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prendre part à mon jury de soutenance.

Je remercie aussi les thésards, techniciens, ingénieurs et chercheurs de l’ILL et du LDV pour leur
collaboration et les conversations (scientifiques ou non) que j’ai pu avoir avec eux. Je remercie
plus particulièrement Patrick Ganster, Miguel Gonzalez et Magali Benoit pour ce qui concerne
les simulations, Paul Martin et Robert Bellissent pour les aspects expérimentaux, et Emanuela
Del Gado, Marie Plazanet et Jacques Ollivier. Pour les expériences de diffusion de neutrons,
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Boutrouille du Laboratoire Léon Brillouin ; je les remercie vivement pour leur collaboration.

Mes remerciements vont aussi aux membres du groupe CS à l’ILL, Fabien, Julian, Marie-Rose,
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et épanouissantes sans vous tous !
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Introduction (en français)

Dans la vie de tous les jours, la notion de liquide est familière car elle fait référence à l’un des
trois états communs de la matière, avec les états gazeux et solide. Certaines caractéristiques
de l’état liquide sont proches de celles de l’état solide, d’autres de l’état gazeux. Comme les
solides, les liquides sont très peu compressibles et on associe aux particules d’un liquide une
faible énergie cinétique. De façon comparable aux gaz, les liquides ont tendance à couler sous
l’effet d’une pression de cisaillement même faible et à prendre la forme du récipent qui les con-
tient. Les liquides sont présents dans une gamme de températures et de pressions relativement
réduites, en comparaison des solides et des gaz.
A l’échelle atomique, la phase liquide est compacte et partiellement désordonnée. Pour des
atomes approximativement sphériques, comme c’est effectivement le cas pour les gaz rares, seul
le désordre de type translationnel est possible. Pour les molécules, qui sont loin d’être sphériques,
on peut aussi noter la présence d’un désordre rotationnel.

Figure 1: Structure typique d’un gaz (à gauche), d’un liquide (au milieu) et d’un solide (à
droite). En haut : configurations atomiques typiques des trois phases. En bas : formes typiques
des fonctions de corrélation de paires pour un gas (à gauche), un liquide (au milieu) et un solide
(à droite) (extrait de [1]).

Il existe de nombreuses techniques, soit expérimentales, soit théoriques, pour l’investigation
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Introduction (en français)

des propriétés structurales et dynamiques des liquides. Sur le plan expérimental, la diffusion
de la lumière est une des méthodes les plus accessibles : cette méthode donne des informations
sur la structure et la dynamique du matériau car elle sonde à la fois les évolutions spatiales et
temporelles. Elle donne accès aux grandes échelles en espace (typiquement de 1 µm à 1 cm) et
aux hautes fréquences (de 107 à 1014 Hz).
Par ailleurs, les grands instruments donnent accès à la diffusion de neutrons et de rayons X. Grâce
à ces méthodes, les expérimentateurs peuvent améliorer leur compréhension de l’arrangement
structural des atomes ou molécules dans l’échantillon. La figure 1 montre la fonction de cor-
rélation de paires, aussi notée g(r) : pour une distance interatomique donnée r, cette fonction
donne une mesure de la probabilité de trouver deux atomes à une distance r l’un de l’autre. g(r)
donne des informations concernant les corrélations spatiales entre atomes. La fonction g(r) peut
être déterminée à partir des données obtenues lors d’expériences de diffraction de neutrons ou de
rayons X. Pour un cristal, g(r) a plusieurs pics fins et intenses. Ces pics proviennent des distances
interatomiques bien définies qui existent dans un matériau ordonné. Au contraire, pour les gaz
la fonction de corrélation de paires ne présente pas de propriétés structurales marquées étant
donné qu’il s’agit de systèmes très dilués, sans distance de corrélation bien définie mise à part la
condition de non recouvrement des atomes à faibles distances. Dans le cas des liquides, on re-
marque un premier maximum bien défini et plusieurs oscillations à des distances interatomiques
plus élevées. Même si ces caractéristiques sont bien plus larges et moins marquées que dans
la phase cristalline, elles démontrent l’existence de distances interatomiques privilégiées dans
le liquide. L’élargissement des pics associés aux distances interatomiques prépondérantes dans
le liquide (par comparaison au cristal) est la marque d’un système désordonné : les distances
interatomiques ne sont pas définies de façon précises comme c’est le cas dans la phase cristalline.

La structure des liquides mais aussi les aspects d’évolution dans le temps, ou aspects dy-
namiques, peuvent être déterminés par diffusion de neutrons ou de rayons X. Ces techniques
donnent accès aux caractéristiques des mouvements des atomes qui donnent lieu à l’évolution du
liquide au cours du temps. Tout comme dans le cas de la structure, ce type d’expériences, ap-
pelées diffusion inélastique, peut aussi être utilisé avec des cristaux. Dans ces derniers, certaines
des vibrations mesurées, appelées phonons, sont liées à la conductivité thermique du matériau.
Ces vibrations ne donnent pas lieu à un déplacement global des atomes dans le cristal mais
plutôt à des vibrations corrélées des atomes autour de leur position d’équilibre. Dans les liq-
uides, les propriétés dynamiques mesurées sont associées soit à la conductivité thermique soit à
la relaxation de certaines fluctuations de densité et au déplacement global des atomes dans le
fluide. Par exemple, le comportement diffusif gouverné par la loi de Fick est observable dans
les spectres mesurés par diffusion de neutrons ou de rayons X. Ces propriétés dynamiques sont
détectées grâce à l’échange d’énergie entre les neutrons (ou rayons X) et l’échantillon. Ces trans-
ferts d’énergie sont observés dans les spectres mesurés, ils contribuent à l’intensité détectée hors
de la ligne élastique, cette dernière correspondant aux caractéristiques de la structure.
Par conséquent, les expériences de diffusion de neutrons et de rayons X permettent de sonder
non seulement la structure mais aussi la dynamique des matériaux. Dans le cas de la diffusion de
neutrons, on peut accéder à des distances comprises entre 0.1 Å et 10 µm et à des temps allant
de 1 fs à 10 µs comme cela est représenté dans la figure 2. Ces échelles d’espace et de temps
sont caractéristiques de celles observées dans la matière condensée. La diffusion de neutrons est
donc bien adaptée pour déterminer la structure et la dynamique des liquides.
Toutefois, dans une expérience de diffusion de neutrons, le signal mesuré contient différentes
contributions, dont un bon nombre ne sont pas intéressantes pour le physicien. Le signal expéri-
mental est en effet la convolution de la fonction de résolution de l’instrument avec la fonction

2



de diffusion de l’échantillon. Le signal provient aussi du porte-échantillon et de l’environnement
échantillon (four, cryostat par exemple) ainsi que du bruit de fond présent lors de la mesure.
De plus, l’interaction entre les neutrons et l’échantillon est complexe et inclut des effets tels que
la diffusion multiple et l’absorption. Par conséquent, avant de pouvoir extraire des informa-
tions sur la structure et la dynamique de l’échantillon, les données expérimentales doivent être
soigneusement corrigées pour prendre en compte les différentes contributions mentionnées plus
haut.

Du point de vue théorique, il existe deux grandes classes de méthodes pour l’investigation des
propriétés des matériaux. Ces techniques consistent à disposer dans une“boite”de simulation un
ensemble d’atomes et de molécules décrits par leurs positions et vitesses. Dans les simulations
par méthode de Monte Carlo [2], de nombreuses configurations d’un même système sont générées
en déplaçant de façon aléatoire un atome d’une configuration précédente du système. Si la dif-
férence d’énergie entre le nouveau système et le précédent est favorable au nouveau système, la
nouvelle configuration est acceptée. Au contraire, si la nouvelle configuration est énergétique-
ment moins favorable que la précédente, la décision de garder cette nouvelle configuration est
prise aléatoirement en utilisant un critère faisant intervenir la différence d’énergie entre les deux
configurations. Ce type d’algorithme explore l’espace des phases du système. Toutefois, si cette
méthode de simulation donne des informations sur la structure du système, les propriétés dy-
namiques peuvent seulement être obtenues de façon indirecte (voire pas du tout).
L’autre méthode théorique permettant l’investigation de la structure et la dynamique des matéri-
aux est la simulation par dynamique moléculaire. Cette méthode consiste à résoudre les équa-
tions du mouvement pour chaque atome du système : l’énergie potentielle du système permet
de déterminer les forces s’exerçant sur chaque atome et, par conséquent, leur position et leur
vitesse. Cette méthode donne donc accès non seulement à la structure mais aussi à la dynamique
du système étudié. L’évolution du système en fonction du temps n’est pas aléatoire comme dans
la méthode de Monte Carlo, elle suit une loi physique. Parmi les simulations par dynamique
moléculaire, on doit distinguer les méthodes empiriques des méthodes ab initio. Empirique signi-
fie ici que les atomes évoluent dans un potentiel choisi afin de représenter correctement certaines
propriétés (distances interatomiques, angles de liaison par exemple) ou certaines phases du sys-
tème (phases amorphe et cristalline par exemple). L’expression analytique de tels potentiels est
déterminée de telle sorte que les propriétés calculées à partir de ce potentiel soient en accord
avec les valeurs mesurées de ces propriétés. Des interactions à deux et trois corps peuvent être
incluses dans ces potentiels, faisant intervenir les contributions des paires et triplets d’atomes.
A partir de ces potentiels, les forces exercées par et agissant sur chaque atome sont calculées,
elles sont à l’origine de l’évolution des positions et des vitesses des atomes du sytème. D’autre
part, les simulations par dynamique moléculaire ab initio ne reposent pas sur la définition de po-
tentiels empiriques. Ces simulations sont basées sur le calcul de l’état électronique fondamental
du système et la détermination des forces, dues à l’interaction des nuages électroniques, agissant
sur les noyaux. La théorie de la fonctionnelle de la densité (DFT), dans laquelle les fonctions
d’onde électroniques sont remplacées par la densité électronique, est l’une des théories les plus
puissantes utilisées dans les simulations ab initio. Dans la dynamique moléculaire ab initio,
l’état électronique fondamental est déterminé dans le cadre de la DFT à chaque pas de temps.
Ensuite, les forces agissant sur chaque atome sont déterminées à partir de la nouvelle densité
électronique et chaque atome est déplacé, ainsi que ses électrons. L’étape suivante consiste à
déterminer le nouvel état électronique fondamental, et ainsi de suite.
Les deux méthodes de dynamique moléculaire permettent de calculer les propriétés micro-
scopiques des systèmes physiques, tant du point de vue de la structure que de la dynamique.
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Introduction (en français)

Elles donnent accès à des quantités non mesurables mais ont toutefois un certain nombre de
limitations. Les systèmes simulés sont extrêmement petits par rapport à la taille des systèmes
réels. Actuellement, les temps accessibles dans les simulations sont de l’ordre de la nanoseconde
voire de la microseconde, dans le cas où on utilise des potentiels empiriques pour lesquels les
forces sont relativement faciles et rapides à calculer. Les restrictions en taille et en temps sont
beaucoup plus importantes dans le cas des simulations ab initio qui nécessitent des calculs très
coûteux en temps. Ces limitations en temps et en espace peuvent conduire à des problèmes de
corrélations artificielles dans le système en raison de sa taille finie.

En comparant les échelles de temps et de longueur accessibles grâce à la diffusion de neutrons
et aux simulations de dynamique moléculaire, on remarque que ces deux méthodes donnent accès
à des propriétés structurales et dynamiques similaires. La comparaison entre expérience et sim-
ulation est par conséquent directe et peut donner des informations détaillées et microscopiques.
L’une des études pionnières en matière de comparaison des données expérimentales de diffusion
de neutrons et des simulations de dynamique moléculaire concernait l’argon liquide : cette étude
théorique a été conduite par Rahman [3], qui a calculé la constante de diffusion et les fonctions
de corrélation (“self” et distincte) de van Hove. Quelques années plus tard, Sköld et ses collab-
orateurs ont déterminé, par diffusion inélastique de neutrons, le spectre en fréquence de l’argon
liquide [4] et l’ont comparé avec les calculs de Rahman. En 1974, une étude couplée du rubidium
liquide utilisant la diffusion de neutrons et la dynamique moléculaire a été entreprise par Copley
(expérience, [5, 6]) et Rahman (simulation, [7, 8]). Le facteur de structure dynamique cohérent
a été déterminé et les résultats théoriques et expérimentaux ont montré un bon accord. Notons
toutefois que ce type d’études couplées n’est pas réservé aux liquides. En 2003, l’équipe de Arbe
[9] a montré le changement de comportement de la châıne pirncipale d’un polymère lors de la
relaxation α ; ce résultat a été obtenu expérimentalement sur un spectromètre à écho de spin
et a été confirmé par les simulations de dynamique moléculaire, qui permettent d’interpréter
le changement de comportement dynamique de l’échantillon. Par ailleurs, l’interaction entre
propriétés structurales et dynamiques de certains systèmes peut être investiguée par diffusion
de neutrons et simulation de dynamique moléculaire, comme l’ont montré Meyer et ses collab-
orateurs [10] dans le cas des liquides et des verres de silicate de sodium. Ce type d’approche
expérimentale et théorique peut aussi être appliqué au cas des macromolécules : par exemple,
la dynamique des molécules d’eau dans les nanotubes de carbone [11] et la caractérisation des
molécules d’eau en surface des protéines [12] peuvent être déduites d’expériences de diffusion
de neutrons et de simulations de dynamique moléculaire. Une tendance récente dans ce type
d’études couplées est l’utilisation de méthodes de simulation ab initio à la place des méthodes
classiques utilisant un potentiel empirique. C’est par exemple le cas pour l’étude de la structure
de Sn [13].
Un autre type d’approche est la modélisation par “reverse Monte Carlo” (RMC) [14]. Cette
méthode tire parti des échelles comparables accessibles par méthode de Monte Carlo et en diffu-
sion de neutrons par exemple. RMC est une méthode générale de modélisation de la structure
à partir des données expérimentales. Au départ destinée à l’étude de la structure des matériaux
non cristallins (liquides, verres, polymères), elle a été étendue au cas des structures cristallines
et magnétiques. Cette méthode a pour but de fournir un ensemble de modèles structuraux en
accord avec les données expérimentales relatives à la structure.

Pendant la dernière décennie, les méthodes Monte Carlo de tracé de rayons ont été dévelop-
pées pour reproduire la propagation des neutrons dans les instruments de diffusion de neutrons.
En couplant les simulations d’instrument et d’échantillon (simulations globales), le signal mesuré
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Figure 2: Données collectées par A. Filhol. Ref.: Raman/Brillouin : C. Ecolivet, Univ. Rennes.
X-ray PCS : G. Grübel, ESRF, Grenoble. Neutrons : R. Currat, ILL, Grenoble.

peut être calculé et les contributions de l’intrument et de l’échantillon ainsi que leur couplage
dans le signal réel peuvent être mieux comprises.
Pour effectuer ces simulations d’expériences, nous avons fait des simulations d’instrument avec
un code Monte Carlo de tracé de rayons dans lequel l’instrument est décrit comme une succes-
sion de composants tels que les guides, les monochromateurs, les choppers ou les détecteurs.
Les neutrons se propagent de composant en composant en suivant les règles de sélection rela-
tives à chaque composant (par exemple diffraction pour un monochromateur, réflection pour un
guide). Ce type de simulation a souvent été utilisé depuis la fin des années quatre-vingt dix et ce
pour plusieurs raisons. Tout d’abord, l’utilisation de simulations d’instrument permet de mieux
connâıtre les caractéristiques du faisceau de neutrons lorsqu’il parvient à l’échantillon. Ces sim-
ulations peuvent aussi être utilisées pour concevoir de nouveaux instruments et améliorer ceux
qui existent. Par ailleurs, la configuration expérimentale et donc le temps de faisceau utilisé pour
une expérience peuvent être optimisés grâce à ces simulations. Par conséquent, les simulations
d’instrument sont intéressantes pour mieux connâıtre les caractéristiques du faisceau et pour
améliorer l’utilisation des instruments et du temps de faisceau.
Quant à l’échantillon, il est décrit par ses propriétés structurales et dynamiques determinées
par simulation de dynamique moléculaire. La structure et la dynamique constituent une bonne
représentation de l’échantillon étant donné que la diffusion de neutrons sonde ces propriétés par
l’intermédiaire des transferts d’énergie et de moment qui ont lieu lors de l’interaction entre les
neutrons et l’échantillon.
Dans cette thèse, les simulations globales d’expériences de diffusion de neutrons sont développées
dans différentes perspectives. Ces simulations permettront de mieux comprendre l’impact des
différentes contributions sur les données brutes. Nous espérons en effet avoir des informations
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sur les tendances observées dans le signal mesuré. Alors les données collectées sur un même
échantillon mais sur des instruments différents devraient être plus facilement comparables. Une
fois la fonction de diffusion théorique calculée, la simulation complète permettra d’évaluer la fais-
abilité sur différents instruments des expériences proposées. Enfin, la simulation d’expérience
telle qu’introduite ici, mais aussi incluant le contrôle d’instrument, pemettra aux nouveaux util-
isateurs de se familiariser avec ce type d’expériences et d’élaborer des stratégies de mesures.
L’importance de ces enjeux est démontrée par le fait que les procédures de traitement de don-
nées pour les nouvelles sources de neutrons, telles que SNS (Spallation Neutron Source, US),
incluent la notion d’expériences virtuelles.
Dans l’optique de développer et tester cette approche, nous avons étudié des échantillons diffu-
sant de façon isotrope qui sont plus faciles à inclure dans le module de simulation d’échantillon
de l’instrument virtuel. Par ailleurs, pour les sytèmes désordonnés tels que les liquides, le signal
expérimental relatif à la structure et à la dynamique présente des caractéristiques peu pronon-
cées, il est donc grandement influencé par les contributions parasites. Dans de tels cas, les
simulations théoriques doivent reproduire les moindres détails des données, ce qui signifie que
les nombreuses contributions relatives à l’échantillon et à l’instrument doivent être bien com-
prises. Dans ce contexte, nous avons développé des simulations globales dans le cas de l’hélium
liquide et du rubidium liquide et nous avons effectué de nouvelles mesures sur le germanium
liquide ainsi que les simulations globales correspondantes.

Les sujets présentés plus haut sont décrits de façon plus détaillée dans cette thèse. Le pre-
mier chapitre donne les principales quantités nécessaires à la description de la structure et de la
dynamique des liquides. De ces quantités, on peut extraire des informations sur les corrélations
spatiales et temporelles entre atomes, qui peuvent faire référence soit à des propriétés collectives
soit à des propriétés des particules isolées du liquide, et peuvent être extraites d’expériences de
diffusion de neutrons et de simulations de dynamique moléculaire.
Dans le deuxième chapitre, les méthodes de diffusion de neutrons et de simulation de dynamique
moléculaire sont présentées. Ce sont les méthodes utilisées dans ce travail pour investiguer les
propriétés présentées dans le premier chapitre. La technique de diffusion de neutrons est présen-
tée en lien avec les quantitiés structurales et dynamiques d’intérêt. Ensuite, les simulations de
dynamique moléculaire, classiques d’une part et ab initio d’autre part, sont présentées.
Dans le troisième chapitre, les détails de l’algorithme développé pour la simulation des expéri-
ences de diffusion de neutrons sont expliqués, ainsi que les différents effets liés à l’interaction
entre neutrons et échantillon, tels que l’absorption ou la diffusion multiple. Deux exemples sont
ensuite présentés pour montrer les possibilités offertes par ces simulations dans le cas des liq-
uides. Le premier exemple consiste à utiliser un échantillon test avec une courbe de dispersion
bien définie comme celle de l’hélium superfluide. Le deuxième cas est celui du rubidium liquide
pour lequel des expériences de diffusion inélastique des neutrons ont été faites [5, 6]. Dans cet
exemple, l’échantillon a été simulé par dynamique moléculaire classique en utisant un code “fait
maison”. A partir de cette simulation, les propriétés structurales et dynamiques utiles pour le
couplage avec une simulation d’instrument sont extraites.
Le dernier chapitre est consacré à l’étude du germanium liquide. Nous nous sommes partic-
ulièrement focalisés sur les propriétés structurales inhabituelles de ce liquide ainsi que sur ses
propriétés dynamiques. Nous avons fait deux types d’expériences de diffusion de neutrons sur
cet échantillon, afin de déterminer ses propriétés dynamiques. D’autre part, nous avons fait
des simulations de dynamique moléculaire sur le germanium liquide en utilisant d’une part un
potentiel empirique, et d’autre part une méthode ab initio. La simulation de dynamique molécu-
laire classique a été faite avec un code “fait maison” qui permet la prise en compte du potentiel
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à deux et trois corps, de tels potentiels étant autrement difficiles à inclure dans des codes de
dynamique moléculaire standards. Enfin, des simulations complètes d’expériences de diffusion
de neutrons sont présentées, elles concernent l’étude du germanium liquide sur un spectromètre
à temps de vol.
Dans la conclusion finale, les perspectives associées à ce projet sont discutées.
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Introduction

In daily life, the notion of liquid is quite familiar since it is one of the three common states of
matter, with the solid and gaseous states. The liquid state has some of the characteristics of
the solid state and some of the gaseous state. Like the solid state, the liquid state tends to have
very little ability to be compressed and it is associated with somewhat low kinetic energy of the
particles. It can be compared to the gaseous state in that the liquid state tends to flow under a
shear stress however small, or it tends to have fluidity and to take on the shape of the container
that it is in. Liquids exist in a relatively small part of the range of temperatures and pressures
compared to solids and gases.
On the atomic scale, a liquid is a compact and partially disordered phase. For roughly spherical
molecules, and in particular for the actually spherical rare gases, only one kind of disorder is
possible, namely disorder of translational motion. For molecules which are far from spherical,
there is also the possibility of rotational disorder.

Figure 1: Typical structure of a gas (left), a liquid (middle) and a solid (right). Top: typical
atomic configurations in the three phases. Bottom: typical pair correlation functions for a gas
(left), a liquid (middle) and a solid (right) (from [1]).

Many techniques exist for investigating the structural and dynamical properties of liquids.
These may be either experimental or theoretical methods. From the experimental point of view,
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Introduction

light scattering is one of the most accessible techniques: it gives insight into the structural and
dynamical features of the material. It probes both spatial arrangements and time evolution of
the materials. It can give access to long length scales (typically from 1 µm up to 1 cm) and high
frequencies (from 107 to 1014 Hz).
On the other hand both neutron scattering and X-ray scattering techniques are available at
large facilities. With both of these methods, experimentalists can gain insight into the struc-
ture of their sample and get a better understanding of the spatial arrangement of the atoms or
molecules. Figure 1 depicts g(r), the pair correlation function: for a given distance r, it gives
a measure of the probability of finding two atoms separated by the specified distance r. g(r)
gives information about the spatial correlations between the atoms. The function g(r) can be
extracted from the measurements performed either with neutron or X-ray diffraction. For a
crystal, g(r) shows several sharp and intense peaks. These are associated with the well-defined
interatomic distances existing in an ordered material. In contrast with crystals, gases would not
show any pronounced structural features since they are very dilute systems, without well-defined
correlation distances, apart from the so-called “correlation hole” at small distances. In the case
of liquids, we notice a first well-defined maximum and then several oscillations at higher inter-
atomic distances. Although these features are much broader and weaker than for the crystalline
phase, they show the existence of privileged interatomic distances in the liquid. Nevertheless
the broadening of the features by comparison with the crystal is a sign of a disordered system:
the interatomic distances are not sharply defined as in crystals.

Not only the structure but also the time behaviour of liquids can be determined from neutron
or X-ray scattering experiments. These techniques give insight into the features of the motions
that are responsible for the time evolution of the liquid. Of course as for the structural features,
this kind of experiment, called inelastic scattering, can also be performed for crystals. In the
latter, some of the measured vibrations called phonons are related to the thermal conductivity
of the material. They do not lead to a global motion of the atoms in the crystal but to cor-
related vibrations of the atoms around a mean equilibrium position. In liquids, the measured
time evolutions are associated either with thermal conductivity or with relaxation of the density
fluctuations and global displacement of the fluid. For example, the diffusion behaviour governed
by Fick’s law can be observed in the spectra measured by scattering of neutrons or X-rays. Such
dynamical features can be detected thanks to the exchange of energy occurring when neutrons
or X-rays interact with the sample. Such energy transfers are observed in the measured spectra:
they contribute to the intensity detected outside the elastic line, the latter corresponding to the
structural features.
Consequently both information about the spatial and temporal features of liquids can be de-
termined from neutron or X-ray scattering experiments. In the case of neutron scattering, the
accessible spatial range is of the order of 0.1 Å to 10 µm while the available time scales range
from to 1 fs to 10 µs as shown in Figure 2. These time and space scales are typical of condensed
matter and thus neutron scattering is well suited for determining the structure and dynamics of
liquids.
However when performing a neutron scattering experiment, the measured signal accounts for
different contributions, many of which are not interesting for the physicist. The experimental
signal is actually the convolution of the resolution of the instrument with the scattering function
of the sample. The signal also accounts for the sample holder and sample environment and for
the background noise during the measurement. Furthermore, the interaction between neutrons
and sample is complex and includes effects such as multiple scattering and absorption. Con-
sequently, the experimental data have to be carefully corrected for these contributions before
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getting information about the structure and dynamics of the sample.
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Figure 2: Data collected by A. Filhol. Ref.: Raman/Brillouin : C. Ecolivet, Univ. Rennes.
X-ray PCS : G. Grübel, ESRF, Grenoble. Neutrons : R. Currat, ILL, Grenoble.

From the theoretical point of view, two main kinds of methods exist for the investigation
of the properties of materials. These techniques consist of placing a set of atoms or molecules
described by their positions in a simulation box. The first one is Monte Carlo simulations [2].
In this method, many configurations of the same system are generated by randomly displacing
one atom from a previous configuration. If the change in the potential energy of the system
favours the new configuration, the scheme consists of keeping the newly generated configuration
of the system. On the contrary, if the new configuration is energetically less favourable than the
former one, the decision to keep it or not is randomly chosen as a function of the difference in
energy between the two configurations. This kind of algorithm leads to the exploration of the
phase space of the system. However, if it is likely to give insight into the structural features of
the system, dynamical properties can only be obtained indirectly, if at all.
The other main theoretical method for the investigation of the properties of materials is called
molecular dynamics (MD) simulations. This method consists of solving Newton’s equation of
motion for each atom in the simulation box: the forces acting on each atom, and thus their re-
spective positions and velocities, are determined from the potential energy of the system. Thus
this type of simulation gives access not only to the structure of the system but also to its dy-
namics. The time evolution of the system is not random as in Monte Carlo simulations, it obeys
a physical law of motion. In MD simulations, we may distinguish empirical simulations from ab
initio methods. Empirical means here that the potential in which the atoms evolve is designed
in order to be suitable for the representation of some properties (interatomic distances or bond
angles for instance) or some phase of the system (amorphous and crystalline for example). The
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analytical expression of such potentials is determined so that the properties obtained from this
potential match some experimentally determined properties; they may involve two- and three-
body contributions from the pairs and triplets of atoms respectively. From these potentials, the
forces exerted by and acting on each atom of the system can be calculated, leading to the evolu-
tion of the positions and velocities of the system. On the other hand, ab initio MD simulations
do not rely on such empirical potentials. They are based on the calculation of the ground state
of the electrons together with the determination of the forces acting on the nuclei and due to
the interactions between their electron clouds. One of the most powerful theories associated
with this method is the density functional theory (DFT), where the electronic wavefunctions are
replaced by the electronic density. In ab initio MD, at each time step, the electronic ground state
is determined in the framework of DFT. Then from the newly determined electronic density, the
forces acting on each atom are determined and the atoms are moved together with the electrons.
The next step starts with the calculation of the electronic ground state and so on.
Both MD simulation methods allow the microscopic features of physical systems, both struc-
ture and dynamics, to be calculated. They give access to quantities that cannot be measured.
However they also have some limitations. The simulated systems are extremely small compared
to the size of real systems. The simulation times nowadays reaches some nanoseconds or even
microseconds in the case of empirical MD simulations, where the forces are relatively easy and
quick to compute. The restrictions in the size of the system and the simulation length are more
drastic in the case of ab initio MD simulations which involve very time-consuming calculations.
The limitations in time and space may yield some problems of artificial correlations in the sys-
tem due to its finite size.

Considering the time and space scales probed respectively by neutron scattering and molec-
ular dynamics simulations, we realize that the two techniques give access to similar structural
and dynamical properties. The confrontation between experiment and simulation is therefore
direct and can yield detailed, microscopic information.
One of the pioneering studies involving a comparison between neutron scattering experiments
and molecular dynamics simulations dealt with liquid argon: the theoretical calculations were
performed by Rahman [3], who computed the self-diffusion constant and the distinct and self
Van Hove correlation functions. Some years later, Sköld and collaborators determined the fre-
quency spectrum of l-Ar from inelastic neutron scattering experiments [4] and compared it with
the theoretical results from Rahman. In 1974, another coupled study using neutron scattering
and molecular dynamics simulation was performed by Copley (experiment,[5, 6]) and Rahman
(simulation, [7, 8]) and concerns liquid rubidium. The coherent dynamic structure factor of
l-Rb was determined and the experimental and theoretical results were found to be in good
agreement. However this kind of coupled experimental and theoretical studies is not devoted
only to liquids. In 2003, Arbe and collaborators [9] showed the change in the behaviour of the
main chain protons in a polymer in the α-relaxation regime; this result was obtained from a
neutron spin-echo experiment and corroborated by molecular dynamics simulations. The latter
enable an interpretation of the change in the dynamic behaviour of the sample. Also the inter-
play between structural and dynamical aspects of some systems can be investigated by neutron
scattering and molecular dynamics simulations, as shown by Meyer and coworkers for the case
of sodium silicate melts and glasses [10]. Also macromolecules can be studied in this way: for
instance the dynamics of water molecules in carbon nanotubes [11] and the characterization of
the protein surface hydration water [12] can be inferred from neutron scattering experiments
and molecular dynamics simulations. A recent trend in this kind of coupled studies is the use of
first-principle molecular dynamics simulations instead of classical ones, as for the study of the
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structure of liquid Sn [13].
Another kind of approach is called reverse Monte Carlo modelling (RMC) [14]. It takes advan-
tage of the similar spatial scales accessible in Monte Carlo simulations and neutron scattering
experiments for instance. RMC is a general method of structural modelling based on experimen-
tal data. It was originally devised for studying the structure of non-crystalline materials (liquids,
glasses, polymers) but has been extended to the cases of crystalline and magnetic structures.
The aim of this method is to produce a set of structural models consistent with experimental
data dealing with structural properties.

Over the last decade Monte Carlo ray-tracing methods have been developed for handling
the propagation of neutrons in the instrument. By coupling instrument and sample simulations
(global simulations), the measured signal can be calculated and insight gained into contributions
of instrument and sample and their coupling in the real signal.
With a view to this complete simulation of experiments, we performed instrument simulations
using a Monte Carlo ray-tracing code: the instrument is described as a succession of components
such as guides, monochromators, choppers or detectors. The neutrons propagate from compo-
nent to component according to the rules of selection relevant for each of them (e.g. diffraction
in the monochromator or reflection on the guide). This kind of simulation has been extensively
used since the end of the nineties and has been promoted for several reasons. First, the use of in-
strument simulations is useful for getting a deeper insight into the features of the beam incident
onto the sample. Such simulations may also be used for designing new instruments or tuning
existing ones. They also enable the experimental configuration and thus the time dedicated to
each experiment to be optimized. Consequently such instrument simulations are of interest for
getting a better insight into the experimental data and for improving the experimental setup
and use of beamtime.
Concerning the sample, it is described through its structural and dynamical features determined
from the molecular dynamics simulation. The structure and dynamics are the quantities relevant
to neutron scattering since the interaction between neutrons and nuclei leads to changes in the
energy and direction of the scattered neutrons and the latter are related to the structural and
dynamical features of the sample.
Global simulations of neutron scattering experiments are developed in this thesis with a number
of future goals in mind. The global simulation will allow more insight to be gained into the many
factors influencing the raw data. We actually expect global simulation to give information about
the trends observed in the measured signal. Data collected on the same sample but different
instruments should become more readily comparable. Once the theoretical scattering function
has been determined, the complete simulation will allow proposed experiments to be evaluated
concerning their feasibility on different instruments. Finally the global simulation as introduced
here, but also including instrument control software, will allow new users of neutron facilities
to familiarize themselves with neutron scattering experiments and even develop measurement
strategies. The importance of these issues is reflected in the fact that data analysis schemes for
new sources, such as SNS (Spallation Neutron Source, US), include virtual experiments.
For the purpose of developing and testing this approach, we have pursued isotropic scatterers
which are simplest to include in the scattering module of the instrument simulation. Further-
more, disordered systems like liquids have smoothly varying experimental signal of structure and
dynamics which are strongly influenced by parasitic contributions to the signal. In these cases ,
theoretical simulations must reproduce the fine detail of the data, which means that the many
sample and instrument related contributions to the measured signal must be well-understood.
In this context, we have developed global simulations for liquid helium and liquid rubidium and
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have performed new measurements and simulations (sample and instrument) on liquid germa-
nium.

The topics presented above are described in more details in this thesis. In the first chap-
ter, the main quantities relevant for the description of the structure and dynamics of liquids
are given. They give insight into the space and time correlations between the atoms. These
correlations may be linked either to collective or single-particle features of the liquid and can be
extracted from both neutron scattering experiments and molecular dynamics simulations.
The second chapter deals with the two methods, experimental for neutron scattering and theoret-
ical for molecular dynamics simulations, used in this work for the investigation of the properties
introduced in the previous chapter. The theory of neutron scattering is presented and the re-
lation with the structural and dynamical quantities of interest is given. The last part of this
chapter is dedicated to the molecular dynamics simulation, either using empirical interatomic
potentials or ab initio methods.
In the third chapter, the details of the algorithm devised for the simulation of total neutron scat-
tering experiments is explained, together with the different effects arising from the interaction
between neutrons and sample, such as absorption or multiple scattering. Two examples of what
can be inferred from these simulations in the case of liquids are shown: the first one deals with
the simulation of a test sample with a well defined dispersion curve such as that of superfluid
helium. The second one is about liquid rubidium for which inelastic neutron scattering experi-
ments were performed [5, 6]. For this second test, we performed a classical molecular dynamics
simulation with a “home made” code from which we extracted the structural and dynamical
properties relevant for the coupling with an instrument simulation. With these two examples,
the abilities of the simulation scheme are shown.
The last chapter is dedicated to the study of liquid germanium. Our interest is mainly focused
on the unusual structural properties of this liquid together with its dynamical properties. We
performed two kinds of neutron scattering experiments on this sample, in order to determine
its dynamical properties. On the other hand, molecular dynamics simulations have been carried
out in both the empirical potential and ab initio frameworks. For the classical MD simulation,
we used a “home made” code with three-body potentials, which are otherwise difficult to include
in standard MD codes. In the end, we present complete simulations of the neutron scattering
experiment dealing with liquid germanium on a time-of-flight spectrometer.
In the final conclusion, perspectives for the future of this project are discussed.
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Structure and dynamics of liquids
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In this chapter, we focus only on monatomic systems in the liquid state. This topic was ex-
tensively described in textbooks by Egelstaff [15] who gives an introduction to the liquid state,
by Hansen and McDonald [16] who derived the theoretical formulas dealing with liquids and
by Balucani and Zoppi [17] who explain the connections between what happens in a liquid and
what can be measured by spectroscopic methods. More recently, Damay [18] published an in-
troduction to the topological aspects of disorder in liquids, while Barrat and Hansen [1] have
given an overview of the fundamental concepts related to simple and complex fluids.

From the macroscopic point of view, the equilibrium state of a liquid can be described by its
volume V , its temperature T and its pressure P . The influence of these thermodynamic vari-
ables on the transitions encountered by the liquid are usually represented in a phase diagram.
The latter shows that at low pressures, only solid and vapour phases may exist. Apart from the
glass state, these two states can be described by ideal models: the solid state is explained by
the structural model of the ideal crystal lattice coupled with thermal vibrations of the atoms,
while the behaviour of the gas is represented by random motions constrained by the condition
of non-overlap of the atoms. At higher pressures, a third state is present, which is the liquid
state. It exists in a temperature range which separates the solid phase from the vapour one.
Unlike both gas and solid, no reliable microscopic model exists which could describe both struc-
tural and dynamic/thermal features of liquids. The structure itself is a much more complex
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Chapter 1. Structure and dynamics of liquids

problem than for a crystal or a gas, since a liquid consists of a disordered system of N particles
in interaction. In a crystal, the arrangement of atoms is periodic which enables the use of few
parameters for characterizing its structure. In a gas, there are no interactions between atoms,
except the non-overlap condition, hence a statistical description can be used. A general feature
of the structure of liquids is the existence of a short-range order due to the interactions between
atoms (the positions of atoms are not random like in gases) and the lack of long-range order
(unlike in crystals). However, the density of liquids and solids are usually close for neighbouring
pressures and temperatures, and the binding properties of liquids may be close to those of solids
since the latent heat is lower for fusion than for vaporization.

From a microscopic point of view, different techniques, such as neutron, X-ray or light
scattering, but also simulations, can give much information about the structural and dynamical
(either individual or collective) properties of a liquid, over a large range of space and time
correlations. In this microscopic description, we have to account for the individual contributions
of each constituent of the liquid. Since the thermodynamic variables are not relevant any more
in the microscopic description, the liquid will be described by the positions of its N particles
ri(t), i = 1 · · ·N and their respective momenta pi(t), i = 1 · · ·N . The Hamiltonian H of the
system is then given by:

H =
N∑

i=1

p2
i

2m
+ VN (r1, r2, r3, · · · , rN )

where m is the mass of each particle and VN (r1, r2, r3, · · · , rN ) is the potential energy of the
system, which depends on the many-body interactions:

VN (r1, r2, r3, · · · , rN ) =
N∑

i=1

v1(i) +
N∑

i,j;i<j

v2(i, j) +
N∑

i,j,k;i<j<k

v3(i, j, k) + · · ·+ vN (1, 2, · · · , N).

The one-body v1 contribution terms describe the external forces to which the system is subject;
in the case studied by us, there are no external constraints. For usual modelling, the functions
vn converge quickly to zero with increasing n and lead to reduced expressions consisting only of
two and three-body interactions. The two-body interaction term is usually written as:

N∑
i,j;i<j

v2(i, j) =
1
2

∑
i6=j

ϕ(rij)

where the pair potential ϕ depends on the interatomic distance rij . This potential ϕ(r) consists
of both attractive (ϕ′(r) < 0) and repulsive parts (ϕ(r)′ > 0), the latter being the most important
at short interatomic distances.

One of the most well-known empirical, interatomic pair potentials is the Lennard-Jones
potential depicted in figure 1.1, which is given by the equation (see [15] for instance):

ϕ(r) = 4ε
[(σ
r

)12
−

(σ
r

)6
]

(1.1)

where ε is the depth of the attractive well and σ is the point at which ϕ(r) = 0.

For three-body interaction terms, the angle between each triplet of neighbours intervenes
and favours specific angular arrangements.
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Figure 1.1: Lennard-Jones potential with σ = 3.4 Å and ε = 0.0104 eV.

Let us now move on to the description of the structure and dynamics of liquids in terms of
distribution and correlation functions.

1.1 The structure of liquids

The atoms of a liquid, like those of a solid (and unlike those of a gas), are quite close together.
While molecules in a solid are held in fixed positions by intermolecular forces, molecules in a
liquid have too much thermal energy to be bound by these forces and move about freely within
the liquid, although they cannot escape the liquid easily. Such features give an idea of the
complexity of the structure of liquids.

In this section, we introduce distribution functions useful for dealing with the structural
features of liquids in both real and reciprocal spaces.

1.1.1 The pair distribution function

The structure of simple monatomic fluids is characterized by a set of distribution functions of the
atomic positions. The most common of them is the pair distribution function g(r) introduced
below. Let us now consider a monatomic liquid consisting of N atoms occupying a volume V .
The mean number density of the system is given by:

ρ =
N

V
.

The microscopic density (or density of particles at a position r ) can be defined as

ρ̂(r) =
N∑

i=1

δ(r − ri), (1.2)

where ri is the position of the center of mass of each atom. We notice that
∫
V ρ̂(r)dr = N .

The statistical average of ρ̂(r) is the local density of the liquid

ρ(r) = 〈ρ̂(r)〉 (1.3)
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Chapter 1. Structure and dynamics of liquids

which corresponds to the average number of atoms which will be found around any position r
per unit volume. If the liquid is homogeneous, ρ(r) reduces to the macroscopic density ρ.
In a liquid, the probabilities of finding atoms within neighbouring volume elements are highly
correlated due to packing and non-overlap considerations. Consequently the correlation between
fluctuations of the microscopic density is the quantity of interest: let us consider two different
points r and r′. We are interested in the fluctuations around the mean number density ρ. For
a homogeneous liquid at equilibrium, we define the density-density correlation function H(r, r′)
as:

H(r, r′) =
1
N
〈[ρ̂(r′)− ρ][ρ̂(r + r′)− ρ]〉 =

1
N

[
〈ρ̂(r′)ρ̂(r + r′)〉 − ρ2

]
. (1.4)

Thanks to homogeneity, this correlation function only depends on the separation vector r. (1.4)
can be integrated over r′ to account for translational invariance and ρ̂(r) may be given by (1.2):

H(r) =
1
N

∫
V
〈ρ̂(r′)ρ̂(r + r′)〉dr′ − ρ

=
1
N

N∑
i=1

∫
V
〈δ(r′ − ri)δ(r′ + r − ri)〉dr′ − ρ+

1
N

N∑
i=1

∑
j 6=i

∫
V
〈δ(r′ − ri)δ(r′ + r − rj)〉dr′

=
1
N

N∑
i=1

∑
j 6=i

〈δ(r + ri − rj)〉+ δ(r)− ρ (1.5)

and we define the pair correlation function g(r):

ρg(r) =
1
N

N∑
i=1

∑
j 6=i

〈δ(r + ri − rj)〉 (1.6)

Figure 1.2: Pair distribution function g(r) for a Lennard-Jones fluid close to the triple point
[27].

Figure 1.2 shows a typical pair distribution function for a monatomic liquid. (Note that g(r)
and g(r) are different: the former has a factor 1/(4πr2)). At low values of r, g(r) is almost
zero since at small distances the interaction forces which avoid overlapping of the atoms are
strong, it reflects the so-called excluded volume condition. At a distance of the order of the
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1.1. The structure of liquids

atomic diameter, there is a pronounced peak which denotes the first coordination sphere. At
small pressures, the value of r for the maximum of the first sharp peak is close to the principal
minimum in the interaction potential. As r increases, the oscillations in g(r) are less and less
defined.
The first peak, which corresponds to the first neighbours, is intense and sharp, which shows that
the distribution of the distances is narrow around the most probable value of r. The following
oscillations, which are damped and larger, correspond to more distant neighbours. At large
distances, the correlation disappears and g(r) approaches the unit mean density of the system.
In molten salts, around ten correlation spheres can be observed while in van der Waals fluids,
only 3 or 4 of them are defined.

We can also define the radial distribution function as:

RDF (r) = 4πρr2g(r) (1.7)

which enables the calculation of the number of nearest neighbours through the integral:

ncoor =
∫ rm

0
RDF (r)dr (1.8)

where rm refers to the first minimum in g(r). G(r) shows the deviation from total disorder, it
is defined as:

G(r) = 4πρr[g(r)− 1]. (1.9)

Also more complicated quantities can be evaluated, which involve the consideration of n-
particle distribution functions describing the probability of occurrence of clusters of n particles
with specific inter-cluster distances. Besides g(r), the triplet distribution function is often eval-
uated:

ρ2g(3)(r, r′) =
1
N

N∑
i=1

∑
j 6=i

∑
l 6=i

〈δ(r − rij)δ(r′ − ril)〉 (1.10)

which gives information about the local orientational order.

1.1.2 The static structure factor

Equation (1.6) is the basis for the definition of the static structure factor S(q):

S(q) = 1 + ρ

∫
V

[g(r)− 1]eiq.rdr (1.11)

where q is the wave vector, also denoted by k or Q. Note that for isotropic liquids, both g(r)
and S(q) are only dependent on r and q respectively. (1.11) then reduces for an homogeneous
and isotropic system to:

S(q) = 1 + ρ

∫ ∞

0
[g(r)− 1]

sin(qr)
qr

4πr2dr. (1.12)

S(q) is the measured quantity in a neutron diffraction experiment (see Section 2.1.4). It gives
information on the structure of the liquid in the reciprocal space.
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Chapter 1. Structure and dynamics of liquids

However S(q) can be defined differently. Let us define the Fourier transform of the density
of particles at point r:

ρq =
∫
e−iq.rρ̂(r)dr

=
N∑

i=1

e−iq.ri (1.13)

with: ρ̂(r) =
∑N

i=1 δ(r− ri). S(q) may be defined as the autocorrelation of the Fourier compo-
nents of the particle density:

S(q) =
1
N
〈ρqρ−q〉 =

1
N

N∑
j

N∑
l

〈eiq·(rj−rl)〉 (1.14)

The right-hand side term of the last equation can be written as:

1
N

N∑
j

N∑
l

〈eiq·(rj−rl)〉 = 1 +
1
N

N∑
j=1

∑
l 6=j

〈∫ ∫
eiq·(r−r′)δ(r − ri)δ(r′ − rj)drdr′

〉
= 1 + ρ

∫
eiq·rg(r)dr

= 1 + (2π3)ρδ(q) + ρ

∫
eiq·r[g(r)− 1]dr. (1.15)

From the last expression, one usually subtracts the δ term and we are left with the expression
of S(q) given in (1.11).

Figure 1.3: Static structure factor for liquid argon close to the triple point (from Yarnell et al.
1973)

Figure 1.3 shows the typical shape of a static structure factor, which, roughly speaking, is
rather similar to the pair distribution function g(r). The first sharp peak in S(q) is due to a
nearly regular arrangement of the particles in real space. If this peak is observed at q = q0,
the corresponding typical nearest neighbour distance is 2π/q0, close to the value of the atomic
diameter.
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1.2. Dynamics of the liquid state

1.2 Dynamics of the liquid state

The motion of atoms is certainly easier to understand in gases or crystals than in liquids or
amorphous materials. In gases, the trajectories of atoms are linear apart from collisions and
their velocities are governed by the Maxwell-Boltzmann distribution. The mean free path is
l = 〈v〉τ where 〈v〉 is the mean velocity and τ is the mean time between two collisions. In
crystals, the motions of atoms are expected to be localized around a mean equilibrium position.
However these oscillations may be collective and for small q give rise to phonon propagation,
with frequency ω and wave vector q. The dependence of ω and q is given by the dispersion
curve ω(q). Since the system is periodic, determining the dispersion curves for the acoustic and
optic phonons in the Brillouin zone is enough for characterizing all the collective excitations.

In disordered systems, dynamics are rather complex: the vibrations of molecules are due
to individual atomic motions while their rotations are often correlated. Moreover, atoms and
molecules will diffuse and there also exist collective motions of long wavelength; the latter are
acoustic waves, whose velocities depend on the density and the compressibility of the system.

The presentation of the dynamics of liquids is here divided in two main parts: the first one
deals with the representation of the correlation functions in time and space while the following
part focuses on the description in reciprocal space and frequency. Both sections deal with
single-particle properties on the one hand and collective properties on the other hand, which are
directly connected to the quantities measured in a neutron scattering experiment.

1.2.1 Correlations in space and time

1.2.1.1 The Van Hove correlation function

In Section (1.1) several quantities describing the structure of a liquid were defined. However, even
if there exist structural features in a liquid, the atoms or molecules of the latter are perpetually
moving: the structure of a liquid can only be defined as the time average of its configurations.
Let us define the van Hove correlation function, which describes the time and space correlations
in the liquid:

G(r, τ) =
1
N

N∑
i=1

N∑
j=1

∫
V
〈δ[ri(0)− r′ + r]δ[rj(τ)− r′]dr′〉 (1.16)

In the case of a homogeneous and classical liquid, the latter equation becomes:

G(r, τ) =
1
N

N∑
i=1

N∑
j=1

〈δ[r − (rj(τ)− ri(0))]〉 (1.17)

This expression can be obtained by considering density correlations.
Let us define the time-dependent density of particles at point r:

ρ̂(r, t) =
N∑

i=1

δ[r − ri(t)]. (1.18)
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Chapter 1. Structure and dynamics of liquids

The density-density time correlation function is given by:

G(r, r′, τ) =
1
N
〈ρ̂(r + r′, τ)ρ̂(r′, 0)〉

=
1
N

N∑
i=1

N∑
j=1

〈δ[r′ + r − ri(τ)]δ[ri(0)− r′]〉 (1.19)

which after integration over dr′ gives again (1.17).

In (1.17), one can distinguish between the self part of the van Hove distribution function for
which i = j and the distinct part for which i 6= j. The self part describes the position of an atom
as a function of time while the distinct one characterizes the correlated motions of atoms:

G(r, τ) = Gs(r, τ) +Gd(r, τ) (1.20)

where:

Gs(r, τ) =
1
N
〈

N∑
i=1

δ[r − (ri(τ)− ri(0))]〉 (1.21)

Gd(r, τ) =
1
N
〈

N∑
i=1

∑
j 6=i

δ[r − (rj(τ)− ri(0))]〉 (1.22)

Consequently: Gs(r, 0) = δ(r) and Gd(r, 0) = ρg(r).
G(r, τ)dr is proportional to the probability of finding a particle i in a volume dr around r at
time τ given that there was a particle j at the origin at time τ = 0. The distinction between
self and distinct part corresponds to the fact that i and j may be the same particles or not. In
other words, the van Hove correlation function is a description of the influence of the presence
or absence of a particle on the behaviour of other particles as a function of space and time.

As for g(r), for isotropic liquids, G(r, τ) only depends on r.

1.2.1.2 Mean squared displacement and velocity autocorrelation function

Let us now introduce the mean squared displacement of a particle:

δr2(t) = 〈[ri(t)− ri(0)]2〉 (1.23)

and the velocity of particle i at time t vi(t). The relation between the velocity autocorrela-
tion function 〈vi(0) · vi(τ)〉 and the mean squared displacement comes from: ri(t) − ri(0) =∫ t
0 vi(t1)dt1.

Therefore:

δr2(t) = 〈
∫ t

0
vi(t1)dt1 ·

∫ t

0
vi(t2)dt2〉 = 2

∫ t

0
dτ(t− τ)〈vi(0) · vi(τ)〉. (1.24)

In a liquid, at short times, the tagged particle experiences the local disorder due to the liquid
state. At longer times, the dynamic rearrangement of the initial neighbours of the particle leads
to a dislocation of the initial shell of atoms: the particle escapes from the cage of its initial
neighbours. The short time behaviour of the tagged particle may be compared to the oscillatory
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1.2. Dynamics of the liquid state

Figure 1.4: Typical time dependence of the mean squared displacement of a particle in a
monatomic fluid near melting. Result of a simulation of liquid Cs. Insert: short-time portion
and behaviour expected for free particles (dotted line) (from [17]).

motions of a crystal lattice while at long times, it propagates without any correlation to its
short-time features through diffusive motion.
At times t so long that vi(t) and vi(0) are not correlated any more, (1.24) becomes:

δr2(t) = 2
∫ t

0
t〈vi(0).vi(τ)dτ〉 (1.25)

At very long times, the velocity autocorrelation function is negligibly small and the integration
can be extended to t→∞. The latter equation may thus be written as:

δr2(t) = 6Dt (t→∞) (1.26)

where D is the diffusion coefficient:

D =
1
3

∫ ∞

0
〈vi(0).vi(τ)〉dτ (1.27)

From Fig. 1.4, it is apparent that the parabolic increase of the mean squared displacement
corresponding to free-particle behaviour is only valid for very short times. This quadratic be-
haviour comes from the Taylor expansion of the trajectory at short times. At longer times, the
result is consistent with the linear time dependence typical of the diffusive regime from (1.26).

From Fig. 1.5, we may notice the negative correlation region in the velocity autocorrelation
function. This is usually interpreted as being due to the particle bouncing against the cage
formed by its nearest neighbours. This picture of the liquid dynamics is a solid-like one, and
indeed, this feature only appears in dense fluids and at low temperatures. Also for dense fluids,
a few secondary oscillations are observed at longer times. However, this solid-like behaviour is
only valid at rather short times, and the diffusive regime then prevails as shown by the mean
squared displacement.
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Chapter 1. Structure and dynamics of liquids

Figure 1.5: Normalized velocity autocorrelation function for liquid Na (with nσ3 = 0.895 ;
T = 308 K ; ε/kB = 386 K ; σ = 4.761 Å) (from [17]).

1.2.2 Correlations in reciprocal space

1.2.2.1 Single-particle properties

Let us consider the probability that after a time t a given particle has moved a specified distance
from its initial position. The single-particle density of atom i at point r and time t is the
following dynamical variable:

ns,i(r, t) = δ(r − ri(t)). (1.28)

The interpretation as a density is given by the normalization condition:∫
V
ns,i(r, t)dr = 1 (1.29)

which means that at any time t the ith particle is somewhere in the volume. If we consider the
space Fourier transform of this quantity, we obtain:

ns,i(q, t) =
∫

V
ns,i(r, t)eiq.rdr = eiq.ri(t). (1.30)

The time correlation associated with ns,i(q, t) is known as the self-intermediate scattering func-
tion:

Fs(q, t) = 〈n∗s,i(q, 0)ns,i(q, t)〉 = 〈eiq.(ri(t)−ri(0))〉. (1.31)

The inverse Fourier transform of Fs(q, t) goes back to the real space and gives a relation with
the self correlation function (or self part of the van Hove distribution function, Eq. (1.20)):

1
(2π)3

∫
Fs(q, t)e−iq.rdq = 〈δ(r − (ri(t)− ri(0)))〉

= Gs(r, t) (1.32)

Now if we perform the time Fourier transform of Fs(q, t), we obtain its frequency spectrum:

Ss(q, ω) =
1
2π

∫ ∞

−∞
Fs(q, t)e−iωtdt (1.33)
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which is directly connected to the incoherent part of the inelastic neutron scattering cross-section
(see Section 2.1.4).
Accounting for some general properties of time autocorrelation functions [17], we may establish
that Fs(q, t) is real and even in both the time and space variables, that is: Fs(q, t) = Fs(−q, t)
and Fs(q, t) = Fs(q,−t). These considerations lead to the short-time expansion of the self-
intermediate scattering function:

Fs(q, t) = Fs(q, 0)[1− 〈ω2
q 〉s

t2

2
+ 〈ω4

q 〉s
t4

4!
+ · · · ]

= 1− 〈ω2
q 〉s

t2

2
+ 〈ω4

q 〉s
t4

4!
+ · · · (1.34)

since Fs(q, 0) = 1.
The quantities 〈ωn

q 〉s are related to the time derivatives of Fs(q, t) at t = 0.
The second frequency moment 〈ω2

q 〉s may be evaluated as [17]:

〈ω2
q 〉s = −〈n∗s,i(q, 0)n̈s,i(q, 0)〉. (1.35)

The use of properties of the time derivatives of correlation functions and of the Maxwellian
velocity distribution yields the following expression of the second frequency moment:

〈ω2
q 〉s =

kBT

m
q2 (1.36)

which is valid for any classical system. Thus the short-time decay of Fs(q, t) is governed by the
second frequency moment which does not depend on the interaction among the particles.
The fourth frequency moment shows the dependence on the interatomic potential ϕ(r):

〈ω4
q 〉s =

kBT

m
q2

[(
3kBT

m

)
q2 + Ω2

0

]
(1.37)

where Ω0 is the so-called Einstein frequency defined by Ω2
0 = (n/3m)

∫
dr∇2ϕ(r)g(r). However

for sufficiently large q vectors (that is q � Ω0(3kBT/m)−1/2), the fourth moment (1.37) reduces
to the free-particle term: the limiting case of free particles is reached and Fs(q, t) essentially
probes noninteracting particles.

In the diffusive regime, that is in the range of low wave vectors and long times, the interme-
diate scattering function is described by the equation [16]:

Fs(q, t) = e(−Dq2|t|) (1.38)

which violates the exact short-time behaviour as given by equation (1.34). However, this is
not really surprising since these two equations do not deal with the same time-scales. (1.34)
deals only with short-time behaviour, it is microscopic and can be accounted for by simple
averages. On the other hand, (1.38) probes dynamic processes which comprise a large number
of microscopic events and does not account for each of them.
The Fourier transform of (1.38) yields the spectral signal associated with the usual Fick’s law
diffusion equation:

Ss(q, ω) =
1
π

Dq2

ω2 + (Dq2)2
(1.39)

which is a Lorentzian spectrum with a half width at half maximum Γs(q) = Dq2. Consequently,
the spectra, which exhibit a monotonous decay with frequency at all wave vectors, are expected
to become broader with increasing wave vector values, in the limit of small wave vectors.
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1.2.2.2 Collective properties

In analogy with the self-particle density introduced for the single-particle properties, let us
now use the time-dependent number density of particles at point r of (1.18) for the collective
properties. ρ̂(r, t) is here the dynamical variable of interest for the calculation of autocorrelation
functions.
The space Fourier transform of this quantity is given by:

ρ̂(q, t) =
N∑

j=1

eiq.rj(t) (1.40)

Then the time correlation function is defined by:

F (q, t) =
1
N
〈ρ̂∗(q, 0)ρ̂(q, t)〉

=
1
N

N∑
i=1

N∑
j=1

〈eiq.(rj(t)−ri(0))〉 (1.41)

This function, also called intermediate scattering function, is useful for investigating the collective
dynamics of the particles in liquids. Note that at time t = 0, F (q, 0) is the static structure
factor S(q).
As in (1.33) for the incoherent features of the dynamics, the collective properties of the system
may be determined in the frequency domain, via the dynamic structure factor S(q, ω), which is
the time Fourier transform of F (q, t):

S(q, ω) =
1
2π

∫ ∞

−∞
F (q, t)e−iωtdt

=
1

2πN

∫ ∞

−∞
〈ρ̂∗(q, 0)ρ̂(q, t)〉e−iωtdt. (1.42)

In other words, S(q, ω) is the double Fourier-transform is space and time of the van Hove
correlation function G(r, t) defined in (1.16). Both F (q, t) and S(q, ω) probe the motions on the
spatial range of 2π

q and they only depend on the norm of q, due to the isotropy of the fluid.
These quantities probe density fluctuations in the liquid. Note that S(q, ω) is directly linked to
the coherent part of the inelastic neutron scattering cross-section (see Section 2.1.4).

In Fig. 1.6, the typical shape of the dynamic structure factor at small wave vectors and low
frequencies is shown. The two side-peaks at frequency ±ck correspond to damped propagative
modes with width Γk2, while the peak centered around ω = 0 is due to a diffusive mode. The
latter corresponds to heat diffusion and the side peaks to the propagation of longitudinal sound
waves. The damping coefficients Γ and ∆ are related to the volume and shear viscosity of the
fluid and to its thermal conductivity.

The short-time properties of F (q, t) follow from the expansion:

F (q, t) = F (q, 0) + F̈ (q, 0)
t2

2
+ F (4)(q, 0)

t4

4!
+ · · ·

= S(q)− ω2
q

t2

2
+ ω4

q

t4

4!
+ · · ·

= S(q)[1− 〈ω2
q 〉
t2

2
+ 〈ω4

q 〉
t4

4!
+ · · · ] (1.43)
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Figure 1.6: Typical dynamic structure factor of a monatomic liquid in the long-wavelength, low
frequency limit (from [1]).

where:

ωn
q = (−1)n/2

[
dnF (q, t)
dtn

]
t=0

(1.44)

〈ωn
q 〉 = ωn

q /S(q). (1.45)

These equations only contain the even powers of time because F (q, t) is an even function of
time, due to the time reversal property of the dynamics. Equations (1.44) and (1.45) define
respectively the frequency moments and normalized frequency moments of S(q, ω).
The evaluation of these frequency moments is expected to give insight into the collective dy-
namics probed at the different length scales.
For the second moment, the calculation gives:

ω2
q =

1
N

∑
i

∑
j

〈(q.vi)(q.vj)e−iq.rij . (1.46)

Since the average over the velocities vanish unless i = j, we obtain

ω2
q =

1
N

∑
i

〈(q.vi)2〉

=
kBT

m
q2 (1.47)

The second frequency moment defined here coincides with the corresponding self-quantity 〈ω2
q 〉s.

However, in the collective case, the second order term of (1.43) shows that the short-time decay
of F (q, t) from its initial value is ruled by the normalized second frequency moment 〈ω2

q 〉:

〈ω2
q 〉 = ω2

q/S(q) =
kBT

mS(q)
q2 (1.48)
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The qualitative features of the collective dynamics are thus affected by the presence of S(q). In
the region of low q vectors, the differences between S(q, ω) and Ss(q, ω) are expected to be large
since S(q) ≈ S(0) � 1. This region corresponds to the hydrodynamic regime where S(q, ω) is
expected to show inelastic peaks associated with the propagation of sound-like excitations.
Beyond this low q range, the static structure factor S(q) is still oscillatory and affects the short-
time behaviour of density fluctuations. With increasing q values, the length scale becomes more
and more microscopic and the liquid can not support any collective excitations: the short-time
decay of F (q, t) and S(q, ω) is monotonous and 〈ω2

q 〉1/2 is an approximate measure of the spectral
width of S(q, ω).
For q near the position qm of the main peak in S(q), 〈ω2

q 〉 decreases which results in the narrowing
of S(q, ω) and the slowing down of F (q, t). Physically the first sharp peak in S(q) shows that
there is a high probability of density fluctuations in the q-range around qm ; these fluctuations
cannot easily be destroyed and consequently have a long life time. This implies the slowing down
of F (q, t) near the value qm. This phenomenon is the so-called de Gennes narrowing [19], which
is characteristic of the q values of high intensity in the static structure factor. At wave vectors
larger than qm, correlation effects lose their importance and eventually, S(q) reaches 1, where
F (q, t) and Fs(q, t) are expected to have essentially the same short-time behaviour. At these
high q values, F (q, t) and Fs(q, t) probe the limiting behaviour characteristic of free particles.

1.3 Conclusion

In this chapter, we have defined the quantities relevant for dealing with either structural or
dynamic features of liquids. These distribution functions or correlation functions are closely
related to quantities measured in neutron scattering experiments (see Section 2.1) and can also
be computed from molecular dynamics simulations (see Section 2.2).
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On the experimental side, the structure and dynamics of liquids can be probed by several
kinds of spectroscopic techniques such as light, X-ray and neutron scattering. Here we are
focusing on the use of neutron scattering experiments. On the other hand, theoretical models
can also predict the microscopic properties of materials, through atomistic simulations of the
systems of interest, either by classical or ab-initio molecular dynamics methods.

2.1 The experimental side: neutron scattering

The neutron scattering experimental technique was extensively described in textbooks by Squires
[20] and Lovesey [21]. Introductory lectures dealing with this experimental method are also
periodically given by Schweizer [22] or in the course of the HERCULES school [23] where the
different techniques and applications of neutron scattering are explained. The textbook by
Bee [24] also gives a complete description of what can be measured with neutron quasielastic
scattering in the fields of solid state chemistry, biology and materials science.
Here we introduce the basic properties of neutrons of interest for probing the features of matter
and we derive the relevant quantities associated with this technique.

2.1.1 Main features of the neutron

Neutrons are neutral elementary particles which were discovered in 1932 by James Chadwick.
Their neutrality is of particular interest since it enables them to probe not only the surface but
also the bulk of the matter without being affected by any Coulomb interaction.
Neutrons can be considered either as particles or as waves, with wavelength related to their
velocity by the relation [20]:

λ =
h

mv

where h is the Planck constant, m is the mass of a neutron and v its velocity. Moreover, the
energy of a neutron is the kinetic energy of the particle:

E =
1
2
mv2 =

~2k2

2m

where k is the wave number defined as: k = 2π
λ .

The spin of the neutron is s = 1
2 : on the one hand, neutron beams can be polarized in order to

perform an analysis of the beam after interaction with the sample ; on the other hand, neutrons
have a magnetic moment which may interact with the electronic magnetic moments and give
insight into the magnetic structures and excitations. However this feature will not be discussed
further here.

If neutrons are thermalized by a moderator at 300K, their mean velocity is of the order of
2200 m/s and their average wavelength is about 1.8 Å. Such values for λ are of the same order
as the interatomic distances in condensed matter, and thus thermal neutrons are well suited for
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2.1. The experimental side: neutron scattering

being diffracted by atomic lattices or liquids. Also their energy of the order of some meV matches
the range of energy of the dynamics occurring in condensed matter. Consequently neutrons are
well suited for studying both the structure and dynamics in condensed matter and especially in
liquids.

2.1.2 Basic phenomena - Cross-sections

2.1.2.1 Absorption

When a neutron beam crosses matter, some neutrons may be absorbed by the nuclei of the
atoms, resulting in the emission of a proton, an α-particle or a γ-photon or leading to fission
of the nucleus. The ability of a given nucleus to absorb neutrons is measured by its absorption
cross-section σa ([length2] usually given in barns= 10−24 cm2).
The intensity of the neutron beam after crossing a sample of thickness d is given by: I = I0e

(−µd),
where I0 is the intensity of the incident beam. µ is the linear absorption coefficient given by:
µ = Nσa where N is the number of nuclei per unit of volume.
For most materials, µ is of the order of 0.01 to 1 cm−1 which shows that matter is rather
transparent to neutrons (for comparison, µ is of the order of 100 to 1000 cm−1 for X-rays).

2.1.2.2 Refraction

In case of refraction, the incident beam changes its direction as it crosses the sample. The
refractive index is usually close to 1 for neutrons and the refraction is negligible. It is used to
design neutron lenses. This phenomenon also leads to total reflection when the incident angle
is too small: neutrons are reflected when their angle of incidence is below the critical angle θc

which is proportional to the wavelength λ. Refraction and total reflection are used for some
optics of instruments and for guides.

2.1.2.3 Scattering

Neutron scattering experiments are based on the following principle: incident neutrons with
momentum ~ki and associated energy Ei = ~2k2

i
2m are guided towards a sample. After interaction

between neutrons and sample, the scattered neutrons with desired momentum ~kf and energy
Ef are counted relatively far (which means the neutron may be considered as a plane wave)
from the sample in a dedicated detector. The typical distance between the sample and the next
optical component is of the order of 1 m.
Neutron scattering is considered to be within the limit of the linear response theory [25]. Since
the intensity of the incident beam and the strength of the interaction between neutrons and
sample are within the limits of this theory, the intrinsic properties of the sample are probed as
if they were unperturbed by the beam. Consequently, the measured quantities yield information
about the structure and dynamics of the unperturbed sample as a function of the energy transfer
~ω and the momentum transfer ~k defined by:

~ω = Ei − Ef (2.1)
k = ki − kf . (2.2)

These are the conservation relations for energy and momentum between neutrons and sample.
By convention, ~ω is positive when the neutron looses energy in the sample. The conservation
equations (2.1) and (2.2) yield restrictions in the accessible dynamic range, which means that
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for a given k value, only a determined range of energy transfers can be reached. Equation (2.2)
leads to:

k2 = k2
i + k2

f − 2kikf cos(ki,kf ) = k2
i + k2

f − 2kikf cos(θ) (2.3)

and accounting for the relation between ki (resp. kf ) and Ei (resp. Ef ):

~2k2

2m
= Ei + Ef − 2

√
EiEf cos(θ)

= 2Ei − ~ω − 2 cos(θ)
√
Ei(Ei − ~ω). (2.4)

Figure 2.1 shows the allowed dynamic range for a neutron scattering experiment as a function
of the scattering angle θ: as seen in Eq. (2.4), the energy transfer never exceeds the incident
energy of neutrons and this yields a limit in the scattering spectra for positive energy transfers
(the so-called ’Stokes’ scattering). Moreover for a given scattering angle, only one path in the
(k,ω) phase space is accessible.
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Figure 2.1: Allowed dynamic range for a neutron scattering experiment according to Eq. (2.4)
(reduced units).

Let us now move on to the definition of the scattering cross-sections. In a neutron scattering
experiment, the measured quantity is the fraction of the neutrons with incident energy Ei which
are scattered in a solid angle dΩ with a final energy within an interval of energy dEf around
Ef . This quantity is called the partial differential scattering cross-section and is defined as:

d2σ

dΩdEf
=

1
Φ0

number of neutrons scattered per second in dΩ and dEf

dΩdEf
(2.5)

where Φ0 is the incident flux in [neutrons/cm2/s]. If the energy of scattered neutrons is not
analyzed and only neutrons scattered in dΩ are counted, the differential scattering cross-section
is measured:

dσ

dΩ
=

1
Φ0

number of neutrons scattered per second in dΩ
dΩ

(2.6)

In the end, if all neutrons scattered in all directions are detected, the measured quantity is the
total scattering cross-section:

σscatt =
number of neutrons scattered per second

Φ0
(2.7)
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The dimension of the partial differential cross-section is [length2].[steradian−1].[unit of energy−1].
The dimensions of both differential and total scattering cross-sections can be deduced easily from
their definitions.

2.1.3 Theory of thermal neutron scattering

In this paragraph, we restrict the theory to nuclear scattering and ignore the spin of the neutron.
Thus the state of the neutron will be completely described by its momentum.

During the process of scattering, a neutron goes from a state described by its wavevector ki to
another state defined by kf . At the same time, the scattering system (i.e. the sample) goes
from a state called λ to another one λ′.

2.1.3.1 Fermi’s golden rule

Let us consider the differential scattering cross-section relative to all the processes for which the
scattering system goes from λ to λ′ and the momentum of the neutron changes from ki to kf .
The states λ and λ′, the incident wavevector ki are taken as constant and the sum runs over all
the kf in the solid angle dΩ in a given direction.
Starting from the definition of Eq. (2.6), this differential scattering cross-section can be written
as: (

dσ

dΩ

)
λ→λ′

=
1
Φ0

1
dΩ

∑
kf in dΩ

Wki,λ→kf ,λ′ (2.8)

where Φ0 is the flux of incident neutrons and Wki,λ→kf ,λ′ is the number of transitions per second
from the state (ki, λ) to the state (kf , λ

′). The expression of the latter can be evaluated via the
use of Fermi’s golden rule of quantum mechanics [20]:∑

kf in dΩ

Wki,λ→kf ,λ′ =
2π
~
ρkf

∣∣〈kf , λ
′|V |ki, λ〉

∣∣2 (2.9)

where ρkf
is the density of final scattering states per unit energy range and V is the interaction

potential between the neutron and the sample. This yields (for details of the calculation, see
[20]) the following expression (neglecting the spin of the neutron):(

dσ

dΩ

)
λ→λ′

=
kf

ki

( m

2π~2

)2 ∣∣〈kf , λ
′|V |ki, λ〉

∣∣2 . (2.10)

Since ki, λ and λ′ are fixed, the scattered neutrons all have the same energy which is determined
by conservation of the energy in the system (sample+neutron):

Ei + Eλ = Ef + Eλ′ (2.11)

where Eλ and Eλ′ are the energies associated with the initial and final states λ and λ′ of the
scattering system.
The partial differential scattering cross-section includes a Dirac distribution of the energy of the
scattered neutrons. From Eq. (2.10) we thus obtain:(

d2σ

dΩdEf

)
λ→λ′

=
kf

ki

( m

2π~2

)2 ∣∣〈kf , λ
′|V |ki, λ〉

∣∣2 δ(Eλ − Eλ′ + Ei − Ef ) (2.12)

This is a basic and general expression for the double differential scattering cross-section, from
which more specific cases may be derived.
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2.1.3.2 The Fermi pseudo-potential

Now we have to insert a specific function for the interaction potential V , which represents the
interaction between the neutron and the sample. In the energy range of the neutrons used for
condensed matter studies, the neutron-nucleus interaction potential is a central one, which can
be described by the single parameter bj , the coherent scattering length relative to the nucleus
j. This pseudopotential was introduced by Fermi:

Vj(rj) =
2π~2

m
bjδ(rj) (2.13)

where rj is the distance between the neutron and the jth nucleus. Moreover, the total potential
to describe the interaction between the scattering system and the neutron is the sum of the
interaction potentials for each nucleus j of the sample: V (r) =

∑
j Vj(rj) where r is the position

of the neutron and rj is the vector between the neutron and the jth nucleus.
Upon insertion of the pseudo-potential defined in (2.13) into (2.12), we obtain by assuming that
the neutron is a plane wave:

(
d2σ

dΩdEf

)
λ→λ′

=
kf

ki

∣∣∣∣∣∣〈λ′|
∑

j

bje
(iQ.Rj)|λ〉

∣∣∣∣∣∣
2

δ(Eλ − Eλ′ + Ei − Ef ) (2.14)

where Q = ki − kf is the scattering vector.

2.1.3.3 Expression of the δ-function for energy as an integral

The Dirac-function in Eq. (2.14) can be expressed as an integral over time, with ~ω = Ei −Ef :

δ(Eλ − Eλ′ + Ei − Ef ) =
1

2π~

∫ +∞

−∞
e(i(Eλ−Eλ′ )t/~)e(−iωt)dt. (2.15)

Together with equation (2.14), we obtain:(
d2σ

dΩdEf

)
λ→λ′

=
kf

ki

∑
jj′

bj′bj〈λ|e−iQ.Rj′ |λ′〉〈λ′|e−iQ.Rj |λ〉

× 1
2π~

∫ +∞

−∞
e(i(Eλ−Eλ′ )t/~)e(−iωt)dt. (2.16)

Let H be the Hamiltonian of the scattering system. The states λ and λ′ are two eigenfunctions
of H with eigenvalues Eλ and Eλ′ . Therefore:

H|λ〉 = Eλ|λ〉 and eiHt/~|λ〉 = eiEλt/~|λ〉. (2.17)

2.1.3.4 Sum over the final states λ′ and average over the initial states λ

What is actually measured in a neutron scattering experiment is the sum over all the possible
final states λ′ for the scattering system with fixed initial state λ and the average over all initial
states λ.
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If pλ is the probability of the initial state λ, we obtain, with equations (2.16) and (2.17):

d2σ

dΩdE′ =
∑
λλ′

pλ

(
d2σ

dΩdEf

)
λ→λ′ki→kf

=
kf

ki

1
2π~

∑
jj′

bj′bj

∫ +∞

−∞
e(−iωt)dt

∑
λ

pλ × 〈λ|e−iQ.Rj′eiHt/~e−iQ.Rje−iHt/~|λ〉 (2.18)

With the time-dependent Heisenberg operators defined as: Rj(t) = eiHt/~Rje
−iHt/~, the equa-

tion (2.18) becomes:

d2σ

dΩdE′ =
kf

ki

1
2π~

∑
jj′

bj′bj

∫ +∞

−∞
〈e(−iQ.Rj′ (0))e(iQ.Rj(t))〉

× e(−iωt)dt (2.19)

where the value between brackets 〈A〉 represents the thermal average of the operator A at
temperature T : 〈A〉 = 〈λ|A|λ〉.
Here we have given the expression for partial differential scattering cross-section for nuclear
scattering. In this equation, the behaviour of the scattering system is described by the eigenstates
|λ〉 and the time-dependent Heisenberg operators which contain the Hamiltonian of the system.
This expression is a function of the energy transfer ~ω and the scattering vector Q.

2.1.3.5 Coherent and incoherent scattering

In order to deal with the double sum over all nuclei a discussion of the isotope disorder is
needed. Many atomic species have several isotopes, which are usually randomly distributed over
the atomic sites. As was said before, scattering averages over all possible distributions of the
atomic isotopes. Therefore we must introduce the following averages:

bjbj′ =

{
b2 if j = j′

b
2 if j 6= j′

(2.20)

The following expressions are established in the case of a monatomic scattering system. As-
suming that the values of the scattering cross-sections of two nuclei bj and bj′ are independent,
we replace the term bjbj′ in equation (2.19) by bjbj′ and split the double differential scattering
cross-section in two contributions:

d2σ

dΩdE′ =
(

d2σ

dΩdE′

)
coh

+
(

d2σ

dΩdE′

)
inc

(2.21)

where: (
d2σ

dΩdE′

)
coh

=
σcoh

4π
kf

ki

1
2π~

∑
jj′

∫ +∞

−∞
〈e(−iQ.Rj′ (0))e(iQ.Rj(t))〉 × e(−iωt)dt (2.22)

(
d2σ

dΩdE′

)
inc

=
σinc

4π
kf

ki

1
2π~

∑
j

∫ +∞

−∞
〈e(−iQ.Rj(0))e(iQ.Rj(t))〉 × e(−iωt)dt (2.23)

with: σcoh = 4πb2 and σinc = 4π(b2 − b
2). σcoh and σinc are respectively the coherent and

incoherent scattering cross-sections.
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The coherent part represents the interaction between pairs of atoms (
∑

jj′) and it is related to

the square of the average of the scattering length b
2. It depends on the correlation between

the positions at different times of either the same nucleus or different nuclei, thus giving rise to
interference effects. Unlike this, the incoherent contribution deals with the interaction of each
atom with itself (

∑
j) and is related to (b− b̄)2. It depends on the correlation of the positions

of the same nucleus at different times and does not give interference effects.
The incoherent scattering is due to the random distribution of the scattering length around the
mean scattering length. If with the same system all scattering lengths were equal, we would
only have the coherent scattering contribution. The incoherent scattering part is the difference
between scattering in a system where all scattering lengths would be equal and in the actual
system.

2.1.4 Correlation functions

The quantities defined above are closely linked to the correlation functions described in Chap-
ter 1. The coherent and incoherent parts of the double differential scattering cross-sections are
related to the dynamic structure factors by the following equations:(

d2σ

dΩdE′

)
coh

=
kf

ki
Nb

2
S(Q, ω)(

d2σ

dΩdE′

)
inc

=
kf

ki
N(b2 − b

2)Ss(Q, ω)

The static structure factor can also be measured by neutron scattering diffraction, that is by
integrating over all final energies of scattered neutrons:

1
N

dσ

dΩ
=

1
N
〈

N∑
i=1

N∑
j=1

bib
∗
je

iQ.rij 〉

=
1
N

b̄2〈 N∑
i=1

∑
j 6=i

eiQ.rij 〉+
N∑

i=1

b2


= b̄2S(Q) + (b2 − b̄2)

= b2cohS(Q) + b2inc. (2.24)

2.1.5 Basic principles of neutron scattering instruments

Here we may distinguish two main kinds of neutron scattering instruments. The first group deals
with diffraction and elastic scattering. These instruments are designed for the measurement of
the static structure factor and neglect the energy dependence of the detected neutrons. Conse-
quently, these measurements are dedicated to the determination of the structure of the sample.
The second group consists of spectrometers, which are dedicated to the measurement of inelastic
scattering. These instruments enable the measurement of both the incident and scattered wave
vectors. They are useful for the investigation of excitations and vibrations in condensed matter.

Figure 2.2 depicts the different results of scattering at a given scattering angle ϕ. Elastic
scattering corresponds to the case when both incident and scattered wave vectors have the same
lengths, while inelastic scattering may be the result of either a loss or gain of energy of the
neutron (and thus a decrease or increase of the wave vector).
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Figure 2.2: Dependence of the wavevector transfer as a function of the energy transfer for a
constant scattering angle (from [24]).

2.1.6 From experimental data to physical meaning

In section 2.1.4, we presented the relation between the measured double differential scattering
cross-section and the dynamic structure factor of the system, which gives insight into the density
fluctuations of the system as a function of time and space. However, this corresponds to an ideal
situation, which actually never happens.
In practice, the measured cross-section is affected by many factors and the experimental data
have to be corrected before relating them to the dynamic structure factor S(Q,ω).
Some of these artefacts come from the instrument itself, while others are due to the sample.
The instrumental effects are the finite resolution which leads to broadened or shifted features,
the background noise due to the surrounding instruments. The sample environment also plays
an important role. The sample cell as well as the walls of the cryostat or the furnace may also
scatter neutrons. The detected signal is not only affected by the expected scattering from the
sample. The beam is actually attenuated while crossing the sample and its environment, due to
absorption from the sample and the sample holder; also, multiple scattering events as well as
multiphonons may occur in the sample, leading to distortions of the inelastic signal.
Consequently, it is necessary to try and optimize the experimental setup, in order to avoid most
of these undesired artefacts. This optimization ranges from the tuning of instrument to the
choice of the size and shape of the sample cell and environment.

2.2 The theoretical side: molecular dynamics simulation

In this section, we deal with the theoretical modelling of liquid systems. This can be done either
by Monte Carlo simulations [2] or by molecular dynamics (MD) simulations.
Here we focus only on the second kind of approach. It is usually considered as a theoretical tool
for investigating the properties of matter, in contrast to experimental approaches. However, it
can be considered as a virtual experiment, since it allows insight to be obtained into the features
of the system, for instance the structure and dynamics, which can be probed by spectroscopic
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means as well.
Molecular dynamics is the solution of the classical equations of motion for atoms and molecules
to obtain the time evolution of the system. Such simulations can thus be applied to many-
particle systems for which no analytical solution is available.
We differentiate between two kinds of MD simulations. In the first one, the potential describing
the interactions is modelled or fitted according to some known properties of the system: this is
called classical molecular simulation. In the second kind, ab initio, the interaction between nuclei
is obtained from the electronic structure and total energy of all the nuclei. The main difference
between classical and ab initio MD comes from the determination of inter-atomic interactions.
In the first part, the principle of classical molecular dynamics simulations is explained while the
second is dedicated to first-principle molecular dynamics.

2.2.1 Classical molecular dynamics simulation

The methods involved in classical MD simulations are extensively described in textbooks by
Haile [26] or Allen and Tildesley [27] and are regularly taught, for example, during the CCP5
summer school on Molecular Simulations [28].
In the work presented in chapter 3 and 4, we used a “home made” classical MD simulation code.
It allows two- and three-body potentials to be used, which are otherwise difficult to include in
standard MD codes.

2.2.1.1 Basic principle

Classical molecular dynamics simulations are based on the knowledge of the interatomic potential
ϕ({ri}) where {ri} stands for the ensemble of the positions of the atoms. The physical system
is represented by a virtual box containing a set of atoms or molecules. Usually the number of
atoms in the system ranges from 100 to several thousands.
The trajectories of the atoms are computed by solving the Newton’s equations of motion:

mj r̈j = −∇jϕ({ri}) for each atom j in the system. (2.25)

Usually the analytical form of ϕ is fitted to experimental results or ab initio calculations. The
model potential can have many functional forms, for example, the Lennard-Jones potential.

2.2.1.2 Hamiltonian of the system

In classical molecular dynamics simulations, the Hamiltonian is expressed within the Born-
Oppenheimer approximation: it only depends on the variables relative to nuclei and the rapid
motion of electrons is averaged. If we assume that a classical description of the system is
adequate, the Hamiltonian H of a system of N atoms (we may also consider molecules, however
here we are only interested in atoms) may be described as the sum of potential and kinetic
energies which depend respectively on the positions ri and momenta pi of each atom i. Thus
we have:

H({ri}, {pi}) = K({pi}) + V({ri}). (2.26)

(In case we consider molecules as rigid bodies, the set of positions {ri} may be replaced by a
description of the position of the center of mass of the molecule and angles giving the orientation
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of the molecule.)
The kinetic energy K is of the form:

K =
N∑

i=1

∑
α

p2
i,α

2mi
(2.27)

where α stands for the Cartesian components of the momentum pi. The potential energy is
usually described as a sum of many-body contributions:

V =
∑

i

v1(ri) +
∑

i

∑
j>i

v2(ri, rj) +
∑

i

∑
j>i

∑
k>j>i

v3(ri, rj , rk) + · (2.28)

where the first term represents the effect of an external field, the second one is the pair potential
and v3 is the three-body contribution. v2 actually only depends on the distance between atoms
i and j. It can be expected that for real systems the contributions of three-body interactions is
significant at liquid densities.

2.2.1.3 Equations of motion for atomic systems

In this subsection we consider only atomic systems. In classical mechanics, the most common
form for the equations of motion is the Newtonian one: it uses Newton’s second law for relating
the motion of an atom to the force exerted on it:

mir̈i = F i. (2.29)

Here mi is the mass of the atom and the acceleration is given as the second time-derivative of
the position ri of the atom. In Newtonian dynamics, if the force acting on each atom and the
initial positions and velocities are known, trajectories of the atoms can be determined.

2.2.1.4 Numerical methods

Periodic boundary conditions Computer simulations are usually performed on a small
number of atoms or molecules, typically of the order of some hundreds to some 10000 particles.
Either the system is bound together by net attractive forces or an effective container may be
represented by an external potential which confines the atoms. However a major obstacle to the
simulation of such small systems is the large fraction of atoms which lie on or near the surface of
any small sample. These surface atoms experience quite different forces than bulk atoms. Since
we want to simulate bulk liquid, we avoid surface effects by using periodic boundary conditions,
initially devised by Born and von Karman [29]. This method is applied in the simulation of most
systems, but not for biopolymers or pores for instance, where either no boundary conditions or
hard wall boundaries may be used. In the case that the system is confined in a cubic box,
the latter is replicated to infinity in the three spatial dimensions. During the simulation, if a
molecule moves in the original box, each of its periodic images in the replicated boxes moves
in the same way. If an atom leaves the main box through its upper face, one of its replica
enters by the bottom face of the box. There are no walls at the boundary of the main box, and
consequently no surface molecules. Moreover, the number density of the main cell, and hence of
its replica, is conserved.
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A

Figure 2.3: Periodic boundary conditions in two dimensions. The main cell is represented in
the center with black atoms, while the images are the other eight cells with grey atoms. The
dashed square shows the minimum image convention applied to atom A and the dashed circle
stands for the effect of the cutoff: only the interactions between A and the atoms in the circle
are accounted for when computing the forces acting on A.

This scheme is represented in Fig. 2.3 in two dimensions. The main box is shown in the center,
with black atoms, while eight of the nearest images of the main box are shown with grey atoms:
the latter occupy the same positions and have the same velocities and directions as the atoms of
the main box, relatively to their own cell. Atoms are free to cross each of the four edges, while
in three dimensions, they would be able to cross any of the six faces.
However the introduction of periodic boundary conditions may alter the behaviour of the sys-
tem: the properties of a small infinitely periodic system may be quite different from those of
a macroscopic system. For short-ranged forces, a sufficiently large simulation box prevents an
atom from interacting with one of its images. However, with long-ranged potentials, there could
be substantial forces between a given atom and its own images, thus periodicity would be im-
posed to a system which is disordered in reality.
Using periodic boundary conditions removes unwanted surface effects but introduces artificial
periodicity in the system. This usually restricts the simulation to short-ranged phenomena in
that correlations are affected by the artificial periodicity of the system for distances bigger than
the half size of the simulation box. The range of spatial correlations available from the simula-
tion consequently depends on the size of the simulated system. For equilibrium properties such
as thermodynamic and structural features, earlier studies [30, 31] have shown that the effects
of using periodic boundary conditions are small. However as the correlations in space beyond
half cell width are artificial, the size of the box must be at least twice the cut-off distance of the
potential. Concerning dynamic properties, the use of periodic boundary conditions may have
important effects. The artificial spatial periodicity leads to artefacts in the time correlation func-
tion when the correlation time exceeds a certain value. The latter is determined from the time
needed for a longitudinal wave to cross the simulation cell, and thus the maximum correlation
time unaffected by these artefacts may be given by τ = L/cs where cs is the sound velocity, since
the sound propagates by longitudinal waves. Periodic boundary conditions consequently prevent
simulation of long-wavelength fluctuations, such as long-wavelength phonons for example. If the
cubic cell is of side L, all fluctuations with wavelength larger than L are suppressed. In practice,
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correlations in time beyond τ do not seem to be affected by the periodic boundary conditions.

Periodic boundary conditions are usually used together with the so-called “minimum image”
convention. In fact, MD simulation programs involve the calculation of the potential energy of
the system and of the forces acting on each atom. The forces acting on atom i are due to the
N − 1 other atoms in the main cell but also to the images lying in the other cells. This is an
infinite number of terms and this summation is usually restricted by the following approximation
for short-ranged potentials. Instead of computing the contributions of the N − 1 atoms in the
main cell on atom i, we consider that atom i rests at the center of a region of the same size
as the main simulation cell. Atom i interacts with all the atoms that lie in this volume, that
is with the closest periodic images of the other N − 1 atoms: when evaluating the interaction
between two atoms i and j of the main cell, the interaction which is actually computed is the
one between atom i and the image of j which is closest to i. This technique was first used by
Metropolis et al. [32].

Another approximation consists of considering that the main contributions to the forces come
from the neighbours which are closest to the atom of interest. We set a spherical cutoff rc for
short-range potentials, which means that for interatomic distances larger than rc, the pair poten-
tial is set to zero. The cutoff distance must be sufficiently large to ensure that the perturbation
on the properties of the system remains small. This cutoff must also be smaller than L/2 for
consistency with the minimum image convention.
The use of a cutoff has some consequences: there is a step in the potential at rc since it is forced
to be zero for r > rc and there is a discontinuity in the forces at rc. Both of these artefacts are
unphysical and may be fixed by using a shifted potential ϕS . The latter can be defined as :

ϕS(r) =

{
ϕ(r)− ϕ(rc)− [r − rc]

(
dϕ
dr

)
rc

if r ≤ rc

0 if r > rc

The constant term ϕ(rc) does not affect the forces and hence the equations of motion of the
system. The last term [r − rc]

(
dϕ
dr

)
rc

is added in order to avoid the discontinuity of the forces

at rc. Using this shifted potential removes the energy fluctuations due to the truncation of ϕ.
However, when using such a shifted potential for evaluating properties of the system, corrections
must be included to account for the shift.

Integration algorithms For a given set of interaction potentials in a physical system, the in-
tegration algorithm used for solving Newton’s equations of motion is responsible for the accuracy
of the simulation results. In any finite difference algorithm, the solution is an approximation
of the evolution of the system which evolves continuously in time. If the integration algorithm
were exact, we would obtain the exact results for the chosen model, apart from the errors due
to the small size of the simulated system.
Therefore the integrator has to be accurate, which means it must give a very good approximation
of the true trajectory. It also has to be stable: it must conserve energy and small perturbations
must not lead to drift in energy. The algorithm should be robust to allow large time steps and
explore efficiently the phase space. Other properties of interest are the computational speed and
the required memory.

The most well-known class of integration algorithms are the Verlet integrators [33]. These were
derived using Taylor expansions of the positions as a function of time.
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In this paragraph, the vectors rn
i and vn

i are respectively the position and velocity of atom i at
time n∆t, while F n

i is the force acting on atom i at time n∆t.

The Verlet algorithm gives the evolution of the position of a given atom as:

rn+1
i = 2rn

i − rn−1
i +

∆t2

mi
F n

i +O(∆t4). (2.30)

This is a third order estimator of the evolution of the position of atom i as a function of time
since the truncation error varies as O(∆t4). The velocity of atom i at time t is estimated using
a first-order central difference estimator:

vn
i =

1
2∆t

(rn+1
i − rn−1

i ) +O(∆t2). (2.31)

The Verlet algorithm is a two-step method since both rn−1
i and rn

i are needed when computing
rn+1

i . Initial positions r0
i and velocities v0

i are not sufficient to start a simulation.

Modifications to the Verlet algorithm have lead to the so-called leapfrog algorithm:

v
n+1/2
i = v

n−1/2
i +

∆t
mi

F n
i +O(∆t3) (2.32)

rn+1
i = rn

i + ∆tvn+1/2
i +O(∆t4) (2.33)

The so-called velocity Verlet algorithm was proposed more recently, which stores position, ve-
locities and accelerations at the same time t and which minimizes rounding errors:

rn+1
i = rn

i + ∆tvn
i +

∆t2

2mi
F n

i +O(∆t4) (2.34)

vn+1
i = vn

i +
∆t2

2mi
(F n

i + F n+1
i ) +O(∆t2) (2.35)

After computing the position of atom i at time n + 1 from (2.34), one can calculate the force
acting on this atom at time n+ 1 F n+1

i . Then with (2.35) the velocity vn+1
i can be computed.

At this point, both kinetic and potential energies of the system are available at time t+ ∆t.

Other types of integration algorithms exist, for instance the more sophisticated class of predictor-
corrector algorithms. Although the latter are useful for extended-system Hamiltonians such as
the Nosé Hamiltonian, they are less stable than the Verlet algorithms: there are problems with
energy drift with predictor-corrector algorithms which means the Hamiltonian is not accurately
conserved.
The stability of the Verlet algorithms is due to its symplectic character, which means the quan-
tity: ∑

i

dpi ∧ dqi (2.36)

is conserved. In this quantity, qi = dH
dpi

. A symplectic discretization of the equations of motion
preserves the phase-space flow characteristics of the Hamiltonian dynamics and is an exact so-
lution of another Hamiltonian near to the original one.
The discrete dynamics generated by the Verlet algorithms satisfy properties of Hamiltonian dy-
namics: they preserve time-reversibility, conservation laws and phase-space flow properties. This
explains why they are so efficient and stable.
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Neighbour lists The most time-consuming part of a MD simulation is the calculation of the
forces acting on atoms. For a system of N interacting atoms, we need to compute 1

2N(N − 1)
interactions uniquely associated with a distance rij . However, truncated potentials are used
most of the time and thus the interaction between two atoms which are farther than the cutoff
distance rc is zero. Consequently, to save time during the computation of the distances rij larger
than rc, a bookkeeping scheme such as the one devised by Verlet [33] is used.

A B

C

D

E

F
G

r c
r l

Figure 2.4: Scheme for the Verlet neighbour list: the force is computed for atom A which
interacts with atoms B, C and D when the list is constructed. Atoms E and F are part of the
neighbour list: they may enter the potential cutoff sphere before the next update of the list and
then interact with atom A. Atom G is not part of the present neighbour list: it may enter the
skin but not the smaller cutoff sphere before the next update.

In the original Verlet method, a list of neighbouring atoms which lies within a distance rl of i
is maintained for each atom in the system. The radius rl of the sphere containing the neigh-
bouring atoms is slightly larger than rc and these two concentric spheres define a skin. Only
atoms which are in the list (that is in the sphere of radius rl) are taken into account when
computing the forces and only the atoms which are within a distance rc of the atom of interest
actually interacts via the potential. The neighbour list is periodically updated (intervals of 10
to 20 timesteps are common); the update may be automated: when the maximum total dis-
placement of a given atom becomes larger than (rl − rc)/2, the list has to be updated. Atoms
which lie in the skin when the neighbour list of atom i is constructed may cross rc between
two reconstructions of the list and they will be properly considered for computing the forces
acting on i. The algorithm is successful because the skin around the potential cutoff sphere is
thick enough so that an atom which is not in the neighbour list could not penetrate into the
sphere of radius rc between two reconstructions of the list. This procedure is depicted in Fig. 2.4.

The construction of neighbour lists becomes more tricky when the potential involves three-body
interaction terms as is the case for liquid Ge. For each atom i of the system, two lists are built.
The first one contains all the neighbours j (in the sense defined before) arranged in the order of
increasing atom number, such that i < j; this is called the ordered neighbour list Li. The second
one contains all the neighbours j of atom i irrespectively of atom number: this is the disordered
list Ki. These lists are reconstructed when the criterion of maximum total displacement of an
atom is reached.
Then the triplets of interacting atoms have to be determined: for each atom i of the system, we
consider each atom j of Li. Then for each atom k in Kj , we built the triplets according to the
potential cutoff. In the next step, for each atom k in Li, we determine the interacting triplets.
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The last step consists of sorting the list of triplets and removing the repeated triplets from the
list.

2.2.1.5 Overall structure of a MD simulation

For starting a series of simulation runs of a system, we need to design a starting configuration,
for which both positions and velocities of the atoms are specified. For a liquid, this initial con-
figuration may be generated by placing atoms at random at the liquid density in the simulation
box. One of the main drawbacks of this scheme is the occurrence of overlaps between atoms.
This may lead to large forces between atoms and cause instabilities in the solution of the dif-
ferential equations of motion. This situation may be avoided by optimising the geometry of the
system.
Another method consists of starting from a crystal, with a lattice that reproduces the density of
the liquid. During the equilibration step of the simulation, the crystalline structure disappears
and is replaced by a liquid. We may also do reverse Monte Carlo modelling [14] of S(q) in order
to determine the structure of the initial configuration. The last method consists of starting the
new simulation from an old one.
Initial velocities may be randomly determined by drawing three random numbers ξα uniformly
distributed in the range [-1,1] and assign the Cartesian components as viα = ξα

ξ where ξ is the
norm of the vector defined by the three random numbers. Then the velocities are scaled in
order to reach the set point in energy or temperature. Another method consists of drawing the
velocities from a Maxwell-Boltzmann distribution corresponding to the desired temperature.

In a molecular dynamics simulation a system will be in a state characterized by a certain den-
sity, temperature, pressure. Subsequently, we have to control some parameters of the system
in order to bring it to the desired state. In a standard calculation, the density is controlled by
the choice of the box volume V and the total number of atoms in the box. The temperature T
is directly related to the kinetic energy by the well-known equipartition formula, assigning an
average kinetic energy kBT/2 per degree of freedom: K = (3/2)NkBT , where K is the kinetic
energy of the system. An estimate of the temperature is therefore directly obtained from the
average kinetic energy K. Temperature changes are usually achieved by rescaling periodically
the velocities in order to reach the desired temperature. As a consequence of rescaling, the sys-
tem no longer follows Newton’s equations, and the total energy is no longer conserved. Hence
statistical averages for structural and dynamical properties should not be collected in this stage
of the simulation.Velocity rescaling should be used only to bring the system from one temper-
ature to another. After velocity rescaling or after a pressure change in the system, the system
has to reach equilibrium, that is the total energy should be conserved.

When equilibrium is reached and the total energy is constant, the trajectories of the atoms can
be used for computing some properties of the system such as structural properties (g(r), S(q))
or dynamical ones (G(r, t), S(q, ω)).

2.2.2 Ab initio molecular dynamics simulation

Ab initio molecular dynamics is a simulation method in which the evolution of the electrons is
explicitly accounted for. This method is nowadays very important for the analysis of experimen-
tally determined properties in a theoretical framework. In this section, we explain how ab initio
molecular dynamics treats the calculation of the electronic structure in the framework of density
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functional theory and a molecular dynamics for the nuclei as described previously in Section
2.2.1. Systems of a few hundred atoms can be treated with this approach. A serious limitation
of ab initio MD techniques is however the limited time scale of a few tens of picoseconds.
The theory of ab initio MD was extensively described in several papers by Payne and coworkers
[34], Pasquarello [35], Tuckerman [36], Marx and Hutter [37], Benoit [38], Pouillon[39] and Ohno
et al. [40].

2.2.2.1 Theoretical framework

When studying matter, it is in principle possible to compute all the properties of a set of atoms
from the laws of quantum mechanics. The time-dependent Schrödinger equation is:

HΨ({RI}, {ri}; t) = i~
∂Ψ({RI}, {ri}; t)

∂t
(2.37)

where {RI} describes the positions of the nuclei while {ri} describes the variables relative
to the electrons. In this equation, the system is described by a many-body wavefunction
Ψ({RI}, {ri}, t). H is the Hamiltonian of the system. It consists of two kinetic energy terms
corresponding to the nuclei and the electrons. The term of H noted Vn−e is the potential energy
operator. It describes the interactions between nuclei, between electrons and between nuclei and
electrons:

H = −
∑

I

~2

2MI
∇2

I −
∑

i

~2

2mi
∇2

i +
∑
i<j

e2

|ri − rj |
−

∑
I,i

e2ZI

|RI − ri|
+

∑
I<J

ZIZJ

|RI −RJ |

= −
∑

I

~2

2MI
∇2

I −
∑

i

~2

2mi
∇2

i + Vn−e({RI}, {ri})

= −
∑

I

~2

2MI
∇2

I +He({RI}, {ri}) (2.38)

The latter equations define the electronic Hamiltonian He and the interaction potential Vn−e.
However, this description has many variables and can presently only be solved for small numbers
of atoms by quantum Monte Carlo. That is why we restrict to the ground state of the system,
which is described by a time-independent equation:

HeΨ0({RI}, {ri}) = E0Ψ0({RI}, {ri}) (2.39)

where E0 is the energy of the ground state described by the wavefunction Ψ0.

Moreover, if we do not consider particular types of electronic motion independent of atomic mo-
tion (electron tunnelling, electronic transition processes with photoemission...), electrons follow
very quickly the nuclear motion. This follows since the mass of the electrons is much smaller
than that of nuclei. In such a case the change in electronic state is very rapid compared to the
nuclear motion. Since nuclei move much slower than electrons, they may be considered as points
and treated in a classical way. This is the Born-Oppenheimer adiabatic approximation. Using
this approximation, the calculations of the electronic structure and the ionic motion can be per-
formed separately at each step. The number of variables necessary to describe the wavefunction
Ψ is reduced and the term related to the nuclei in H disappear. This approximation is the basis
of the usual ab initio molecular dynamics method.
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The Hartree-Fock approximation considers the electrons as being independent, each of them
evolving in the field created by the others. The total electronic wavefunction Ψ0 can be written
as the product of orthogonal one-electron wavefunctions ψi, i = 1 · · ·Ne. From these approxi-
mations, methods were derived in order to find an exact solution of the Schrödinger equation.
However this kind of calculations is restricted to very small systems [40].

These problems are avoided in the density functional theory where the electronic wavefunctions
are replaced by the electronic density for solving the Schrödinger equation.

2.2.2.2 The density functional theory (DFT)

In the density functional theory, the knowledge of the electronic density ρ(r) allows the properties
of the fundamental state of a system consisting of Ne electrons in Coulomb interaction with Na

nuclei to be determined. This observation is of importance since it enables the quantum state
to be obtained from a knowledge of the electronic density, which only depends on the position
r, instead of using the electronic wavefunfction Ψ0. It is built on two basic theorems proved by
Hohenberg and Kohn [41]:

1. There is a universal functional F [ρ(r)] of the electron charge density distribution ρ(r) that
defines the total energy of the electronic system as:

EKS [ρ(r)] = F [ρ(r)] +
∫
drv(r)ρ(r) (2.40)

where v(r) is a potential which is external to the electronic system. It may be created by
the Coulomb interactions between the nuclei or between the nuclei and the electrons. F
is unique in that it does not depend on v(r) and thus the same F applies for electrons in
atoms, molecules or solids.

2. For a given external potential v(r) and a given number of electrons Ne, the total energy
E has a minimum when the electronic density ρ(r) coincides with the true charge density
distribution in the ground state. The minimum total energy E0 is obtained with respect
to the density fluctuations: this is the variational principle:

E0({RI}) = min
ρ
EKS [ρ(r)] = min

ρ

[
F [ρ(r)] +

∫
drv(r)ρ(r)

]
(2.41)

The problem consists of determining the functional F .

The bases of density functional theory are completed by the contribution of Kohn and Sham
[42]. They showed that a system of interacting fermions may be described as an auxiliary system
of non-interacting particles.
Each electron is represented by a one-electron wavefunction ψ, such that:

〈ψi|ψj〉 = δij (2.42)

The density is defined as:

ρ(r) =
Nocc∑

i

fi|ψi|2 with
Nocc∑

i

fi = Ne (2.43)
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where the sum runs over the Nocc occupied states and fi is an integer occupation number.
The functional F [ρ(r)] is written as:

F [ρ(r)] = T [ρ(r)] +
e2

2

∫
drdr′ ρ(r)ρ(r′)

|r − r′|
+ Exc[ρ(r)] (2.44)

where

T [ρ(r)] =
∑

i

〈ψi| −
~2

2m
∇2|ψi〉 (2.45)

corresponds to the kinetic energy of the non-interacting electrons. The second term in (2.44)
refers to the Coulomb interaction between electrons; it is the Hartree term EH . The last term
Exc is the exchange-correlation energy. It represents any contribution to the energy which is
not accounted for in the two other terms, such as the deviation of the kinetic energy and the
corrections to the Hartree energy. These are both due to the correlations between electrons.
Equation (2.44) is a formal definition of Exc.

The Kohn-Sham energy of the system is given by:

E = EKS
tot =

∫
v(r)ρ(r)dr + T [ρ(r)] + EH [ρ(r)] + Exc[ρ(r)] (2.46)

According to the variational principle, we take the variation of (2.46) with respect to the density
ρ(r) and we obtain:∫

δρ(r)
{
δT [ρ(r)]
δρ(r)

+
∫

ρ(r′)
|r − r′|

dr′ +
δExc[ρ(r)]
δρ(r)

+ v(r)
}
dr = 0 (2.47)

Accounting for the conditions: 〈ψi|ψj〉 = δij and
∫
ρ(r)dr = Ne, we obtain the Kohn-Sham

equation for each electron:[
− ~2

2m
∇2 + e2

∫
ρ(r′)
|r − r′|

dr′ +
δExc

δρ(r)
+ v(r)

]
ψi = εiψi, i = 1 · · ·Ne (2.48)

These equations define the Kohn-Sham Hamiltonian: HKSψi = εiψi. The {ψi} are usually called
one-electron wavefunctions or Kohn-Sham wavefunctions and the {εi} are the eigenvalues of the
Kohn-Sham equations. The second term of these equations is usually denoted VH while the
third one is Vxc.
Note that the equations (2.48) must be solved self-consistently: the charge density must be
related to the wavefunctions by: ρ(r) =

∑
i fi|ψi(r)|2. The self-consistent solution of the system

is found in the following way:

1. Perform the initial choice for the orbitals {ψi} and compute: ρ(r) =
∑

i fi|ψi|2;

2. Compute VH(r) =
∫ ρ(r′)

|r−r′|
dr′;

3. Solve the Kohn-Sham equations: HKSψi = εiψi;

4. Use the eigenfunctions {ψi} as new orbitals for computing the density ρ(r);

5. Go back to second step until convergence is reached.
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Consequently, instead of determining the ground state of a system of interacting fermions which
involves a many-electron wavefunction, DFT consists of solving a system of coupled equations,
each related to one particle. The main difficulty in solving the equations (2.48) lies in the
exchange-correlation term which is unknown.

The exchange energy can be thought as an interaction between electrons which keeps them
apart: it is related to the Pauli exclusion principle which states that two electrons cannot have
the same set of quantum numbers. The correlation energy comes from the coupling of electronic
motions due to their interactions.
The simplest approximation for Exc is the so-called local density approximation (LDA) derived
by Kohn and Sham [42]. It assumes that the exchange-correlation energy per electron at r with
an electronic density ρ(r) is equal to the exchange-correlation energy per electron exc(ρ) in an
homogeneous gas of electrons at the same density ρ = ρ(r):

ELDA
xc [ρ(r)] =

∫
drn(r)exc[ρ(r)] (2.49)

The energy per electron exc(ρ) for the electron gas is computed by a Monte Carlo method [43]
and has been extensively used in DFT calculations.
Nowadays the most common approximation to Exc is the generalized gradient approximation
(GGA), which depends not only on the local density but also on its gradient:

EGGA
xc [ρ(r)] =

∫
drfxc[ρ(r), |∇ρ(r)|] (2.50)

where different functions fxc may be used.

2.2.2.3 Born-Oppenheimer molecular dynamics

There exist several classes of ab initio molecular dynamics methods. The most well-known of
them is certainly Car-Parrinello molecular dynamics [44]. In 1985, Roberto Car and Michele
Parrinello presented a unifying approach for electronic structure calculations, based on density
functional theory, and classical molecular dynamics simulations. They implemented a compu-
tational scheme in which the electronic wavefunctions (i.e. the Kohn-Sham one-particle states)
can be propagated along the motions of the atoms. This was achieved by setting the one-particle
states as fictitious classical degrees of freedom that follow Newton’s dynamics.
Here we use the class of ab initio molecular dynamics which is usually called Born-Oppenheimer
molecular dynamics and consists of solving the static electronic structure problem at each molec-
ular dynamics step for a set of fixed nuclear positions. The electronic part is reduced to solving a
time-independent Schrödinger equation, while the nuclei are propagated via classical molecular
dynamics. The resulting Born-Oppenheimer method is defined by:

MIR̈I = −∇I min
Ψ0

{〈Ψ0|H|Ψ0〉} (2.51)

E0Ψ0 = HΨ0 (2.52)

The time-dependence of the electronic degrees of freedom is a consequence of the nuclear mo-
tion : thanks to the Born-Oppenheimer approximation, the electrons follow the nuclei. However
the electronic motion is not intrinsic. In such ab initio molecular dynamics (AIMD) simulations,
the electronic ground state has to be reached at each MD step.

In Born-Oppenheimer MD using DFT, the Kohn-Sham equations (2.48) can be used at each
MD step, for a set of fixed nuclei {RI} to compute the orbitals and the ground state energy.
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2.2.2.4 Representing electrons: plane-wave basis sets

In MD calculations, periodic boundary conditions are usually employed, in which the system is
infinitely replicated in space. In an infinite periodic system, according to Bloch’s theorem, the
Kohn-Sham orbitals take the form:

ψi(r) = eik·rui(r) (2.53)

where k is a vector of the first Brillouin zone, ui(r) is a cell-periodic part and the exponential is a
wave-like part. A natural basis set for expanding a periodic function is the Fourier or plane-wave
basis set. Consequently, ui can be represented as a Fourier serie:

ui(r) =
∑
G

ci,G exp(iG.r) (2.54)

where G is a reciprocal lattice vector and ci,G are complex coefficients adjusted to describe the
electron density ui (also called variational parameters). There is a function ui for each electron.
From this expression of the cell periodic part ui, we obtain a new expression of the Kohn-Sham
orbitals:

ψi(r) =
∑
G

ci,k+G exp(i(k + G) · r). (2.55)

By the use of Bloch’s theorem, the problem of the infinite number of electrons has now been
mapped onto the problem of expressing a finite number of wavefunctions in terms of an infinite
number of reciprocal space vectors k within the first Brillouin zone of the periodic cell. This
problem is dealt with by sampling the Brillouin zone at special sets of k points. This is discussed
in 2.2.2.5.
The electronic wavefunctions ψi at each k-point are now expressed in terms of a discrete plane
wave basis set. In principle this Fourier series is infinite. However, the coefficients for the plane
waves, ci,k+G , each have a kinetic energy ~2/2m|k + G|2 . The plane waves with a smaller
kinetic energy typically have a more important role than those with a very high kinetic energy.
The introduction of a plane wave energy cutoff reduces the basis set to a finite size. This
kinetic energy cut-off will lead to an error in the total energy of the system but in principle it is
possible to make this error arbitrarily small by increasing the size of the basis set by allowing a
larger energy cut-off ~2/2m|k + Gc|2, where Gc stands for the largest G vector included in the
expansion. This cut-off energy represents the energy of a free electron with wavevector k + Gc.
With this expression of the electronic wavefunctions, the Kohn-Sham equations take a particular
form [34]:

∑
G′

[
~2

2m
|k + G|2δGG′ + v(G−G′) + VH(G−G′) + Vxc(G−G′)

]
c
i,k+G′ = εici,k+G.

(2.56)
Hence calculations of the various terms of the Kohn-Sham equation can be performed either in
real or in reciprocal space.
Equation (2.56) is solved by diagonalization of the matrix which elements are defined as [34]:

Kk+G,k+G′ =
~2

2m
|k + G|2δGG′ + v(G−G′) + VH(G−G′) + Vxc(G−G′). (2.57)

The size of the matrix is defined by the choice of the energy cutoff.
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2.2.2.5 Sampling k-space

As stated before, Bloch’s theorem changes the problem of calculating an infinite number of elec-
tronic wavefunctions to the one of calculating a finite number of electronic wavefunctions at an
infinite number of k-points.

At each k point, the occupied states contribute to the electronic potential: in principle, an infi-
nite number of calculations are needed to compute this potential. To cope with this problem, we
have to account for the fact that the electronic wavefunctions at k points that are close together
are almost identical. Consequently, the electronic wavefunctions over a range of k-space can be
represented by the wavefunctions at a single k point. Hence the calculation of the electronic
potential only requires the calculation of the electronic states at a finite number of k points.

Several methods have been devised for obtaining very accurate approximations to the electronic
potential by calculating the electronic states at a set of k points in the Brillouin zone (see for
instance, Monkhorst and Pack [45], whose scheme is used in VASP). The error induced by the
k-point sampling on the calculation of the total energy can be reduced by using a denser set of
k points. The computed total energy will converge with increasing number of k points.

2.2.2.6 Pseudopotentials

Although the electronic wavefunctions can be expanded using plane-wave basis sets, a very large
number of plane waves are necessary to describe the tightly bound core orbitals and to follow the
rapid oscillations of the wavefunctions of the valence electrons in the core region. The pseudopo-
tential approximation allows the electronic wavefunctions to be described with a much smaller
set of plane waves.
This approximation is based on the knowledge that the valence electrons have a much greater
influence than the core electrons on most physical properties of solids. Usually, core electrons
are not important in describing, for example, the nature of the bonding between atoms in a
crystal; only the valence electrons which surround the core region contribute to it. In the pseu-
dopotential approach, the core electrons are treated with the nuclei.
Consequently, core states are eliminated and the valence electrons are described by nodeless
pseudo wavefunctions, thus requiring fewer plane waves to describe them. Pseudopotentials are
required to correctly represent the long-range interactions of the core and to produce pseudo-
wavefunctions solutions that approach the full wavefunction outside a core radius rc. Inside this
radius, the pseudopotential and the wavefunction should be as smooth as possible in order to
allow for a small plane-wave cutoff.

Figure 2.5 is an illustration of the pseudopotential approximation: the valence wavefunction
ΨAE oscillates rapidly in the region occupied by the core electrons due to the strong ionic
potential in this region. The pseudopotential Vpseudo is constructed in such a way that there
are no radial nodes in the pseudo wavefunction Ψpseudo in the core region and that the pseudo
wavefunctions Ψpseudo and pseudopotential Vpseudo are identical to the all electron wavefunction
Ψae and potential Vae outside the radius cutoff rc.
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Figure 2.5: Schematic illustration of all-electron (solid lines) and pseudoelectron (dashed lines)
potentials and their corresponding wavefunctions. The radius at which all-electron and pseudo-
electron match is noted rc (from [34]).

2.2.2.7 Forces

The forces acting on the ions have to be computed for each molecular dynamics step.
Classically, the force Fi acting on a particle at RI is given by:

F I = −∇IU({RI}) (2.58)

where U({RI}) is the potential energy of the system.
The quantum mechanical equivalent is, from (2.51):

F I = −∇I〈Ψ0|He|ψ0〉 (2.59)

Hence we obtain analytically:

∇I〈Ψ0|He|Ψ0〉 = 〈Ψ0|∇IHe|Ψ0〉+ 〈∇IΨ0|He|Ψ0〉+ 〈Ψ0|He|∇IΨ0〉 (2.60)

Provided the wavefunction is an eigenfunction of the Hamiltonian He, we have :

〈∇IΨ0|He|Ψ0〉+ 〈Ψ0|He|∇IΨ0〉 = 0. (2.61)

From the Hellmann-Feynman theorem [46, 47], we deduce:

F I = −〈Ψ0|∇IHe|Ψ0〉 (2.62)

Thus the force acting on a nucleus I can be seen as the derivative relative to RI of the total
electronic energy.

2.2.2.8 Overview of the AIMD algorithm

Figure 2.6 describes the computational procedure for ab initio Molecular Dynamics using the
Born-Oppenheimer approximation.
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The initialization consists of choosing the positions of the atoms and the random wavefunc-
tions. From these wavefunctions the charge density ρ(r) can be computed and the Kohn-Sham
equations are consistently solved. Then the forces acting on the ions are computed via the
Hellmann-Feynman theorem and the ions are moved. The next step of molecular dynamics
starts with the determination of the new ground state of the system.

Initialize the positions of the nuclei

Initialize the random wavefunctions ψ
i

Compute the charge density ρ(r)

Find the ground state 

by self-consistent resolution 

of the Kohn-Sham equations

Compute the total energy of the system

Calculate the forces F
i
 acting on the nuclei

(Hellmann-Feynman theorem)

Move ions

Figure 2.6: Illustration of the global algorithm used for AIMD within Born-Oppenheimer ap-
proximation.
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2.3 Conclusion

In this chapter, both experimental and theoretical methods dedicated to the investigation of
condensed-matter properties have been described. On the one hand, neutron scattering gives
insight into the structural and dynamic properties of the system of interest. On the other hand,
molecular dynamics simulations give a deeper insight into the microscopic phenomena giving rise
to the experimental signal. The use of both techniques in parallel is nowadays widespread since
neutron scattering experiments and molecular dynamics simulations give access to the same
range of energy and momentum transfers. They are consequently well suited for comparison.

Simulations have a known, restricted set of ingredients (number of atoms, length of simulation,
method of energy calculation ...) which limit the validity of this approach. Experimental results
from neutron scattering are quite difficult to process: they include all effects, some of which
are complicated (for example coupled instrument and sample dependent contributions to the
resolution function) and difficult to treat, some of which are unknown. That is why we have
developed complete neutron scattering experiments including both instrument and sample, the
subject of the following chapter.
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Let us now move on to the description of the method implemented for simulating neutron
scattering experiments. This relies on two kinds of calculations: the first one is related to
the instrument, and is routinely used nowadays for tuning and upgrading neutron scattering
instruments. Concerning the sample, molecular dynamics simulations have a real interest in the
field of neutron scattering since they give access to the same range of energy and momentum
transfers as the experiments.
Coupling these two kinds of simulations gives access to many quantities which may not be
accessible experimentally. Some results related to two test sample simulations are discussed in
the following.
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3.1 Simulation of complete neutron scattering experiments

In this section, both instrument and sample simulations are presented and their coupling for
simulating complete neutron scattering experiments is explained.

3.1.1 Instrument simulation

In the field of neutron scattering experiments, scientists are often concerned with the prob-
lem of finite resolution of the instruments: the resolution functions may depend on both the
scattering vector and the energy transfer between the neutrons and the sample. This leads to
distortions in the detected signal since the physical signal from the sample is convoluted with
the instrumental resolution. This explains why analytical methods were developed in order to
compute these resolution functions. The purpose of these calculations was on the one hand the
improvement of the performance of the instruments and on the other hand, a better knowledge
of what can be inferred from experimental results. For example, much work has been devoted to
the development of the Rescal program, which is dedicated to triple-axis instrument resolution
calculation and uses the original Cooper and Nathans method [48]. Although analytical methods
can precisely describe complex instrument components, the integration of an increasing number
of optical components in the calculation becomes time consuming and limited in accuracy.
As a consequence, since the end of the nineties, Monte-Carlo simulations of neutron scattering
instruments have developed considerably: as with analytical calculations, scientists are espe-
cially interested in such simulations when they intend to build or upgrade an instrument since
these simulations give insight into the influence of physical or geometrical features of the optical
components on the features of the beam (intensity, energy distribution and resolution at sample
position).

Several packages have been developed for this purpose, with goals being optimization of the
instrument setup and assessment of the features of the neutron beam in the instrument. Among
these packages are Restrax [49], which combines analytical calculations from Rescal and Monte-
Carlo simulation, Vitess [50] developed for the ESS project, Nisp [51], Ideas [52] and McStas
[53].
In [54], the McStas package is presented: the Monte-Carlo simulation technique is used to com-
pute the behaviour of the neutron scattering instruments. The simulations are based on the
random generation of a large number of initial neutron states (positions, velocity, direction,
time of emission and spin) according to a source distribution measured at a neutron scattering
facility. Then, for each neutron, a ray-tracing calculation is performed: when neutrons encounter
an optical component, they may be transmitted, absorbed, scattered or reflected. They are most
of the time considered as particles propagating ballistically although their wave-like character
is accounted for in crystals. The parameters of interest, such as the wavelength, the Cartesian
components of the wave vector or the energy of the neutrons, are computed and recorded in
monitors and detectors along the path of neutrons in the instrument. This latter step gives
access, at several positions in the instrument, to the intensity of the beam, the statistical errors
associated with the events and the number of counts. In the present work, we use the McStas
package, which consists of a library of neutron scattering components, including neutron sources,
optics (such as guides, choppers or monochromators), samples and detectors.
In simulations, instruments are described as a set of components with physical (e.g. d-spacing
for a monochromator, that is the distance between the crystallographic planes which defines
the wavelength selected via Bragg’s law: λ = 2d sin θ) and geometrical properties (e.g. distance
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from sample to detector and their respective orientation).

The McStas package has been used for several kinds of investigations. In [55], a study of the
influence of different parameters of neutron guides is reported: these simulations show that a
factor of 2 to 5 may be gained, compared to present nickel coated guides, in the integrated inten-
sity at the exit of the guide depending on the choice of the geometry, the guide coating and the
source. Also the configuration of neutron scattering instruments may be optimized from such
simulations as shown in [56]: the simulations were performed to determine the optimal setup of
the multi-blade analyzer at the RITA-II triple-axis spectrometer at PSI. The calculations were
performed with two kinds of powder samples, with either sharp or broad peaks and three dif-
ferent configurations of the analyzer, respectively with one, three and five blades. They showed
that the signal to noise ratio may be improved by a factor 1.3 when increasing the number of
blades from one to five. These simulations also prove the ability of such virtual experiments for
determining the best instrument setup and optimize the use of the beam.
However, the question of the accuracy of the results obtained with these codes was still open.
A recent paper [57] shows a comparative study of the packages Restrax, McStas, NISP, Vitess
and Ideas [58] on the same instrument. The simulated instrument is the triple axis spectrometer
which was formerly installed on beamline H8 at Brookhaven. Several monitors and detectors
were placed at many positions in the simulation. The results are in good overall agreement even
if some discrepancies exist which may be due to the variety of algorithms used for handling
certain processes: for instance, several algorithms exist for handling the effects of misalignment
(also called mosaicity) of the crystallites in the monochromators and analyzers.
Another comparison was performed, but this time between simulation and experiment. IN14, a
cold, triple-axis spectrometer at ILL, was simulated with both McStas and Restrax [59]. These
calculations showed a good agreement with each other and with the experimental measurements
concerning the energy distribution of the incident beam.
Other developments of the McStas package deal with the improvement in the simulation of opti-
cal components. In particular, a novel Monte-Carlo algorithm was designed in order to simulate
mosäıc, bent and gradient crystals [60]. In this new optical component, neutrons interact with
the microscopic crystallites of the crystal, instead of obeying macroscopic laws. This provides
information on the number of scattering events occurring in the crystal and on the real path
length of neutrons and gives a more accurate description of the crystal.
Finally, one of the first simulations of a complete inelastic neutron scattering experiment was
performed using, as sample, a high temperature superconductor [61]. The sample was described
using a model of the susceptibility of the crystal which gives access to the dynamic structure
factor and the simulation demonstrated the feasibility of such a virtual neutron scattering ex-
periment. However, multiple scattering was not accounted for in this study.

Let us now give an overview of some features of the Monte-Carlo technique as used in McStas.
Neutrons are described by their Cartesian coordinates, their velocities and their spins. Their past
history (accounting for former events such as absorption probability for example) is accounted
for through a weight which is associated with each of them and modified whenever a neutron
performs a scattering or propagation event. The final weight factor pf for the neutron after
passing in the whole instrument is defined as:

pf = pi

n∏
j=1

πj (3.1)
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where pi is the initial weight factor, and πj is the multiplication factor corresponding to the
jth event and n is the number of events. Simulation by weight adjustment is performed when-
ever possible and is explained in the following. The use of the Monte-Carlo algorithm enables
more efficient computation by artificially reducing the amount of undesirable events, which, in
our case, consist of neutrons lost before the detector. For example, in real neutron scattering
instruments, many neutrons are lost through absorption in the primary spectrometer, before
reaching the sample; in simulations, instead of being absorbed, the neutron is weighted in order
to account for the probability of absorption and it goes on propagating in the instrument. This
scheme increases the number of detected neutrons and enhances the statistics and efficiency of
the simulation. For example, if the reflectivity of a given optical component is of the order of
10%, instead of losing 90% of the neutrons, their weight will be multiplied by a factor 0.1 and
every neutron is allowed to reflect in the component.
The scheme described above in the case of absorption and reflectivity is also called importance
sampling: it means that the simulated distribution function fMC(E,Ω, r) is different from the
physical one Π(E,Ω, r) and the weight of the neutron must be adjusted by a factor πj . In the
example of the restricted distribution of directions, if the detector area corresponds to a solid
angle dΩ and scattering is isotropic, the weight has to be adjusted by a factor: πj = dΩ

4π .

Another advantage of simulations is the ability to compute quantities which are not accessible
in real neutron scattering experiments. For example, we can directly map the (q, ω) transfers
on a 4π detector and visualize the different orders of multiple scattering separately. It is also
possible to restrict the computed |q|-range, if one wants to avoid intense elastic features which
may mask weaker inelastic or quasi-elastic contributions.

Example: simulation of a triple axis spectrometer

The following results deal with the simulation of the primary spectrometer of the triple-axis
spectrometer IN14 at ILL (see Fig. 4.28 for a picture of a typical TAS).

The first component of the simulated instrument is a source: neutrons are generated according
to the energy distribution measured at the entrance of the guide looking at the horizontal cold
neutron source at the ILL. By means of Monte-Carlo importance sampling, the neutrons coming
from the source are directed to the guide entrance instead of being spread in the whole 4π solid
angle. The guide is described by its geometry; further parameters determine the features of the
reflectivity of the guide and the absorption properties of the material it is made of. At the exit
of the guide, a monochromator is positioned to select the wavelength incident onto the sample.
The monochromator is made of seven adjacent horizontal blades, which may be vertically fo-
cused to the sample; its mosaicity may be anisotropic, which means it may be different in the
vertical and horizontal directions. However, as a simple approximation, the mosaicity (that is
the misalignments of its crystallites) is only described from a macroscopic point of view. Finally
neutrons propagate to the sample position through a collimator, which eliminates neutrons with
high horizontal divergence.

In Figures 3.1, 3.2 and 3.3, the evolution of the distributions of different properties of the beam
is shown between the source and the position of the sample. In each of these figures, the four
plots correspond to the following positions in the primary spectrometer: on top left, the monitor
is just at the guide entrance, on top right, at the exit of the guide before the monochromator;
the distributions shown on the bottom left plot are taken just after the monochromator while
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Figure 3.1: Spatial distribution of the beam from source to sample position at ki = 1.55 Å−1

on the primary spectrometer of IN14 (top left: at the guide entrance; top right: after the guide;
bottom left: after monochromator; bottom right: at sample position; intensity displayed by the
color bar is in n/cm2/s)

on the right, they describe the beam at the sample position.

Figure 3.1 shows the spatial distribution of the beam in the x-y plane, that is perpendicular to
the beam (the latter is along z). Figure 3.2 is the evolution of the angular divergence of the beam
and figure 3.3 shows the energy distribution. On the first two figures, the intensity represented
by the colormap is in n/cm2/s.

On the top left plots, after the source, the beam has a circular shape of radius 20 cm while its di-
vergence is isotropic, of the order of 6 degrees. Its integrated intensity is about 1.56.109 n/cm2/s.
Its energy distribution is already rather thin. The real neutron beam coming from the source
comprises a wide range of energies. However in this simulation, we use the importance sampling
scheme in order to generate only those neutrons with wavelength close to the range of wave-
lengths selected by the monochromator.
On the next plot (top right), the shape of the beam has changed since it has gone through
the guide. The spatial distribution of the beam now corresponds to the shape and size of the
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Figure 3.2: Divergence of the beam from source to sample position at ki = 1.55 Å−1 on the
primary spectrometer of IN14(top left: at the guide entrance; top right: after the guide; bottom
left: after monochromator; bottom right: at sample position; intensity displayed by the color
bar is in n/cm2/s)

guide, which is 6 cm in width and 12 cm in height. The integrated intensity has decreased
approximately by a factor of six: many neutrons either did not enter the guide due to their
initial divergence or were absorbed by the guide due to too high incident angles on the guide
walls. This explains why the divergence is also much smaller than before the guide. However,
the energy distribution is the same as before except for the change in intensity.
On the bottom left plot, the monitors are now located after the monochromator. The intensity
is again lower by one order of magnitude and the shape of the beam is smeared out. The diver-
gence is higher than at the exit of the guide due to crystal mosaicity and vertical focusing and
the energy distribution is now almost gaussian with a selected energy around 4.97 meV with a
half width at half maximum of 80 µeV. This corresponds to a wave vector ki = 1.55 Å−1 and a
wavelength λi = 4 Å.
On the last plot, at the sample position, the size of the beam is about 6 cm in both height
and width, which results from the vertical focusing configuration of the monochromator. The
horizontal divergence is of the order of 0.4 degree, thus much lower than after the monochroma-
tor: this is the effect of the collimator placed between monochromator and sample. The energy
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distribution has approximately the same shape as before the collimator. Nevertheless the peak
is better defined with a smaller half width at half maximum, of the order of 50 µeV: the neutrons
with trajectories horizontally divergent after the monochromator did not have the appropriate
energy after Bragg scattering and these were absorbed by the collimator, leading to a sharper
definition of the incident energy at sample position.
At the sample position, the detected intensity (which is the integral over the curve of energy
distribution at sample position) is 1.65.107 n/cm2/s with an error of 3.35.104. The correspond-
ing measured intensity at this incident wave vector ki is 1.6.107 n/cm2/s. These results are
consequently in good agreement.
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Figure 3.3: Energy distribution of the beam from source to sample position at ki = 1.55 Å−1

on the primary spectrometer of IN14(top left: at the guide entrance; top right: after the guide;
bottom left: after monochromator; bottom right: at sample position)

3.1.2 Sample simulation

In order to simulate a realistic sample, we have to account for several possible effects of the
interaction between neutrons and sample. These effects range from absorption and multiple
scattering to elastic, inelastic, coherent and incoherent interactions.
The sample modules presently included in McStas mainly handle elastic scattering although a
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complete simulation of an inelastic neutron scattering experiment has been performed, based on
a model specific to high-Tc superconductors [61].
The following paragraphs describe how a more generic and realistic sample may be simulated,
including all the effects mentioned above. Several sample shapes may also be simulated, namely
cylinder, hollow cylinder and box-shaped samples.

3.1.2.1 Absorption and multiple scattering

Since the beginning of neutron scattering, computing multiple scattering has been a matter of
interest since any neutron scattering experiment is unavoidably contaminated by higher orders of
scattering. As a matter of fact, the samples must be chosen thick enough so that the fraction of
incident neutrons scattered by the sample is significant. Consequently, a non negligible fraction
of the scattered neutrons may be scattered more than once, leading to artifacts in the detected
signal.
In the case of crystals, multiple scattering mainly induces a smooth background, which can be
easily distinguished from the discrete peaks due to single scattering from phonons for instance.
However in liquids or amorphous solids, the dynamic structure factor is a smooth function of q
and ω. Consequently the background due to multiple scattering is quite difficult to extract when
analyzing the experimental data. Multiple scattering is expected to be particularly harmful in
this case: small distortions in S(q, ω) may destroy a part of the information included in it.

One of the pioneering works dealing with multiple scattering corrections is due to Vineyard [62]:
his method was based on solving a set of transport equations for neutrons. From this, the number
of neutrons per unit volume at a given position r which have already scattered n times and are
now proceeding in the direction of a unit vector s may be determined. This method is based on
the assumption of quasi-isotropic cross-sections and neglects the effect of energy changes during
scattering. It is shown that the intensity of the nth order of scattering is proportional to the
ratio (σs

σt
)n, where σs is the scattering cross-section and σt is the total cross-section including

scattering and absorption (σt = σs + σa). This means that a large absorption cross-section can
reduce higher scattering orders compared to first order. This method is implemented in the case
of a plane slab.
Twenty years later, Sears derived the effective scattering function as an expansion in terms of
the orders of scattering [63]. This method may be applied to specific sample shapes. Copley
developed a Monte-Carlo code, MSCAT, designed for computing multiple scattering [64]. It is
based on the use of an input scattering function and is able to simulate both elastic and inelastic
scattering. It may also account for scattering in the sample container. Mildner and collaborators
also described an optimized Monte-Carlo technique: it was designed for the multiple scattering
corrections of neutron diffraction data of isotropic systems [65]. In what concerns inelastic neu-
tron scattering experiments, a Monte-Carlo correction procedure for multiple scattering effects
was also derived [66]: it uses a combination of experimental data and the so-called “Synthetic
Model”, which has proved to work for liquids and polymers, for both coherent and incoherent
scattering, except in the low-q limit. The corresponding code also accounts for the attenuation
of the beam while crossing the sample. The method was tested for extracting the densities of
vibrational states of deuterated water and ice from measured data. The effects of both elastic
and inelastic multiple scattering were also computed by Wuttke [67] for three simple models
describing a rigid solid, a glass and a viscous liquid . This study showed the influence of multi-
ple scattering on the wave-number-dependent and frequency-dependent features of the dynamic
structure factor. Finally, the effects of multiple scattering were studied in the case of deep in-
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elastic neutron scattering by Mayers [68], who gave a very detailed explanation of the general
principles of calculation of the random quantities in Monte-Carlo simulations. Finally, Seeger
[69] included multiple scattering effects in the simulation of a vanadium sample and showed the
correlations between effects coming from the instrument and from the sample.

In our sample module, we use the following algorithm for computing absorption and multiple
scattering. It is based on the knowledge of the number density (that is the number of atoms per
unit volume) and the cross-sections (σa for absorption and σs for scattering) of the material.
When entering the sample, any neutron can either interact (i.e. it can be absorbed or scattered)
with the sample or be transmitted to the secondary spectrometer. The outcome of this choice
is guided by the probability Pi that a neutron will interact with a sample within a distance d,
as opposed to the probability of being transmitted:

Pi = 1− exp(−µd), (3.2)

where µ is the attenuation factor depending on both σa and σs, and d is the distance traveled by
the neutron from entry to exit of the sample. After this random choice, any neutron interacting
with the sample will be weighted by the probability Ps/a of scattering versus absorption:

Ps/a =
σs

σs + σa
. (3.3)

This avoids losing neutrons through absorption while respecting the physical occurrence prob-
abilities: all neutrons interacting with the sample are scattered after an appropriate weighting
accounting for absorption probability.
Whenever a neutron interacts and is scattered, we have to determine where the interaction oc-
curs. This is done by sampling a decaying exponential with parameter σt = σa +σs as explained
by Mayers [68]. The position x is given by:

x = − 1
µ

log[1− ξ(1− exp(−µd))], (3.4)

where ξ is a random number uniformly generated between 0 and 1, and d is the distance to exit
of the sample and the maximum possible value of x (for a detailed explanation, see A.1).

For multiple scattering, the reasoning is similar: after changing its energy and direction of
propagation (see Section 3.1.2.2), the fate of neutrons is given by the probability of interacting in
the remaining part of the sample, that is in the escape distance. Note that the sample simulation
enables the choice of the number of scattering events occurring in the sample: neutrons may be
free to interact with the sample as many times as determined from the Monte-Carlo technique,
or they may be forced to scatter a given number of times inside the sample. This gives separate
access to the different orders of scattering.
Since the present sample module can handle several sample shapes (cylinder, hollow cylinder
and box), the effects of sample size and shape on absorption and multiple scattering can be
studied.

3.1.2.2 Using S(q, ω) for computing scattering events

We have restricted the study to the case of isotropic samples, in order to avoid the difficulties
due to handling a four dimensional matrix of S(q, ω), which would be necessary in the case of
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an anisotropic sample. However, the method presented here could be generalized to anisotropic
materials provided an accurate description of S(q, ω) can be computed.
In this paragraph, S(q, ω) may designate either the coherent or the incoherent part of the signal
or the contributions of both of them in case we simulate both coherent and incoherent processes.
From the molecular dynamics simulations trajectories, we can calculate the dynamic structure
factor S(q, ω) describing the structural and dynamical behaviour of the sample. S(q, ω) is
computed with the help of either a home-made code or the nMoldyn package [70]. Both programs
allow us to evaluate separately the coherent and incoherent parts of the dynamic structure
factor. We can compute coherent and incoherent signals from the sample either together or
separately, and we are also able to compute inelastic scattering. Consequently, the calculation
of the dynamic structure factor gives insight into both structural and dynamic, coherent and
incoherent properties of the sample. It is thus a relevant description of the microscopic properties
of the material.
Once computed, S(q, ω) is used as a probability distribution of energy and momentum transfers,
respectively, ~ω and q, which are the relevant parameters of any scattering event in our scheme.
The principle for drawing the values of q and ~ω lies in the conditional probability formula:

P (q, ~ω) = P (q ∩ ~ω) = P (~ω).P (q|~ω), (3.5)

where P (q, ~ω) is represented by a normalized version of S(q, ω). Note that the probability of
the event A is noted P(A).
Both probability distributions of energy and momentum transfers can be computed from S(q, ω),
since we consider it (after relevant transformations for normalization and random choice) as a
probability distribution of the scattering events (for a detailed explanation, see A.2). Subse-
quently the energy transfer is drawn from S(ω) which is a vibrational density of states computed
by integration over all the q values available in the S(q, ω) matrix. Once ~ω is computed, the
momentum transfer can be randomly chosen from the distribution of q given the known energy
transfer (see Section 3.2 for figures of these distributions of energy and momentum transfers).
The principle of detailed balance is also accounted for. For an isotropic system, it is given by
the equation:

S(q,−ω) = exp
(
−~ω
kBT

)
S(q, ω), (3.6)

where T is the temperature of the system and kB is the Boltzmann constant. This enables us
to choose between Stokes and anti-Stokes scattering by drawing a random number which deter-
mines the sign of the energy transfer.

Once both energy and momentum transfers have been drawn, the choice of the scattered wave
vector kf has to be performed. The first step consists of determining the length of kf accounting
for the energy conservation law (2.1). This is done by solving the equation:

~ω =
~2

2m
(k2

i − k2
f ) (3.7)

where kf is the unknown.
Then we have to compute the direction of kf from the momentum conservation equation (2.2).
For this purpose, we use geometric considerations. Let us define k̂s as the unit vector defining
the direction of kf . We have: kf = kf k̂s and ‖k̂s‖ = 1.
After drawing the length of q from the probability distribution, we may solve: q2 = ‖k2

i − k2
f‖

and find the relevant k̂s. The set of k̂s vectors satisfying the former equation is a circle (see
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Appendix A.3). We thus have to draw a random angle (uniform law between 0 and 2π) for
choosing a random position of k̂s on the circle. Once k̂s is determined, the final scattering wave
vector kf is known.

3.1.3 Coupling instrument and sample simulations

3.1.3.1 General scheme

The following figure 3.4 gives an overview of the process involved in the complete simulation of
a neutron scattering experiment. The instrument is simulated with the McStas package, while
the sample is described by its dynamic structure factor S(q, ω). These combine in the sample
module where the interaction between neutrons and sample is handled.

Simulation of a 
neutron scattering experiment

➢ Primary spectrometer : neutron source, guides, 
monochromator, choppers

➢ Sample

➢ Secondary spectrometer : analyzer, detector

Instrument simulation using McStas
Monte­Carlo ray­tracing

Molecular Dynamics simulation
(classical or ab initio)

Trajectories of atoms

Intermediate scattering functions
F(Q,t) and F

s
(Q,t)

Dynamic structure factor
S(Q,ω) and S

s
(Q,ω)

Figure 3.4: Overview of the simulation of a neutron scattering experiment

3.1.3.2 Handling the interaction between neutrons and sample

In the following algorithm, p is the statistical weight of the neutron, mult scatt is a boolean
(initialized to true) which determines if further scattering events may occur or not.

The general process involved in each scattering event needs the drawing of several random num-
bers: the first one determines the position where the neutron interacts with the sample, the
second one guides the choice of ~ω in the density of states computed from S(q, ω) and another
random number is used for accounting for the detailed balance. Once the energy transfer is
known, the momentum transfer q is drawn from the conditional probability distribution of q
values. The following random number determines the scattering direction kf in agreement with
both energy and momentum conservation laws. Finally the last random number determines
whether the neutron scatters once again in the sample or leaves it.
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How the interaction between neutrons and sample is accounted for:

Initialization

• Compute the probability distribution of the energy transfers

• For each energy transfer, compute the probability distribution of the momentum transfers

Interaction neutron/sample (assuming the trajectory of the neutron intersects the sample)

1. Compute the length of the neutron path in the sample and the absorption cross-section
(depends on the velocity)

2. Compute the probabilities of interaction between neutron and sample (wi) and of scattering
vs absorption (ws)

3. Draw a random number alea1.
If alea1 < wi then

p = p ∗ ws (forcing a scattering event vs absorption); mult scatt = 1
else

the neutron is transmitted to the next component in the instrument and mult scatt
= 0

4. While mult scatt= 1

(a) Draw a random number alea1 and compute the scattering position dscatt from the
decaying exponential distribution

(b) Draw a random number alea2 for determining the energy transfer ~ω
(c) Draw a random number alea3 for choosing between energy gain and loss according to

the principle of detailed balance

(d) Draw a random number alea4 for determining the momentum transfer q

(e) Compute ‖kf‖ and draw alea5 → direction of final wave vector kf → kf

(f) Compute distance to exit of sample, probabilities of interaction along this path (wi)
and of scattering vs absorption (ws)

(g) If alea6 > wi then
no further interaction; propagation to next component; mult scatt = 0

else
next scattering event may occur; account for absorption p = p ∗ ws
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3.1.4 Contributions to experiment and theory - Restrictions

The main differences between neutron scattering experiments and simulations of such exper-
iments arise from the description of the sample and from the quantities that are accessible.
Concerning the latter, simulations give separate access to quantities which may not be mea-
sured in experiments: for example, thanks to molecular dynamics simulations, we can determine
both the coherent and incoherent dynamic structure factors and simulate the experiment with
either the latter or the former. Unlike this, both contributions are mixed in the detected signal
of a real experiment, except with polarized neutrons or isotopic contrast methods. Moreover,
in simulations, we may restrict the detection range (in q or ω for instance), thus focusing on
particular features of the behaviour of the sample. We may also compute the different scattering
orders as a function of energy or momentum transfers. The ability to separate the different con-
tributions to the detected signal may also be helpful for determining the origin of correlations
arising from the interactions of neutrons with either the optical components of the instrument
or the sample.
Simulations can also be useful for optimizing the experiments: in fact, the former may help
in determining the best size and shape of the sample in order to reach the best compromise
between absorption, detected intensity and multiple scattering. This has already been shown in
[56] and could be a tool for investigating the different possibilities associated with each kind of
spectrometer before performing a given measurement, thus saving much beamtime.
Concerning the description of the sample, it obviously depends on the model used. In classical
molecular dynamics simulation, the validity and accuracy of the simulated data depends on the
quality of the empirical potential. In the case of ab initio MD simulation, both pseudopoten-
tial and approximation for the exchange and correlation term (LDA, GGA...) must be chosen
carefully . Also the complete simulation may be a method for improving the description of the
microscopic features of the sample.
The final purpose of such complete simulations of neutron scattering experiments is to look
for trends in the simulated data, thus favouring a better understanding of the measurements.
Another use could be training of students.

Some restrictions however must be mentioned. In the case of a dynamic structure factor com-
puted from a classical molecular dynamics simulation, the empirical potential describing the
interactions between the atoms or molecules is often well suited for a specific phase of the ma-
terial or particular conditions. The parameters of these potentials often have to be tuned to
describe either the solid or the liquid phase as was shown in the case of silicon and germanium
by Jian et al [71].
In both classical and ab initio molecular dynamics simulations, the calculation of the dynamic
structure factor is quite difficult, since the Fourier transform of the intermediate scattering func-
tion is not performed on a very long time trajectory and the signal is not periodic. This problem
is more acute in first-principle simulations since the number of atoms is usually several orders
of magnitude smaller than in a classical molecular dynamics simulation, which leads to poorer
statistics.
Concerning the simulation of neutron scattering instruments, they also contain models of some
physical features of the beam which do not exactly reflect the reality. Usually, simulations give
cleaner results than experiments: for a given instrument, the simulated resolution is always
better than the measured one, since, for instance, the background due to the presence of other
instruments is not accounted for.
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3.2 Examples

Two main test cases have been studied in order to evaluate global simulations. They were chosen
either because of their well known dynamic features (this is the case of 4He; see Section 3.2.1)
or because their dynamic structure factor had already been measured (as for l-Rb; see Section
3.2.2). Both of these samples are isotropic and can be handled by the sample module described
in section 3.1.2.

3.2.1 Superfluid helium

3.2.1.1 Dispersion curve and modelled dynamic structure factor

Superfluid helium was chosen as test case since it is an isotropic fluid that has a well-defined
excitation. This liquid was not simulated by molecular dynamics but its dynamic structure
factor was empirically modelled from the dispersion curve measured by Donnelly [72] (see Fig.
3.5): the dispersion curve was considered as a bidimensional matrix with non zero values corre-
sponding to the (q, ~ω) pairs lying on the dispersion curve. This matrix was then convoluted to
a square Hanning matrix. Note that this model gives a constant width to the signal along the
dispersion curve and does not account for the excess of intensity at certain energy transfers nor
for any quantum behaviour, except for the elementary excitation dispersion curve. Moreover
the respective simulated intensities of the roton and maxon are not in agreement with the real
intensities since the dynamic structure factor was modelled only for the purpose of testing the
sample simulation and the contribution of processes such as multiple scattering.
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Figure 3.5: Left: dispersion curve of 4He as measured by inelastic neutron scattering [72]; right:
model of S(q, ω) for 4He; the intensity distribution is relative to the occurrence of the (q, ω)
scattering events

The modelled dynamic structure factor S(q, ω) is computed from this dispersion curve in order
to obtain a bidimensional map in q and ω. Figure 3.5 gives an overview of the shape of this
computed dynamic structure factor.
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The values of S(q, ω), which describe the structural and dynamical behaviour of the sample, have
to be processed in order to sample the Monte-Carlo events. The normalization and processing
of the dynamic structure factor needed for this purpose is done during the initialization step of
the sample module described in Section 3.1.3. This gives access to the repartition functions of
the energy and momentum transfers as defined in A.2, from which the Monte-Carlo events can
be drawn.
In figure 3.6, both energy and momentum transfers distributions are shown; these distributions
also have to be processed before the Monte-Carlo scattering events are drawn. On the left,
the distribution of energy transfers is shown, as computed by integrating the modelled dynamic
structure factor over all the available momentum transfers. One may notice the maximum of
intensity between 0.75 and 1.25 meV, corresponding to the roton and the maxon. The signal
is also intense at large ω values: this reflects the weak frequency dependence of the dispersion
curve in the range of high q values, where the corresponding energy transfer is approximately
1.5 meV. The figure on the right depicts the distribution of momentum transfers for a given
energy transfer, which is here ~ω = 0.87 meV. This latter corresponds to a vector of the matrix
describing S(q, ω). The intense peak around q = 0.5 Å−1 corresponds to the intersection with
the phonon curve at ~ω = 0.87 meV while the two peaks around 1.75 meV are related to the
roton.
The values of the energy and momentum transfers of any scattering event are drawn from these
two types of distributions respectively (after normalization and construction of the corresponding
repartition function, see A.2).
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Figure 3.6: Distributions for 4He; left: distribution of the energy transfers; right: distribution
of the momentum transfers for a given energy transfer

3.2.1.2 Virtual experiment

In this simulation, the physics of the sample was not our main interest, but the purpose was to
check the contribution of the different processes.

The relevant feature of the simulated instrument is the monochromatic beam arriving at the
sample with an incident wave vector ki = 2.66 Å−1. The secondary spectrometer is chosen to be
either the one of a triple-axis spectrometer (with analyzer and detector) or only a large detector,
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as in time-of-flight spectrometers. In the latter case, a detector is sufficient since, anywhere in
the simulation, we have access to the coordinates of each neutron, among which are its velocity
and the time elapsed since it was emitted from the source. This means that, in simulations,
unlike in experiments, we do not have to cope with the problem of determining the velocity
(thus the energy) after scattering from the sample: it is directly given by the wave vector kf at
exit of the sample. Thus, for purpose of testing the sample module (that is we do not need to
simulate a real kind of instrument), we do not need to chop the beam to create neutron pulses
defining the time when the neutrons pass through the sample, and thus a detector is sufficient.

The features of the virtual sample were the following: it was a cylinder of radius 1 cm and height
5 cm. The values for the absorption and scattering cross-sections are those of 4He.
For the first configurations of the simulated instrument, the secondary spectrometer is a large
cylindrical detector at a distance 2.5 m from the sample position.

Temperature

The temperature, which influences the ratio of Stokes and anti-Stokes scattering, has an impor-
tant influence on the shape of the simulated density of states. Figure 3.7 shows the evolution
as a function of temperature. Note that even if these temperatures are not realistic at all for
liquid helium, these may be simulated by assuming that the dynamic structure factor does not
depend on temperature. We visualize here the distribution of gain and loss of energy between
neutrons and sample as they interact.

-4 -2 0 2 4
Energy transfer [meV]

0

10

20

30

40

In
te

ns
ity

 [a
rb

. u
ni

ts
]

T = 200 K
T = 20 K
T = 2 K

Figure 3.7: Influence of temperature on the density of states

At low temperatures, the density of states shows a strong asymmetry, with the Stokes scattering
events predominant since only low level energy states are populated: the sample may not give
energy to the interacting neutrons. As expected, when the temperature increases, the Stokes

70



3.2. Examples

and anti-Stokes events are more balanced and almost of the same amplitude at the simulated
temperature of 200 K.

Multiple scattering

Tests were also performed in order to evaluate separately the contributions of the different
orders of multiple scattering, as shown on the simulated density of states of Fig. 3.8. This is
an important advantage of simulations on experiments since we may have access to quantities
which can not actually be detected and are usually smeared out in the signal.
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Figure 3.8: Comparison of the separate orders of multiple scattering (left: first order; middle:
second order; right: third order); the arbitrary units used for the intensity are the same in the
three cases.

The left graph shows the contribution of single scattering. Both Stokes and anti-Stokes scat-
tering can be observed, with a symmetry between gain and loss events due to the rather high
temperature (200 K) at which the sample is simulated. In the middle, only neutrons that have
been scattered twice are detected and we observe an elastic peak: this latter is due to the pres-
ence of Stokes and anti-Stokes scattering with opposite energy transfers, which may for instance
occur twice on the maxon. The peaks at ±2 meV are due to this higher scattering order which
leads to higher energy transfers: the first order peak is around 1 meV and two Stokes scattering
events on this peak lead to an energy transfer of the order of 2 meV = 2*1 meV. On the right,
only neutrons scattered three times are observed. We notice features similar to those of the first
order at energy transfers below 2 meV, while at higher energy transfers, higher scattering order
yields new peaks.
Now if we superimpose the different orders as shown on Fig. 3.9, we get insight into the ratio of
multiple scattering versus single scattering for a given radius of the sample. The curves represent
respectively the different orders of scattering, which means the number of scattering events for
each neutron is forced to a given value in the case of scattering with a single or double events.
In this simulation, with a sample of radius 1 cm, double scattering represents approximately
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Figure 3.9: Ratio of multiple scattering (black: multiple scattering; red: single events; green:
two scattering events)

6% of the total scattering and the sum of the intensities of neutrons scattered one and two
times is almost equal to the total scattering, which means that higher scattering orders are
almost insignificant: they actually correspond to 0.6% of the total scattered intensity in the
current simulation conditions. From this observation, we may assume that, in this case, orders
of multiple scattering higher than the second may be neglected compared to the influence of the
second scattering order on the total signal.

Energy and momentum analysis

Now, if the secondary spectrometer is similar to the one of a triple-axis spectrometer, we may
analyze the scattered neutrons in both energy and momentum transfer by performing scans as
on a real triple-axis spectrometer.
The secondary spectrometer now consists of an analyzer which selects the wave vector of the
neutrons scattered by the sample and of a small detector which monitors the neutrons selected
by the analyzer. Between the analyzer and the detector, there may be either a slit or a collimator
which helps to give a better definition of the properties of the detected signal.
By scanning the energy transfer for several given q values, the dispersion curve of the sample
may be reconstructed. This simulation is performed with an incident wave vector ki = 1.55 Å−1.
Depending on the required precision of the computed signal (from 5 to 1 %), the typical duration
of a scan for twenty values of energy transfers between 0 and 2 meV at a given momentum transfer
is of the order of 2 to 20 hours on a single processor.

Figure 3.10 shows how several scans in energy with constant q values enable the measured disper-
sion curve to be reconstructed. The colored map shows the simulated intensity for the different
q values as a function of energy transfer, while the measured dispersion curve is also shown. The
agreement between simulation and measurement is quite good. However we do not get from
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Figure 3.10: Map of the (q, ω) scattering events in 4He computed from several constant q triple-
axis scans (the color map shows the intensity in n/cm2/s). The underlying line is the measured
dispersion curve.
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Figure 3.11: Simulation of an experiment on 4He on a triple-axis spectrometer (TAS): comparison
of single (black circles) and multiple (red squares) scattering for different momentum transfers.
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Figure 3.12: Simulation of a TAS experiment on 4He: comparison of single (black circles) and
multiple (red squares) scattering for different momentum transfers; contribution of multiple
scattering (zoom of the low intensities region of Fig. 3.11)

the scans the dispersion curve we put in. The slight shift to higher or lower energy transfers at
certain q values comes from the effect of the resolution ellipsoid: for triple-axis spectrometers,
the resolution function depends on both q and ω. It is usually represented as a four-dimensional
ellipsoid. Since the scans were here performed at constant ki, the resolution ellipsoid depends
on the angle of the analyzer, which is determined by kf . This leads to the observed shifts in
energy of the simulated dispersion curve.

In Fig. 3.10, the scans only included single scattering. However, the impact of multiple scat-
tering on these inelastic scans can be determined by performing two kinds of simulation: in the
first one, neutrons only scatter once in the sample, while in the second, they are free to scatter
as many times as determined by the Monte-Carlo processes.
Figures 3.11 and 3.12 show a comparison of single and multiple scattering at four different q
values. As expected, the main inelastic features are not modified by the presence of multiple
scattering, since the modelled dynamic structure factor is rather sharp. However, as shown in
Fig. 3.12, some new features appear outside the energy range associated with the main peak,
although they are much less intense than the main inelastic peak. These are due, as shown in
Fig. 3.8, to multiple scattering which leads to transfers at higher or lower energies associated
with Stokes and anti-Stokes multiple orders of scattering. For instance, at q = 0.5 Å−1 and
q = 2 Å−1, where the main inelastic feature occurs around 0.8 meV, we see small peaks around
1.6 meV: these must come from neutrons scattering two times with the same gain in energy. Also
some signal appears at energy transfers lower than the main inelastic peak: these are related to
neutrons scattering with both Stokes and anti-Stokes processes.

Here we can see that multiple scattering may be of importance, depending on the size of the
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sample and its scattering cross-section. In the worst cases, the signal associated with the main
inelastic features may be completely washed out by parasite signals due to multiple scattering.

3.2.2 Liquid rubidium

Liquid rubidium is a fluid alkali metal which behaves differently from normal insulating fluids.
Its electronic and molecular structure depend on the thermodynamic state of the liquid. For
instance, the metal-non metal transition is a striking manifestation of this state dependence; it
occurs when a liquid alkali metal is heated up to its liquid-vapour critical point and beyond to
its supercritical state.

Several elastic and inelastic neutron scattering experiments have been performed on l- Rb.
The first results were reported by Copley and Rowe [5, 6]. They performed inelastic neutron
scattering experiments on a thermal time-of-flight spectrometer at T = 315 K. Since the inco-
herent scattering cross-section of Rb is much lower than the coherent one (σinc = 0.5 barn and
σcoh = 6.32 barns), the measurement gives mainly access to the coherent scattering function.
These experiments gave evidence of the existence of longitudinal collective excitations, which
can be observed as side peaks or shoulders for q values up to 1 Å−1, that is far outside the
hydrodynamic region. These measurements for low q values are shown in Figure 3.13. The cor-
responding dispersion relation resembles that of longitudinal phonons in crystalline Rb. Rahman
[7, 8] performed molecular-dynamics simulations of this system using an oscillatory potential and
found a good agreement with the experiments. He interpreted the presence of such modes in
liquid metals and their absence in liquid argon as a consequence of the shape of the effective
metallic interaction potential of l-Rb.

Later, Pilgrim and collaborators [73, 74, 75] concentrated on the electronic structure and both
static and dynamic structure factors near the metal-non metal transition. Measurements of S(q)
along the liquid-vapour coexistence line were performed and showed that the main structural
effect of the density decrease with increasing temperature is a reduction in the average coor-
dination number while the mean interparticle distance remains nearly unchanged. They also
performed inelastic measurements between 1073 K and 1873 K. For temperatures up to 1673 K,
the acoustic excitations seem to be visible although they are highly damped.
For comparison, molecular-dynamics simulations of this system were done by Kahl and collab-
orators [76, 77, 78], which use a typical metallic interaction potential based on the Ashcroft
empty-core pseudopotential [79] and the Ichimaru-Utsumi [80] parameterization for the local
field corrections to the dielectric function of the liquid metal.
These calculations are in good agreement with experiments for temperatures up to 1673 K and
densities up to 3ρc, where ρc is the density at the liquid-vapour critical point (ρc(Rb) = 0.29 g.cm−3

at Tc = 2017 K and Pc = 124.5 bar). This indicates that the mean forces given by the metallic
binding are still controlling the dynamics of the liquid. However at 1873 K, some discrepancies
arise which may come from the metal-insulator transition which is not accounted for in the
effective potential: the interatomic forces used are based on mean electronic density and they
are not able to describe correctly the complex changes in the electronic structures which occur
at the metal-non metal transition. In the experiment, a broad peak near 3 meV develops in
S(q, ω) with intensity strongly depending on q and reaching its maximum near 1 Å−1. Under
these experimental conditions, this feature is interpreted as the sign of the existence of pairing
atoms with intramolecular dynamic effects in expanded liquid rubidium, which may characterize
the onset of the metal-non metal transition near the liquid-vapour critical point. First-principle
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Figure 3.13: Representative results for the symmetrized S(q, ω) for l-Rb for different wave vectors
K (experiment by Copley [5, 6]). Open (closed) circles represent neutron energy loss (gain).
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total energy calculations [81] also predict this pairing and provide theoretical support for the
appearance of molecules and the existence of a monatomic-molecular transition in expanded
liquid rubidium.
Several other molecular dynamics studies were performed on this material: the dynamic struc-
ture factor was computed from simulations with different effective pair potentials [82] and showed
good agreement with experimental data up to near the critical point. Other simulations were
performed in order to study the temperature dependence of the velocity autocorrelation func-
tion and the diffusion coefficient D [83]. Other attempts were made to simulate the liquid
state using modified pseudopotentials designed for the solid state of Rb [84, 85] and showed
that some corrections to these pseudopotentials should be used for predicting the structural and
thermodynamic properties with reasonable accuracy.

3.2.2.1 Molecular dynamics simulation of l-Rb and calculation of the dynamic
structure factor

In this study, the rubidium atoms interact via an effective two-body potential ϕ(r) which is
based on pseudopotential theory. This potential is described by Kambayashi and Kahl in [86].
The Fourier transform of ϕ(r) is given by:

ϕ̂(q) =
4πe2

q2
+

4πe2

q2

(
1
ε(q)

− 1
)
|v̂(q)|2, (3.8)

where:

ε(q) = 1− 4πe2

q2
χ(q)

(
1 +

4πe2

q2
G(q)χ(q)

)
. (3.9)

In the last equation, χ(q) is the usual Lindhard susceptibility function and G(q) is the Ichimaru-
Utsumi correction for the local field [80]. In (3.8), v̂(q) is the bare local pseudopotential repre-
sented by the Ashcroft empty-core pseudopotential [79]:

v̂(q) = −4πe2

q2
cos(qrc) (3.10)

where rc is the only parameter chosen to be : rc = 1.307 Å. We would like to thank Professor
G. Kahl for providing us with the code for computing this potential.

As stated by Kahl [77], this potential is not able to describe liquid rubidium at temperatures
ranging from the melting point Tm = 312 K to the critical point due to the complex changes of
the electronic structure responsible of the metal-non metal transition. However, for our study,
which is restricted to temperatures near the melting point, this interatomic potential has shown
good agreement with the experimental data. The shape of the potential is shown in figure 3.14
on the left while the oscillatory behaviour related to Friedel oscillations is shown on the right.

Our molecular dynamics simulation of liquid rubidium was performed with a“home-made” code.
The values of the potential are sampled as a function of the separation distance r; they are com-
puted and stored in order to avoid the repeated time-consuming calculations of the potential
associated with each pair of atoms in the course of the molecular dynamics simulation.
The first step consisted of equilibrating the system at the desired temperature of 350 K with a
(N ,V ,T ) equilibration. Then a production run was performed using a standard microcanonical
(N ,V ,E) ensemble with the usual periodic boundary conditions.
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Figure 3.14: Potential used for the simulation of l- Rb: left: global shape; right: details of the
Friedel oscillations

The system consisted of 520 particles with a number density of 0.010288 atoms per Å3. The
equations of motion were integrated by the velocity Verlet algorithm over 50000 time steps
∆t = 1 fs. The neighbour lists were computed using the Verlet neighbour list algorithm.
The reduced units used for this simulation were the mass of the Rb atom (mRb = 141.917·10−24 g),
the Angström and the Kelvin.

From this simulation, both the pair correlation function g(r) and the static structure factor S(q)
were computed. These are shown in Figure 3.15. The positions of the main maxima in g(r)
(rm = 4.8 Å) and S(q) (qm = 1.48 Å−1) are in good agreement with the experimental values [75].
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Figure 3.15: l-Rb: pair correlation function (left) and static structure factor (right): full line:
computed from the MD simulation; circles: experimental data ([87] for g(r) and [6] for S(q)).

Figures 3.16 and 3.17 show the dynamic structure factor computed from the trajectories of the
molecular dynamics simulation for different q values.
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Figure 3.16 shows the low q values, for which the longitudinal acoustic phonon appears. The
energy transfers corresponding to this phonon for the different q values are in agreement with the
data measured by Copley (see Figure 3.13), as well as the order of magnitude and the evolution
of the intensity at zero energy transfer.
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Figure 3.16: Dynamic structure factor for l-Rb: full curve: computed from the MD simulation;
circles: experimental data [64].

The phenomenon of de Gennes narrowing, discussed in Section 1.2.2.2, is depicted in Fig. 3.17:
between q = 1 Å−1 and q = 2 Å−1, the width of the central peak exhibits a decrease near
qm = 1.5 Å−1, which is the q-value associated with the first sharp peak of the static structure
factor S(q); at the same time, the intensity increases much around qm. This is related to the
slowing down of the dynamics of the system near the first sharp peak, which leads to a more
narrow distribution of the frequencies (or energy transfers) around the central peak: near qm,
the system shows long-lived structural features, which involve a slower evolution of the system
in this q-range and a stronger intensity of the dynamic structure factor.
This phenomenon also occurs around the following structural oscillations in the static structure
factor as shown in Fig. 3.17 on the bottom plots. On the whole range of q comprised between
2.2 Å−1 and 4.8 Å−1, the width of the signal tends to increase although it faces several narrowings
due to the structural features associated with the oscillations in S(q).
The fluctuations of the width and the intensity are depicted in Fig. 3.18: the phenomenon of de
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Figure 3.17: Normalized S(q, ω) (coherent part only) for l-Rb: for q values around the first sharp
peak in S(q) (top); for q values larger than 2 Å−1 (bottom).

Gennes narrowing is clearly identified near the main sharp peak and the next two oscillations
of the static structure factor. The half width at half maximum of S(q, ω) is compared to the
theoretical prediction given by Eq. (1.48). The overall shape of the two curves are in agree-
ment concerning the oscillations associated with the de Gennes narrowing. However, we notice
discrepancies in the values of the width, with the theoretical width larger than the simulated
one. The intensity at zero energy transfer is stronger at the same q values where the de Gennes
narrowing is observed and its overall shape is similar to S(q).

Also the self dynamic structure factor was computed from the trajectories. It is shown in Fig.
3.19 together with ln(Fs(q, t))/q2. We observe an increase in width of the spectra with increasing
q values, which is typical of the behaviour of Ss(q, ω) in liquids as shown in (1.39). We computed
ln(Fs(q, t))/q2 in order to check that (1.38) was satisfied at low wave vectors. In fact, for long
times, we observe that the plotted curves can be fitted by a single straight line for low q vectors.
However for q higher than 1.4 Å−1, the behaviour of the curves already departs from the diffusive
law. From the curves at low q vectors, we can determine the diffusion constant of the system as
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Figure 3.18: l-Rb: left: black circles: HWHM as a function of q extracted from the coherent
dynamic structure factor, red squares: HWHM computed using (1.48); right: intensity of S(q, 0)
as a function of q
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Figure 3.19: l-Rb: left: self dynamic structure factor for several q values; right: ln(Fs(q, t))/q2

as a function of q (see Eq. (1.38))

being the absolute value of the slope of the fitting line. We obtain D ≈ 3 · 10−5 cm2/s in rather
good agreement with the experimental values (between 2.5·10−5 and 3.8·10−5 cm2/s [88]) and
the simulated values (D ∈ [2.1, 3.4] · 10−5 cm2/s [78, 82]).

3.2.2.2 Virtual experiment on a time-of-flight spectrometer

The virtual instrument simulated here is a cold time-of-flight spectrometer. A monochromator
is used for defining the wavelength of the beam incident onto the sample. A large detector is
placed after the sample, which covers a large solid angle. As stated before, no optical component
is used for chopping the beam since the velocity of the neutrons is known at any point in the
instrument.
Global simulations of inelastic neutron scattering experiments were performed with the l-Rb
sample. For this purpose, the coherent dynamic structure factor computed from the molecular
dynamics simulation is used, which gives access to energy transfers ranging from 0 up to 200 meV
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and momentum transfers from 0.2 to 5 Å−1 by step of 0.1 Å−1.

For information, the self-part of the dynamic structure factor gives very small contributions to
the total scattered signal since the incoherent scattering cross-section of Rb is σinc = 0.5 barn
compared to the coherent scattering cross-section σcoh = 6.32 barns. That is why the multiple
scattering contribution was only computed with the coherent dynamic structure factor. The
number density is equal to the density of the MD simulation (0.010288 atom/Å3).

Size of the sample

The effect of the size of the sample may also be studied by means of such simulations. When
varying the radius of the cylinder, the detected intensity and ratio of multiple scattering are
affected, due to scattering and absorption cross-sections of the sample. Simulations may help
in determining the most appropriate sample size which maximizes the ratio of first to multiple
scattering while maintaining a large first scattering probability.
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Figure 3.20: l-Rb: multiple scattering in a cylinder-shaped sample as a function of its radius;
left: different orders of multiple scattering; right: ratio of the multiple scattering orders to the
total scattered signal.

Figure 3.20 concerns the simulation of a full cylinder l-Rb sample of height 5 cm. On the left
graph, the detected intensity is plotted against the sample radius, and the respective contribu-
tions of the different orders of multiple scattering are shown. On the right one, the ratios of the
different scattering orders to the total scattered signal are shown as functions of the radius.
We realize here that the detected intensity increases with larger radii while the proportion of
multiple scattering becomes less and less negligible. The ratio of multiple scattering usually
considered as suitable for a neutron scattering experiment is around 10% of the scattered signal.
This value is reached for a radius of about 2.5 cm, which seems to be pretty high compared
to usual sample thicknesses. Typical cylinder-shaped samples have a diameter of the order of
0.5 to 1 cm. Multiple scattering effects and multi-phonon processes leads to distortions of the
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signal from the sample and are quite difficult to take into account in data corrections. From
the experimental point of view, thin samples are consequently more appropriate since they
minimize the importance of multiple scattering. This may explain why usual samples are much
thinner than the predicted radius giving rise to 10% of multiple scattering in the scattered signal.

Figure 3.21 represents the simulation of a hollow cylinder l-Rb sample, with height and outer
radius of respectively 5 cm and 1 cm. The inner radius varies between 1 mm and 9 mm. As
expected, the detected intensity decreases with increasing inner radius, since there is less material
in the beam.
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Figure 3.21: l-Rb: multiple scattering in a hollow cylinder of outer radius 1 cm as a function of
its inner radius; left: different orders of multiple scattering; right: ratio of the multiple scattering
orders to the total scattered signal.

For the box-shaped sample (with width = 5 cm and height = 5cm), the evolution of the intensity
as a function of thickness (Figure 3.22) is similar to the one of the cylindrical sample. The
intensity increases with thickness while the ratio of higher scattering orders to total signal
increases.

Let us now compare the shape of the total intensity in the cases of the cylinder- and box-shaped
samples. In the range of radii where the multiple scattering is still negligible, as the radius of
the cylinder increases, the intensity increases as r2. Unlike this, in the case of the box-shaped
sample, the intensity for rather low thicknesses increases linearly with thickness. Consequently,
the scattered intensity is proportional to the volume of the sample and the simulated intensity
is consistent with the theory of neutron scattering which states that the scattered intensity is
proportional to the number of particles in the sample.
A comparison of the ratio of the total intensity versus the proportion of multiple scattering for
the cylinder-shaped and box-shaped samples shows that for small radius or thickness, the ratio
intensity/multiple scattering is more favorable for the box-shaped sample.

83



Chapter 3. Simulation of neutron scattering experiments

0 0,5 1 1,5 2 2,5 3
Thickness [cm]

0

100

200

300

400

500

600

In
te

ns
ity

 [a
rb

. u
ni

ts
]

total signal
first order only
second order only
third order only

0 0,5 1 1,5 2 2,5 3
Thickness [cm]

0

0,02

0,04

0,06

0,08

R
at

io
 to

 to
ta

l s
ig

na
l

second order
third order
second and third orders

Figure 3.22: l-Rb: multiple scattering in a box-shaped sample as a function of its thickness; left:
different orders of multiple scattering; right: ratio of the multiple scattering orders to the total
scattered signal.
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Figure 3.23: l-Rb: multiple scattering for a cylinder-shaped sample with large radii

In Figure 3.23, the shape of the intensity of the different scattering orders are compared, in
the case of a cylindrical sample. The respective intensities of first, second and third orders
are normalized to unity. This allows us to compare the curvatures: we notice that the second
derivative of the first order intensity becomes negative very early, around 2.5 cm in radius,
compared to higher orders, which have still not started decreasing at 6cm. This shows that the
relative importance of first order scattering is decreasing while higher orders are still increasing,
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as expected when the radius is higher.

Splitting the whole q-range
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Figure 3.24: Influence of the q range on the observed features: left: only momentum transfers
between 0.5 and 1 Å−1 are detected; right: the whole q range available from MD is simulated

In simulations, the range of q values scanned by the detectors can be chosen. In Figure 3.24,
two similar simulations are shown for a time-of-flight spectrometer: in the first one (left), the
detector is only sensitive to momentum transfers between 0.5 and 1 Å−1 (left); in the second
simulation (right), the detector is sensitive to the whole q-range, which is determined by the
extent of the momentum transfers extracted from the molecular dynamics simulation. Note
that the intensity of the signal is here plotted against the final energy of neutrons (the incident
energy was about 15 meV) and not against the energy transfer between neutrons and sample.
Without any restriction on the momentum transfer, the main feature of the energy distribution
of the detected neutrons is the very intense quasi-elastic peak due to the main sharp peak of
the static structure factor which occurs around 1.5 Å−1. The inelastic features occurring at q
values between 0.5 and 1 Å−1 are completely smeared out by the huge intensity of the structural
features. Now, if we restrict the range of the detected momentum transfers, we can avoid the
contribution of the first sharp peak, in order to get insight into the inelastic features of the signal:
we can clearly see the contribution of the phonon which energy transfer is around 5 meV for
momentum transfers between 0.5 and 1 Å−1. A direct comparison of the respective intensities
of the two signals gives insight into the domination of the structural features compared to the
inelastic properties.

A map of the (q, ω) events can be computed: this is depicted in figure 3.25 for the q-range where
the acoustic phonon of l-Rb is visible, showing clearly the dispersion of the mode.

As with the phonons, the width of the quasi-elastic peak as a function of q may be extracted
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Figure 3.25: Detected intensity as a function of energy and momentum transfers in the region
of the acoustic phonon (q ∈ [0.2 , 1] Å−1).
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Figure 3.26: Separation of different q ranges in S(q, ω) simulated on a TOF spectrometer.

from such simulation as in a real experiment. This is shown in Fig. 3.26, where several intervals
of q values were simulated separately. From these calculations, we can see that the intensity of
the quasi-elastic peak fluctuates as expected from the shape of the computed dynamic structure
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factor. Concerning the width of this peak, it is actually much narrower for q values near the
position of the first sharp peak.

Separation between coherent and incoherent signals

The separation between coherent and incoherent signals can be done by using only the coherent
or incoherent part of the dynamics structure factor. In the previous sections, only S(q, ω) was
accounted for when computing the scattering events. In neutron scattering experiments, this
separation can be achieved by means of polarized neutrons, which give separate access to coherent
and incoherent neutron scattering, or by contrast effects, which use the relative importance of
the coherent and incoherent cross-sections for the isotopes of a given element .
We show here the results of three different simulations with the same instrumental setup. One of
them was done with S(q, ω) only, the second with Ss(q, ω) only and the third with both of them.
The simulated q-range was restricted to [0.5,1] Å−1, in order to observe clearly the difference
between coherent and incoherent signals which are quite similar to each other at higher q values.
From the coherent signal, the inelastic feature due to collective motions associated with the
acoustic phonon may be extracted while the Lorentzian related to diffusion is represented by the
incoherent part. Consequently, simulations are helpful for extracting the respective contributions
of collective and single-particle motions.
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Figure 3.27: Separation of coherent and incoherent signals. The simulated q-range is [0.5,1] Å−1.

3.3 Conclusion

In this chapter, we have presented a method for simulating global neutron scattering experi-
ments, which includes on the one hand the neutron scattering instrument, and on the other
hand, the sample of interest.
In these simulations, the instrument is described by its different components from the source of
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neutrons to the detector, through different kinds of optical components which define the features
of the beam incident on the sample. The sample itself is described by means of its dynamic
structure factor: by performing molecular dynamics simulations, either classical or ab initio, we
are able to compute the dynamic structure factor S(q, ω) from the trajectories of the atoms. The
calculation of this quantity is time consuming: the trajectories have to be quite long and the
number of atoms rather high so that the intermediate scattering function is accurately evaluated
and its Fourier transform S(q, ω) does not look too noisy.
The dynamic structure factor is then used as a probability distribution of the (q, ω) events for
the sample of interest. It allows us to choose both the energy and momentum transfers, which
are the features of any scattering event between neutrons and sample.
Monte-Carlo processes are used in the sample for accounting for absorption and multiple scat-
tering.

Simulations were performed with two kinds of samples. First, the dynamic structure factor
of superfluid helium was derived from its measured dispersion curve, thus not accounting for
the quantum properties of the material. The purpose was to test the behaviour of the sample
module. Then, a classical molecular dynamics simulation of l-Rb was performed, and the corre-
sponding dynamic structure factor was calculated.

These two test cases give an overview of the abilities of such global simulations of neutron
scattering experiments. They give insight into some quantities which are actually not readily
available from experimental data, such as the different orders of multiple scattering and their
respective intensities. This is of interest for determining the most appropriate size of the sam-
ple for optimizing real experiments: simulations are able to predict the size for which the best
compromise between intensity and multiple scattering is reached. In the case of the helium
and triple-axis simulation, the effect of the resolution ellipsoid is clearly seen. Moreover, this
simulation enables multiple scattering to be tested on a simple inelastic spectrum.
These simulations also enable a direct access to reduced q ranges which are relevant for some
inelastic features. Consequently, both phonons and diffusive properties may be observed as in
real experiments. Simulations also give access to the coherent and incoherent contributions of
the sample to the total signal.

The global simulation of neutron scattering experiments offer more than the sample simulation in
several fields such as the impact of the resolution function on the detected signal, the influence
of sample size and multiple scattering and the understanding of parasitic signals, originating
from the sample environment for instance.
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When we had to choose a material for performing both experiments and complete simulations
of neutron scattering experiments, our attention was first guided towards liquid compounds since
our simulation scheme is dedicated to isotropic materials. Consequently, we wanted to find a

89



Chapter 4. Liquid germanium: experiments and simulations

liquid for which the experiment was tractable. Thus we chose liquid germanium, which is
known to have a structure that differs from most liquid metals. In this chapter, we present
both experimental and simulation results about liquid Ge. In the first part, an overview of the
former investigations carried out on this material is given; it deals with both experimental and
theoretical studies. The next section is devoted to the presentation of both kinds of simulations
using either empirical potential or ab initio methods for the study of liquid Ge. Then, the
experimental results from two kinds of spectrometers are shown. The last part is dedicated
to the possible contributions of complete simulations of neutron scattering experiments dealing
with liquid Ge.

4.1 Liquid germanium

Structural investigations on condensed phases of germanium are of fundamental interest due to
the interplay between the covalent and metallic character of the bonding . Research in this field
is also relevant to several applied physics problems and semiconductor technology.
Germanium shows a large degree of polymorphism in its solid phases. In its stable crystalline
phase at ambient pressure, the crystal has a diamond structure where each Ge atom is sur-
rounded by four covalently bonded first neighbours in a tetrahedral formation. This phase of
Ge is semiconducting and has a very low density with respect to close packing. Upon applica-
tion of pressure, the tetrahedrally bonded network is broken and the number of neighbours and
the density increase. Around 100 kbar, a phase transition to the metallic β-tin (or white-tin)
structure occurs and at even higher pressures an hexagonal phase and a close-packed phase are
produced [89].
At standard pressure the melting point temperature of crystalline Ge is Tm = 1210.4 K. At
the melting transition the tetrahedral network is also broken and germanium undergoes a semi-
conductor to metal transition. The electrical resistivity decreases by a factor of about 11 and
the density increases by about 5%, while the average coordination number increases from 4 to
about 7, which is rather low compared to other liquid metals with coordination number between
9 and 12.
Amorphous germanium is an amorphous semiconductor made of a continuous random network
of slightly distorted tetrahedra with defects.

Experimental investigations

The experimental understanding of the complex interplay between covalent and metallic bonding
has been the subject of several investigations with either X-ray [90, 91, 92] or neutron diffrac-
tion [93, 94, 95, 96, 97] techniques. The experimental static structure factor is shown in Figure
4.1. In 1972, Isherwood, Orton and Mănăilă [90] noticed that the first diffraction maximum
is unusually low and has a shoulder on its high momentum transfer side. In this context, the
hard-sphere model does not seem to be appropriate for describing the arrangement of atoms in
l-Ge and they devised a model based upon the short-range order found in white tin: the“central”
Ge atom was surrounded by four nearest atoms in the corners of a flattened tetrahedron with
two other atoms slightly further away. This partially anisotropic short-range order model was
inspired from the fact that Ge and Sn have similar outer electron shells and both exhibit a high-
pressure transition to a white-tin like structure accompanied by a 21% density increase. Since
the melting of germanium proceeds with a 5% density increase, it seems to be reminiscent of the
high-pressure modification. Consequently, they described l-Ge as a white-tin like structure and
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the experimental and computed radial distribution functions were in good agreement with this
model. In 1975, Waseda and Suzuki [91] obtained results very similar to the former ones and
gave an interpretation in terms of the white tin-like arrangement. However, they showed that
the oscillations of S(q) in the high q region were less damped in the case of l-Ge and l-Si than
for the metal l-Al. This implies that a short-range order related to the crystal structure remains
in the liquid, because the persistence of the oscillation in the structure factor in high q region is
related to the species having definite bond length and angle. They consequently deduced that
the structure of l-Ge may consist of a mixture of molten metal-like atomic arrangement ran-
domly distributed and covalent crystal-like atomic arrangement. In 1979, Gabathuler and Steeb
proposed a model consisting of a mixture of fourfold coordinated semiconducting arrangements
and highly coordinated metallic arrangements. As stated by [94], the assumption of crystal-like
atomic arrangements being responsible for the anomalous structure factor may not be consistent
with the shoulder on the high q side of the first diffraction peak: since the liquid is more dense
than the solid, if the shoulder were due to crystal-like arrangements, it would be on the low-q side
of the main peak in S(q), because q ∼ 1/r where r in the interatomic distance. Subsequently,
they devised a new model for the structure of l-Ge consisting of a combination of regular and
irregular structures [94] in which vacancies are introduced. In the regular structure, an atom is
surrounded by approximately 6.5 equivalent atoms which are separated from one another by the
mean distance. In the irregular structure, in the vicinity of a vacancy, the first neighbour of the
central atom which is close to the vacancy is shifted towards the central atom. Consequently,
these two substructures respectively lead to the principal peak in S(q) and to the high q side
shoulder. Bellissent-Funel and Bellissent also tried to devise a model of the structure of l-Ge
[95]: since the hard-sphere model gave a poor agreement with the experimental results, they
used a quasicrystalline model based on the assumption that the local order for the liquid is based
on the crystal structure. However, this model gives a good representation of the width of the
first peak in S(q) but the shape of the latter is not reproduced, especially the shoulder.
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Figure 4.1: Static structure factor for liquid Ge obtained from neutron scattering and X-ray
scattering experiments.

Concerning the dynamics of l-Ge, Hosokawa and co-workers used inelastic X-ray scattering [98].
Spectra were measured for momentum transfers from 0.2 to 2.8 Å−1. The phonon dispersion
curve extracted from the spectra matches the hydrodynamic sound velocity [99]. The generalized
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hydrodynamics theory which predicts a positive dispersion does not apply to the experimental
data for l-Ge, although it was shown to be satisfied by other liquid alkali metals such as liquid
caesium [100] or liquid sodium [101]. In the hydrodynamic limit (ωτ)2 � 1, where τ stands
for the viscoelastic relaxation time, the slope of the dispersion curve is given by the adiabatic
sound velocity cs. At higher frequencies, the viscoelastic damping starts to contribute to the
relaxation process in the liquid, causing a shift of ω(q) to higher frequency, this is the so-called
positive dispersion. In the case of the high frequency limit (ωτ)2 � 1, the dispersion relation is
determined by ω(q) = c∞(q)q, where c∞(q) is the high-frequency sound velocity which is ruled
by the elastic moduli as in a solid. The authors showed that this theory does not apply to l-Ge
since no positive dispersion is observed. This may come from two principal reasons: on the
one hand, the potential used for determining the high-frequency sound velocity must be harder
than the real potential in l-Ge, the latter yielding a smaller c∞; on the other hand, liquid Ge
may not belong to the class of liquids which can be approximated as simple monatomic fluids
and three-body correlations or the covalent character of bonding may dominate the collective
dynamics.
Moreover, the study of the relationship between S(q) and the half width at half maximum of the
spectra Γq shows that the measured spectral widths do not fit to the relationship given by de
Gennes for simple dense fluids [19] (see Section 1.2.2.2) nor to the expression for neutron spectra
of dense hard-sphere fluids given by de Schepper and co-workers [102]. This failure supports the
view that neither the structure nor dynamics of liquid Ge can be modelled using pair interac-
tions. However, a cluster model with transient covalent structures in the liquid was proposed by
Ashcroft [103] which can be interpreted in terms of the experimental results. In this model, the
first maximum in S(q) reflects the inter-cluster correlation while the shoulder on the high q side
and the remaining oscillations refer to the atom-atom contribution. In the experimental results,
a narrowing at the position of the maximum in S(q) followed by a broadening of the quasi-elastic
line at higher q values corresponding to the shoulder in S(q) shows that the covalent structures
are diffusing slowly while individual atoms are subject to rapid translational motion.

Theoretical investigations

On the theoretical side, much effort was devoted to modelling and reproducing both structural
and dynamic features of l-Ge. In 1985, Stillinger and Weber devised a model potential func-
tion comprising both two- and three-atom contributions to describe the interactions in solid
and liquid states of Si [104]. Molecular dynamics simulation of l-Si using this potential give
structural properties in good agreement with the measurements. This potential was also used
for simulating amorphous germanium [105]. However, the set of parameters relevant for both
amorphous and solid phase of Ge were not able to give a good description of the liquid phase.
This was attributed to the lack of flexibility of the potential for describing the full variety of
configurations seen in the three phases. Other studies [106] consisted of molecular dynamics sim-
ulations using interatomic forces derived from the pseudopotential theory. Both structure factor
and pair correlation function agree well with experimental data. These simulations also showed
the evolution of the structure with temperature: as the temperature decreases, the shoulder be-
comes more pronounced and even forms a second peak and in the supercooled state, the second
peak becomes more intense than the first one. More recently, the potential initially devised by
Stillinger and Weber for l-Si was used with a different set of parameters fitting both crystalline
and liquid Ge phases [107]. The corresponding simulations give access to static structure factor
and pair correlation function in good agreement with the experimental results. However, the
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computed diffusion coefficient is larger than experimental values by a factor of 2.

Let us now move on to the ab initio molecular dynamics simulations of l-Ge. In 1993, Kresse and
Hafner presented the first results dealing with an ab initio simulation of liquid germanium [108].
In this study, they used ab initio quantum-mechanical molecular dynamics calculations based on
the calculation of the electronic ground state and of the Hellmann-Feynman forces in the local
density approximation at each molecular dynamics step. The agreement between simulated and
experimental pair correlation function was quite good. Also the electronic density of states is
in close agreement with the experimental data. In [109], their work was extended to the study
of the liquid metal-amorphous semiconductor transition. The results for the pair correlation
function and the static structure factor are in good agreement with experimental measurements.
According to the authors, the results for the liquid indicate a broad homogeneous distribution
of local bonding configurations and shows that both classes of models proposed earlier (mixture
of fourfold coordinated and highly coordinated metallic arrangements [93] and both sixfold co-
ordinated and metallic arrangements [90]) are unrealistic. The simulation of undercooled and
amorphous Ge shows the increase of the local tetrahedral order with decreasing temperature.
The self-diffusion coefficient is extracted from the simulated trajectories D = 1.0·10−4 cm2/s and
is in good agreement with the measured value. Similar results about the structure and diffusion
of liquid Ge were found by Takeuchi and Garzón [110] using the ab initio molecular-dynamics
scheme developed by Car and Parinello [44]. Another study was performed by Godlevsky and
Chelikowsky [111] which yields similar results for both the structure factor and the pair corre-
lation function. However, two kinds of angular distribution functions are computed: the first
one deals with the nearest neighbours (i.e. the distribution of the angles formed when a vector
is drawn from a reference atom to the nearest atom and another vector is drawn from the same
reference atom to the next-nearest neighbour) and is strongly localized around the tetrahedral
angle which shows a predominantly covalent bonding; the second one deals with more distant
neighbours (i.e. it is an average of angles between a reference atom and all pairs of atoms within
a radius rm of the reference atom) and shows a peak near angles appropriate to close-packed
structures and thus a more metallic configuration is observed. They conclude that this situa-
tion is consistent with the coexistence of covalent and metallic bonding in the liquid. Kulkarni
and collaborators performed similar simulations and studied the influence of the temperature
between 1250 K and 2000 K on the structural properties of the liquid [112]. These simulations
show that liquid Ge is a good metal but with some special short-range order arising from residual
covalent bonding. At the highest temperatures, l-Ge seems to evolve into a more conventional
close-packed liquid metal. More recently, the features of the dynamics of liquid Ge were studied:
the computed dynamic structure factor was found in good agreement with the experimental data
while the self-diffusion properties of l-Ge were determined [113], showing three types of diffusion
processes: the first one consists of a single atom moving freely when its coordination number be-
comes smaller; the second one occurs when an atom moves together with its neighbouring atoms
in almost the same direction; and the last one happens when an atom is trapped in a group
of neighbouring atoms which almost stays at the same position. Calculations of the dynamic
structure factor from an ab initio MD simulation were also performed by Chai and co-workers
[114]. They show good agreement with the experimental data, although the statistical noise due
to the small number of atoms (64) is rather important and has to be convoluted with a gaussian
of width 2.5 meV representing the experimental resolution function.

As can be seen in these experimental and theoretical studies, experimental investigations of
liquid germanium are not able to determine the microscopic arrangements giving rise to the
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measured structural properties. They can only show if a given model could be in agreement with
the measurements. On the other hand, molecular dynamics simulations have access to atomic
positions and hence the local structure can be extracted from this microscopic description of
the material. Consequently the actual model of structural arrangement can be understood from
simulation.
In this work, we have performed classical and ab initio MD simulations of liquid germanium
together with the first neutron scattering measurement of the quasi-elastic behaviour of this
sample. Although several simulations have been carried out before, the results of some of them
are rather uncertain, due to very large simulation time steps, potential parameters in classical
MD or statistics and k-point sampling for ab initio MD. From the experimental point of view,
the measurement of the quasi-elastic behaviour by inelastic X-ray scattering was done with
poor statistics and the agreement with the tested models is questionable. For this reason,
we can expect to perform neutron scattering measurements with better statistics and more
q vectors. Moreover, thanks to modern computers and codes, new simulations improve the
quality of the simulated trajectories. Finally, on the viewpoint of global simulations of neutron
scattering experiments, the comparison of experiment, simulation and experiment simulation
gives information about the importance of the instrument and the interaction between neutrons
and sample on the measured quasi-elastic width. Virtual experiments also open new perspectives
about what can be inferred from experiment simulations and how they can help to understand
the contributions to the measured data.

4.2 Molecular dynamics simulations of l-Ge

In this section, we present the molecular dynamics simulations carried out on l-Ge. Two methods
were used for this purpose: the first one uses an empirical potential while the second one is
based on ab initio techniques. Both kinds of simulations give information about the structure
and dynamics of the simulated material.

4.2.1 Classical molecular dynamics simulation

As said before, the first step in this theoretical study of l-Ge was to perform an empirical
molecular dynamics simulation.

4.2.1.1 Empirical interatomic potential

This was done by using the well-known potential designed by Stillinger and Weber [104]: it
comprises both two- and three-atom contributions and was initially developed for silicon and
then adapted for germanium. It is given by:

ϕ(1, · · · , N) =
N∑

i=1

∑
j>i

v2(rij) +
∑

i,j,k;i<j<k

v3(ri, rj , rk)

=
N∑

i=1

∑
j>i

εf2(rij/σ) +
∑

i,j,k;i<j<k

εf3(ri/σ, rj/σ, rk/σ)
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where:

f2(r) =
{
A(Br−p − r−q) exp[(r − a)−1], if r < a
0, if r ≥ a

f3(ri, rj , rk) = h(rij , rik, θjik) + h(rji, rjk, θijk) + h(rki, rkj , θikj)

and:

h(rij , rik, θjik) = λ exp[γ(rij − a)−1 + γ(rik − a)−1](cos θjik +
1
3
)2, if rij , rik < a

In these equations, the parameters A, B, p, a, λ and γ are positive. θjik is the angle between rj

and rk subtended at vertex i. ε and σ are the energy and length units.
The generic forms of f2 and f3 automatically cut off at r = a and do not show any discontinuities
in any r derivatives, which is a noticeable advantage in molecular dynamics simulations. The
function f3 dealing with three-body interactions clearly discriminates in favour of bonding angles
such that cos θ = −1

3 , which corresponds to the tetrahedral angle.
For l-Ge, we chose the parameters given by Yu [107].

4.2.1.2 Simulation procedure

We carry out our MD simulations within the so-called (N ,V ,E) ensemble, i.e. the microcanon-
ical ensemble, in which the number of particles N , the volume of the system V and its energy
E are conserved. The simulation cell is cubic and we use periodic boundary conditions. The
Newtonian equations of motion are integrated with the velocity Verlet algorithm, with a time
step of 0.5 fs. In this approach, ∆E

〈E〉 is about 10−6.
The system consists of 1000 Ge atoms at a density of 2.53 g/cm3.
The neighbour list has to account for the triplets of nearest neighbours since the potential has
a three-body contribution. Thus we worked with a “home made” MD code so we could include
this non-standard two- and three-body potential.
The initial configuration is randomly chosen with velocities of the atoms drawn from a Maxwell-
Boltzmann distribution at temperature T = 1700 K. The simulation starts from a high temper-
ature in order to ensure that the system has melted. The system is then equilibrated during
100000 time steps (50 ps) by scaling the velocities every 50 fs. From this trajectory, we extract
10 configurations equally spaced in time. These configurations are considered as independent
ones since the system has evolved during 5 ps between the two closest of them. Each of these
atomic configurations is then equilibrated at 1400 K by velocity scaling during 20000 time steps
(10 ps). Consequently, we now have ten independent samples at equilibrium at 1400 K.
Ten production runs are finally performed at 1400 K during 50 ps in the microcanonical ensemble
in order to accumulate accurate statistical averages.

4.2.1.3 Numerical results

The system has been simulated during quite a long time and the relation given by 1.26 may be
applied. From the mean-squared displacements (see Fig. 4.2), we obtain a diffusion constant
D = 0.536 10−4 cm2/s. This value is quite low compared to the experimental value of 1.62·10−4

cm2/s [110].
The comparison of the pair distribution function and the static structure factor with experimen-
tal results gives an overview of the ability of the potential to reproduce the structural features
of the system. However, while S(q) is easily available from the experiments, g(r) is easier to
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Figure 4.2: Average of the mean-squared displacements of the ten samples during production at
T = 1400 K.
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Figure 4.3: Comparison between simulated and experimental g(r).
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Figure 4.4: Comparison between simulated and experimental S(q).

compute and more accurate from the simulated configurations. Both of these quantities were
computed by averaging over 10000 configurations.
The agreement between simulated and experimental data is quite good, although some discrep-
ancies exist: these may come from the inverse Fourier-transform used for computing g(r) from
experimental data, since the overall agreement of the S(q) is better than for the g(r). However
we also notice some differences between experimental data under similar measurement condi-
tions.
Nevertheless the positions of the main peaks in g(r) are quite well reproduced even if the inten-
sities vary. For S(q), the main peak is observed between 2.4 and 2.5 Å−1 which corresponds to
the nearest neighbour shell denoted by the first peak in g(r) at rm = 2.6 Å. The shoulder on
the high-q side of the first sharp peak (q = 3 Å−1) reported by experiments is also reproduced
by the simulations.

From the trajectories, the intermediate scattering functions were also computed, which give
access to the dynamic structure factor by time Fourier transform. Both F (q, t) and S(q, ω)
are shown for low q values in Fig. 4.5. The longitudinal propagating modes existing in the
experiment are also reproduced by the classical MD simulation. The phonon dispersion and the
damping of the mode with increasing q values are clearly visible. However a strong discrepancy
exists between experimental and simulated data as depicted in Fig. 4.6. The sound velocity is
defined as: cs = ω

q . For l-Ge, it is much higher in the simulation than in reality as shown in
Fig. 4.7: both measurements of the adiabatic sound velocity [99] and inelastic X-ray scattering
experiments [98] indicate a sound velocity of 2682 m/s, while the simulated value is of the order
of 5000 m/s.

Concerning the incoherent behaviour of the sample, we notice that the diffusive regime prevails
for q values under 1 Å−1 approximately. This is shown on the left plot of Figure ·4.8: we expect
a behaviour described by: Fs(q, t) = exp(−Dq2t) where D is the self-diffusion constant; above
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Figure 4.7: Comparison of the experimental [98] and simulated dispersion of the acoustic phonon.

q = 0.98 Å−1, the slope of ln(Fs(q, t))/q2 departs from the constant D value associated with the
diffusive regime. The value of D given by fitting these straight lines is 0.59·10−4 cm2/s, very
close to the value determined from the Einstein relation for the mean-squared displacements.
On the right plot, the incoherent dynamic structure factor is shown for several q values. We
notice both damping of the intensity and increase of the width of the spectra for increasing q
values as expected for the incoherent signal: for large q values, that is small spatial correlation
distances, we deal with short wavelength inhomogeneities and relaxation over small length scales
which is a fast process. Consequently, the width of the spectra for small q values is narrower
than for large q values.

4.2.1.4 Discussion

The empirical potential designed by Stillinger and Weber leads to a description of the structural
properties of the system which is in agreement with the measurements. However, the dynamic
features are not well reproduced.
The discrepancy between the simulated and experimental values of the sound velocity in l-Ge
may come from the chosen parameters for the potential. Some features of the latter may yield
to strong interactions between the atoms and thus increase the typical frequencies involved in
the vibrational behaviour of the system. In particular, the three-body interaction seems to em-
phasize too strongly the tetrahedral arrangements.
Thus the empirical potential seems to be too rigid to give a good picture of the dynamics of l-Ge.

In order to cope with these drawbacks, we performed ab initio MD simulations of our system.
Although this kind of simulations is not usually done for computing dynamic quantities, we are
trying to calculate the dynamic structure factor from these trajectories.

4.2.2 Ab initio molecular dynamics simulation

As explained in section 2.2.2, in ab initio molecular dynamics simulation, there are no param-
eterized atom-atom interactions, however the nucleus and core electrons are represented by
a pseudo-potential and “simple” liquids can be used to probe the accuracy of these pseudo-
potentials.
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Figure 4.8: Self dynamic properties of l-Ge at T = 1400 K: left: ln(Fs(q, t))/q2 as a function of q
(inset: departure from the diffusive law for high q values); right: incoherent dynamic structure
factor for several q values (the intensity is multiplied by a factor of ten for q > 2 Å−1).

4.2.2.1 Simulation procedure

All calculations presented here were performed with the Vienna Ab initio Simulation Package
(VASP) [115, 116], which is based on the density functional theory.
We carried out simulations of l-Ge for an ensemble of 64 atoms in a cubic supercell with periodic
boundary conditions. The simulated density was ρ = 2.53 g/cm3, which yields a box of length
11.175 Å.
The atomic dynamics was described in the microcanonical (N ,V ,E) ensemble. We used ultrasoft
Vanderbilt pseudopotentials [117] and the generalized gradient approximation (GGA) with the
functional PW91 for the exchange-correlation energy.
The Brillouin zone was sampled by a 3× 3× 3 Monkhorst-Pack mesh of k-points [45]. The wave
functions were expanded in a basis of more than 32000 plane waves, corresponding to an energy
cut-off of 139.2 eV.
Note that we performed a simulation with 300 atoms and only Γ point sampling since physical
size and k-point sampling are in some way equivalent. The static structure factor from this
simulation did not show any shoulder on the high q side of the main peak.

The starting configurations for the ab initio simulations were generated by classical MD simu-
lations using the Stillinger and Weber potential. For this purpose, systems of 64 Ge atoms were
equilibrated at the desired temperatures using the same scheme as described earlier for classical
MD simulations.
After switching to the ab initio (N ,V ,E) MD, three runs of 30 ps using a time step of 3 fs were
performed at three different temperatures corresponding to the liquid (1390 K, 1080 K) and
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supercooled (680 K) states. This was done under the assumption that the densities of l-Ge for
temperatures between 680 and 1390 K are equal.
Finally, we quenched three independent configurations of the trajectory at 680 K at a cooling
rate of 68 K/ps in order to obtain three amorphous configurations of the system.

4.2.2.2 Numerical results

The mean-squared displacements (MSD) is one of the more trivial quantities available from
the simulated trajectories. It consists of following a tagged particle as a function of time in
order to see for instance if its trajectory is subject to constraints or if the particle diffuses freely.
Averaging this quantity over all the particles of the system gives insight into its overall behaviour.
The mean-squared displacements are here computed for the three temperatures 1390 K, 1080 K
and 680 K. They are plotted in Figure 4.9. We notice quite different behaviours at short and
long times. At short times, the mean-squared displacements increase as t2 as shown by the line
of equation y = t2 (denoted quadratic). This is peculiar of the atoms diffusing freely, that is
before their motion is affected by the presence of their nearest neighbours. At longer times, the
time dependence of the mean-squared displacements becomes linear: we notice that the slope of
the MSD is parallel to that of the line of equation y = t (denoted linear). This corresponds to
the hydrodynamic regime.

Figure 4.9: Mean-squared displacements (in Å2) versus time (in ps) at three different tempera-
tures: T = 680 K, T = 1080 K and T = 1390 K. The lines represent respectively the quadratic
and linear behaviour. Note that the scales are logarithmic.

The calculation of the mean-squared displacements gives access to the diffusion constant at three
temperatures according to the Einstein relation (1.26):
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Figure 4.10: Comparison of calculated and experimental diffusion constant at different temper-
atures (experimental data from [110]).

T [K] D [10−4 cm2/s]
1390 K 1.41
1080 K 1.01
680 K 0.57

The simulated values are compared to experimental data [118] in Figure 4.10. Around 1400 K,
the value of D is available from experiment and from both simulation methods presented here.
There is strong discrepancy between the value from the classical MD on the one hand and the
values from the experiment and the ab initio MD on the other hand. If we consider the temper-
ature dependence of the self-diffusion constant, it seems to be linear according to the results of
the ab initio simulation while the experimental results are of the same order in the range from
1250 K to 1400 K although they do not show the same linear temperature dependence.

Let us now have a closer look at the pair distribution function g(r). This quantity was computed
by averaging over 10000 configurations for each temperature and the results are presented in
Fig. 4.11 compared to the experimental g(r) of Salmon [96].
We notice that the first peak corresponding to the nearest neighbour shell is positioned at 2.67 Å,
in good agreement with the measured values of 2.67 and 2.66 Å[95, 96]. Moreover this peak does
not shift with temperatures, while its intensity increases when temperature goes down. These
two features are in good agreement with the X-ray experiments by Filipponi [92]. The rise in
intensity is due to the increased ordering of the atoms at low temperatures: at 680 K, the kinetic
energy is much lower than at 1390 K and hence the structural features are more pronounced. At
T = 680 K, we also observe a growing feature at r ≈ 4 Å, which is slightly indicated at higher
temperatures by a non-smooth minimum between the first and second peaks in g(r). This new
oscillation in the pair distribution function brings to the fore the appearance of a new typical
distance in the system. In the diamond type germanium crystal, the radii of the first and second
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Figure 4.11: Pair correlation function at the three different temperatures and experimental data
by Salmon [96].

neighbour shells are: r1 = 2.45 Å and r2 = 4.00 Å. Thus the intermediate peak in g(r) is likely
to be related to the atomic arrangement in the solid state.
The comparison with experimental g(r) by Salmon [96] is in overall good agreement. However,
the growing intermediate peak observed at 680 K in the range of r ≈ 4 Å is already present in
the experimental data at T = 1270 K. It was already noticed in a simulation study by Kulkarni
[112] that this damped peak flattens and eventually disappears at higher temperatures.

The static structure factor was computed from 10000 atomistic configurations for each temper-
ature. The average is also performed over all q vectors of the same magnitude. The results are
shown in Fig. 4.12 together with the experimental result by Salmon [96].
The main sharp peak is located at q = 2.53 Å−1 at T = 1390 K. This result is very close to the
experimental values [95, 96, 91]. At lower temperatures, the peak is shifted to lower q values,
which is consistent with measurements [97]: it was shown that the peak was shifted to higher q
values with increasing temperature in the range from 1270 K to 1820 K.
The characteristic feature of l-Ge shown by neutron diffraction studies is well reproduced by the
simulation: we observe a distinct shoulder on the high-q side of the first sharp peak of the static
structure factor. It occurs at q = 3.27 Å−1, in close agreement with the experimental data [97].
As T decreases, the height of the main peak is reduced and the shoulder becomes more distinct.
These two features were described at higher temperatures in the simulation work by Kulkarni
[112]: at T = 2000 K, the shoulder disappears. This is consistent with the previous finding that
the shoulder is more pronounced at low temperatures.
The second peak of the static structure factor is found to occur at 5 Å−1. This is shifted from
the experimental value found by Salmon [96] (see also Waseda [91]) as shown in Fig. 4.12.
However, depending on the measurements, the position of the second peak is found between 5
and 5.12 Å−1, in very good agreement with the value found by Isherwood and Orton [90, 120].
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Figure 4.12: Static structure factor at the three simulated temperatures and experimental data
by Salmon [96].
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Figure 4.13: Pair correlation function for supercooled and amorphous Ge compared to experi-
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Both the pair correlation functions g(r) and the static structure factors S(q) for the supercooled
liquid at 680 K and the amorphous germanium are shown respectively in Figures 4.13 and 4.14.
As said before, the amorphous phase was obtained by cooling down three different and indepen-
dent configurations of the supercooled state at 680 K. Thus the pair correlation function and
the static structure factor were averaged over three configurations of the amorphous phase. The
agreement between the simulated and experimental g(r) and S(q) is quite good. In S(q) we
observe the splitting of the first peak and the shoulder of the liquid phase in two peaks around
2 Å−1 and 3.4 Å−1. In the pair correlation function, the main peak is shifted to smaller inter-
atomic distances and sharper than in the liquid or supercooled states. The growing intermediate
peak near 4 Å observed at 680 K is much more pronounced in the amorphous state as seen in
Figure 4.13. If we have a look at the structure of the amorphous state, we notice the presence
of tetrahedra: the main peak in g(r) corresponds to the interatomic distance between the center
and a vertex of the tetrahedron while the higher interatomic distance at 4 Å is associated with
the distance between two vertices of the tetrahedron (see also Fig. 4.16.
Given the nature of the many-body interactions in germanium, it is interesting to compute the
angular distribution of atoms. g(θ, rm) is the (not normalized) distribution of angles defined by
vectors going from a reference atom i to two neighbours of i which are within a radius rm of
the reference atom. In Fig. 4.15, rm is shown using various values around the minimum in g(r).
This minimum is not clearly defined in the liquid, leading to uncertain definition of the nearest
neighbour shell. In contrast, in the supercooled and amorphous states, the first minimum in g(r)
is clearly defined. g(θ, rm) is computed for the liquid (T = 1390 K), supercooled (T = 680 K)
and amorphous phases.
For both liquid and supercooled systems, we observe a broad peak around θ = 98◦ if rm = 2.8 Å.
When increasing rm, this peak tends to be shifted to lower angles, around θ = 90◦. For the
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around the first minimum of g(r). Right: coordination number for the same three phases. The
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amorphous phase, the corresponding peak is observed at slightly higher angles, of the order of
105◦ for rm = 2.8 Å. With increasing rm, a new peak appears for angles between 55 and 60◦

in the liquid and supercooled phases. At T = 680 K, this feature is more pronounced than at
higher temperatures. In the amorphous phase, this peak appears at smaller angles of the order
of 50◦.
A bond angle of 60◦ is characteristic of metallic bonding, that is to say 60◦ represents the most
closely packed structure of the system. The broad peak around 100◦ may be peculiar to flattened
tetrahedra. Note that the characteristic bond angle of a tetrahedron is 109.5◦.
For the coordination number of the atoms, we notice that most atoms have either 4 or 5 nearest
neighbours in the amorphous phase. On the other hand, in the liquid and supercooled phases,
for usual values of the first minimum in g(r) around 3.3 Å, we obtain a coordination num-
ber between 6 and 7. Note that the coordination number increases with increasing radius of
the coordination sphere for both liquid and supercooled systems. In contrast with these cases,
the coordination of the amorphous phase behaves quite differently: the coordination number is
around 4 and does not increase much with increasing rm. This is consistent with the shape of
g(r): for the amorphous phase, the first and second shells of neighbours are well separated with
a deep minimum around r = 3.2 Å. In contrast, the liquid and supercooled systems do not show
any obvious minimum in their pair correlation functions after the first sharp peak. That is why
the coordination number increases with increasing radius rm defining the neighbourhood. This
continuous increase of the coordination number with increasing coordination sphere may be con-
sistent with the β-tin hypothesis [90]. The latter assumes that in liquid Ge, each atom has four
nearest neighbours on a flattened tetrahedron and two other neighbours slightly further away
on the perpendicular to the plane of the flattened tetrahedron. As a matter of fact, if we denote
by r0 the main interatomic distance reported from g(r), the β-configuration would lead to inter-
atomic distances of the order of r0 ' 2.5 Å (between the center and a vertex of the tetrahedron),√

2r0 ' 3.53 Å (between two adjacent vertices of the tetrahedron) and 2r0 ' 5 Å (between two
opposite vertices of the tetrahedron) together with distances slightly higher than r0 associated
with the two further neighbours. Consequently this analysis may actually be in agreement with
the features observed in g(r) and in the evolution of the coordination number, however a more
detailed study is necessary to have a more accurate knowledge of the local arrangements present
in the liquid.

Snapshots of the simulated structure of amorphous Ge are shown in Figure 4.16. On the left, the
64 atoms are represented together with the corners of the simulation box. The bonds between
atoms correspond to two covalent radii (1.22 Å for Ge) plus a bond tolerance, that is to say a
bond is drawn for interatomic distances smaller than 2.84 Å. The two subsequent plots show
a zoom in this structure. Three ’tetrahedra’ are represented together with some interatomic
distances and bond angles. We notice that the covalent bond length of Ge corresponds to the
main peak in g(r) around 2.5 Å. On the other hand, the distance between two vertices of a
tetrahedron is comprised between 3.5 Å and 4.5 Å. Subsequently the broad peak around 4 Å in
g(r) (see Fig. 4.13) is related to this kind of spatial arrangement. If we now have a look at
the angles, their values are mainly distributed between 85◦ and 130◦. These bond angles conse-
quently give rise to the observed broad distribution of angles around 105◦ (see Fig. 4.15). These
bond angles come from the angles formed by two ’covalent bonds’ of the same tetrahedron. If
we consider higher interatomic distances (see distribution for rm = 3.4 Å in Fig. 4.15), another
peak appears around 50◦. This one is due to the angles formed by the two following vectors:
the first one goes from a vertex to the center of the tetrahedron while the second one goes from
the same initial vertex to another vertex of the same tetrahedron. This is also shown in Fig. 4.16.
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Figure 4.16: Calculated structure of amorphous Ge at T = 0 K. Left: snapshot of the whole
simulation box (with small balls representing the corners of the box). Middle: interatomic
distances. Right: bond angles.

In summary, this study of the structure of liquid, supercooled and amorphous germanium en-
ables insight to be gained into the microscopic arrangements leading to the observed S(q) and
g(r). As already stated by Kresse [109], the amorphous state is characterized by the presence of
tetrahedra. For the liquid state, the β-tin hypothesis seems to be compatible with the quantities
(g(θ, rm), coordination number) computed from the simulation. The significant change in the
structure between the liquid and amorphous phases, as shown by the static structure factor and
the pair correlation function, is rather unusual and is consistent with a transition from tetrahe-
dral formations in the amorphous phase to β-tin like local structure in the liquid.

From the trajectories, we may also extract dynamic features of the system. Note that the low
q limit is related to the size of the simulation box. In our case, the lowest accessible q value is
0.562 Å−1. Figure 4.17 shows both the intermediate scattering function and the dynamic struc-
ture factor of l-Ge at 1390 K and for low q vectors. On the bottom left, F (q, t) is normalized
by its value at time 0. The oscillations are associated with the presence of the acoustic mode at
low q. We notice that the period and intensity of these oscillations vary with increasing q: the
period decreases and the signal is more damped for high q values. This is directly associated
with the shape of the dynamic structure factor shown on the bottom right for the same q values.
The raw dynamic structure factor is shown on the top right plot: it is quite noisy due to the
small number of atoms in the box. However the overall features can already be distinguished
in the raw Fourier transform. As shown on the bottom right plot, the dynamic structure factor
was smoothed by convolution with a gaussian (σ = 1.1 meV) in order to suppress the statistical
noise due to the Fourier transform of F (q, t). An overall view of the dispersion of the acoustic
phonon is given in Figure 4.18. We notice the excess of intensity beside the elastic line due
the presence of the acoustic phonon. In Figure 4.17 we notice that the central peak starts to
be split at q = 0.863 Å−1 and 0.970 Å−1. This feature may be attributed to the transverse
mode, which is observable in simulations although it is not available from neutron scattering
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Figure 4.17: Collective dynamic properties of l-Ge at low q values: top left: experimental data at
1250 K; bottom left: intermediate scattering function F (q, t) at 1390 K; top right: raw S(q, ω)
computed by Fourier transform of F (q, t) from the simulation at 1390 K; bottom right: smoothed
S(q, ω).
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experiments due to its transverse character. However, such splitting of the central peak is also
observed at much higher q values which cannot be associated with the presence of a transverse
mode. Moreover if it were a transverse mode it would be more intense at lower temperatures
which is not the case. Consequently this feature must be an artefact of the Fourier transform
and of the symmetrization of the signal in energy.
From S(q, ω), we can determine the frequency of the acoustic phonon as a function of q and com-
pare it to X-ray experimental data. This is shown in Figure 4.19. In the case of the simulated
S(q, ω), it is quite difficult to avoid the uncertainty when evaluating the phonon frequency as a
function of q. However the available phonon frequencies are quite consistent with the experimen-
tal data in what concerns the dispersion of the longitudinal acoustic excitation. A comparison
of the dispersion of the acoustic mode at the different temperatures does not show any strong
differences between the sound velocities as a function of temperature.
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Figure 4.18: Simulated dynamic structure factor S(q, ω) for low q values at T = 1390 K: evidence
of the dispersion of the acoustic mode.

Let us now move on to higher q values (q > 1 Å−1) where the acoustic excitation is not rel-
evant any more. In this range, we are interested in the quasi-elastic behaviour of the liquid.
When fitting the raw S(q, ω), we obtain the results depicted in Figure 4.20. The widths and
intensities extracted from the simulations at 1390 K and 680 K come from the fit of S(q, ω)
with a Lorentzian. In the simulation, we observe the narrowing of the quasi-elastic peak for
q = 2.4 Å−1 and between q = 2.8 Å−1 and 3.2 Å−1. This corresponds to the phenomenon
of de Gennes narrowing occurring close to the positions of the intense features in the static
structure factor: the dynamic structure factor is the Fourier transform of correlation functions
which describe the rate at which a system forgets its initial state; when the dynamics are on the
same length-scale as the local structure, the structure is “preserved”, thus there is limited loss
of memory and limited broadening of the dynamic structure factor.
The simulated evolution of the quasi-elastic peak can be compared with theoretical predictions
based on different models. For the theoretical width ωh, we use the formula for a measure of
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Figure 4.19: Dispersion of the frequency of the acoustic phonon as a function of q: comparison
between experiment and simulation (rough estimate of the error bars on the simulated data: 2
to 3 meV).

the half width at half maximum of the spectra as a function of q, denoted ωh(q), derived for a
dense hard-sphere fluid [102]. This quantity is given by:

ωh(q) =
DEq

2

S(q)
d(q), (4.1)

where
d(q) = [1− j0(qσ) + 2j2(qσ)]−1. (4.2)

Here DE is the self-diffusion coefficient of the hard-sphere fluid in the Enskog theory and j0(x)
and j2(x) are the zeroth- and second-order spherical Bessel functions respectively. Equation
(4.1) is only valid for intermediate values of q (1 < kσ < σ/l where σ/l� 1) and high densities.
This quantity ωh(q) was computed using the static structure factor from the ab initio molecular
dynamics simulations at 680 K and 1390 K. For DE , we use the self-diffusion constant D calcu-
lated from the simulation: its overall behaviour with respect to the mass and the density must
be similar to that of the self-diffusion constant of the Enskog theory. For the typical size σ of
the hard spheres, we use σ = 2.8 Å at T = 1390 K and σ = 2.7 Å for T = 680 K in agreement
with the computed pair correlation functions. For the other theoretical prediction denoted ωq,
we use the square root of the normalized second frequency moment defined in 1.48.
We notice that the prediction given by ωq does not give a good description of the shape of the
width Γ(q). Thus the description of liquid Ge as a simple dense fluid is not relevant. However,
the width ωh predicted by the hard sphere model seems to give a better description of our sys-
tem. The overall shape of Γ(q) is preserved at both temperatures. We observe the phenomenon
of de Gennes narrowing at the same q values than in the simulation. However even if the slowing
down of the dynamics around 3 Å−1 is well reproduced at 680 K, it is not pronounced at all
at 1390 K in the theoretical prediction ωh. We also realize that the theory underestimates the
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Figure 4.20: Width (top) and intensity (bottom) of the spectra as a function of q for two
temperatures: T = 1390 K and T = 680 K.

value of the width. In the hard sphere model, this may come from the use of D instead of DE .
For the intensity of the spectra at 1390 K and 680 K, its evolution as a function of q is quite
similar to the shape of S(q): the main peak is around 2.3-2.4 Å−1 and we observe a shoulder
between 2.8 Å−1 and 3.2 Å−1. The latter is more pronounced at T = 680 K as seen in the static
structure factor.

As shown in Figure 4.21, we can also extract the width of F (q, t) for F (q, t)/F (q, 0) = exp(−1).
We observe a long-lived relaxation near the position of the first maximum in S(q) for the three
temperatures T = 680 K, 1080 K and 1390 K. We notice that the relaxation time associated
with the simulated width increases with decreasing temperatures. This shows that the collective
motion leading to the relaxation of the density fluctuations are much slower at low temperatures.
The width of F (q, t) is closely related to the width of S(q, ω). We notice the appearance of a
shoulder for q between 2.8 Å−1 and 3.4 Å−1 at T = 680 K. The increasing relaxation times
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4.2. Molecular dynamics simulations of l-Ge

around 2.5 Å−1 and between 2.8 Å−1 and 3.4 Å−1 are associated with the phenomenon of de
Gennes narrowing: the main structural features appear around these q values. Consequently
the density fluctuations corresponding to such q values are quite long to relax. This result is in
agreement with the width extracted from S(q, ω) and shown in Fig. 4.20.
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Figure 4.21: Width at F (q, t)/F (q, 0) = exp(−1) as a function of q for different temperatures.

The single-particle correlations were also computed from the trajectories. The self intermediate
scattering function Fs(q, t) at T = 1390 K is shown in Figure 4.22 together with the corresponding
self dynamic structure factor Ss(q, ω). As in the classical MD, we observe a departure of Fs(q, t)
from the diffusive behaviour as shown by the plot of ln(Fs(q, t))/q2 as a function of t. For q
values below 1 Å−1, Fs(q, t) is well represented by : Fs(q, t) = exp(−Dq2t). At q values higher
than 1 Å−1, the self intermediate scattering function does not probe the diffusive behaviour of
the system since we notice a drift of the slope −D of ln(Fs(q, t))/q2. From Fs(q, t) at small q
values, we can extract the self-diffusion constant D. We obtain values between 1.34·10−4 cm2/s
and 1.36·10−4 cm2/s for q values between 0.56 Å−1 and 1 Å−1. At T = 1080 K, we obtain from
the diffusive behaviour of Fs(q, t) a value of D between 0.98·10−4 cm2/s and 1·10−4 cm2/s. At
T = 680 K, D is of the order of 0.565·10−4 cm2/s to 0.58·10−4 cm2/s. These values are in close
agreement with those obtained from the mean squared displacements. Note that the diffusive
behaviour is respectively valid for q below 1 Å−1 at T = 1390 K, q = 1.2 Å−1 at T = 1080 K
and q = 1.5 Å−1 at T = 680 K.
Concerning the self dynamic structure factor Ss(q, ω), it shows the classical behaviour observed
for liquids: it is very intense and sharp for small q values and becomes broader and weaker
as q increases, as shown on the right plot of Figure 4.22. This broadening and damping of
the spectra is also observed with increasing temperature: this is directly related to the slowing
down of the diffusion processes reflected by the decrease of the self diffusion constant D with
decreasing temperatures. As a matter of fact, the width of the Lorentzian spectra of Ss(q, ω) in
the diffusive regime is given by Dq2 and the energy integral of Ss(q, ω) is constant and equal to
1. Consequently a decrease of D leads to a damping and broadening of the spectra for a given
q value.
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Figure 4.22: Self dynamic properties of l-Ge at T = 1390 K: ln(Fs(q, t))/q2 as a function of t for
several q values (left); self dynamic structure factor Ss(q, ω) for different q values (right).

4.2.2.3 Discussion

This ab initio study of liquid germanium allows a better understanding of the structure and
dynamics of the system. The accuracy of the simulation scheme can be tested against experi-
mental results and the agreement is generally good. The structural quantities such as the static
structure factor or the pair correlation function are very similar to the experimental ones. Hence
the structural model provided by the simulation must be quite close to the real typical spatial
arrangements of the atoms. Moreover the simulation allows other structural quantities to be
computed which give insight into the microscopic features of the structure. For instance the
evolution of the coordination number as a function of the size of the coordination sphere and
the bond angle distribution are good candidates for the validation of hypotheses on structural
arrangements. From these quantities, we determine the local structure in amorphous Ge. More-
over, for the liquid, the coordination number and distribution of bond angles can be consistent
with the β-tin hypothesis, although further investigations are necessary to check the validity of
this assumption.
On the dynamics side, the ab initio simulation gives a sound velocity which is quite close to
the measured one. The relaxation times related to the collective diffusion show the expected
de Gennes narrowing: this phenomenon is related to the slowing down of the relaxation of the
density fluctuations. It occurs for q vectors where S(q) shows intense features. The behaviour of
the width of the dynamic structure factor was compared to theoretical models for simple dense
fluids and hard-sphere fluids. From this it is obvious that liquid germanium does not behave as
a simple dense fluid. However the hard-sphere model tends to give a better representation of
the system.

4.3 Neutron scattering experiments on l-Ge

The simulations of liquid germanium give much information about the structure and dynamics
of the system. However experimental investigations are necessary in order to check the accuracy
of the theoretical study. Consequently we performed two kinds of inelastic neutron scattering
experiments on l-Ge. The first one was carried out on the time-of-flight spectrometer FOCUS at
the Paul Scherrer Institute in Switzerland, while the second one was planned on a thermal triple-
axis spectrometer, but, for reasons of beamtime reduction, was performed on the cold triple-axis
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spectrometer 4F1 in Laboratoire Léon Brillouin in CEA Saclay. The first study was dedicated
to the investigation of the quasi-elastic behaviour of liquid Ge while the second one, initially
planned on a thermal spectrometer, would have given information about the acoustic excitation
of the system. Working on two cold neutron spectrometers, both experiments allowed us to get
information about the quasi-elastic behaviour of the system since the high sound velocity of the
acoustic phonon of l-Ge is not measurable on a cold neutron spectrometer. These investigations
were the first quasi-elastic neutron scattering experiments concerning liquid Ge.

4.3.1 Experiment on a time-of-flight spectrometer

This first experiment was performed on the cold time-of-flight spectrometer FOCUS at the Paul
Scherrer Institute (PSI, Villigen) in Switzerland.

4.3.1.1 Description of the time-of-flight spectrometer

The general principle of this spectrometer is given in Fig. 4.3.1.1. The basic principle of time

Figure 4.23: General principle of the FOCUS spectrometer

of flight spectrometers is to determine the energy of the scattered neutrons by measuring the
time they need to travel from the sample to the detectors. The final energy of neutrons can be
deduced from the time of flight since the velocity of neutrons is directly related to their energy.
The time scales accessible by this technique vary between 10−10 and 10−12 s, depending on the
energy resolution: if the latter is coarse, only the faster part of these time scales is accessible.

FOCUS [121, 122, 123] is a time and space focusing, time of flight spectrometer for cold neutrons.
It is located at the end of a curved guide, which should remove the fast neutrons of the white
beam coming from the neutron source: the fastest neutrons have the lowest wavelengths and
thus their critical angle is small; using a curved guide, the incidence angle is increased and the
rapid neutrons are not reflected. At the end of the curved guide, a vertically converging neutron
guide reduces the size of the incoming beam.
In the primary spectrometer, a doubly-curved crystal monochromator consisting of oriented
crystals is used to select a specific wave vector ki depending on the θ angle between the incident
beam and the monochromator surface (according to Bragg’s law). The monochromatic beam is
then pulsed by a Fermi chopper (a set of parallel fast rotating slits).
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In order to avoid that the neutrons from pulse n which lose energy in the sample (long flight
time between sample and detector) are detected at the same time as the neutrons from the pulse
n + 1 which gain energy in the sample (short flight time), an anti-overlap chopper is placed
before the doubly bent monochromator.
Two kinds of curved monochromators, pyrolytic graphite (with a mosäıcity of 0.8◦) and mica, are
available, which give access to incident wavelengths ranging from 2 Å to 18 Å depending on the
order of the reflection used. Both horizontal and vertical curvatures of these monochromators
can be tuned in order to focus the beam and optimize the flux at sample position. The θ angle
of the monochromator can be varied continuously from 17.5◦ to 70◦.
For incident wavelengths larger than 4 Å, a Be-filter is used together with the first chopper to
suppress higher order contamination, that is incident wave vectors corresponding to mki, m
being an integer.
The secondary spectrometer consists of an evacuated sample chamber located at the center of the
three spherically arranged banks containing 400 3He tubes of rectangular shape. The scattering
angle ranges from +10◦ to +130◦. The flight path for the neutrons scattered at the sample to
the detector bank has a distance of 2.5m. The detector chamber is filled with Argon in order to
avoid absorption and scattering from air.
At the exit of the sample, a radial oscillating collimator hides the sample environment (furnace
or cryostat) from the detectors: it means that neutrons scattered by the sample environment
are not seen by the detectors.
The distances between the neutron guide and the monochromator on the one hand, and between
the monochromator and the sample on the other hand are variable in order to operate the
spectrometer either in time focusing or in monochromatic focusing mode. Time-focusing in the
case of FOCUS is explained in the next paragraph.
At the sample position, space is available for standard sample environments, such as cryostats
or furnaces.

Time-focusing

In general, time-focusing increases the data acquisition rates and the energy resolution in a re-
duced energy range while it degrades the momentum resolution. During the scattering process,
neutrons may lose or gain energy, which leads respectively to slower or faster neutrons. This
energy transfer to the sample is: E = Ef − Ei. All neutrons transferring the same amount
of energy may not have the same initial and final energies. The purpose of time-focusing is to
detect at the same time all neutrons which transferred the same amount of energy, regardless of
their incident or final energies.

In the case of FOCUS, the velocities of the neutrons diffracted by the monochromators depend
on the θ angle: when the angle increases, the velocity after diffraction decreases (Bragg’s law).
Consequently, if we consider the case of elastically scattered neutrons, by scanning the monochro-
mator from high angle to low angle, the Fermi-chopper selects progressively faster neutrons, so
that they all reach the detectors at the same time.

Resolution

The resolution function of time-of-flight spectrometers is quite complicated. Unlike triple-axis
spectrometers, it is not available from analytical expressions. The resolution function has to
be measured ; this is usually done with a vanadium sample, which is an incoherent scatterer.
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This measurement is performed in the same experimental conditions as the sample. From this
measurement, the energy resolution as a function of q can be deduced for the q-range covered
by the detectors.
The energy resolution at the sample position depends on the selected incident energy, which
means ∆E

E is a constant. The choice of incident energy therefore determines the energy resolution
as well as the accessible range of momentum transfers as depicted in Fig. 2.1.

4.3.1.2 Experimental setup

For the measurement on l-Ge, we used a furnace designed to cover temperatures between 500
and 1400 K.
The Ge powder was obtained commercially with a purity of 99.99% in weight. It was inserted
in a cylindrical cell made of vitreous silica, under nitrogen atmosphere, in order to reduce oxi-
dation. This cell was sealed under vacuum in order to avoid contamination of dioxygen, which
would lead to formation of GeO or GeO2, at high temperatures. In order to fix the silica cell to
the sample stick, it was inserted in a niobium envelope closed at the bottom, the latter envelope
being fixed at the bottom of the sample stick.

The measurements were performed at incident wavelengths of 3 Å and 4 Å, with a chopper ratio
(between anti-overlap chopper and Fermi-chopper) of 1. We worked at approximately 1260 K
and 1400 K, with a sample of approximately 6 mm in diameter, and once melted, the sample
cell contained approximately 2 cm of germanium in height.
We made measurements with equal statistics for, on the one hand, the sample and its environ-
ment and, on the other hand, the sample environment alone (i.e. only the furnace and the empty
sample cell with the niobium envelope). We also had to determine the q-dependent resolution
function ; this was done with a cylindrical vanadium sample of diameter 10 mm.
The elastic energy resolution at incident wavelength of 3 Å and 4 Å were respectively of the
order of 500 µeV and 200 µeV.

4.3.1.3 Results

The raw results of this experiment are shown in Fig. 4.24. Both graphs represent the logarithm
of the (time-of-flight,2θ) distribution of events for an incident wavelength λi = 3 Å. The top one
depicts the results with the l-Ge sample at 1260 K and the bottom one represents the behaviour
of the sample holder alone. We notice that the sample environment gives a strong signal com-
pared to the l-Ge sample. (Note that the detector at 2θ = 56◦ was out of order.)
From this raw data, we can already identify some features coming from the sample environment:
the sharp peak on the elastic line at 2θ ≈ 80◦ comes from the niobium sheet surrounding the
silica cell, it corresponds to a momentum transfer of 2.65 Å−1. The two other broad peaks on the
elastic line at 2θ ≈ 43◦ and 90◦ correspond to the diffraction peaks of vitreous silica around 1.5
and 2.9 Å−1 [124]. We performed measurement with incident wavelength of 4 Å and increased
resolution. However, these data were contaminated by a parasitic peak from the furnace on the
right side (Stokes scattering) of the elastic line. This artefact disappeared when decreasing the
resolution with incident wavelength of 3 Å. We also observe phonons on the left part (below
1000 µs) of both (t,2θ) maps. We also notice the increased intensity of the quasi-elastic signal
on both sides of the elastic line on the data corresponding to the measurement of l-Ge (top).
This is the sign of quasi-elastic contributions from liquid Ge.
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Figure 4.24: l-Ge: raw data from the time-of-flight measurement at λi = 3 Å and T = 1260 K:
top: liquid germanium in sample holder ; bottom: sample holder only (blue corresponds to low
intensity, red to high intensity).
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Data treatment was performed with NATHAN, software dedicated to the treatment of time-
of-flight data and developed at PSI. It is able to perform corrections for resolution, detector
efficiency and sample holder. It can perform time to energy conversions and apply detector
grouping as desired by the user. The dynamic structure factor of l-Ge was computed from the
measured distributions of scattered angles 2θ and time-of-flight t, which are shown in Fig. 4.24.

According to the dynamic range of FOCUS, the acoustic phonon of l-Ge was not accessible, due
to the corresponding sound velocity cs = 2682 m/s [99] which is too high. We consequently
measured the quasi-elastic behaviour of l-Ge. The values of momentum transfer accessible at
the elastic line are comprised between 0.35 and 3.8 Å−1 at λi = 3 Å. Higher momentum transfers
were measured, however the spectra did not include the elastic peak and hence could not be
fitted properly. This is also a consequence of the dynamic range of the instrument: for high q
values (q/ki > 1.5 according to Fig. 2.1), the upper limit of the accessible energy transfers is
negative and the instrument is not likely to measure either the elastic line or the Stokes part of
the signal.
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Figure 4.25: l-Ge: energy spectra at several Q values (λi = 3 Å; T = 1260K; time-of-flight
measurement); spectra are shifted by 20 counts; solid lines show the lorentzians

Several spectra of the dynamic structure factor are shown in Fig. 4.25, for different q values.
These spectra are fitted with lorentzians, with widths describing the evolution of the time scale of
the correlated diffusive motions in the liquid. The data around the elastic line were discarded:
they showed strong oscillations due to imperfect subtraction of empty cell. This must come
from a slight misalignment between the measurements of the sample on the one hand and of the
sample cell on the other hand.
Note that the energy spectra is much more noisy on the energy gain side: the transformation
from time to energy leads to apparent statistical noise due to energy binning. The accessible
energy transfers are also asymmetric in gain and loss of energy: the incident kinetic energy of
neutrons determines the maximum amount of energy they can lose when interacting with the
sample. It thus sets a threshold to the maximum energy gain of the sample.
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Figure 4.26: l-Ge: energy spectra at several Q values (λi = 3 Å; T = 1260K; time-of-flight
measurement); spectra are shifted by 20 counts

In Fig. 4.26, we represent several energy spectra for momentum transfers around the first
sharp peak in the static structure factor, that is qm ≈ 2.5 Å−1. We notice that the spectra for
q = 2.49 Å−1 looks sharper and more intense than the others.
This feature is confirmed when fitting each spectra with a Lorentzian, and extracting the width
of the latter. The results are presented in Fig. 4.27. As noticed before, the width of the quasi-
elastic peak is much thinner around the first sharp peak of S(q). This is associated with the de
Gennes narrowing process explained in section 1.2.2.2. Narrowing of the quasi-elastic peak is
also observed between 3 and 3.25 Å−1 which may be associated with the shoulder on the high q
side of the static structure factor.

4.3.2 Experiment on a triple-axis spectrometer

This second experiment was performed on the cold triple-axis spectrometer (TAS) 4F1 at the
Laboratoire Léon Brillouin (LLB) in CEA-Saclay.

4.3.2.1 Description of the triple-axis spectrometer

Since the first triple-axis neutron spectrometer was designed and installed for the purposes of
research by Brockhouse (1958-1962), [Nobel prize 1994], the design of the TAS has changed very
little. The general principle of triple-axis spectrometers is depicted in Fig. 4.28.
The primary purpose of triple-axis spectrometers is to study the collective excitations of the
atoms or that of their magnetic moments in single crystals. The flexibility of the TAS machine
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T = 1260K; time-of-flight measurement)

Figure 4.28: General principle of a triple-axis spectrometer [125]
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means that it can be used for all kinds of neutron scattering measurements (diffraction, quasi-
elastic neutron scattering) . The basic principle of this kind of spectrometers is to select both
energy transfer and momentum transfer exchanged between neutrons and sample, thanks to the
use of the three axes between monochromator, sample and analyser.

4F1 is a triple-axis spectrometer for cold neutrons [126]. It is placed close to the Orphée reac-
tor at LLB, thus taking benefit of most of the neutron flux delivered. 4F1 and 4F2 are twin
triple-axis spectrometers, which receive neutrons from a liquid-hydrogen cold source. They are
designed for measuring collective excitations with low energy transfers (i.e. ≤4 meV).
As they come out from the guide or the beam tube, neutrons have a broad distribution of
energies. A specific narrow range of wave vectors around ki is selected by a monochromator,
by means of Bragg diffraction. In the case of 4F1, the incident wave vector is determined by
two pyrolytic graphite monochromators in “dog-leg” configuration. This double monochroma-
tor can be translated and rotated in order to select the requested incident energy. These may
provide neutron wavelengths between 2 and 6 Å (2.7 Å−1 ≥ ki ≥ 1.05 Å−1). At the exit of
the monochromators, the contamination from higher orders of diffraction can be removed by a
graphite filter.
The beam then hits the sample. For single crystals, the crystalline direction which is probed
depends on the orientation of the crystal on the sample table, while for a liquid (or any amor-
phous sample), excitations only depend on the length of the scattering vector q. Usually, the
sample scatters neutrons in any directions, and may exchange energy with neutrons (inelastic
scattering with loss or gain of energy at the sample) or not (elastic scattering).
The analyser is positioned to select a particular scattering direction kf and it is rotated to scan
the energy of the incoming neutrons. In the case of 4F1, the analyser is also made of pyrolytic
graphite and it is used in horizontal focusing geometry. A detector finally counts the neutrons
which emerge from the analyser with the desired energy and scattering angle.
The distances from the sample to the monochromator and from the sample to the analyser can
be adjusted in order to accommodate various sample environments such as cryostats and fur-
naces.

Resolution

When interpreting results of inelastic scattering experiments, one of the main challenges is to
take into account instrumental resolution effects. In the case of triple-axis spectrometry, the
quantity of interest is the dynamic structure factor S(q, ω) of the system. However, one actually
measures the 4-dimensional convolution of S(q, ω) with the instrumental resolution function
R(q, ω).
Like the structure factor, R(q, ω) is a 4-dimensional function: 3 dimensions for reciprocal space
(q) and one dimension for energy transfer (~ω). Accurate analytical expressions of the resolution
function exist, however it is often approximated by a 4-dimensional Gaussian function.
As stated before, the resolution may change considerably, depending on the wave vector and
energy transfer (q,~ω) where the measurement is performed. If a constant q scan is performed,
one effectively measures a weighted integral of the structure factor over the corresponding reso-
lution ellipse. From one point to the next in the scan in energy transfer, the resolution ellipsoid
twists and stretches, inducing distortions in the measured spectra.
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Configurations of the instrument

We may distinguish several kinds of measurements with triple-axis spectrometers. First of all,
scans may be performed with either constant momentum transfer q or constant energy transfer
~ω, depending on the shape of the expected spectra and the resolution function. The most
convenient type of scan is the one in which the spectrum is less affected by the convolution with
the resolution function. On the other hand , experiments may be performed either with constant
ki or constant kf vectors. These different kinds of experimental setups involve several types of
corrections to the measured quantities such as the norm of the resolution function (which may
vary or not depending if we are in constant q or constant ~ω mode) or the intensity of the beam
(depending on the constant ki or kf mode).

Consequently, triple-axis spectrometers enable the energy transfer between neutrons and sample
as a function of scattering angle to be determined, which is related to momentum transfer.
It is a very flexible kind of spectrometer, since it offers several modes of measurement and is
particularly efficient for well-localized excitations in (q,~ω) space.

4.3.2.2 Experimental setup

As in the time-of-flight experiment, we used a furnace which can reach temperatures of the order
of 2000 K.
The sample cell was identical to the one used on FOCUS, although we inserted pieces of solid
germanium in the sample cell, instead of powder. This prevents the significant reduction of
volume due to the low packing factor of the powder. After melting, the height of the sample was
between 4 and 5 cm in height. We performed the same measurements on two cells of respective
diameters 6 and 10 mm.
The measurements were also performed on the empty sample cell for further data treatment.
This is not usual on triple-axis spectrometers, however it was necessary in our case, since the
signal from the sample cell and the sample are almost of the same intensity, as shown by the
time-of-flight measurements.
The final fixed wave vector was kf = 2.662 Å−1, corresponding to both a minimum of the
transmission of the higher orders and a maximum of the transmission of the first order by the
graphite filter. The scans were performed with constant q vectors.

4.3.2.3 Results

Scans were performed between q = 0.3 Å−1 and q = 3.9 Å−1. For q values smaller than 1.8 Å−1,
the quasi-elastic peak is still not well separated from the phonon. Consequently, the width of
the quasi-elastic peak can be properly extracted only for q ≥ 1.8 Å−1.
The data were processed with a program developed at LLB and dedicated to the treatment
of triple-axis spectrometry data. It gives access to several kinds of fitting curves; in our case,
we were especially interested in fitting our data with both lorentzians and gaussians. In this
code, the calculation of the resolution function corresponding to the instrumental configuration
is included. The signal from the sample itself was obtained by subtraction of the signal of the
empty cell from the one of the sample with its sample holder. Subsequently, we fitted the data
for each q scan.

Since we expected a quasi-elastic behaviour of the liquid, we tried to perform the fits with a
Lorentzian. However, as shown in Figure 4.29, a single Lorentzian was not likely to fit the data
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Figure 4.29: Left: scan at q = 1.9 Å−1: intensity [counts] against energy transfer [THz]. Ex-
perimental data (dots), Lorentzian and gaussian (dashed lines), fitting curve (solid line). Right:
intensity of the gaussian component of the fit as a function of q.

properly. In Figure 4.29, the data were fitted by the sum of a gaussian (the peaked dashed line)
and a Lorentzian (the broad dashed line). However the fit performed with a gaussian would be
the sign of persistent structural features in the sample and one knows that a liquid does not
give elastic signal due to structural arrangements. This gaussian, which could be replaced by a
Lorentzian without much consequence on the quality of the fit, could consequently be associated
with relaxation slower than the time scale available with the resolution of this experiment. Since
we do not observe any features in the simulated intermediate scattering function for times bigger
than 8 ps, the unexpected intense peak does not come from the existence of relaxation times
larger than those available from the experimental resolution. The determination of both intensity
and width of the gaussian component of the fit lead us to the conclusion that it comes from
the subtraction of the sample holder: the intensity of the gaussian follows the static structure
factor of SiO2 (see Fig. 4.29) and its width is almost constant as a function of q. Moreover
subtracting 2.3 times the empty sample holder from the signal of the sample and sample cell
enables this peak to be avoided at all q values. We also notice the same kind of artefact as on the
time-of-flight experiment: the measurement of the empty sample holder is slightly misaligned
leading to a shift in energy of the elastic peak (see Fig. 4.30). This misalignment may also lead
to the underestimated intensity coming from the sample holder. Thanks to the mosaicity of the
analyser, we detect the elastic signal from the sample cell in spite of the slight misalignment.
However the detected signal is shifted from the elastic line and is not as intense as if it were
correctly aligned. As a matter of fact the rocking curve of the analyser shows that beside the
selected final energy Ef , other energies close to Ef are selected due to the mosaicity of the
analyser crystal. However these energies close to Ef are transmitted with less intensity than
Ef . The problem due to the subtraction of the empty cell is not relevant for the time-of-flight
experiment since scattered neutrons are detected without any analysis of their final energy unlike
in a triple-axis experiment.
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Figure 4.30: Measured spectra for different q values around the position of the first maximum
in S(q).

After appropriate subtraction of the signal from the sample holder, we gain insight into the
evolution of the intensity and width of the quasi-elastic signal for different q values. This is
shown in Figure 4.30 for q values around the first maximum in the static structure factor at
q = 2.5 Å−1. We notice that the intensity increases as q approaches 2.5 Å −1 together with a
narrowing of the width of the spectra.

Now let us try and understand the evolution of the width and intensity of the signal as a function
of q (see Fig. 4.31). The width of the quasi-elastic contribution strongly depends on q, with
a well-defined narrowing around qm = 2.5 Å−1 and a second one around 3 Å−1, however less
pronounced than the first one. As stated in Section 4.3.1.3, this is related to the phenomenon
of de Gennes narrowing. Concerning the intensity, its overall shape corresponds to the static
structure factor.

We now compare the widths of the signal as a function of the momentum transfer for two
samples: the first one is 6 mm in diameter while the second is 10 mm. This is shown in Fig.
4.32. We would expect a difference of width between the two samples due to multiple scattering
effects more important in the larger sample. However, the difference between the two lies within
the energy resolution and the uncertainty of the fit. Consequently the importance of multiple
scattering for the size of our samples is still negligible.

4.3.3 Comparison of the experiments and simulations

We notice some discrepancies when comparing the experimental results from FOCUS and 4F1
(see Fig. 4.33). The evolutions of the widths follow the same kind of shape, however, the in-
tensities are shifted, especially at high q values where the widths measured on the triple-axis
spectrometer are much wider. When processing the data from the latter experiment, it was
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Figure 4.31: l-Ge: result of the fit using a Lorentzian as a function of q (diameter of the sample:
10 mm): left: intensity; right: width.
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Figure 4.32: l-Ge: comparison of the width of the Lorentzian signal for two different diameters
of the sample.
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actually quite difficult to evaluate the intensity of the background, since the range of accessible
energy transfers is not as wide as in TOF experiments. Consequently, it was quite difficult to
discriminate the background from the tails of the Lorentzian. On the other hand, at high q
values, the range of energy transfer accessible on the time-of-flight spectrometer is very asym-
metric in gain and loss of energy. This yields uncertainties in the width of the fitted spectra.
The features common to the two experiments are the deep minimum at the position of the first
sharp peak in S(q) and the plateau between 2.8 Å−1 and 3.2 Å−1.

The theory of liquids gives a relation between the spectral width of the signal and the static
structure factor of the system as explained in Chapter 1:

〈ω2
q 〉 =

kBT

mS(q)
q2 (4.3)

where kB is the Boltzmann constant, T is the temperature, m is the mass of an atom of the
system. This prediction of the spectral width is valid for dense monatomic liquids. The theo-
retical prediction and experimental results are compared in Fig. 4.33. The theoretical values
for the widths are computed using S(q) from the ab initio simulations. Other theoretical values
are calculated using the scheme proposed by de Schepper for the model of hard spheres and
introduced in equation 4.1. It is referred to as ωh in Fig. 4.33. This quantity is computed using
the self-diffusion constant D from the ab initio simulation.
From the comparison of simulations and experiments, we notice that the width of the spectra is
clearly overestimated in the simulation. On the other hand, the plateau between 2.8 Å−1 and
3.3 Å−1 is much more pronounced in the experiment at high temperature than in the simulation.
From the theory, we also realize that the experimental data is best described by the hard-sphere
model at 680 K although it does not give a very accurate description of the experimental data.
Finally we obtain an overall good agreement between experimental and simulated spectra. Even
if the magnitude of the width is not very well reproduced (which may come from the rather poor
statistics for computing the dynamic structure factor), the evolution of the width as a function
of q is well accounted for in the simulation.

4.4 Coupling instrument and sample simulations

As said before, we can compute the dynamic structure factor of l-Ge from the trajectories
generated by the molecular dynamics simulation. Using the scheme presented in chapter 3, we
perform simulations of a neutron scattering experiment using the time-of-flight spectrometer
FOCUS and a sample of l-Ge.

The simulation of FOCUS was developed by U. Filges from PSI, Switzerland. The virtual
instrument consists in a number of components. The first one is a cold source followed by
five guide sections one of which is curved in order to remove the faster neutrons. The last
guide section is a focusing one, with an entrance section larger than the exit. The beam then
goes through a chopper which defines the neutron pulses. After that, the beam crosses three
vacuum tubes modelled as slits in the simulation. The next step consists of selecting the desired
wavelength thanks to a crystal monochromator with horizontal and vertical focusing. Then
time-focusing is achieved with a Fermi chopper and the neutrons arrive at the sample before
being detected at a distance of 2.5 m from the sample. The input parameters of the simulation
are the desired wavelength and the ratio between disc and Fermi choppers. The distribution
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Figure 4.33: Comparison of experiment, simulation and theory: evolution of the HWHM as a
function of q. Top: experiment and simulation; bottom: experiment and theory.
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Figure 4.34: Distribution of the wavelengths at different places in the instrument. Top left: after
the guide; top right: after the monochromator; bottom left: after the Fermi chopper; bottom
right: at sample position.
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of the wavelengths is shown in Figure 4.34 at several places in the instrument. The main
effect comes from the monochromator which clearly defines the desired wavelength of 3 Å. Note
that the distribution of wavelengths at the exit of the guide is already quite narrow thanks to
importance sampling: only the range of wavelengths of neutrons that are likely to go further
than the monochromator are emitted by the source.
The simulation of the complete neutron scattering experiment dealing with l-Ge on the FOCUS
instrument is done using the dynamic structure factor coming from the ab initio MD simulation
at 1390 K. We have previously mentioned (section 4.2.2.2) two kinds of S(q, ω): the raw one com-
ing directly from the Fourier transform of the intermediate scattering function and the smooth
one derived from the raw one by convolution with a gaussian. The comparison of the results of
the simulations performed with the raw or the smooth dynamic structure factor are shown in
Figure 4.35. We do not notice any strong difference between the two curves in the (q, ω) range
accessible with FOCUS. Thus a reasonable smoothing of the input dynamic structure factor
may not have any influence when dealing with the simulation of a quasi-elastic signal. We can
use the unsmoothed S(q, ω) because the instrument simulation adds a resolution functions. If
the smoothing function has a width comparable to the resolution function then we may get a
difference.
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Figure 4.35: Comparison of the energy distributions computed from the raw and smoothed
S(q, ω) integrated between q = 2.25 Å−1 and 2.5 Å−1.

From such simulations we can get information about the relative amount of multiple scattering
in the detected signal. This quantity actually depends on the size of the sample as seen by the
neutron beam. We have performed tests on the influence of the size and shape of the sample
of l-Ge in two main cases. The first one deals with a cylindrical sample and the corresponding
results are shown in Figure 4.36. On the left, the intensity of the different orders up to the
third one are presented together with the total detected intensity. On the right, the ratio of
the different orders with respect to the total signal are shown. The second test deals with a
box-shaped sample and the results are shown in Figure 4.37.
The overall behaviour is quite similar to that shown in section 3.2.2.2. However the ratio of
10% of multiple scattering in the scattered signal is reached for a radius (cylindrical sample) or
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Figure 4.36: Simulation of a TOF experiment on l-Ge (cylindrical sample): influence of the
radius of the sample on the orders of scattering. The height of the sample is 5 cm. Left:
respective intensities of the different orders. Right: ratio of the different orders to the total
detected signal.
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Figure 4.37: Simulation of a TOF experiment on l-Ge (box-shaped sample): influence of the
thickness of the sample on the orders of scattering. The surface of the sample perpendicular
to the beam is 5*5 cm2. Left: respective intensities of the different orders. Right: ratio of the
different orders to the total detected signal.
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a thickness (box-shaped sample) much lower than for l-Rb. This is consistent with the fact that
the ratio σabs/σscatt is much higher for l-Ge (0.256) than for l-Rb (0.056). From this simulation,
we can estimate the global contribution of multiple scattering to be around 6% in our experiment
with a cylindrical sample of diameter 10 mm.

Figure 4.38 shows the accessible dynamic range for an incident wavelength of 3 Å. The figure
represents the distribution of momentum transfers as a function of energy transfers at the de-
tector. These quantities are directly provided by the simulation. Note that another restriction
originates from the calculation of the dynamic structure factor from the molecular dynamics
simulation: it gives the low q limit related to the size of the simulation box. In the present case,
S(q, ω) is available for q ranging from 0.56 Å−1 to 4.1 Å−1; the energy transfers available are
not a limiting factor. The excess of intensity around 2.5 Å−1 corresponds to the first sharp peak
in S(q).

Figure 4.38: Dynamic range accessible in the simulation of FOCUS. (The q range is limited by
the range of the computed dynamic structure factor and first order scattering.)
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Figure 4.39: Distribution of coherent and incoherent signal integrated over all available q values
(Ei = 9.1 meV).
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The respective contributions of the coherent and incoherent signals are shown in Figure 4.39. In
this plot, all momentum transfers are accounted for, only the dependence on energy transfer is
shown. We notice that the contribution of the coherent signal is much broader than that of the
incoherent one. The asymmetry originates from the energy conservation law: the incident energy
is around 9.1 meV. Consequently the neutrons cannot loose more energy than their incident
kinetic energy and the energy transfer to the sample cannot exceed the value of 9.1 meV. Note
that the last bin (close to 9.1 meV) is erroneous because it corresponds to values of the energy
transfer ranging from 9 to 10.25 meV. Hence this bin collects far fewer neutrons than expected
from the symmetry of the quasi-elastic peak.

0,5 1 1,5 2 2,5 3 3,5 4

q [Å-1]

0

0,002

0,004

0,006

0,008

0,01

In
te

ns
ity

 [a
rb

. u
ni

ts
]

total signal
single scattering

0,5 1 1,5 2 2,5 3 3,5 4

q [Å-1]

0,4

0,5

0,6

0,7

0,8

0,9

1

R
at

io
 o

f s
in

gl
e 

sc
at

te
ri

ng
 to

 to
ta

l s
ig

na
l

Figure 4.40: Single scattering versus total signal as a function of the momentum transfer q.

Also the q dependence of the amount of multiple scattering can be deduced from the simulation.
In the latter, we use a momentum transfer sensitive detector and we distinguish the first order
of scattering from the total signal. The intensity of the first order of scattering and of the
total signal are plotted in Figure 4.40 as a function of q. The calculation of the ratio of single
scattering to total signal is also shown on the right plot. We notice that the ratio of single
scattering follows the evolution of S(q) as already stated by Mildner and co-workers [65]: the
relative importance of single scattering is the highest around the position of the first sharp peak
in S(q). In fact scattering mainly occurs for q values around the position of the first peak in the
static structure factor. In the case of l-Ge, when the momentum transfer q1 associated with the
first scattering event occurs around 2.5 Å−1, the next scattering event (if it occurs) adds a second
momentum transfer q2 to q1 and the total momentum transfer is different from 2.5 Å−1; this
multiple scattering event has a total momentum transfer different from 2.5 Å−1. The fraction of
multiple scattering is thus lower for q values around the intense features in the static structure
factor. Consequently when multiple scattering becomes important in the signal, this property
tends to blur the minima in the static structure factor.

From this simulation, we also gain insight into the ~ω dependence of multiple scattering. Figure
4.41 shows for different q ranges the spectra generated either with single scattering only or with
total scattering accounted for. For each q range, the single scattering is slightly less intense than
the total signal for all ~ω values as expected. The calculation of the ratio of single scattering
to total signal as a function of ~ω does not show a clear trend, unlike the q dependence. Con-
sequently, the fraction of multiple scattering does not depend on the energy transfer between
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Figure 4.41: Comparison of single scattering to total signal as a function of ~ω for different q
ranges.

the neutrons and the sample. However multiple scattering gives rise to a substantial increase
of width and intensity of the signal compared to the signal obtained from single scattering only
as seen in Fig. 4.41. This comparison is possible irrespective of instrument effects since both
simulations (with multiple scattering or single scattering only) are performed in the same con-
figurations.

In Figure 4.42, we compare the simulated spectra with the input dynamic structure factor for
different ranges of q values. For this purpose, the q range of the simulation was successively
reduced to the different q ranges shown here. Concerning the input S(q, ω), it was averaged
over the different [q0, q0 + 0.25 Å−1] ranges for the comparison. For the two lower intervals,
we notice a decrease in intensity for large negative energy transfers. This comes from the limit
of the accessible dynamic range which is between -20 meV and -30 meV for q values between
1.75 Å−1 and 2.25 Å−1. This leads to a lowered and even null intensity in this range of energy
transfers. Note also that the spectra are not symmetric even if they are centred on the elastic
line. This must come from the resolution function since we have shown in Fig. 4.41 that multiple
scattering does not depend on the energy transfer and thus cannot lead to this asymmetry of
the spectra. The asymmetry may also come from the limitation of the dynamic range on the
side of positive energy transfers.
In fact, the discrepancy between the input dynamic structure factor and the data from the global
simulation is due to several reasons. We notice an increase in the simulated width compared to
the input S(q, ω) which partly comes from multiple scattering (see Fig. 4.41). However, this
discrepancy in the width also exists with single scattering only. Hence it may also be caused
by the resolution function of the instrument. The latter is usually determined from a vana-
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dium sample, on the elastic line. It does not give any information about energy resolution for
quasi-elastic or inelastic processes and the energy resolution is assumed to be constant (equal
to its value on the elastic line) for a given momentum transfer. This assumption is actually
not true when using time-focusing: when time focusing is done on the elastic line, the energy
resolution on the elastic line is much thinner than in the other ranges of energy. This effect is
not accounted for in data treatment. This energy dependence of the resolution function may be
available from the total simulation: the asymmetry of the signal, especially at small q, may be a
consequence of the energy dependence of the resolution function. This asymmetry of the signal
may not be visible in our experiments because the represented range of energy transfers (from -
15 meV to 5 meV in Fig. 4.26) is reduced compared to the simulation (from -30 meV to 10 meV).
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Figure 4.42: Simulated spectra (symbols) compared to input dynamic structure factor (solid
line) for different q intervals. The curves are shifted in intensity by 0.01.

As seen in the result of the previous simulation (see Fig. 4.42), we observe some background
signal at high energy transfers. We could have performed global simulation of the triple-axis
experiment in order to have information about the background which could not be properly
estimated in this experiment, thus enabling us to understand the discrepancy in the widths
estimated from the time-of-flight and triple-axis experiments.

Thus, global simulations give information about the relevance of the corrections applied to neu-
tron scattering data and the accuracy of what can be understood from experimental results.
They help to explain the discrepancies between the results obtained from two different exper-
imental techniques. Further development should include the sample environment consisting of
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the silica sample holder and the furnace in our experiments. We actually had problems with
the subtraction of the sample holder in the triple-axis measurements and a simulation of the
influence of misalignment on the detected intensity could give information about the appro-
priate subtraction of the signal. Moreover, insight could be gained into the detailed influence
(absorption, multiple scattering, inelastic processes) of the sample holder on the measured data.
Furthermore, the parasitic signal from the furnace observed in the time-of-flight experiment at
incident wavelength of 3 Å could be better understood by including a component describing
the behaviour of the walls of the furnace in the simulation.

4.5 Conclusion

In this chapter, we have studied the case of l-Ge both experimentally with neutron scattering
experiments and theoretically with molecular dynamics simulations.

From the molecular dynamics simulations, either ab initio or classical using a three-body po-
tential, we have gained insight into several kinds of properties of the system, some of which
are readily available from neutron scattering experiments, some of which are not. The classical
MD simulation shows some limitations: it is able to give a global structural description of the
system in agreement with the experimental data. However the dynamic properties are not well
accounted for: the sound velocity for instance is overestimated by a factor of 2. For a given q
the simulated phonon frequency is twice too high compared to the real value. This shows that
the chosen potential is too rigid for modelling the dynamics of liquid germanium. Furthermore,
structural details obtained from the ab initio calculations (see below) could not be obtained from
the three-body potential since the local atomic structure is “rigidly” imposed by this.
On the other hand, we have used ab initio MD simulations. The structural features such as
the static structure factor and the pair correlation function are very well reproduced. The sim-
ulations of the supercooled and amorphous phases give more information about the structural
arrangements of the system: the amorphous phase is made of tetrahedral formations; the hy-
pothesis of the β-tin local structure of the liquid is consistent with the computed quantities but
further investigation could definitely determine the local arrangements in the liquid. Also the
dynamic properties are quite well accounted for. The dispersion of the acoustic phonon was also
in close agreement with the experimental results although dynamic properties are quite difficult
to compute due to rather low statistics. The evolution of the relaxation time characteristic of
the system was also computed from this simulation and compared to two theoretical models.
These simulations have shown the relative merits of classical and ab initio methods and have
increased our understanding of the structure and dynamics of liquid and amorphous germanium.
Furthermore, they give reliable trajectories for more detailed investigation of the structural and
dynamic aspects.

On the experimental side, two kinds of inelastic neutron scattering experiments were carried out
using a time-of-flight and a triple-axis spectrometer. They were the first quasi-elastic neutron
scattering measurements of liquid germanium, although inelastic X-ray scattering experiments
had already been used albeit with poorer statistics. From the quasi-elastic neutron scattering ex-
periments, the energy width of the spectra was extracted. We also notice a significant difference
in the magnitude of the width measured on FOCUS and 4F1. This discrepancy may originate
from data treatment: in the triple-axis experiment, the available energy range is almost sym-
metric although it is not as wide as in time-of-flight experiments. This reduced range of energy

136



4.5. Conclusion

transfers leads to a bad evaluation of the background noise and hence must have consequences
on the estimated width of the signal. On the other side, in the time-of-flight experiment, the
measured spectra are very asymmetric which must also lead to uncertainties in the extracted
width. Also in both experiments, we had problems with the alignment of the sample holder be-
tween empty cell and liquid germanium measurements. Moreover, the subtraction of the signal
from the sample holder had to be done very carefully. All these facts show the difficulty of ex-
tracting accurate and reliable width from two different kinds of experiments. The experimental
width can be related to the relaxation time computed from the MD simulation. The comparison
of simulated and experimental energy widths gives a rather good agreement: the evolution of
the width follows the same shape with a deep minimum around 2.5 Å−1 and a plateau between
2.8 Å−1 and 3.3 Å−1. However the experimental and simulated widths do not exactly have the
same magnitude: the simulated width is almost twice larger than the experimental one. This
limited accuracy of the simulation may come from the quite noisy statistics of the dynamic
structure factor. Ultimately the accuracy of the simulation will be apparent when the width of
the experimental signal has been reliably determined.

Finally we have shown the coupling between instrument and sample simulation. This complete
simulation of a neutron scattering experiment was done with the FOCUS time-of-flight spectrom-
eter and a sample of l-Ge described by its dynamic structure factor computed from the ab initio
molecular dynamics simulation. From this simulation, we gain information about the interplay
of the different artefacts such as resolution function, multiple scattering and coupling between
the contributions from the sample and the instrument. This simulation is likely to show trends
in the expected experimental signal rather than to simulate the experimental signal. A simu-
lation of the experiment with the triple-axis spectrometer could have reproduced a reasonable
background signal of the experiment and therefore explained why we were not able to extract
widths of the same magnitude from both experiments. Thus, helping in the determination of the
characteristics of the signal which have a great importance on the extracted properties may be
an important application of complete simulations of neutron scattering experiments. Moreover
we can imagine including the sample holder and sample environment (cryostat or furnace) in the
simulation in order to compute their precise influence on the detected signal. This could have
explained the artefact from the furnace we observed in the time-of-flight experiment with inci-
dent wavelength of 4 Å. We could also have compared the simulations of an aligned/misaligned
sample holder in the detected intensity and gained insight into the appropriate subtraction factor
for a misaligned sample holder.
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Conclusion

In any neutron scattering experiment, the interaction between neutrons and sample gives insight
into the structure and/or dynamics of the material under study. In this work, we have explored
a scheme for the simulation of neutron scattering experiments. It consists of performing a sim-
ulation accounting for both the instrument and the sample. The propagation and interaction
of neutrons in the instrument is accounted for by a Monte Carlo ray-tracing simulation while
neutrons interacts with the sample through the dynamic structure factor which gives informa-
tion about the structure and dynamics of the sample. The nuclear interaction between neutrons
and sample consists in exchanges of momentum and energy. In the simulation, the latter occur
with a probability given by the relative intensities of the (q, ω) events as represented by the
dynamic structure factor. The latter is calculated from molecular dynamics simulations, with
classical or ab initio methods. The interactions accounted for in S(q, ω) comprise elastic, in-
elastic, coherent and incoherent contributions to the signal. Also absorption of neutrons in the
sample is accounted for as well as multiple scattering. Concerning the size and shape of the
sample, they are variables of the simulation and their effect on the respective intensities of the
different contributions to the signal can be studied. In simulations, the correlations and coupling
of these effects can be accounted for all together or separately. This is one of the advantages of
such simulations upon experiments where the detected signal is due to all effects coming from
instrument, sample and their coupling.

The assessment of these simulations of neutron scattering experiments was done on two kinds
of isotropic samples. With liquid helium, we modelled the dynamic structure factor from the
measured dispersion curve. The simulation of an experiment with this sample shows the effect
of multiple scattering on the shape of the detected inelastic features: from the second and higher
orders of scattering, we obtain higher energy transfers than those given by the dispersion curve
and features that are irrelevant for a liquid, such as the elastic peak observed with the second
order of scattering. Moreover with the simulation of a triple-axis spectrometer, scans with con-
stant momentum transfer can be performed as in a real experiment. They show the influence of
the resolution function: the position of the maximum of intensity when scanning the energy is
shifted with respect to the expected value given as input in the dynamic structure factor. Thus
the simulation of a triple-axis experiment on liquid helium shows clearly the influence of the
resolution ellipsoid on the measurement. With liquid rubidium, we have calculated the dynamic
structure factor from the trajectories of a classical molecular dynamics simulation. The com-
puted S(q, ω) shows good agreement with the measured one, as well as the structural quantities
deduced from the MD simulation. We have also computed several quantities which give insight
into the diffusive behaviour of the system. Using the calculated dynamic structure factor, the
influence of the size and shape of the sample can be studied and gives information about the
compromise between detected intensity and ratio of multiple scattering. In simulations, some
detection ranges can be reduced in order to avoid some features of the behaviour of the sample
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and emphasize others. For instance the range of momentum transfer can be chosen in order to
see the signal due to the acoustic phonon which, otherwise, would be smeared out by the intense
quasi-elastic features coming from higher momentum transfers. Moreover the evolution of the
shape of the signal, for example the behaviour of the quasi-elastic width, can be computed as a
function of q and the contributions from coherent and incoherent scattering can be separated.
These two test cases consequently give information about the abilities of such simulations of
neutron scattering experiments. We expect the latter to show the trend of the different effects
giving rise to the experimental signal.

The next stage consisted of performing both experiment and simulation on a given sample.
For this purpose, liquid germanium was chosen for its scientific interest: the structure of this
material is not very well understood and its dynamics have not been studied in detail. The
properties of this sample have been investigated both theoretically and experimentally.
On the theoretical side, classical molecular dynamics simulations using a three-body potential
have given good structural results but poor agreement concerning the dynamic properties of
the system as obtained from inelastic X-ray scattering. The sound velocity, for instance, was
overestimated by a factor of two compared to the experimental value. This shift of the acoustic
excitation to higher frequency can be attributed to the analytical form of the chosen potential
with a three-body contribution which strongly emphasizes the importance of tetrahedral ar-
rangements in the liquid. Consequently we decided to investigate ab initio molecular dynamics
simulations. Although this method is quite time-consuming and gives rather poor statistics as
compared to classical molecular dynamics simulations, it does not depend on the choice of an
empirical potential since the interaction between nuclei is obtained from the electronic structure
and total energy of all the nuclei. The dynamic structure factor computed from this simulation
was actually quite noisy due to the small number of atoms included in the simulation. However,
we were able to determine the frequency of the acoustic excitation as a function of q as well as the
quasi-elastic behaviour of the system at higher q values. Both structural and dynamic features
calculated with this method were found in agreement with the experimental results. Moreover
a quench to the amorphous state of the system reveals the local structure of this system and
allows an hypothesis to be made about the structural features observed in the liquid.
From the experimental point of view, we carried out the first neutron scattering measurement
of the quasi-elastic behaviour of l-Ge. This investigation was performed on both time-of-flight
and triple-axis spectrometers. Previously an inelastic X-ray experiment had been performed on
liquid germanium. In particular it gave insight into the behaviour of the acoustic excitation.
Our experiments are the first to study the evolution of the diffusive properties of the sample,
the latter being characterized by the quasi-elastic features of the experimental signal. Both
experiments gave insight into the de Gennes narrowing phenomenon occurring in the sample at
q values where the static structure factor shows intense features. The evolution of the widths
of spectra as a function of q values are quite similar in the experiment and in the simulation
although we notice some discrepancies in the magnitude of the width.
Finally, the simulation of a neutron scattering experiment on the FOCUS spectrometer with a
sample of liquid germanium was performed. Liquid germanium was described by the dynamic
structure factor computed from the ab initio molecular dynamics simulation. This simulation
clearly shows that the simulated (q, ω) events match the predicted dynamic range, which fol-
lows from the proper resolution of the conservation equations when dealing with the energy and
momentum transfers in the sample. Also the contribution of multiple scattering to the total
scattered signal as a function of q was simulated. It indicates that the amount of multiple scat-
tering depends on the static structure factor of the sample. Concerning the simulated spectra,
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they show non trivial features which may be attributed to the resolution of the instrument and
the interaction between neutrons and liquid Ge leading to absorption, multiple scattering and
quasi-elastic processes. These contributions are quite difficult to interpret, but they give insight
into the complexity of the features of the measured signal.

In view of these results, rather than giving a very accurate description of the experimental
signal, simulation of complete neutron scattering experiments may be regarded as a tool for
investigating the impact of the different parasitic contributions to the detected signal. Several
problems persist. On the one hand, the description of some optical components (Fermi chopper
or monochromators for example) of neutron scattering experiments still lacks accuracy and do
not account for the complexity of the interactions between the neutron beam and the instrument.
On the other hand, accurate molecular dynamics simulations of both structure and dynamics are
quite difficult to do and the shape of structural and dynamic features of liquids is sometimes too
smooth for giving rise to clear artefacts, due to multiple scattering for instance. However, due
to the smooth behaviour of the structure and dynamics of disordered systems, this approach is
much more relevant in this case than for crystals: in liquid and amorphous systems, the smooth
structural and dynamic signal from the sample is much affected by the unwanted contributions,
while for crystals, the structure and dynamics peculiar to the sample is easily separated from the
other less intense features of the measured signal. Furthermore, simulation of neutron scattering
experiments may be seen as a training tool for students and new users of neutron scattering
facilities, since it allows better understanding of the importance and coupling of the different
effects involved in a neutron scattering experiment.

Perspectives

We now have a better view of what can be understood from global simulations. Although it
was not originally intended, we performed equivalent quasi-elastic measurements on TAS and
TOF machines in France and Switzerland. We should have obtained the same S(q, ω) for l-Ge
but this was not the case. A number of problems relating to the reduction of the data sets
have become obvious and demonstrate clearly the need for global simulations which show the
different contributions to and perturbations of the measured signals on different instruments, for
example general background signals and signals from the sample holders and environment. In
the time-scale of this thesis it was not possible to implement an accurate simulation of the 4F1
TAS instrument, coupled to the l-Ge simulation. When this is done, we will be able to converge
on a single experimentally determined function for S(q, ω) for liquid Ge and compare this with
the ab initio results.

In the simulations presented here, the sample cell is not accounted for. It can sometimes
have a great importance in the measured signal as in our experiment with liquid germanium
and a vitreous silica sample holder. This kind of container gives even a stronger signal than
liquid germanium. The importance of sample holder subtraction was particularly crucial in our
triple-axis experiment where misalignment between the two measurements gave rise to a bad
sample holder subtraction. Thus simulations accounting for both sample and sample cell can
be useful for determining the impact of the sample cell on the measured data. Many sample
holders can be represented by a new McStas component for the simulation of powders presently
under development. This component is intended to account for elastic and multiple scattering
in powder samples and usual sample holders may be considered in this way. However, silica
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sample cells, for instance, also give rise to inelastic features and are consequently more difficult
to handle, although the sample module described in this work could be useful for this purpose.
Moreover, the problem of sample environment also involves heating or cooling devices such as
furnaces and cryostats. These may also lead to artefacts in the measured data. This was the
case in our high resolution time-of-flight data on l-Ge. Note however that these devices are often
made of aluminum, tantalum or niobium which could be handled by the powder component.

Moreover the simulation scheme devised for neutron scattering experiments on isotropic sam-
ples could be extended to crystalline samples. In such samples, the dynamic structure factor is
four-dimensional, with three dimensions associated with the momentum transfer and one with
the energy transfer. Thus the computational effort would be much higher than for isotropic
samples, concerning both the required memory (handling of four-dimensional well resolved ma-
trices) and the calculation time. Moreover for such samples, the structural and dynamic features
are much better defined than for liquids and disordered systems and interpretation of the data,
apart from resolution effects, is not so much affected by other contributions than first order
scattering. Understanding the resolution function in detail in inelastic measurements on mod-
ern spectrometers, with complex neutron optics, will be the main goal of this work.

In the end, in a self-consistent scheme, one could imagine to use experimental raw data as
input of the sample module, instead of computing S(q, ω) from molecular dynamics simulations.
The result of the simulated experiment could be properly subtracted from the raw experimental
data and the result of the subtraction used as a new input of the experiment simulation. The
process could be repeated until convergence is reached between the result of the simulation and
the experimental raw data. This would be another way for removing the unwanted contributions
from the experimental results.
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A

Some details about the sample
module

A.1 Choosing the scattering position

Let us now explain how the scattering position in the sample is determined. The probability
that the neutron scatters between two positions x and x + dx is given by µe−µxdx, where µ is
the linear attenuation.
If the path of the neutron to exit the sample is denoted as dout, the probability that the neutron
scatters before exiting the sample is :

P (dscatt < dout) =
∫ dout

0
µe−µxdx = 1− e−µdout . (A.1)

If we assume that the neutron scatters within distance dout, then the probability that is scatters
within a distance x < dout, given that it scatters within dout is :

P (dscatt < x|dscatt < dout) =
P ([dscatt < x] ∩ [dscatt < dout])

P (dscatt < dout)

=
1− e−µx

1− e−µdout
. (A.2)

This is the cumulated density or repartition function of the probability distribution denoted as
: G(x) = P (dscatt < x|dscatt) which has values between 0 and 1.

Let us now generate a random number ξ from the uniform law between 0 and 1 and solve the
equation : x = G−1(ξ). The scattering position is thus given by :

x = − 1
µ

ln(1− ξ[1− e−µdout ]). (A.3)

The last step consists of scaling the weight of the neutron by 1 − e−µdout , in order to account
for the initial assumption that the neutron would scatter before exiting the sample.

A.2 Selecting (q, ω) from the dynamic structure factor

The values of q and ω are chosen from the dynamic structure factor S(q, ω) (or the self part
Ss(q, ω), or the sum of the two (scaled by the respective cross-sections for coherent and incoher-
ent scattering)).
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Appendix A. Some details about the sample module

Assume that the computed dynamic structure factor consists of m q values and n ω values.

For drawing ωi, we first compute the probability of the energy transfer ~ωi for any momentum
transfer :

P (ωi) =

∑m
j=1 S(qj , ωi)∑n

i=1

∑m
j=1 S(qj , ωi)

(A.4)

where m is the number of q values for which S(q, ω) was computed and n is the corresponding
number of ω values.
From this set of probabilities, we define the corresponding repartition function :

F (ω) = P (ω′ < ω) (A.5)

which measures the probability that the measured ω′ value be inferior than ω. This function
has values between 0 and 1. Thus by drawing a random number from the uniform law in [0,1],
we get a number ξ such that :

F (ω′ < ωi−1) < ξ ≤ F (ω′ < ωi) (A.6)

which gives the corresponding ωi value. In this case, we can not use the inversion of the repar-
tition function F (ω) since we do not know its analytical expression as was the case in (A.1).
For q, the procedure is the approximately the same. We define the following conditional proba-
bility :

P (qj |ωi) =
S(qj , ωi)∑m

j=1 S(qj , ωi)
. (A.7)

We build the repartition function related to the q values and pick a q value using the property
of the uniform law as mentioned above.
If we want to simulate only coherent (resp. incoherent) scattering, we have to account for the
relative intensities of these scattering processes. This gives insight into the separate contributions
without modifying their relative intensities.
For a coherent signal only, the statistical weights of neutrons have to be scaled by a factor :∑m

i=1

∑n
j=1 S(qi, ωj)∑m

i=1

∑n
j=1 S(qi, ωj) + Ss(qi, ωj)

For incoherent scattering only, S(qi, ωj) in the numerator is simply replaced by Ss(qi, ωj).

A.3 Calculation of the scattered wave vector

The calculation of the scattered wave vector is achieved via the use of two conservation laws :
the energy and momentum conservation equations.

~ω = Ei − Ef (A.8)
q = ki − kf (A.9)

When the final wave vector has to be computed, the variables ki, ~ω and q = ‖q‖ are known.
Equation (A.8) can be rewritten in terms of wave vectors :

~ω =
~2

2m
(k2

i − k2
f ) (A.10)
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A.3. Calculation of the scattered wave vector

where ki and kf are the euclidian norms of ki and kf respectively.
From the latter equation, we can extract the two roots, k+

f and k−f which may be imaginary,

if the energy transfer ~ω is larger than the incident energy ~2

2mk
2
i . In such a case, the current

neutron is ignored and absorbed, since no real solution can be found.
Let us now assume that a real value of kf was chosen among the two real solutions.
The scattered wave vector is noted : kf = kf k̂s where k̂s is a unit vector (‖k̂s‖ = 1).
Since we only know the norm of the scattering vector q, equation (A.9) is replaced by :
q2 = ‖ki − kf‖2.
This is equivalent to :

q2 = k2
i + k2

f − 2kfki · k̂s (A.11)

where ki · k̂s stands for the dot product of the vectors.
Now, we have to solve :

ki · k̂s =
1

2kf
(k2

i + k2
f − q2) = C (A.12)

‖k̂s‖ = 1 (A.13)

where C is a constant. k̂s can be decomposed as : k̂s = Bki + u0 where B is a constant and u0

is a vector of V ect(ki)⊥ (that is the orthogonal of the space generated by ki), which is a plane
P .
Since we have : ki · k̂s = C, we can write : B = C

k2
i
. The vectors u0 such that ‖k̂s‖ = 1 define a

Figure A.1: How to compute k̂s

circle of center of radius R : ‖u0‖ = R.
Since u0 and Bki are orthogonal, we have now :

C2

k2
i

+R2 = ‖k̂s‖2 = 1 (A.14)

from which we deduce the radius of the circle :

R =

√
1− C2

k2
i

. (A.15)
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Let now define an orthonormal basis (u1,u2) of the plane containing u0.
u0 can be decomposed as : u0 = R(cos θu1 + sin θu2), where θ can be randomly drawn for a
uniform distribution.
Finally, we obtain :

k̂s =
C2

k2
i

ki +R(cos θu1 + sin θu2) (A.16)

A.4 Parameters of the sample module

The sample module is defined by several parameters :

• sqw file and sqws file : files containing the coherent and incoherent dynamic structure
factors with the corresponding q and ω values ; the q values are in Å−1, the energy
transfers in meV and the dynamic structure factor in meV−1 ;

• coh incoh : determines what kind of processes are included in the simulation : ’C’ for
coherent only, ’I’ for incoherent only and ’T’ for both coherent and incoherent signals ;

• nb events : determines which orders of multiple scattering are simulated : 0 means all
orders are computed ; n > 1 : only nth order is computed ;

• sigma abs and sigma scatt : absorption (for 2200 m/s) and scattering cross-sections of the
current material (in barns) ;

• T : temperature for which the dynamic structure factor was computed (in Kelvins) ;

• V rho : number density of the sample (in Å−3) ;

• radius o, radius i and h : outer radius, inner radius and height of a cylinder-shaped sample
(in m) ; set to 0 for a box-shaped sample ;

• xwidth, yheight and zthick : width, height and thickness of a box-shaped sample (in m) ;
set to 0 for a cylinder-shaped sample ;

• qmin and qmax : minimum and maximum values of the wave vectors accounted for (in
Å−1) ; may be used for reducing the q range ;

• epsilon : threshold for the values in S(q, ω) (in meV−1).
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Titre : Simulation complète d’une expérience de diffusion de neutrons : des systèmes modèles
au germanium liquide.

Dans cette thèse, l’étude des liquides est envisagée d’un point de vue théorique et expérimental. La
diffusion de neutrons permet l’investigation des propriétés structurales et dynamiques des liquides. Sur le
plan théorique, les simulations par dynamique moléculaire sont d’un grand attrait car elles donnent accès
aux positions et vitesses des atomes ainsi qu’aux forces qu’ils exercent entre eux. Elles permettent aussi de
calculer les corrélations spatiales et temporelles, aussi mesurées par diffusion de neutrons. Par conséquent,
les résultats de simulations par dynamique moléculaire et d’expériences de diffusion de neutrons peuvent
être comparés afin d’améliorer notre compréhension de la structure et de la dynamique des liquides.

Toutefois, l’extraction de données fiables à partir des expériences de diffusion de neutrons étant déli-
cate, nous proposons de simuler l’expérience dans son ensemble, c’est-à-dire l’instrument et l’échantillon,
afin de mieux comprendre et évaluer l’impact des différentes contributions parasites (absorption, diffu-
sion multiple associée à la diffusion élastique et inélastique, résolution instrumentale). Cette approche,
dans laquelle l’échantillon est décrit par ses caractéristiques structurales et dynamiques calculées par dy-
namique moléculaire, est présentée et testée dans un premier temps sur des systèmes modèles isotropes.

Par la suite, le germanium liquide est étudié par diffusion inélastique des neutrons ainsi que par
dynamique moléculaire classique et ab initio. Ceci permet ensuite de simuler l’expérience réalisée et
d’évaluer l’influence sur le signal détecté des contributions de l’instrument et de l’échantillon.

Mots-clés : Diffusion de neutrons, structure et dynamique des liquides, simulation par dy-
namique moléculaire.

Title : A complete simulation of neutron scattering experiments: From model systems to liquid
germanium.

In this thesis, both theoretical and experimental studies of liquids are done. Neutron scattering enables
structural and dynamical properties of liquids to be investigated. On the theoretical side, molecular
dynamics simulations are of great interest since they give positions and velocities of the atoms and the
forces acting on each of them. They also enable spatial and temporal correlations to be computed and
these quantities are also available from neutron scattering experiments. Consequently, the comparison can
be made between results from molecular dynamics simulations and from neutron scattering experiments,
in order to improve our understanding of the structure and dynamics of liquids.

However, since extracting reliable data from a neutron scattering experiment is diffucult, we pro-
pose to simulate the experiment as a whole, including both instrument and sample, in order to gain
understanding and to evaluate the impact of the different parasitic contributions (absorption, multiple
scattering associated with elastic and inelastic scattering, instrument resolution). This approach, in which
the sample is described by its structure and dynamics as computed from molecular dynamics simulations,
is presented and tested on isotropic model systems.

Then liquid germanium is investigated by inelastic neutron scattering and both classical and ab ini-
tio molecular dynamics simulations. This enables us to simulate the experiment we performed and to
evaluate the influence of the contributions from the instrument and from the sample on the detected signal.

Keywords: Neutron scattering, structure and dynamics of liquids, molecular dynamics simu-
lation.
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