells (3d,4fand 5f) develop their
ordered magnetic moments as the temperature is
lowered. This has been the subject of considerable
aatroversy in the past. Taking advantage of a new
polarimeter at IIL, which supplies polarised neutrans
in any chosen orientation and then measures changes
in arientation of the cutgoing neutrans, we could dotain

Research team J. A. Paix®o (University of Goinbra),
P. J. Bromn (III), B. Iebech (Rist Natianal Isboratory),

Trsice
modern magnets

Ingenious neutron scattering experiments combined with
X-ray studies are for the first time revealing the complex
electronic structures of modern permanent magnets

magnetism

information about the orientation of megnetic moments.
Fram these results, coupled with certain megnetic X-ray
measurements made at the ESRF, emerges a unified
picture of the megnetic ordering process.

As we expected, the magnetic ordering is dominated by
the 3d electrans of irm, although the type of ardering is
influenced by the M atom. Surprisingly, in the rare-esrth
kased materials the initial megnetic ordering occurs anly in
the array of iron atoms, whereas the rare-earth megnetic
moments remain disordered. In contrast, in the uranium
compournd, the iron 3d and uranium 5felectrm ghells
interact so that the two sets of atams arder at the samre
temperature.

The X-ray studies show that ordering in the 4 felectrans
is more coplicated and irwvolves the information being
transmitted to the 4 fehells via the intermediary 5d
electrans of the rare-earth element, but they do arder
when the temperature is low encugh. Using the neutron
polarimeter, we showed that the 4 fmagnetic moments
dance alang with the (dominant) iron 3d moments, but
with their spins oriented at an argle (which deperds an
tenperature) to those of the 3d moments. This phase
aygle is dif ferent for each elavat, ad its origin is not
understood. At the lowest temperatures, the rare-earth
monents try to align themselves ferraregnetically (all in
the same direction), but the iron prevents them fram doing
so, and the subsequent competition gives rise to umisual
behavicur in a megnetic field. These experiments are an
excellent exanple of how neutron and X-ray studies
together can analyse the camplex megnetic structure of
Strategically important meterdials. 1

The unusual magnetic
axnfiguration of the
UFe, A, compound
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Magnetic materials called spin
glasses in which the spins _ _
are highly disordered are A L :

used as universal models of = ema (S =

complexity. However, there L

is still much to learn about E
their dynamic behaviour

magnetism m >

Figre 1 (ddt) These
neutron spin echo
measurements show how
the aligment of the
megnetic spins in glassy
Er,Fe, decay with tine,
and how this decay
changes as the sample is
aoled  the solid lines
represent a theoretical
model describing complex
spin relaxation processes

Figure 2 The evolution of the
relaxation rates close to the
glass transition in amorphous
Er,Fe, as determined by a
echo, dynamic susceptibility
and magnetisation
measurements. Notice the

dramatic broadening of the
the glass temperature
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]-_Iook closely at an ancient stained glass window and
you might notice that the glass at the bottam of the
window is thicker than at the top. This is because the
meterial hes flowed a little, like a liquid. Innolten (Liquid)
glass the molecules move randomly but when it cools to
a certain teawperature (the glass transition) and solidifies,
the random positions of the molecules becore frozen in.

A questin interesting scientists is whether the glass
transition is a true transition. Enommous amounts of work
have been done on trying to understand the behaviour of
glasses since they are a classic example of a complex
system. Even more intriguing, however, are megnetic
materials in which the spins interact randomly to give a
highly disordered megnetic state a so-called spin
glass. Spin glasses also uderco a glass transitim to a
state in which the random orientatians of the spins are
frozen in.

Physicists are fascinated by spin glasses. They are,
in meny ways, easier to theorise about then structural
glasses, and mathematical models of spin glass
behaviour have been applied in areas dealing with
oaplexity as diverse as protein folding and biological
evolution. However, there is still significat aontroversy
regarding the spin glass transitions. Again, sore
psicists ask: does a spin glass transition really exist;
and how universal is the mature of glass transitions? To
investigate firther, we have been studying a particular
model spin glass system a non-
crystalline or amorphous alloy of
erbium and iron (Er,Fe,). The best
way to irvestigate the spin glass
transitim is to follow what hepoens
to the spins at varicus
tenmperatures around the glass
transition. When individual spins in
the sanple align how lang does it
take for them for them to become
wnaligned? Does this spin
relaxation decay away
: exponentially as for many
10 analogous physical processes, or

Mareds: s o et krs

does it take lager with a stretdhed expoential time
dependence  as found in some complex and strongly
interacting systems?

Neutron spin echo

Spin relaxation happens over a period of between a
hindred-millionth to a million-millionth of a secad, which
exactly matches the time window that can be prdoed by a
tecdmique called neutran spin echo. Here, polarised
neutrans are passed down a fixed-length tube in a very
wniform megnetic field. Their spins precess , ad the
mnier of precessions achieved depends on their velocity,
or the time spent in the tuoe. After being scattered by the
sanple the neutrans are gpin-flipped and then travel down
a secard tube of similar length and megnetic field. The
precession is therefore reversed and the neutron spins
should end up back as they were originally. If, however,
there is a slight chenge in neutron energy due to
interactions with the spin relaxation process in the sarple
then there will be a dhenge in their velocity and their spins
will not have wound back to what they were. The spin echo
experimental set-up is such that the energy changes can be
measured more precisely than with any other neutron
tedmique, and it has been possible to follow the evolution
of very slow megnetic spin relaxation not anly down to the
spin glass transition, hut also kelow it.

Our measurements have provided important new
insights. For exanple, we find that the relaxation processes
omtime to evolve through the glass tenperature, althouch
with dif ferat time-scales m either side of the transitiom.
The measurements also show quite clearly that the spin
relaxation follows the carplex stretched exponential time
deperdence, just as predicted by several theoretical
models of stragly interacting disordered systems. 1

Research team P. Marwel and R. Cywinski (Univ. St. Andrews),

R.I. Bewley (ISIS, CIRC), P. Schleger and B. Farago (IIL)




Bydmppingnasses of f the tower of Pisa, Galileo
Galiled far the first time damastrated thet all bodies fall
the same way, when starting from the same position with
the same velocity. This doservation forms the basis of
Einstein s General Theory of Relativity describing gravity.
It is interesting to ask what happens when you drop
an doject, such as the neutran, that is governed by the
laws of thet other grest physical theary of arr time:
quantum mechanics. This theory predicts that very small
perticles can behave either as weves or as particles,
depending on how you look at them. Wave-like
behaviour has been doserved in several beautiful
experiments for increasingly heavier particles
electrans, neutrons and atams. Recently Markus Armdt
ad colleagues at the University of Viemna showed that
even so-called fullerenes  football-shaped molecules

amsisting of 60
or 70 carbon atoms  behave as waves.

The COW experiment

Until 1975 there had been no experiment that
demonstrated what happens when you drop a particle
in the quantum limit, thet is, while it is behavirng as a
wave. In that year R. (ollela, A.W. Overhauser and S.A.
W emer (QOW) at the University of Missouri (Columbia)
doserved just that using a neutron interferameter. This is
a device that gpecifically exploits the wave-like aspect of
the neutran. Inside the instrument the neutron wave is
split and goes two separate ways. When the two parts of
the neutron wave core together again this leads to
interference, as with water-waves behind a rock. At
some places the neutron wave becomes stronger, while
at other places it disappears. COW doserved how the
gravitariasl farce chifts this interference pattem (see
Figre 1).

Unforturately the shifts in the interference partem
dbserved in the COW experiment and in later, more
sophisticated versians of it  did not quite agree with
what quantum theory predicted. Does this mean
theoreticians should start to worry? Prdosbly mot.
Another team recently showed using an atom inter-
ferareter that theory and experiment agree almost
perfectly an a level of 7 parts in a billim.

This leaves us with the very unlikely hypothesis that
the neutron might be somehow dif ferent when it cores

to gravity. Because all COW-type
experiments so far have been

carried ar using essentially the

same neutron interferometer, tis _
much more likely thet the intricate o
theoretical aspects of this =
instrurent are not yet fully

understood.

To verify this hypothesis we
have repeated the COW
experiments with a conpletely
df ferent type of neutran
interferareter: o interferareter for very cold
neutrans at IIL. This ane-metre-layg interferoreter
uses partiaularly slow neutrans flying at anly about 40
metres per second (144 kilavetres per hour). This
mekes it very sensitive to gravity. Tharks to adding a
neutron filter to aur interferaveter in 1999, we
managed to determine all parameters in our
experiment with high enough accuracy to be able to
decide whether the earlier experiments or the theory
vere righit.

Our experiment consisted of measurements of the
shift of the interference pattem (gravitatiael ghase-
dhift) et dif ferent amonts of tilt of the interferometer
(Figure 2). The measurement of the velocity
distribution of the neutrans and of sare other
peraneters results in a theoretical prediction with
which we can conmpare our experimental results. We
find that our experiment agrees with theory an the
experimental level of error of about 0.4 per cent. At
the sare time it excludes the earlier results that did
not agree with theory.

W e think we can now safely say that neutrans
drop as theory predicts; also when they happen to be
behaving like waves. 1

fundamental physics
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Figure 2 This graph shows
that an interference pattem
(which here locks like a
sire) is shifted by tilting the
interferareter. The amount
of this gese-chift is
predicted by theory

Figure 1 The COW
experiment: when a
neutron interferometer
is tilted ae path travels
at a greater heidht than
the other. This causes
a shift (dwse-chift) of
the interference pattem
at the exit of the
interferameter where
the two paths come
together

| 1ng neutron waves

How does gravity affect a particle obeying quantum laws?
Scientists at the University of Vienna and ILL have been
investigating how neutron waves respond to gravity

-

Research team G. ven der Zouw and A. Zeilinger (Univ. Viara),
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1n porous medla
Pure superfluid helivm is well-known for its bizarre quantum properties.
When confined in porous silica, its behaviour is even stranger

quantum systems

Temperature
dependence of the
roton energy
measured for

df ferent aerogels
(symbols) . No
deviatians are
found fraom bulk

helium-4 (lire) -

L

He]iunisthecnlyrrat@:ialtlatd:&snxfre&e,
even close to absolute zero temperature. Instead, it
undergoes some extraordinary changes. At a
temperature of 2.17K, bulk liquid heliun-4 (the nomel
isotope with two neutrons and two protans) changes
to a suerfluid a bizarre form of netter which flows
withoat frictio or viscosity and can even clinb aut of
its cotainer!

This state is the result of the helium4 atars
undergoing a change predicted by quantum theory
called a Bose-Einstein condensation (BEC) .
According to quantum mechanics, at a low enough
tenmperature, certain kinds of indistinguisheble
particles like helium4 will all collect tooether in the
lowest quantum energy state (ground state) and
behave as a single quantum entity. Like microsaopic
quantum particles, this macroscopic quantum state
can be excited to higher energy levels; in the case of
superfluid helium, these excitations are density
fluctuations called phonons and rotons. Rotans in
particular have been well studied ard their energy
spectra related to the large-scale physical properties
of liquid heliun such as specific heat, the superfluid
transitio tenperatire, ad the fractiom of the liquid
thet is in a syperfluid state.

Introducing disorder

Recently, researchers have becare interested in
studying superfluid helium adsorbed on surfaces and
in porous solids. These confined systems are
expected to show some disorder, and could of fr

insights into tedmologically important quantum systems
such as high temperature superconductors (which
axduct electricity without resistance). These meterials
have complex disordered structures whose electronic
betaviar is still not well-uderstood.

The large-scale properties of superfluid helium are
known to be modified by immersion in porous media,
and we wanted to relate these changes to the quantum
excitatians using inelastic neutron scattering. We
examined superfluid helium in two forms of porous silica

aerogel and Vyoor. In the asroel the superfluid
transition is lowered by a few millikelvin whereas in
Vyoar it is lowered to 1.95K.

What we found was that while the roton energies and
the roton life times in both systems were the sare as in
bulk superfluid helium, there were additiawl two-
dimensianal excitations associated with the layers of
helium atans that are adsorbed and held in place an the
silica surfaces. These layer modes had lower energies
than the three-dimensional bulk rotons and accounted
for the modifications in ghysical properties.

Vyoor showed a further peculiar ef fect. In hulk helium
the intensity of the rotans should drop more or less
proportiaately with the superfluid fractiom as the
tenperature is raised to the superfluid transition. At this
point the rotans should disappear. They dm t! There is
still a rotan pesk in the neutron spectrum above the
superfluid transition. In fact, theoretical work hes
suggested thet the rotm intensity should relate divectly
to the nurber of helium atoms that have undergone
BEC rather than the superfluid fraction. We therefore
thirk thet in Vycor the temperature at which the BEC
ocours is actielly above the superfluid transition. In
other words, superfluidity sets in anly after the BEC
fraction has reached a certain level as the terperature
is dropped. This separation of the superfluid and BEC
transition points is very strange indeed but must related
to the disorder induced by the confined enviramment
fumished by Vycor. We still heve a 1ot to lesm aboit
these intriguing quantum systems. 1

Research team B. F k and O. Plantevin (CEA Grendble),
H.R. Glyde ard N. Mulders (University of Delaware),

G. Coddens (LLB Saclay), H. Schober (ILL)




Amorphous state A state of solid metter in which the
atams or molecules are arranged randomly rather than in
a regular crystallire array.

Angstrom (7) A uwnit of legth equal to 107 metres.
Antiferromagnetism A type of megnetic order in which
the magnetic moments of the atams or molecules are
alterrately aligned in goposite (antiparallel) directians,
giving a rull ret megretisation.

Bilayer A term most often applied to double layers of
lipid nolecules.

Bose-Einstein condensation A quantum phenomenon
in which particles which have a whole-rumber spin
(bosans) drop into a single quantum state usually at very
low tenperatures. Particles with half-integer gpin
(fermions) such as electrons cammot occupy the same
state and must spread themselves over a series of states
as in an atam. Examples of bosons are helium-4 ruclei
and Cooper pairs  the electron pairs respansible for
superconductivity .

Cellulose A natural carbdiydrate omsisting of a chain
of sinple sugar molecules in a coplex aonfiguration.
Contrast variation A tedmique in which perticular
atams in a sanple are substituted by ancther isotope
with dif ferent scattering strength in a way that
preferentially erhances the scattering pattem of particular
carponents of interest.

Crystal lattice The regular three-dimensional array of
atams or molecules in a crystal.

Critical exponent A quantity used to classify
substances according to the type of phase transitions
they undergo. Close to a phase transition, certain
properties vary with the dif ference between the
temperature of the material and the phase transition
terperature raised to sore characteristic power the
critical exponent. These coef ficients reflect the synmetry
of the meterial.

d electrons The electrons occupying the d ahitals in
an atam. Atamic electrans sit in arbitals, s, p 4 £
classified according to the laws of guantum mechanics.

Deuterium A heavier isotope of hydrogen having a
neutran as well as a protan in the rucleus.

Electranic shell Electrons in atams are arranged in
aoventric dells subdivided into arbitals (see d
electrans) .

Electron spin One of the quantum properties of
electrans (ard other subatamic perticles). It has a value
of ae-half. Electrans prefer to fam pairs with spins in
aoposite directians; upaired electraons in atars or
molecules are respansible for the megnetic properties of
meterials.

Enzyme A type of protein regpansible for mediating a
specific biochemical reactio in living systems.
felectrons The electrons occupying the £ aditals in an
atam. Atamic electrans sit in arbitals, s, p, d, £ classified
according to the laws of quantum mechanics.
Ferromagnetism A type of megnetic order in which the
electrm spins are all aligned.

Fractal A type of coplex structure that is the same an
any scale. Fractals are classified acoording to the way
they scale.

Giant magnetoresistance A phenomenon shown by
certain corplex megnetic materials in which an applied
megretic field produces a large change in electrical
resistance.

Gigapascal Wit of pressure equal to a billion newtans
per square metre and equivalent to 10 000 times the
atmospheric pressure.

Glass A solid material in which the atoms or molecules
are randomly arranged.

Glass transition The change at a certain temperature
fram a glass to a liquid or vice versa.

Heavy water W ater in which hydrogen has been
replaced by its heavier isotope deuterium

Hexagonal ice The nommel form of ice in which each
water molecule has four nearest neighbours.

Hydrogen bonding A weak form of bonding in which
the protan of a hydrogen atam is electrostatically
attracted to pairs of electrans an atars like axygen arnd
nitragen.

It plays a crucial pert in the struchure of water ard also of
mery biological materials.

Incommensurate structure A term gpplied to
meterials in which a periodic ardering (for exanple,
megnetic spins) does not metch that of the crystal lattice.
Inelastic scattering Scattering of particles like
neutrans from a sanple in which there is an exchange of
energy between the neutrons and the molecules or
atars in the sample, thus giving informetion about the
dynamics of the sample molecules or atoms.

Lipid A molecule consisting of a long hydrocarbon chain
with an electrically charged group of atams at ane end.
Lipids arrange themselves in layers and are the basis of
biological membranes.

Magnetic moment Magnetic ef fect arising fram a
spiming electric charge. Atoms have magnetic moments
as a result of the spin ard orbital motians of any
unpaired electrons. Neutrons also have a megnetic
moment .



Magnetic susceptibility The ease with which a
material can be magnetised by an extermal megnetic
figld

Nanometre Qe billiath of a metre (1072 metres) .

Neutron Qre of the two particles fard in the atamic
nrlas. It is electrically neutral, bit bes a spin of a helf
ad a mess of 1, equal to that of the protm.

Neutron reflectivity A tedmnique in which neutrons are
reflected of £ a surface ar interface. Tt is used to
cdharacterise the structure of surfaces ard thin layers.

Neutron diffraction or scattering Like other
subatomic particles, neutrans have a characteristic
wavelength depending on energy. When reflected, or
scattered, of £ a material in which the interatomic
distances are similar to the neutron wavelength, the
scattered waves interfere to produce a characteristic

df fractim partem.

Neutron spin echo A method of measuring very
small changes in energy in a neutron beam after
interacting with a sample, ard thus subtle agpects of
dynamics in the material, from changes in precession of
neutron spin after passing through two successive
magnetic fields which oppose each other.

Nonspecular scattering Reflectim of neutrans fram a
surface ar interface in vwhich the argle of reflectiom is

df ferent from the argle of incidence. Tt gives infametion
aoart the lateral structure of the surface

Phase diagram A schametic representation of the
various structures adopted by a material over a range of
temperatures and pressures.

Phonon A quantum of atomic vibration in condensed
matter.

Phospholipid A class of lipid cotaining a pghosphate
group.

Plasma A hot gas cawposed of charged particles.
Polarised neutrons A beam of neutrons whose spins
are all aligned.

Polymer Iarge nolecules omsisting of chains of similar
Polysaccharide A polymer mede up from sugar units.
Quantum energy levels Systems doeying the laws of
quantum mechanics can occupy only certain energy
lewels.

Quantum mechanics The theory that describes the
behaviour of metter at the microsoopic level in temms of
prabebility waves.

Quantum tunnelling A phenomenon in which a quantum
system can tumel through an energy berrier as a result of

the Uncertainty Principle which allows for a smell prdoability
that the system can exist a the other side of the barrdier.

Quasielastic neutron scattering Measurement of very
grell changes in neutron energy after scattering, which
relate to subtle dynamic changes in the sanple.
Rare-earth elements A large group of heavy metals in the
Periocdic Table fraom cerium (atomic maber 58) to lutetium
(atamic murber 71) with similar chemical and physical
properties.

Roton A type of quantum energy excitation foud in
superfluid helium.

Silica Siliom adde.

Small angle neutron scattering Measurement of neutron
scattering at sell angles used to investigate structures with
large interatamic distances such as polymers or biological
structures.

Specific heat The ratio of heat sugolied to a meterdal to its
subsequent rise in temperature.

Specular scattering Reflection of waves in which the
argle of reflection equals the angle of incidence.

Spin glass A megnetic material in which the ordering of
Superalloy A grop of metal alloys often amtaining nickel
with high strength at elevated tenperatures.
Superconductivity The property of canducting electricity
with ro resistance.

Supercooled water Liquid water cooled below its normal
Superfluidity A property in which liquid helium flows
Synchrotron radiation The electraregnetic radiation
produced when charged particles are accelerated and bent
in a megretic field. Syndwotron radiation is ocherent and
can be produced in intense narrow beams suitable for X-ray
analysis experiments.

Transition metal A large group of heavy metals in the
Periocdic Table with a rich variety of chemical and physical
properties derdved fram the fact that they have unfilled d
aditals.

X-ray scattering A technique used to determine the
structire of meterials. X-rays are reflected, or scattered, of £
a meterial in which the interatamic distances are similar to
the X-ray wavelength such that the scattered waves interfere
to produce a deracteristic dif fraction pattem.
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