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Introduction

Diffusion on surfaces is an extremely wide subject of paramount importance
for fundamental research in condensed matter physics and technological devel-
opment in industry [1,2]. We can cite some representative examples, among a
large number of technological applications benefitting from our knowledge of
the dynamics of atoms and molecules on surfaces. Material science is nowadays
concerned by processes like aggregation, epitaxial growth and self-assembly of
nano-structures on the surface [3]. All this process are governed by the diffusive
behavior of adsorbates on the surface and the rate of growth of the nucleation
phenomenon can be directly related to the adsorbates diffusivity [1,4–7]. Het-
erogenous catalysis, is a central issue in industrial production of chemicals, and
diffusion on the surface plays a key role since it usually involves mass trans-
ports of reactants and products [5,8] Besides, the morphology of the reactants
is influenced by diffusive processes on the surface which should be taken into
account in view of an optimization of the catalytic reaction [7]. The diffusive
behavior of adsorbates on a surface is a powerful tool to probe the micro-
scopic origin of friction, and contributes to the discovery and improvement of
lubricant materials [9–12]. Nano-technologies also benefits from a deep under-
standing of the nature of friction and the interaction between adsorbates and
phonons or electrons on the surface of the substrate [13–15]. Recent inves-
tigations have succeed in designing and fabricating nano-devices driven by a
thermally induced flow of phonons [13] and important efforts concentrate in
atomic-scale mechanisms ruled by electric current [14,15].

From the fundamental research standpoint, molecules adsorbed on a sur-
face are an excellent probe to explore the surface energy landscape of the
substrate [16,17]. Besides, diffusion on surfaces is ubiquitous [6]: it takes place
in all kind of substrates and involves all kind of adsorbates, from single atoms
to large hydrocarbon chains. Thereby, the mechanisms underlying diffusion are
manifold: from surface phonons creation/annihilation processes caused by the
vibrations of the adsorbate in the adsorption energy minima, to electron-hole
pair excitations, or a large variety of adsorbate-adsorbate interactions (colli-
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sions, van der Waals forces or electrostatic interactions) [6]. It is clear that
diffusion on surfaces is a very rich and complex field [6] where thermodynam-
ical, structural and dynamical properties of the adsorbed layer are strongly
interrelated. As a result, dressing a complete description of diffusive phenom-
ena requires a multifaceted approach. Theoretical models to describe diffusive
phenomena aim to connect the macroscopic properties of diffusion with the
microscopic character of the atomic motion [18]. In the macroscopic scale, the
diffusion of adsorbates on a substrate is governed by the Fick’s laws [6]. The
first Fick law relates the diffusion flux of adsorbates J(r, t) to the adsorbate
density gradient ∇ρ(r, t) [6]:

J(r, t) = −Dc∇ρ(r, t),

through the diffusion coefficient Dc, which is a scalar if the diffusion is isotropic,
but becomes a tensor if the diffusion is anisotropic [5]. The second Fick law
establishes the time evolution of the density of adsorbates [4]:

∂ρ(r, t)

∂t
= −Dc∇2ρ(r, t).

The first and successful attempt to connect the macroscopic quantity of the
diffusion coefficient, Dt, to the atomic dynamics was achieved by Einstein [4,19]
and yields:

Dt = lim
t→∞

1

2dNt

N∑

i

〈
∆r2

i

〉

where
〈
∆r2

i

〉
is the mean square displacement of the i-th atom performing a

random walk in a space of d dimensions, over time t. However, the resulting
diffusion coefficient is the so-called tracer diffusion coefficient, Dt, because it is
associated with the motion of single particles [5,6]. It should be distinguished
from the diffusion coefficient appearing in the Fick’s law, Dc, also known as the
the collective diffusion coefficient which measures the decay of density fluctu-
ations over very long times [4]. If there are no interaction between adsorbates,
as if the system was behaving as an ideal gas, the tracer and the collective
diffusion coefficient are equivalent [6] otherwise they are distinct and the con-
nection between them is not trivial [4]. Starting from the Einstein discovery,
and applying mechanical statics theories such as the fluctuation-dissipation
theorem [20], it is possible to link the macroscopic description of diffusion (the
diffusion coefficient) to specific functions portraying directly the dynamics in
the atomic scale such as the velocity correlation function [4,21]. In the micro-
scopic scale, atoms perform discrete jumps over the different adsorption sites
on the substrate. Thus, the mean square displacement is a function of the
distribution of jump lengths,

〈
l2
〉
, and of jump rates, Γ [4, 6] and the tracer
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diffusion coefficient can be written as a function of these microscopic parame-
ters [6]:

Dt =
1

2d
Γ
〈
l2
〉
.

If diffusion is an activated process because the adsorbates need to overcome
energy barriers to pass from one equilibrium position to the next one, and
tunneling is excluded, the jump rate follows an Arrhenius law [4]:

Γ = Γ0 exp

[
− Ea
kBT

]

where the activation energy Ea stems from the height of the barriers, and the
pre-factor Γ0 is the real dynamic quantity since it evaluates the attempt of the
adsorbed particle to jump over the barrier [4,6]. It is a function of temperature
and can be calculated through different methods such as the transition state
theory [4]:

Γ0 =
kBT

h
exp

[
− ∆S

kBT

]
,

where kB is the Boltzmann constant, T is the temperature, h is the Planck
constant and ∆S is the activation entropy corresponding to the change in
entropy in the system adsorbate/system when the adsorbate moves from the
potential energy minimum to the saddle point (the top of the energy barrier).
As a result, the diffusion of the atoms on the surface is strongly dependent
on temperature. If the temperature of the system is such that kBT � Ea,
then adsorbates spend most of their time trapped in the equilibrium well and
performing oscillations around the minimum position [5]. Occasionally they
jump to neighboring sites. Since jumps are considered to be instantaneous and
are separate by long lapse of times (of the order of ∼ 1/ν0, where ν0 is the
frequency of the vibration of the adatom in the well), we assume that successive
jumps are uncorrelated [5]. Thus, in the case of activated diffusion the tracer
diffusion coefficient follows the Arrhenius law of temperature, exactly as the
jump rate does [6]:

Dt = D0 exp

[
− Ea
kBT

]
. (1)

Conversely, when the temperature is high enough to provide the adsorbates
with a thermal energy comparable with the activation energy, kBT ∼ Ea,
the lateral barriers for motion become negligible and the adparticles diffuses.
This regime can be described by a two dimensional Brownian motion, and the
diffusion coefficient adopts the well known Einstein expression [5, 20]:

Dt =
kBT

mη
,

The second important macroscopic quantity characterizing diffusion is the fric-
tion parameter, η, which quantifies the exchange rate of energy between the
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diffusing particle and its environment (the substrate or the neighboring parti-
cles) in the macroscopic scale . It is related to the velocity autocorrelation func-
tion via the Green-Kubo formula (or equivalently the fluctuation-dissipation
theorem) [18,20,21]:

η =
1

kBT

∫ ∞

0
〈v(0)v(t)〉 dt.

The advent of computer science has also boosted significantly the progress in
the theoretical aspect of diffusion. The simulation of the adsorbate trajectories
allows the numerical calculation of essential microscopic functions like the mean
square displacement or the velocity correlation functions [22]. The upgrade
of computers power and the combination of molecular dynamics simulations
with experimental techniques brings the interpretation of the experimental
data beyond the traditional models for diffusion [23]. From the standpoint of
experimental surface science, the progresses and achievements in the field are
also impressive [1,24]. The multiplication and improvement of surface specific
techniques allows currently to investigate the atomic motion in scales of time
and space covering the typical times of adsorbate-adsorbate interaction (the
pico and nanosecond time scale) and distances were the discrete nature of
matter becomes apparent (the sub-nanometer range) [1]. In this case, neutron
scattering techniques appear as a singular method to probe the dynamics of
atoms and molecules on the surface [25]. Despite of their well known capacity
to penetrate matter, neutrons bring to light very interesting information about
the nature of diffusive processes on the surface [26, 27] and are very sensitive
to the diffusion of very light atoms like hydrogen which are difficult to spot
with other techniques such as X-rays.

Motivations and outline

In this work we investigate in length the diffusion of aromatic rings, benzene
molecules, adsorbed on the basal plane [0001] of graphite. This system is a pro-
totype for modeling the forces binning together the layers of graphene which
form graphite crystals [28]. Many studies exist addressing the question of
benzene adsorption on graphite from different perspectives: thermodynamics
(phase transitions and heat capacity) [29–36], structure of the adsorbed layer
(debate about the direction of adsorption of the benzene molecules) [37–44].
We are interested in the dynamical aspect. There are many open questions con-
cerning the physics underlying the diffusive behavior of benzene molecules on
the graphite. Very recent studies show [45] that in the sub-monolayer regime,
benzene molecules undergo a perfect Brownian motion. The origin of the fric-
tion was attributed to phononic annihilation/creation processes and no depen-
dence on the coverage was observed. We intend to nail down in the influence
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of coverage and temperature in the diffusive behavior of benzene molecules on
the basal plane of graphite. For this purpose we have perform several measure-
ments of neutron quasi-elastic spectrum of benzene adsorbed on graphite, at
different coverages (from the very low coverage regime 0.1 ML to the complete
monolayer 1.0 ML) and in a wide range of temperatures, from 60K to 140K.
We use the neutron spectroscopy technique of time-of-flight and we combine
measurements on hydrogenated C6H6 and deuterated benzene C6D6. Since
neutrons can be coherent or incoherently scattered, the resulting quasi-elastic
spectra arising from C6H6 or C6D6 displays differences which can be attributed
to correlated dynamics in time and space. We obtain a complementary view
on the diffusion process which helps us to improve the understanding of the
physical mechanisms governing the diffusion, and in particular, to identify the
main source of friction in this system.

The dissertation is organized as follows: Chapter 1 introduces the main ex-
perimental technique, neutron time-of-flight spectroscopy, which is compared
to surface specific techniques. We aim to highlight the unique place of neu-
trons in surface studies, and the important role played by substrates like ex-
foliated graphite which display a large surface/volume rate. In Chapter 2 we
review the theoretical framework within which surface diffusion models can
be developed. We also provide a succinct description of molecular dynamics
calculations, since it is a useful tool for the interpretation of neutron quasi-
elastic data, even though in this work we do not present any MD simulation
result. Chapter 3 contains the description of the samples and the experimental
conditions in which we operate with the time of flight spectroscope IN6 (ILL,
Grenoble, France). We also summarize the measured results (the scattering
functions) making emphasis in their change with coverage and temperature.
Chapter 4 deals with the analysis of the scattering functions. We test several
diffusion models to fit the quasi-elastic energy profile. Chapter 5 discusses the
results of the fits, and values for the diffusion coefficient and friction parameter
are extracted. We drive our attention to the dependence of these parameters
on temperature and coverage, since this carries the fingerprint of the physical
mechanisms governing the diffusion of the molecules (phononic coupling be-
tween molecules and the substrate or collisions between molecules). We also
compare the results obtained for deuterated and hydrogenated benzene with
the measurements published in Ref. [45]. Finally, Chapter 6 is a summary of
the main conclusions that we can draw from the neutron study of the diffusion
of benzene adsorbed on the basal plane of graphite. We also give an outlook
of possible perspectives for a future development of the present study.





Chapter 1

Quasi-elastic neutron scattering,
applied to diffusion of adsorbed
species on the surface

This chapter overviews the experimental aspects of neutron studies on surface
diffusion. It is divided into two sections. The first section aims to under-
line the place of quasi-elastic neutron scattering, QENS, in surface diffusion
studies. The comparison of QENS to other surface specific techniques high-
lights the kind of information about diffusion processes revealed by neutrons,
its limits and the type of systems on which neutrons are especially powerfull.
The second section focuses on the neutron time-of-flight technique, which is
the main technique in use in this work. A detailed description of their modus
operandi, the physical magnitudes which are measured and their dynamical
window is provided.

1.1 QENS spectroscopy applied to surface diffusion

Surface diffusion is a complex and ubiquitous phenomenon: it can take place
in a myriad of different substrates and involves manifold physical mechanisms.
Accordingly there exists a large portfolio of surface specific techniques among
which, one finds quasi-elastic neutron scattering. We start this section review-
ing the main surface diffusion techniques in use. Then, we focus on the best
suited systems to test the power of neutrons for probing surface diffusion. The
combination of hydrogenated compounds adsorbed on substrates characterized
by a large effective surface area for adsorption constitute excellent samples for
the application of neutrons to surface studies.
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on the surface

1.1.1 QENS techniques vs surface specific techniques

A complete description of the diffusion process demands to relate the thermo-
dynamical properties (like the melting and other phase transitions tempera-
ture, the coexistence of different phases, the vapor pressure) with the structure
of the layer, its chemical composition and the dynamics of the adsorbed par-
ticles within the layer. Hence, a detailed study of diffusion process requires a
multifaceted experimental approach. Comprehensive reviews discuss the char-
acteristics, advantages and disadvantages of the available methods [5,6,46–49].
This section focuses on the techniques revealing similar aspects of diffusion than
QENS techniques. The comparison of the time and distance scales, together
with the type of substrates, the kind of diffusion (tracer or chemical diffusion)
and the physical information (diffusion coefficients, friction parameters and
structural information) affordable for each technique underlines the specific
place that QENS occupies in surface diffusion studies. Nevertheless, the lack
of overlap in the time and spatial scale between the different techniques [48]
renders the comparison of experimental results arising from different measure-
ment methods difficult. Therefore, there is no technique which can give a
complete description of diffusion and the interplay between different experi-
mental approach is mandatory.

There are many criterions to classify surface specific techniques: the phys-
ical mechanism underlying the measurement method or the way in which in-
formation released. For instance, Ref. [48] proposes to distinguish between
techniques inducing inhomogeneities in the density of the adlayer which evolve
in time according to the Fick’s law or techniques measuring the thermal fluc-
tuations of the system in its true thermal equilibrium state. The fluctuation-
dissipation theorem allows, in the latter case, to extract the information about
diffusion [20]. In general, the surface specific techniques surveying the dynam-
ics and structure of adsorbed layers belong to the second group of techniques
and require the sample to be in thermal equilibrium. They can be further
classified into two broad groups. First of all, there is the group of microscopic
techniques which image the diffusion of individual particles or clusters in real
space and time [5,6,47]. On the other side, lie the diffraction and spectroscopy
techniques where the dynamical and structural information is released in the
Fourier transformed space of momentum and energy transfer. Amongst the lat-
ter we will discuss with detail the helium and neutron scattering techniques.
The main properties of the experimental methods (resolution, time and length
scales, remarks about the kind of samples) are summarized in Tab. 1.1.1 and
displayed in Fig. 1.1.
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spectrometer, enabling the rate of refilling and hence Dc to be obtained. More recently, laser optical
diffraction (LOD) has been developed to enable more delicate measurements. In this case, an optical
grating pattern is desorbed from the surface, which decays as the overlayer diffuses. An important
point to consider when analysing data from any laser based technique is the potential for surface dam-
age, as has recently been observed [41]. Electron based microscopic and spectroscopic techniques are
also susceptible to inducing surface damage, ranging from electron stimulated desorption of weakly
bound species to the serious forms of damage often seen in high power electron microscopes.

Fig. 2 gives a graphical comparison of the length and timescales over which a selection of tech-
niques are sensitive to diffusion. In general terms, imaging techniques occupy the longer timescales
while scattering methods offer greater potential in the short timescale region. Techniques, such as la-
ser optical diffraction (LOD), are an intermediate case in that they follow the evolution of a macro-
scopic, non-equilibrium profile and thus provide important information on macroscopic processes,
but rather restricted information about processes on the microscopic scale. Experimental results have
therefore been compared with microscopic theory only rather indirectly, usually through macroscopic
diffusion constants.

Equilibrium methods generally involve monitoring atomic diffusion or other larger scale fluctua-
tions of in the surface configuration with time. Typical techniques include field ion microscopy
(FIM), scanning tunneling microscopy (STM), field emission microscopy (FEM) [7] and fluorescence
correlation spectroscopy (FCS) [42]. FEM and FCS provide fluctuation measurements as isolated parti-
cles move in and out of a defined measurement volume. They operate on intermediate length-scales,
defined by the measurement volume, which enables diffusion constants to be extracted. Both FIM and

Fig. 2. Graphical comparison of the principal experimental techniques which have been applied to surface diffusion, in terms of
the approximate length- and timescales to which the measurement process corresponds. Labels indicate primarily microscopic
imaging based techniques (M), optical or laser based techniques (O) and scattering based methods (S). Increasing these ranges
of applicability is still the subject of ongoing work. Note that simple diffusion processes can be measured using several different
techniques over either short lengths and times, or equally over longer lengths and times. However, microscopic phenomena are
only evident on atomic length-scales and fast times. Currently, QHAS is the only surface technique which simultaneously allows
microscopic length-scales and picosecond to nanosecond timescales to be studied, while the system is in true thermal
equilibrium. The figure is constructed using information from [7,6] with additional information on STM [43], FEM [10], FCS [42],
LOD/SHD [45,46], PEEM (either limited by phosphor decay/ CCD framing rates [47] or as a pulse synchronised measurement
[48,49]). Quasi-elastic neutron scattering (QENS) [50] is only weakly surface sensitive, but is included for comparison with
QHAS.

A.P. Jardine et al. / Progress in Surface Science 84 (2009) 323–379 329

NMR 
(spec)

Figure 1.1: Comparison between the length and time scale covered by the most rel-
evant surface specific technique. (M) means microscopic techniques, (O) refers to
optical or laser based techniques and (S) refers to scattering techniques. The physical
process and the structures observable at the different distances and times scales are
also included. The graph has been taken from Ref. [1]. We incorporate the band in
time covered by NMR spectroscopy, which does not have spatial resolution.
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on the surface

Thermodynamical techniques Well established thermodynamical techniques
such as isotherm measurement can determine the area occupied by adsorbed
particles and the adsorption dynamics. Calorimetry is an effective method for
finding the temperatures of phase transitions and for determining the order of
the transition. This techniques often surveys the macroscopic properties of sur-
faces like the melting temperature or the surface effective area for adsorption
of materials.

Optical and laser techniques The idea underlying the application of laser
techniques for studying diffusion is that desorption is sensitive to the lateral
interaction between adsorbed species [50]. In other words, desorption tech-
niques give also information about the lateral diffusion energetic barrier of the
adsorbates and can measure chemical diffusion coefficients Dc (ensuing from
the second Fick’s law [1]). In the case of laser induced thermal desorption,
LITD, a powerful laser pulse irradiates a small spot on the surface, rising the
local temperature and desorbing the adparticles lying within the illuminated
area. A second pulse is emitted after a lapse of time allowing for the refilling
of the depleted region and provoking a new desorption process. In this way the
rate of refilling is measured and can be related to the chemical diffusion coef-
ficient (diffusion due to the chemical potential arising from inhomogeneities in
the density of adatoms on the surface). Another related technique is the linear
(also laser) optical diffraction (LOD) which monitors the smearing out with
diffusion of an optical grating pattern [1,51]. LOD covers a very large range of
diffusivities, although always over macroscopic distances and time scales. Fi-
nally, we include in this section the photoemission electron microscopy, PEEM,
which measured the spreading of an adsorbed layer when a coverage gradient
is created (by the means of LITD or deposition mask) [5]. On the side of equi-
librium methods, we should mention the fluorescence correlation spectroscopy
(FCS) which measures the spontaneous fluctuations of molecule concentra-
tion in a well defined area of the surface [1]. The diffusion coefficient can be
extracted from the decay with time of the fluctuation autocorrelation func-
tion [52]. We can approach FCS to the spin-echo technique, as we shall see
later.

Microscopic techniques One of the most widely used microscopic proce-
dure for surface studies is the scanning tunneling microscopy, STM, based on
the concept of quantum tunneling. STM instruments are made of a sharp and
conducting tip whose position is controlled by a piezoelectric motor. When
the distance between the tip and a conducting surface is within ∼ 1 nm, a
tunneling current starts flowing. This current is kept constant by varying the
position of the tip with respect to the surface: i.e applying a certain volt-
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age to the piezoelectric motor which regulates the movement of the tip. If
the voltage is recorded while the tip sweeps the surface, the topography of
the surface is imaged. STM is an extremely powerful method for analyzing
tracer diffusion on conducting surfaces [5]. It is able to follow an adsorbed
atom in its migration on the surface with a resolution of around 10 Å [5]. It
is possible to extract hopping rates from a statistical analysis of series of im-
ages taken with the microscope [5, 47] and diffusion coefficients of the order
10−19 ∼ 10−16 cm2.s−1 are measured [5]. It is worthwhile to mention as weel
the atomic force microscopy, AFM: it is a modified STM microscope which
pushes the adsorbed species with its tip and measures the force required to
move the particle from one adsorption site to the neighboring site across the
energy barrier [47]. Forces of the order of pico and nano-Newtons are acces-
sible [53]. Magnitudes like the activation energy for diffusion or the binding
energy between the adsorbate and the substrate are deduced from the inte-
gration of the forces over the diffusing path [47]. The friction parameter and
a sketch of the potential energy surface can also been survey thanks to this
method [46]. Other microscopic techniques like the field emission microscopy,
FEM, measure the work function of a well localized small area of the surface:
the density of electrons (in the form of an electric current) promoted from the
conducting band of the substrate to the free state of the microscope metal tip
under the influence of a high electric field [5]. Fluctuations in the density of
adatoms related to diffusive processes affect the work function of the substrate
and, hence, can be observed with the FEM method [47]. A similar idea is
applied in field ion microscopy (FIM) which achieves images of surface with
a resolution in the range of 3 ∼ 50 Å [5, 47, 48] and measures diffusion coef-
ficients of single metal adatoms of the order of 10−17 ∼ 10−15 cm2.s−1 [48].
To summarize, microscopic techniques provide a wealth of information about
adsorption processes on the surface with an atomic resolution. They can follow
a tracer in their migration on the surface, describe their diffusive behavior and
measure their diffusion coefficient and their mean square displacement. They
also are sensitive to the binding energy of the adsorbate to the surface and
to the activation barrier for lateral motion (translations). Nevertheless their
applicability is still reduced to small adsorbates concentrations and slow dif-
fusivities [5]: the typical atomic motion occurs at the picosecond scale which
is orders of magnitude faster than the time windows affordable for microscopy
techniques [16]. Furthermore, most of them require conducting surfaces to
work properly. Finally, an important disadvantage is that the measurement
process influences strongly the diffusion in the system: the equilibrium state
of the adsorbed layer is seriously disturbed [5, 16].
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Diffraction techniques The structure of the adsorbed layers, is studied by
the means of diffraction techniques. Among them we can find the low energy
electron diffraction (LEED). However, care must be taken with the study of
physisorbed layers with LEED since the not very high current electron beam
(∼ 1 µA) can desorb weakly adsorbed particles [46]. Other techniques such as
X-ray diffraction and neutron diffraction image the structure of the adsorbed
layer in the Fourier reciprocal space of momentum transfer: the diffraction
pattern. Information about the chemical composition of the surface can also
be obtained. All this techniques reach perfectly the atomistic resolution (very
high momentum transfer range). As a complement we can mention X-ray
and neutron reflectometry supplying interesting details such as the surface
roughness, morphology and growth processes [46].

Spectroscopy techniques Spectroscopy techniques yields information about
the dynamics of adsorbates on the substrates. For instance, nuclear magnetic
resonance (NMR) monitor the diffusion of ad-particles by measuring the spin-
lattice relaxation spectra [5]. The position of the peaks and their broadening
give valuable information about the translational and rotational dynamics of
adsorbed species [37, 54, 55]. On the other side, infrared spectroscopy (IR)
allows to study in detail the internal degrees of freedom of molecules. In par-
ticular it encourages and supplies experimental data for the development of
models on the coupling between the vibration-orientation-translation modes of
adsorbed molecules [46].

Helium and neutron scattering Quasi-elastic helium scattering and neu-
tron scattering are closely related techniques whose main exprimental function
is the scattering function, as it will be explained later, in section 1.2.1. In both
cases, the dynamics and the structural information about adsorbates on a sur-
face is probed in the Fourier transformed space of energy/momentum transfer
(except for helium and neutron spin-echo which can access the time/momentum
transfer domain [16, 46, 56, 57]). In particular, the quasi-elastic broadening
arising from the energy exchange between the probes and the diffusing par-
ticles, depends on the diffusive regime of the latter. These techniques are
unique to survey the diffusive motion reaching the atomic resolution and cov-
ering the picosecond-nanosecond time window . Diffusion coefficients above
10−6 cm2.s−1 and over atomic distances can be measured [5]. In addition,
we underline the non-destructive approach of these techniques: the equilib-
rium state of the adsorbed layer is only weakly perturbed by the scattering.
It is precisely the fluctuations restoring the thermal equilibrium in the sam-
ple, which give rise to the energy distribution of helium or neutron scattered
probes. The main distinction between helium and neutron probes stands in
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their very different interaction with matter. While neutrons are scattered by
the nuclei [56, 58–60], helium atoms are sensitive to the electronic cloud of
atoms. This is reflected in the interaction potential which takes the simple
form of the Fermi pseudo-potential [58] (see section 1.2.1 and in Eq. 1.3) for
neutrons and differs from the helium interaction potential with the atoms on
the surface or in a molecule. Therefore, neutrons can distinguish between dif-
ferent atoms in a molecule, while helium atoms feel the electronic cloud of the
whole molecule. Conversely, helium atoms are a highly surface sensitive probe
while neutrons are well-known bulk probes. Nevertheless, this disadvantage
of neutron probes is overcome with the use of large effective surface area sub-
strates as exfoliated graphite (see the next section 1.1.2). A further disparity
between neutron and helium scattering arising from the nucleus-neutron inter-
action lies in the nucleus scattering length b for neutrons which is an operator
acting on the neutron and nucleus spin [58, 61]. Thereby the scattering of
neutrons by a collection of atoms has a twofold nature: the coherent scatter-
ing only changes the energy and the wave vector of the neutron whereas the
incoherent scattering flips the neutron spin as well. The consequences of this
peculiar feature of neutron-matter scattering endow neutrons with the capa-
bility of distinguishing between collective and individual diffusion. Conversely,
helium scattering corresponds only to the coherent scattering of neutrons [1].
The theoretical models for diffusion are, in general, developed for the incoher-
ent scattering (because of its easier interpretation in terms of individual atoms
diffusive behavior) but can be extend to the coherent case [1, 2].

Table 1.1: Comparison between the principal surface techniques and the neutron
scattering techniques.

Technique Time window Length reso-
lution

Observable processes Range of D
[cm2.s−1]

Remarks

LITD ms< 100-1000 µm Collective or chemical
diffusion

10−8-10−5 Well suited for studying
physisorption, adsorption
of gases or large molecules
on single crystals [5]
Provoke surface damage
[1].
Requires UHV conditions.

LOD s - 100 s 1 µm Collective or chemical
diffusion

10−15-10−7 Applicable to a large num-
ber of adsorbate-substrate
systems.
Measures down to the
monolayer coverage.

STM ms< 10 Å Motion of individual
atoms and molecules

10−19-10−16 Requires conducting sur-
faces.
The tip-surface interac-
tion affects the equilibrium
state of the adsorbed ele-
ments.
Ultra High Vacuum, UHV,
conditions [48].
Direct space imaging.
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FIM ms< 3-50 Å Tracking of trajecto-
ries of isolated diffus-
ing species and small
clusters [6]

10−17-10−15 Metal atoms and refrac-
tory metals [48].

Adsorbate/substrate with
high binding energies [47].
Materials resisting very
high electrical fields ∼
108V.cm−1 [6].

FEM (fluctu-
ation mode)

ps < 100Å Adatom density fluc-
tuations.

10−14-10−9 Application of high elec-
tric field ∼ 107V.cm−1 [6].

Diffusion and jumping
of individual atoms

NMR ps - 0.1 ms Local density of elec-
tronic states.

Weak signal from surfaces
[55].

Identification of spe-
cific adsorption sites
on a substrate

Requires metallic surfaces
or nuclei with magnetic
moment.

Diffusion coefficients.

QHAS ps - 10 ns 10 - 100 Å Structure of adsorbed
layer and dynamics of
adsorbed species

>10−6 Information in the Fourier
domain of (Q, ~ω)

External (frustrated
rotations and transla-
tions) of the adsorbed
species

Only measures coherent
scattering.

Requires ultra-high vac-
uum conditions.
High surface sensitivity.

QENS ps - 0.1 ms 10Å Structure of adsorbed
layer and dynamics of
adsorbed species.

>10−6 Information in the Fourier
domain of (Q, ~ω)

Tunneling, internal
(vibrations) and ex-
ternal (frustrated
rotations and trans-
lations) modes of the
adsorbed species

Low surface sensitivity:
substrates with high effec-
tive surface for adsorption.

Flexible sample environ-
ment: do not require UHV.
Extremely sensitive to hy-
drogen atoms.

1.1.2 Systems for a neutron surface study: carbon based molecules
physisorbed on exfoliated graphite

One of the strongest limitation for the application of neutrons to surface study
is the lack of signal arising from the atoms in the surface or in the edges of
the system [1]. Neutrons are well known bulk probes: their weak interaction
with matter enhances their penetration depth (of the order of cm) [62]. As
a result, surfaces are invisible to neutrons. This has some advantages and
provides neutrons with the capability of accessing buried phases when coexis-
tence between an adsorbed and a liquid phase exists [63]. But, it is certainly
not the best suited set-up for surface diffusion studies. The advent of mate-
rials with a large specific area for adsorption, such as exfoliated graphite or
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MgO, has significantly boosted the study of surface structure and dynamics
with neutrons [64,65]. This kind of materials maximizes the surface to volume
ratio allowing to adsorb a sufficient amount of molecules while the quantity
of molecules remaining in the liquid or gaseous phase is reduced to its min-
imum [64]. As a result, the contribution to the scattering coming from the
adlayer is intense enough to generate a quasi-elastic signal which clearly differs
from the statistical noise.

Exfoliated graphite Exfoliated graphite offers a 20 m2.g−1 effective area
for adsorption [66–68]. This material results from the intercalation of chemical
complexes: SbCl5, FeCl3 or sulfuric acid, which diffuse and form layered crys-
tals in the plane edges of natural graphite [68]. If the temperature of the system
suddenly rises, the layered crystals explode apart provoking the expansion of
the graphite lattice parameter along the c axis hundreds of times [69]. The
exfoliation process produces a very low density material consisting of empty
galleries (60 % of the volume) of an averaged thickness of 300 Å which con-
nect the graphite cyrstals of 600 Å size, according to WAXS measurements in
Ref. [68]. Furthermore, exfoliated graphite can be rolled into binderless flexi-
ble sheets becoming compressed exfoliated graphite. Then, it benefits from the
large surface effective area of exfoliated graphite and, in addition, presents a
preferential orientation of the graphite microcrystals: their basal plane is par-
allel to the macroscopic surface. As a result, compressed exfoliated graphite
supplies a high quality and well ordered substrate with a very large surface
area where the fraction of non-oriented graphite crystallites is estimated to
be 26 % [67]. It is the closest substrate to an ideal homogeneous surface for
adsorption [66].

Physisorption of carbon based molecules on exfoliated graphite The
physisorption of carbon based molecules on exfoliated graphite constitute an
excellent sample to probe with neutrons. First of all, the weak binding of
physisorbed layers (by the means of Van der Waals forces) gives rise to low
frequency modes of the molecules: the so-called external modes, arising from
frustrated translations or rotations, in contrast to the internal modes which
are related to the internal degrees of freedom of the molecule in the gaseous
or non-adsorbed phase [70]. The vibrational frequencies of the external modes
display typical values below 15 meV [70]. They match the natural energy
range surveyed by thermal neutrons, while they fall out of the range of other
techniques such as infrared spectroscopy [27]. The second important point is
that carbon based molecules such as methane, benzene, naphthalene or pyrene
contain hydrogen. Neutrons are the best probe to identify and follow the
dynamics of protons, because of the very large scattering cross-section of the
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−30◦ ≤ φ ≤ 30◦

φ

Figure 1.2: Left panel: the macroscopic compressed exfoliated graphite substrates,
Papyex, which we use as substrates. Middle panel: schematic representation of a
vertical cut in the compressed exfoliated graphite. The basal plane of graphite micro-
crystals is, in average, parallel to the macroscopic substrate within an error of ± 30
deg. Right panel: representation of benzene molecules lying on the basal plane of a
graphite crystal. This pattern will be repeated in the whole volume of the sample and
provides the large effective surface for diffusion. The figure is taken from Ref. [23]

hydrogen nucleus: 81.66 barns [56, 58, 60, 71] . As a result, if the beam of
neutron is directed parallel to the macroscopic surface of an exfoliated graphite
substrate containing alkanes or polyaromatic rings molecule adsorbed on its
basal plane (see Fig. 1.3), most of the quasi-elastic neutron scattering signal
comes from the adsorbed layer, and more precisely from the protons. Thereby,
the momentum transfer Q which we measure, is parallel to the surface:

Q = kf sin θ − ki sin θ. (1.1)

Hence, neutrons yield highly detailed information about the the dynamics of
adsorbed layers of alkanes, or aromatic ring based molecules on exfoliated
graphite because there exists a pronounced contrast between the scattering
cross-section of hydrogen and carbon (the scattering cross section of carbon
is 5.55 barns [56]). This difference of scattering length allows to distinguish
between the signal arising from the adlayer and from the substrate.

1.2 QENS spectroscopy and spectrometers

Now that we have dressed up a general picture of surface diffusion techniques,
we survey the quasi-elastic neutron scattering techniques. First of all we pro-
vide a general description of the double differential scattering cross-section
which is the main physical quantity delivered by a scattering experiment. Af-
terwards, we focus on the particularities of the quasi-elastic regime: the typ-
ical energies and distances and the shape of the scattering function in the
energy/time domain. Then, we review the different instrumental techniques
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Figure 1.3: Left panel: aluminium sample holders and disk of exfoliate graphite.
Central panel: diagram showing the stacking of the graphite disks within the sample
holder and the directions of the incoming (blue arrow) and outgoing (green arrow)
neutron beam. The red arrow is the momentum transfer vector. The azimuthal
angle θ is kept constant at π/2 meaning that only the neutrons scattered in the plane
are detected. Right panel: representation of the scattering geometry on a graphite
crystallite where benzene molecules are adsorbed.

belonging to the QENS group and explain how the measurement is achieved. In
a first glance, we can classify the instruments into two classes: on one side time-
of-flight (ToF) and backscattering (BS) correspond to standard spectrometers
where the experimental functions are probed in the momentum transfer/energy
transfer domain. On the other side, neutron spin echo (NSE) is based on a
different principle which makes use of the spin of the neutron. In this way, the
physical information is given in terms of the momentum transfer/ real time.
We shall discuss the similarities and differences of the various instruments.
The essential point is to show that the combination of all the experimental
techniques leads to a complete picture of the diffusive process.

1.2.1 The neutron scattering double differential cross section

In general terms, a scattering experiment measures the differential scattering
cross-section d2σ/dΩdω: the probability of counting a scattered probe in one
space direction, described by the differential solid angle dΩ, and within a differ-
ential energy transfer element d~ω [58, 60]. The Fermi’s golden rule expresses
this probability in terms of state transitions [60,72]:

d2σ

dΩdω
∝
∑

k

W|k0µn〉→|kµ′n′〉 = |〈kµ′n′|V|k0µn〉|2δ
{
ω +

En − En′
~

}
, (1.2)

W|k0µn〉→|kµ′n′〉 being the probability that the system formed by the probe and
the target passes from an initial state |k0µn〉 to a final state |kµ′n′〉, via an
interaction potential V. Here, |k0µ〉 and |kµ′〉 denote the incoming and the
scattered probe particle states. In particular, k0 and k are the incoming and
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scattered probe particle wave vectors, respectively, while µ and µ′ label its ini-
tial and final spin eigenstates (or polarization for the spinless probes) [59]. In
contrast, |n〉 and |n′〉 are related to the initial and final states of the target sys-
tem. If the Hamiltonian of the target system is independent of nuclear spins,
its eigenstates |n〉 are a product of the form |n〉 = |s〉|λ〉 [73]. The states |λ〉
form a complete set of stationary states of the rotation-translational Hamil-
tonian of the target system [73]. Conversely, |s〉 refers to its nuclear spin states.

In addition, the whole process must satisfy the energy conservation law.
Therefore, the difference in energies between the incoming and the outgoing
probe particle, ~ω, needs to be equal to the difference in energies of the target1,
En − En′ , when passing from state |n〉 to state |n′〉 [60].

Neutron probes: The Fermi pseudopotential In the case of neutrons,
their interaction with matter is reduced to their scattering by nuclei and by
magnetic moments [56, 58, 60]. In particular, the forces ruling the nuclear
scattering act on a very reduced spatial range: 10−14 - 10−15 m if compared
with the typical wavelength of a thermal neutron, which is of the order of 10−10

m [56, 58, 60]. Under this circumstances, nuclei can be considered as point
scatterers and we can assume that the interaction is impulsive [56, 58, 60, 74].
Hence, in a first approximation known as the Born approximation [75], the
potential describing the nuclear scattering is well approximated by the Fermi
pseudopotential [56,58,59,61,74,75]. The Fermi pseudopotential for a collection
of N atoms is:

V(r) =
( m

2π~2

)−1
N∑

j

bjδ(rj − r) (1.3)

where m is the neutron mass and bj is the scattering length of the j-th nucleus
situated at rj .

The scattering length The scattering length of a nucleus quantifies its
power as a neutron scatterer: how likely is it that the nucleus scatters the
neutron? It can also be understood as an effective size of the nucleus from the
neutron’s perspective [76]. The scattering length depends on the composition
of the nucleus (number of nuclides) and on the orientation of the nuclear spin

1The energies of the target, {En} are defined as the eigenvalues of the Hamiltonian
opertor of the target H corresponding to the set of eigenstates {|n〉}. Hence, they fulfill the
Schroedinger equation, which is of the form:

H|n〉 = En|n〉.
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with respect to the neutron spin2 [58,59,61,77]. Consequently, neutrons detect
the presence of different chemical species but also of different isotopes of the
same chemical species, because the nucleus scattering length acts as a kind of
identity label [58]. The complex nature of bj is related to the probability of
scattering (real part) and absorbing (imaginary part) neutrons [56, 58, 60, 61].
Fortunately, in most of the species of the periodical table of elements, the
imaginary part is negligible and the real part is independent of the neutron
energy (in the case of cold and thermal neutrons) [58,60]. Whenever the inci-
dent neutron beam is fully depolarized and the nuclear spins of the sample are
randomly oriented, the averages over the neutron spin and the nuclear spin can
be calculated independently [58, 61]. The resulting averaged scattering length
of the j-th nucleus, 〈bj〉, becomes a real constant.

The neutron wave function and the main physical magnitudes Due
to the instantaneous and impulsive interaction between neutrons and matter,
the description of neutron scattering addopts an observation point far away
from the target, the asymptotic limit, reduces to an incoming and an outgoing

2In general terms, the scattering length is defined as the sum of a complex coefficient Aj
and the scalar product of operators acting on the neutrons spin state, σ̂, and the scatterer
nuclear spin state, Î, weighted by another complex coefficient Bj [58, 59,61,77]:

b̂j = Aj +
1

2
Bj σ̂ · Î.

The complex parameters Aj and Bj account for the composition of the nucleus, while the
scalar product between operators describes the effect on the scattering of the relative orien-
tation of the neutron and the nuclear spins.
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plane wave3 [79]: 



|k0〉 =
1√
V

exp(ik0 · r)

|k〉 =
1√
V

exp(ik · r)

, (1.4)

where the modulus of the wave vector k is inversely proportional to the wave-
length λ characterizing the spatial periodicity of the wave, |k| = 2π/λ. Plane
waves correspond to non-bound states [78]: neutrons behave as free particles.
Accordingly, the neutron initial and final energy reduces to its kinetic energy
and depends on the square of its wave vector [78]:





Ei =
~2

2m
k2

0

Ef =
~2

2m
k2

. (1.5)

The energy transfer ~ω occurring during the scattering of the neutron is given
by the difference in the neutron energy before and after the scattering [56]:

~ω = Ef − Ei =
~2

2m
(k2 − k2

0), (1.6)

The momentum transfer, Q, also called scattering vector [60], expresses the
change in the scattered neutron direction with respect to its initial momentum,
and reads [56]:

Q = k− k0. (1.7)

The energy ~ω and the momentum transferQ are the chief physical magnitudes
that we aim to measure in a scattering experiment [56]. They contain all
the dynamical and structural information that neutrons can extract from the
sample, excluding the phase information (i.e. the spin state of the neutron).

3In the Born approximation [75], nuclear scattering will give rise to a completely isotropic
scattered neutron wave:

ψ = − b
r

exp(ikr),

i.e. a spherical wave whose amplitude is characterized by the parameter b, known as the
scattering length [56, 58, 60]. When the observation point is far away from the target, the
distance being much longer than the typical lengths between scatterers in the sample, the
total neutron wave after the scattering can be approximated by the summation of the incident
plane wave and the spherical scattered wave [78]:

ψfin '
1√
V

exp(ik0 · r)− b

r
exp(ikr).

In the case of scattering by a collection of N atoms, the resulting neutron wave function,
always considered in its asymptotic limit, will be the summation of waves of the form ψfin,
but with a different scattered wave vector modulus k, depending on the energy exchanged
with the scatterer. Because the detector (the observation point) fulfills the asymptotic
condition, the neutron spherical scattered wave will appear as a plane wave [79].
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Figure 1.4: Representation of the scattering of a neutron by a collection of atoms.
The incoming neutron is represented by a plane wave characterized by a well defined
wave vector ki, or equivalently by a well defined wavelength λi. The interaction
between the neutron and the nuclei in the sample gives rise to spherical waves: the
scattered neutron density of states is isotropic, in a first approximation. However, in
the asymptotic limit, the spherical scattered waves describing the outgoing neutron
can be approximated by plane waves with well defined wave vectors kf , depending
on the momentum and energy exchange with the target system. The momentum
transfer vector, Q, is the difference between the neutron wave vectors before and
after the scattering (see Eq. 1.7).
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Furthermore, it is worth to realize that the energy and the momentum
transfer are related by the dispersion relation of the free neutron (Eq. 1.5) [80]:

~2

2m
Q2 = 2E0 + ~ω − 2

√
(~ω + E0)E0 cosφ. (1.8)

Eq. 1.8 implies that neutron scattering is restricted to a region of the energy-
momentum transfer space (Q, ~ω) (see Fig. 1.5), which depends on the the
incident energy of the neutrons E0 (or in its initial wavelength).
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Q2 = ko2 + k2 - 2kokcos(). (5)

Converting wave-vectors to energies (see Appendix
A), and using Eq. (3), Eq. (5) may be rewritten as
follows:

h 2Q 2/2m =2EM- h -2VEo(Eo-hw) cos(qS). (6)

In Fig. 17 we show accessible regions for two
choices of the incident energy. Detectors are as-
sumed to fill the angular range from 50 to 140°.

The accessible region gets smaller as Eo is de-
creased. In particular the accessible range of Q for
elastic scattering (hw = 0) is reduced since in this
case Eq. (6) simplifies to the well-known (Bragg)
relationship

Q =2ko sin(k/2). (7)

and the chopper. The chopper contribution is inde-
pendent of distance but the wavelength spread from
the monochromator translates into a time spread
which increases with distance. The net result is that
the width of the time distribution in the unscattered
beam, at a point distantx from the chopper, may be
written as follows:

(8)

where or, measures the burst time of the chopper
and A, is the spread in the reciprocal velocity distri-
bution of neutrons in the beam.

The time distribution for a two-chopper spec-
trometer may be similarly written [30]. In this case
the time spread is an appropriate average of the
burst times a, and o2 for the two choppers:

A decrease in Eo also means a proportionate reduc-
tion in the maximum possible energy transfer in
neutron energy loss. The improved resolution that
results as Eo is decreased, i.e., as Au is increased, is
a direct consequence of the contraction in accessi-
ble (Q,w) space.

-6 -4 -2 0 2 (meV)

Fig. 17. Plots of the accessible region in (Q,co) space for
neutrons of wavelength 5 and 10 A (energy 3.272 and 0.818 meV,
respectively). The minimum and maximum scattering angles are
50 and 1400. There is no (theoretical) limit to the energy transfer
in neutron energy gain.

5.2 Resolution and Intensity

An important contribution to the overall energy
resolution of a TOF spectrometer arises from the
spread in the time distribution of neutrons in the
incident beam.

In the FCS there are two independent sources of
incident beam time spread: the monochromator

2 = 2 O22/(O,2 + (72). (9)

The reciprocal velocity spread o,. is given by

=(a2 = + 0J2)/L, 22 (10)

where L12 is the distance between the two choppers,
and the distance x is measured from an "effective
chopping point" which is located between the chop-
pers at a distance

L1o=L 12 £72/(a72+ £22) (11)

from the first chopper. These expressions may be
used to calculate the time distribution in the inci-
dent beam of the DCS.

Important additional contributions to the overall
energy resolution of a TOF spectrometer stem from
flight path uncertainties due to the size of the sam-
ple and the geometry of the detectors [5].

The count-rate in a TOF experiment is deter-
mined by the intensity of neutrons at the sample po-
sition, the scattering properties of the sample, and
the detecting efficiency of the array of detectors. To
some extent the individual experimenter can select
the scattering properties of the sample such as its
size and shape, and how it is contained. The effi-
ciency of the detector array can generally be in-
creased, without degrading resolution, simply by
purchasing more detectors; thus it largely depends
on the available budget..The principal challenge in
designing a TOF spectrometer is therefore to opti-
mize the "front end" of the instrument, and indeed
considerable efforts have been devoted to this task
for both of the CNRF spectrometers.

84

0,2(X) = of 2 +x2 O"r 2,

Figure 1.5: Attainable (Q, ~ω) areas for incoming neutrons of 5 Å and 10 Å wavelength
respectively. Graph taken from Ref. [80].

The scattering function and the intermediate scattering function Fi-
nally, inserting the Fermi pseudopotential (Eq. 1.3) into Fermi’s golden rule
(Eq. 1.2) leads to the differential scattering cross-section as function of the
momentum and energy transfer, which are measured by the standard spectro-
scopic instruments [58,60,81]:

d2σ

dΩdω
=

k

k0

1

2π~

N∑

j,j′=1

〈
b∗jbj′

〉 ∫ ∞

−∞
dt exp(−iωt)

〈
exp(−iQ · rj′(t)) exp(iQ · rj(0))

〉
,

(1.9)
For a classical system whose equilibrium state follows the Boltzmann statistics
[56,59,75], the averages over the thermally distributed spatial states and over
the spin states can be performed independently [56,58,81]. It follows that the
differential scattering cross section reads as the product of two terms. The
first term is the product of the scattering lengths of nuclei j and j′ averaged
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over the neutron and the target system nuclear spin states. It contains all the
information about the neutron-matter interaction:

〈b∗jbj′〉 =
∑

µ

∑

s

PµPs〈s|〈µ|b∗jbj′ |µ〉|s〉. (1.10)

The second term is the Fourier transform in time of a function averaged only
over the thermal distribution of the translational-rotational states4of the target
system, the so-called correlation function [58]:

Yj,j′(Q, t) = 〈exp(−iQ · rj′(t)) exp(iQ · rj(0))〉
=
∑

λ

Pλ〈λ| exp(−iQ · rj′(t)) exp(iQ · rj(0))|λ〉. (1.13)

The factorization of the differential cross-section stems from the weak interac-
tion between neutrons and matter and, in particular, from the impulsive scat-
tering due to the neutron-nuclear interaction [58, 75]. From this perspective,
the scattering can be considered as a weak perturbation to the equilibrium
state of the target, described by Pλ [56, 58]. Thus, the differential neutron
scattering cross-section can be studied in the framework of the linear response
theory: it measures the response of the target system, i.e. the thermal fluctua-
tions restoring the equilibrium after the perturbation caused by the scattering
of the neutron [56,58,75]. In the neutron scattering terminology, the response
function is called the scattering function or scattering law [58]:

S(Q, ω) =
1

N

∑

j,j′

∫ ∞

−∞
dt exp(−iωt)Yj,j′(Q, t). (1.14)

It is the main function measured with backscattering or time of flight spec-
troscopy. It portrays the thermal fluctuations of the target system, its structure
and dynamics, in the Fourier transformed space of the momentum transfer Q
and the energy transfer ~ω [58]. From the point of view of diffusion, it contains
valuable information about the diffusive behavior of the elements adsorbed on

4Note that rj′(t) is the Heisemberg operator yielding the position of the j′-th nucleus
obtained through the Hamiltonian H of the target system [58,60]:

exp

(
−i t

~
H
)

exp(−iQ · rj′) exp

(
i
t

~
H
)

= exp(−iQ · rj′(t)). (1.11)

When t = 0, we have:

exp

(
−i t

~
H
)

exp(−iQ · rj) exp

(
i
t

~
H
)
|t=0 = exp(−iQ · rj(0)) (1.12)
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the surface [1,16,57]. The scattering function reads as the time Fourier trans-
form of the intermediate scattering function (ISF) [60]:

I(Q, t) =
1

N

N∑

j,j′=1

Yj,j′(Q, t), (1.15)

which is the summation of the correlation functions for all the elements in
the system, as defined in Eq. 1.13. It is also an experimental function but
should be measured by means of special spectroscopy techniques such as neu-
tron spin-echo spectroscopy [1, 16]. In contrast to the scattering function, it
draws a picture of the dynamics of the system in time, even if the spatial in-
formation is still in the reciprocal space Q.

1.2.2 QENS dynamical and spatial range

QENS techniques survey an energy-time window of meV-µeV/10−10-10−12s
and a space windows reaching the atomic scale (from 0.1 to 10 Å). [56,59,82].
Hence, the dynamical region (dynamics and structure) revealed by QENS
techniques matches the typical times and length scales for molecules diffus-
ing on surfaces at technically interesting temperatures (between 100K and
300K) [13, 56]. Diffusing particles in the sample exchange small amounts of
energy with neutron, lying in the quasi-elastic range of ±2meV [56]. As a
result, the elastic peak broadens and the continuous distribution of energies
arising from this "quasi-elastic" scattering is characterized by its the half width
half maximum (HWHM): the so-called quasi-elastic broadening (see Fig. 1.6).
Equivalently, the broadening of the elastic peak in the momentum/energy
transfer domain (Q, ~ω) translates into a decay with time of the intermedi-
ate scattering function lying in the momentum transfer/real time phase space
(Q, t). The time constant characterizing this time decay is the Fourier trans-
formed in time of the quasi-elastic broadening in energies. As a result, the de-
pendency on the momentum transfer of the QENS broadening, or analogously
of the time decay, is the experimental signature of the diffusive processes tak-
ing place in the system [1, 57, 83–85]. The major part of the models aim to
predict a determinate shape for the quasi-elastic profile given a particular type
of diffusion.

1.2.3 QENS spectrometers

As we have now briefly reviewed the basic theory for neutron scattering and
we have defined the main physical quantities: energy and momentum transfer,
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Figure 1.6: Left panel: typical QENS scattering law, S(Q,∆E), where we plot inten-
sity versus momentum transfer Q and energy transfer ∆E = ~ω. Right panel: cut at
constant Q of the scattering function. The quasi-elastic energy profile is highlighted
by the green solid line Bottom panel: intermediate scattering function at different Q
values. The so-called quasi-elastic window (left panel) is the green area around the
elastic band, at ∆E = 0, in red (the most intense signal). The shape of the quasi-
elastic region is the characteristic fingerprint of a determined diffusive regime. This
translates into a Q dependent time constant of the ISF (bottom panel). The form
of the scattering function reproduces the energy/momentum transfer domain (Q, ~ω)

which is attainable with ToF spectroscopy for a given initial wave length (see Fig. 1.5
and Eq. 1.8).
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together with the chief experimental functions, we can undertake the descrip-
tion of the QENS techniques. Above all we will explain the way in which
the physical quantities are measured in every technique and the parameters
determining the accessible dynamical window. There are two basic parame-
ters shaping the accessible phase space (Q, ~ω). First of all, the instrumental
resolution sets the lower limit of the time/energy window: i.e. the slowest
or less energetic processes visible by the technique in particular experimental
conditions. Conversely, the neutron incoming wavelength gives the upper limit
of the spectral range (see Eq. 1.8): i.e. the fastest or most energetic processes
observable under given experimental conditions. We will start with the de-
scription of time of flight and backscattering spectroscopy, which correspond
to standard spectroscopic techniques probing the energy/momentum transfer
phase space. We will finish with the neutron spin-echo technique whose phys-
ical principle is completely different from the latter techniques, giving access
to the time/momentum transfer domain.

Time-of-flight spectroscopy

Time-of-flight (ToF) spectroscopy is a powerful technique for investigating dy-
namical processes in condensed matter [80]. Its principal strength lies in the
wide domain of (Q, ~ω) that ToF instruments can access [80, 86]. There are
two main reasons which open the access to a large spectral range. First of all,
the resolution covers a wide spread of energies from 10 µeV up to 1000 µeV [87].
The second reason is that ToF instruments can work under any initial wave-
length condition (from cold neutrons of wavelength 30 Å ∼ 3 Å to very hot
neutrons of wavelength 1 Å ∼ 0.2 Å ), provided that they are equipped with
the appropriate mechanical devices for chopping the beam [86]. As a result,
ToF spectroscopy is a very flexible technique. It can, in one side, reach the
time domain of magnetic and phononic low energy excitations or tunneling
processes (in the range of 2.5 meV up to 10 meV), which falls out of the energy
range of high energy triple axis spectrometers [80]. But, on the other side, it
also covers perfectly the so-called quasi-elastic energy range [80], where trans-
lational and rotational dynamics of atoms and molecules in condensed matter
takes place (with characteristic diffusion coefficients for translations between
10−12m2.s−1 and 10−8m2.s−1 [87], or residence times shorter than 10−9s for re-
orientations [27]) . Hence ToF spectroscopy is one of the best suited techniques
for exploring surface diffusion with neutrons.

Time-of-flight principle Neutrons extracted from a moderator source, are
lead in most cases to the instruments by neutron guides. If the slits that
the neutron beam encounters along its path are large if compared with the
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neutron wavelength, then, neutrons can be treated as classical particles and
travel with a well defined velocity [86]. The ToF method relies in the behavior
of neutrons as classical particles for defining the energy of the incident neutron
beam (the monochromatization of the incident beam) and for measuring the
energy transfer between the neutron and the sample. A neutron of mass mn

with a well defined velocity, needs a certain time ∆t to cover a distance L: the
time of flight [56,86]. The connection between the neutron wavelength and its
velocity, the De Broglie relation mnv = h/λ [78], yields:

∆t =
L

v
= L

mnλi
h

. (1.16)

Eq. 1.16 states the key for extracting a monochromatic beam out of the neutron
white beam traveling in the guide by means of a ToF energy selector made of
a pulsing and a monochromator chopper system. The principle is illustrated
in the top panel of Fig. 1.7 and 1.8: the distance between the chopper devices,
Lch, and their opening frequencies are synchronized in order to achieve a precise
initial energy of the neutron pulses: if Lch and ∆tch are settled fix, then, only
the neutrons traveling with the appropriated wavelength λi will pass through
the pulsing and the monochromator chopper (see Fig 1.8). The outgoing pulse
will only contain neutrons with the desired wavelength, i.e. traveling with the
same velocity. However, some ToF instruments, like IN5 (ILL) [88] make use
of a single crystal monochromator for selecting the incoming wave length, and
chop the incoming beam afterwards with a Fermi chopper (see bottom panel
of Fig. 1.7). On the other side, the link between the time-of-flight of a neutron
and its kinetic energy is straightforward:

E =
1

2
mnv

2 =
~2k2

2mn
=

h2

2mnλ2
=

1

2
mn

(
L

∆t

)2

. (1.17)

The exchange of energy during the scattering is inferred from the scattered
neutron time of flight: a change in the neutron wavelength due to inelastic
scattering will be immediately translated into a change of time-of-flight and
will be recorded [80]. The ToF instruments which apply the time of flight
principle for selecting the initial wavelength and measuring the energy transfer
are called direct geometry ToF spectrometers (see the top panel in Fig. 1.8).
In contrast, there exist ToF instruments where single crystals analyze the final
energy of the neutrons according to Bragg law (see the lower panel in Fig. 1.8).
These are the indirect geometry ToF spectrometers. They can attain a very
large dynamical window (very large energy transfer up to 500 meV [27]) and
are particularly suited for performing molecular vibrational spectroscopy with
very high resolution [86].
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Figure 1.7: Time-distance diagram. The distance traversed by neutrons is plotted
against the time. The slope is given by the velocity of the neutron. Top panel:
The pulsing chopper cuts the continuous neutron flux into neutron pulses. Since the
pulsing chopper has a finite opening time, there exists a certain wavelength dispersion
in the neutron pulse since not all the neutrons travel with exactly the same velocity
(different slopes in the distance-time diagram). This initial dispersion in energies
gives rise to the instrumental resolution. Next, the overlap frame chopper prevents
the slowest neutrons from one pulse to mix at the detector with the fastest neutrons
of next pulse (dotted red lines). Later, the monochromator chopper, rotating in
synchrony with the pulsing chopper, allows the passage only to the neutrons with the
desired initial energy while it absorbs the rest of neutrons traveling faster or slower.
Bottom panel: The initial wavelength is selected with a monochromator. Afterwards,
beam is pulsed with a Fermi chopper. In any case, a monochromatic neutron pulse
reaches and is scattered by the sample. Finally, the detector counts the number of
neutrons arriving at a certain time: the time-of-flight spectrum. Elastically scattered
neutrons constitute the so-called elastic line. Neutrons winning energy from the target
will arrive before the elastic neutrons while neutrons loosing energy in the target will
arrive later.
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Figure 1.8: Top and medium panel: direct ToF spectrometer. In the first case the
time of flight principle is at work for selecting the incoming wavelength. In the second
case a single crystal is used to obtain a monochromatic beam. Bottom panel: indirect
geometry ToF spectrometer. The first part devoted to the selection of the initial
neutron wavelength is identical to the direct ToF spectrometer. Conversely, analyzer
crystals are used for estimating the kinetic energy of the scattered neutrons.
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In any case, for both types of spectrometers, it follows from the time-of-
flight measurement principle that ToF spectroscopy requires pulsed beams to
work properly. Neutrons in a continuous and monochromatic incoming beam
are indistinguishable [86]. Pulsing the beam permits to label each neutron and
assign it a characteristic initial time: by definition, all the neutrons traveling
together in a monochromatic pulse have the same initial time. Conversely,
they differ in their arrival time to the detector bank, which depends on wether
they have gained, lost or conserved their energy when scattered by the sample.
In pulsed neutron sources, the emission of neutrons is already performed into
packets and the source itself acts as an initial clock reference for the neutrons
time of flight [86]. Even though, choppers are still useful in spallation sources:
the source acts as the first chopper, but monochromatization requires, at least,
a system of two choppers. Conversely, when the neutron source is continuous,
like in a nuclear reactor, the incoming neutron beam must be chopped. For this
purpose, two different mechanical devices exist: in the first case the pulsing is
done by the means of a collimator turning around an axis perpendicular to the
direction of the beam, this is a Fermi chopper [80, 86]. The beam is already
monochromatized before reaching the Fermi chopper with a single crystal in
the appropriate orientation for diffracting the desired initial wavelength (see
lower panel of Fig. 1.7). In a second case, the beam passes through absorbing
disks with transparent slits turning in the plane perpendicular to the beam
direction. These are the disks choppers [80, 86]. This second methods allows
to monochromatize and pulse the beam simultaneously (see top panel of Fig.
1.7 and Fig. 1.8). It turns out that the dispersion in the incoming wavelengths
δλ/λ is tuned by the dimensions of the opening α and the rotatinal velocity
ω of the chopper. These two parameters tailor the shape of the neutron pulse
in time and space. For instance, in the Fermi chopper the time width of the
pulse is [86]:

τ =
α

ω
, (1.18)

which gives rise to a wavelength dispersion at any time t of (see Eq. 1.16):

δλ

λ
=
τ

t
⇒ δλ

λ
=

α

ωt
. (1.19)

The typical chopper rotating frequencies for achieving a 1% relative error in
the wavelength accuracy are of the order of 6000 rpm [86]. The total resolution
of a ToF instrument comprehends the wavelengths dispersion of the incoming
neutron pulse and the uncertainty related to the flying path [86]. The latter
includes, the beam divergence, the thickness of the sample and the detector
size [86,87]. Many improvements on the resolution function have raised the ex-
perimental resolution to the order of 10 µeV [56,86]. For instance the addition
of choppers avoids the frame overlap (see top panel in Fig. 1.7): i.e the simul-
taneous arrival to the detector bank of the fastest neutrons of one pulse with
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the slowest neutrons from the previous pulse. However, the increasing of the
resolution and the possibility to survey a large region of the (Q, ~ω) domain
are paid by a loss of the intensity of the measured signal. Hence, upgrades in
thermal neutron sources provide more intense incoming fluxes which compen-
sate the loss of intensity which inevitably follows an increase in the resolution.
In the particular case of the IN6 time-of-flight spectrometer, the high flux at
the sample position is achieved thanks to the time focusing technique [56].

The IN6 spectrometer at ILL Most of the measurements that we have
performed, were carried out at the IN6 ToF spectrometer at the Institut Laue-
Langevin (ILL). It is located on the H15 neutron guide (ILL7 guide hall). The
range of initial wavelengths spans from 4 Å to 6 Å . The monochromatization
of the beam is achieved using three pyrolitic graphite crystals, in order to
perform time focusing and maximize the flux arriving on the sample. It makes
use of the time-of-flight principle for measuring the final energy of neutrons.
Hence it is a direct geometry ToF spectrometer. The energy window of IN6
goes from an energy gain of 3 meV down to an energy loss of 200 meV. The
maximum momentum transfer is 2.6 Å−1 and the resolution for an incoming
wavelength of 5.1 Å, used during our experiments, is 70 µeV.

Backscattering spectroscopy

The backscattering (BS) spectroscopy surveys with an ultra-high energy reso-
lution of the order of 1 µeV - 0.1 µeV [87] the time window comprised between
10−7s to 10−9s [87] where the most interesting dynamics for diffusion, molecu-
lar rotation and tunneling spectroscopy take place [27]. BS instruments work
as triple-axis spectrometers as represented in Fig. 1.10: first of all a white
beam of neutrons is monochromatized by the means of a single crystal at the
appropriate orientation according to Bragg’s law. Then, the monochromatic
beam reaches the sample and gets scattered: neutrons exchange energy and
linear momentum with the sample or are elastically scattered. Finally, the
energy of the scattered neutrons is analyzed for every direction of the space,
making use, once again, of analyzer single crystals and the Bragg’s law for
diffraction. This procedure leads to the scattering function S(Q, ~ω) in the
momentum transfer Q and the energy transfer ~ω domain.

Backscattering geometry The BS spectroscopy, reaches a very high res-
olution thanks to a particular geometry which reduces to its minimum the
wavelength dispersion during the monochromatization and the analysis of the
neutron beam. Monochromatizors and analyzers are single crystals which re-
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Figure 1.10: Schematic representation of the triple-axis spectroscopy principle. The
monochromator selects the incoming neutron energy, by the means of Bragg law
diffraction. The continuous and monochromatic neutron beam is scattered by the
sample. Afterwards the scan in final energies is performed in every direction of the
space. Once again, Bragg’s law for diffraction is in use: only neutrons whose final
wavelength matches the interplanar distance of the analyzer crystal at a given incident
angle will be diffracted. As a result, the detector counts the number of neutrons
with a precise final energy and momentum transfer. In the inset we represent the
momentum transfer vector Q corresponding to the configuration of the measurement
(the direction of the incident beam and the direction of analysis of the scattered
neutrons).
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flect only the incoming wavelengths matching their interplanar distance, d (i.e.
Bragg’s law):

λ = 2d sin

(
2θ

2

)
. (1.20)

In the so-called backscattering geometry, an incident angle θ ∼ π/2 (the plane
of the crystal is perpendicular to the direction of the beam) minimizes the
dispersion of the incoming or scattered wavelengths [56]. This can be seen in
the resolution which is obtained from the differentiation of the Bragg’s law
with respect to the angle θ and the d-space d of the family of planes producing
the diffraction:

δλ = 2d cos

(
2θ

2

)
δθ + 2 sin

(
2θ

2

)
δd⇒ δλ

λ
=

δθ

tan θ
+
δd

d
⇒ lim

θ→π/2

δλ

λ
=
δd

d
.

(1.21)
However the resolution remains always finite and can not be lowered down to
the uncertainty in d-spacing arising from the spread of interplanar distances in
the monochromator and analyzer single crystal [46]. Besides, the orientation
of the monochromator should be fixed in backscattering conditions in order
to maintain the high resolution. In that case, only the elastically scattered
neutrons will fulfill the Bragg condition at the monochromator and the analyzer
and, thus, will be detected. This type of measurement are the so-called fixed
energy window scan and records the intensity of scattered neutrons at a fixed
energy transfer: ~ω = 0 [87]. This is an efficient tool for testing the suitability
of the instrument time window to the dynamics in the sample and the thermal
range which can be surveyed. In general, the thermal activation of a diffusing
mechanism (rotation or translation for example) translates into a fraction of
neutrons, which are no longer elastically scattered due to the interaction with
the moving elements of the target. This gives rise to a loss in the elastic
intensity and a step in the elastic scan at the activation temperature. Hence,
varying the temperature while performing an elastic window scan helps to
evaluate the number of different activated processes occurring (the number of
steps) and estimate their typical relaxation times (the slope of the step) [87].
Conversely, the scan in energies or wavelengths is performed by a Doppler drive
moving the monochromator with a speed vD [87]. Varying the position of the
monochromator with a constant speed is equivalent for the neutron probes to
change the effective d-spacing of the single crystal and hence the wavelength
of the Bragg scattered neutrons [86]:

∆E = 2E
vD
v

+O

[(vD
v

)2
]

(1.22)

Unfortunately, this procedure allows to scan only a narrow range of energies
going up to energy transfers of 30 µeV [86]. The energy range can be broad-
ened as well if the monochromator is heated such that the d-spacing increases.
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But this is a slow technique and requires long times of counting [86]. After
the scattering, neutrons are analyzed by a range of single crystals, again, in
backscattering geometry. IN16 is a classical BS spectrometer which attains an
experimental resolutions of 0.9µeV [89].

The OSIRIS Backscattering-ToF spectrometer at ISIS, UK OSIRIS
is the prototypical instrument for ToF inverse geometry spectrometry, which
was previously described in section 1.2.3. It combines both: time-of-flight tech-
nique for selecting the initial wavelength and backscattering geometry in the
analyzer crystals for measuring the scattered neutron energy with the highest
resolution. In particular it is very well suited for molecular diffusion studies.
Its energy resolution, 24.5 µeV FWHM [90], gives rise to a time window ranging
between 10−9 - 10−10 s, so that the instrument is highly sensitive to molecular
diffusive motion with typical times ∼ 10 −11 s [91]. Furthermore, its intense
flux (2.7×107n.cm−2.s−1 at the sample position in white beam conditions at
ISIS maximal intensity [90]) provides very high quality data (high statistics).
Finally the wide momentum transfer range which is available: 0.18 to 1.8
Å−1 in the PG002 configuration and 0.37 to 3.6 Å−1 in the PG004 configura-
tion [90], allows to probe separately the quasi-elastic scattering from different
diffusive mechanism with different typical length scale such as translational
and rotational modes.

Spin-echo spectroscopy

Finally, the last technique to be described is the neutron spin-echo (NSE) spec-
troscopy developed in the 1970’s, which extends the dynamical window of the
QENS techniques to the nano-micro second region with an ultra-high resolu-
tion (in the sub-µeV range [86]). NSE is a singular spectroscopy technique,
which is able to measure directly the effect of the scattering on each neutron
velocity (before and after), without the need to convert it into a difference
of energy [56]. As a result, it measures the intermediate scattering function
I(Q, t) [56], this is the correlation function (see Eq. 1.13) in the momentum
transfer/real time domain.

The spin-echo principle The spin-echo principle makes use of the mag-
netic moment (in a semi-classical picture) or the spin (in a quantum view) for
labeling and following each neutron of the beam before and after the scatter-
ing. It is based on the Larmor precession of the magnetic moment of neutrons
around a perpendicular magnetic field [92,93], or on the Zeeman effect from a
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compared to IRIS, is a consequence of using high m value
super-mirror guide sections from moderator to sample posi-
tion. At present, IRIS consists of accurately aligned nickel-
plated (m ¼ 1) glass guide pieces terminated by a 2.5 m-long
converging nickel-titanium (m ¼ 2) super-mirror section.

Two counter-rotating disc-choppers are used to define the
range of neutron energies incident upon the sample. These
choppers (radius ¼ 30 cm) operate as neutron velocity selectors
and are constructed from neutron absorbing material bar a
small adjustable aperture through which the neutron may pass.
Located at approx. 6.3 m (661 aperture) and 10 m (981
aperture) from the moderator, respectively, the choppers oper-
ate at either 50, 25, 16.6 or 10 Hz. Wavelength-band selection
defines the crystal reflection at the analyser and hence, the
energy resolution and energy-transfer range (inelastic mode) or
d-spacing range (diffraction mode) covered during an experi-
ment. Both choppers are synchronised to the ISIS operating
frequency (50 Hz) with the purpose of the 10 m chopper being
to suppress potentially problematic ‘frame’ overlap.

Neutron beam transport, from moderator to sample posi-
tion, is achieved using a 34 m curved guide (radius of curvature¼
2.05 km). The guide propagates neutrons with wavelengths
greater than 1 Å via total internal reflection. On OSIRIS, the
guide consists of glass substrates on which are deposited a
reflective coating, referred to as a super-mirror. Each super-
mirror is characterised by a reflection index, m, where m ¼ 1
corresponds to the critical angle for reflection, yc, of a natural
nickel coating. The higher a super-mirror’s reflection index, the

greater the critical angle. While the majority of the OSIRIS
guide consists of accurately aligned, nickel-titanium coated
(m ¼ 2), super-mirror sections (1 m long, 65 mm high by 43
mm wide) a 1.5 m-long converging m ¼ 3.6 guide piece
terminates the end. This tapered component serves to increase
flux at the sample position by focussing the beam—the beam
profile at the sample position is 44 mm high by 22 mm wide.
The measured incident neutron beam flux at the sample posi-
tion is approximately 2.7 " 107 n cm#2 s#1 (white beam at full
ISIS intensity). For comparison, the incident flux on the
neighbouring near-backscattering spectrometer, IRIS, at the
sample position is an estimated 1.0 " 107 n cm#2 s#1 (white
beam at full ISIS intensity). These values have been determined
using a combination of gold foil activation measurements and
scattering from a vanadium standard.

2.2. The OSIRIS ‘secondary’ spectrometer

The ‘secondary’ spectrometer, shown in Fig. 6, is housed inside
a 5 m3 evacuated (better than 5 " 10#5 mbar) vessel. Glass-
bead 6Li incident and transmitted beam monitors are placed
outside the vessel at a distance of 1.83 m before, and 3.6 m
after, the sample position, respectively.
The diffraction components, capabilities and characteristics

of the OSIRIS instrument are discussed in ref. 3, and references
therein. Neutron spectroscopy, however, is achieved using a
40 cm high array of pyrolytic graphite (PG) crystals, oriented
close to back-scattering geometry, to energy analyse neutrons
scattered from the sample. Near-backscattering geometry
allows the detectors to be shielded from direct scattering from
the sample. It also circumvents the loss in intensity caused by a
beam modulation chopper when exact back-scattering is em-
ployed. However, to suppress the effect of optical aberration of
the analysed beam, due to the marked vertical extension of
such an array out of the horizontal scattering plane, the cross
sectional profile of analyser was optimised using Monte Carlo
(MC) methods. By applying the MC techniques outlined in
ref. 9 the profile of the OSIRIS graphite analyser was found to
favour the geometry of an ellipse with the second focal point at
the detector position.
The pyrolytic graphite analyser bank on OSIRIS is set

approximately 0.9 m from the sample position in the horizontal
scattering plane and covers scattering angles from 11 to 1551.
The analysed beam is back scattered through approximately
1701, slightly below the horizontal scattering plane, and de-
tected using a multi-detector composed of 42 3He half-inch
diameter detector tubes located approximately 0.67 meters
from the analyser (the total secondary flight path is equal to
1.582 m). The analyser itself is comprised of a 40 row by 226
column array of pyrolytic graphite crystals (10 " 10 " 2 mm
thick) with a mosaic spread (Z) of 0.81 mounted on an
elliptically machined aluminium backing plate. The graphite

Fig. 4 Simulated neutron wavelength intensity profiles (up to 11 Å) at
the OSIRIS and IRIS sample positions. Experimentally determined
neutron wavelength distribution data, measured at the OSIRIS sample
positions3 and to which the simulated data has been scaled, is also
shown. The arrows indicate the neutron wavelengths Bragg-reflected
by the graphite 002 (6.658 Å) and 004 (3.33 Å) analysing reflections.

Fig. 5 The OSIRIS ‘primary’ spectrometer shown alongside the IRIS
neutron guide. Fig. 6 The OSIRIS ‘secondary’ spectrometer.
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Figure 1.11: Scheme of the OSIRS spectrometer at ISIS, taken from Ref. [90].

quantum point of view. Nevertheless we will stick to the classical description
of NSE. Spin-echo instruments are made of two coils surrounding the sample
(see scheme in Fig. 1.12). The incoming beam of neutrons is initially polarized
perpendicular to its direction before entering in the first coil of length L which
generates a magnetic field, B1 along the direction of the beam. The magnetic
moments of each neutron precess while they go through the coil, and their
rotation angle depends on the Larmor frequency ωL = γB1 and the time spent
in the coil l/v1 [94]:

φ1 =

∫ L/v1

0
ωLdt =

γ

v1

∫ L

0
Bdl (1.23)

Since each neutron travels with a different speed, because no initial wavelength
needs, a priori, to be selected [86, 93], then, by the end of the first coil the
polarization of the beam is totally lost. Once the scattering process takes place,
the outgoing neutrons are collected into a second coil on which a magnetic field
of the same intensity but opposite direction is applied, B2 = −B. Once again,
the Larmor precession of the neutron magnetic momentums takes place but in
the opposite direction (due to the inversion of the magnetic field), thus:

φ2 =

∫ L/v2

0
ωLdt = − γ

v2

∫ L

0
B2dl =

γ

v2

∫ L

0
Bdl (1.24)
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If the scattering is elastic then neutrons travel through the coils with exactly
the same velocity: v1 = v2 and the full polarization of the beam, P = 〈cos(∆φ)〉
should be recovered (P = 1) at the end of the second coil because

∆φ = φ1 − φ2 = γ

∫ L

0
Bdl

(
1

v1
− 1

v2

)
. (1.25)

Conversely if the scattering is inelastic, then, the velocities of the neutrons in
each coil are different: v1 6= v2. Consequently, a loss of the polarization will
be observed (see Fig. 1.12). As a result, NSE measures the polarization of
the beam at the end of the second coil and yields the intermediate scattering
function I(Q, t) [16, 93] thanks to the following relation:

P =

∫
d~ωS(Q, ~ω) cos(~ωt)∫

d~ωS(Q, ~ω)
= Re

[
I(Q, t)

I(Q, 0)

]
. (1.26)

The use in NSE of Larmor precession as an internal clock of each neutron, not
only extends the probing power of neutrons to time scales of picosecond main-
taining a sub-µeV resolution [16] but it also decouples the energy resolution
from the momentum transfer resolution. The ability of encoding the velocity
information of neutrons in the number of Larmor precessions undergone by
their magnetic moment of the neutron in its way through the coils, free us to
select the initial wavelength. As a result, NSE overcomes the conflict between
resolution and intensity thanks to an intelligent use of neutrons properties.

The neutron spin-echo spectrometer IN11 at ILL IN11 is one of the
spin-echo spectrometers at the ILL and it is located in the ILL7 guide hall at
the end of the cold guide H141. It can access a very broad range of incoming
wavelengths from 3.1 Å to 12 Å and can achieve a Fourier time range spanning
over three orders of magnitude (from 0.2 ps to 3 ns) for an incoming wavelength
of 4 Å and using the IN11C configuration (see Fig. fig:IN11). This corresponds
to an energy window of 2×10−4 - 0.15 meV. The momentum transfer range for
the same initial wavelength is of 0.02 - 2.7 Å−1. Finally its resolution in terms
of the relative error in the wavelength, ∆λ/λ is of 15% under this conditions.

Conclusion: why neutrons?

To conclude, we have seen that there exist several experimental techniques for
surveying surface diffusion in all the distance and times scales. However, we
can not designate one of them to be the perfect and the most complete method,
since all of them present limitations, advantages and disadvantages.
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Figure 1.12: Illustration of the spin-echo principle. The target is represented by
the star. Left panel: elastic process in which the full polarization of the beam is
recovered at the end of the second coil. Right panel: inelastic scattering where a loss
in polarization is recorded, due to the difference of the velocities of the neutrons in
the first and second coil.
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Figure 1.13: Scheme of the IN11 spectrometer at ILL, taken from www.ill.eu.

Table 1.2: Summary of the chief characteristics of QENS techniques: the energy
resolution and the energy transfer, ~ω, which give rises to a finite time window. We
also include the reciprocal range covered and its corresponding distances in the direct
space. Finally we enumerate the physical mechanisms which are visible under the
experimental conditions. The numerical indications are taken from Refs. [27, 56, 72,
86,87,89,95].

Technique Energy resolution/ ~ω Q[Å−1]/ Observable
Instruments time window distance [Å] processes

Direct Time-of-flight 1000 - 10 µeV < 3 meV ≤ 2.6 Å−1 Tunneling rotation
IN4, IN6, IN5 10−13 - 10−9 s 2 Å < Diffusion coefficients:

at ILL 10−8 - 10−4 cm2.s−1

Molecular rotation

Indirect Time-of-flight 16 - 1 µeV <500 meV ≤ 2.6 Å−1 External modes
OSIRIS (ISIS, UK) 10−13 - 10−9 s 2 Å < of adsorbed layers

Vibrational spectroscopy:
10−14-10−12s.

Backscattering 1 - 0.1 µeV -30 µeV - 30 µeV 0.1 - 2.0 Å−1 Diffusion
IN16 (ILL) 100 ps - 0.01 µs 3 - 60 Å Molecular reorientation

Spin-echo ∼ 10 neV 0.2 µeV - 0.15 meV 0.3 - 3 Å−1 Translational diffusion
IN11 (ILL) 10 ps - 100 ns Rotational diffusion

www.ill.eu
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In our case, we seek for understanding the diffusion of physisorbed aromatic
rings compounds (benzene, naphthalene or pyrene) adsorbed on the basal plane
of graphite. Despite of their bulk character, neutrons turn to be an extremely
well suited probe for this diffusion study. First of all, QENS techniques match
perfectly the time and distance scale on which relevant aspects of diffusion
occur. Secondly, neutrons can distinguish between atoms in the molecule and
they are extremely sensitive to the presence of hydrogen. It is very difficult
to spot such a light atom with other techniques such as photons or He atoms.
Finally, the use of exfoliated compressed graphite, Papyex, allows to adsorb
a sufficient amount of molecule in order to have a reliable quasi-elastic signal
arising from the adsorbates. All this reasons encourages us to undergo a neu-
tron study of the diffusion of aromatic compounds adsorbed on the basal plane
of graphite. We shall see in the next chapter how theory and MD simulations
enables to understand the experimental data with great detail.



Chapter 2

Theoretical background for
diffusion studies with neutron
scattering

This chapter deals with the theoretical formalism for understanding neutron
scattering data arising from diffusive process of surface adsorbed species. The
Van Hove formalism, enlarges the concept of the pair correlation function to
space and time. It is a powerful theoretical tool for understanding the neu-
tron differential scattering cross-section in terms of the diffusive regime of the
atoms in the sample. Furthermore, it also gives a physical meaning to one of
the most striking features of neutron scattering: the coherent and incoherent
scattering. With this solid theoretical framework, it is possible to predict the
shape of the differential neutron cross-section, and in particular of the quasi-
elastic line, according to the behavior of the diffusing system. However, even if
the development of a reliable theoretical support is crucial for the application
of neutron scattering to diffusion studies, the recent improvement in computing
power play an essential role. The capability of performing molecular dynam-
ics (MD) simulations with large systems and realistic force fields fosters the
interpretation of experimental data beyond the traditional analytical models.
It contributes to building up new approaches and tackle the underlying com-
plexity in diffusive processes.

The chapter is organized as follows. First of all, we introduce the Van Hove
formalism and its chief function: the Van Hove correlation function which con-
tains all the dynamical information about the system. Afterwards, we review
the most classical models builded based on this formalism, highlighting the fin-
gerprint of the different diffusive regimes in the experimental data. The final
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section is devoted to the MD simulations: the description of the main methods
and the role it plays for the interpretation of neutron scattering experimental
data.

2.1 The Van Hove formalism

In the previous chapter we saw how neutron scattering dress an atomic de-
scription of the dynamical processes and the structural properties of the tar-
get. Besides, the weak interaction of neutrons with matter, reduced to the
nuclear scattering in the case of non-magnetic systems, allows the factoriza-
tion of the differential scattering cross-section. In a first approximation, the
neutron experimental data are the product of a term containing all the in-
formation about the neutron interaction with the nuclei in the system (the
scattering length b) and a function related to the dynamics and structure of
the system: the scattering function. Neutron scattering perturbs slightly the
thermal equilibrium state of the system. Following the linear response theory,
and more precisely the fluctuation-dissipation theorem, the scattering function
images in the reciprocal space of momentum and energy transfer (Q, ~ω) the
thermal fluctuations restoring the equilibrium of the system. The Van Hove
formalism, supplies the theoretical tools to link the scattering function, and
hence the response of the system to a weak perturbation, with the diffusion of
atoms or molecules adsorbed on the substrate.

2.1.1 The Van Hove correlation function

The main function in the center of the formalism is the Van-Hove generalized
correlation function [75], G(r, t), defined as the probability of finding a particle
at a position, r at time, t, provided there was a particle (the same or a different
one) at the origin, r = ~0, at t = 0 [58, 60,72,75]:

G(r, t) =
1

N

N∑

j,j′=1

∫
〈δ(rj(0)− r′)δ(rj′(t) + r− r′)〉dr′, (2.1)

We would like to stress that in this chapter we only treat classical systems: the
Heisemberg operators for the position of the particles j and j′, rj(0) and rj′(t),
commute [57,60]. On the contrary, if the system presents a quantum behavior,
the position operators at different times would not commute anymore1. As a

1The Baker-Hausdorff or disentangling theorem helps to deal with operations of non-
commutative operators [57]. If A and B are two operators, then the BH theorem states:

expA expB = exp([A,B]/2) exp(A+B).
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result, the Van Hove correlation function would have an imaginary part, arising
from the nonzero commutator between rj(0) and rj′(t). A complex correlation
function is the signature of a quantum system [57,75].

The delta function properties2 link the Van-Hove correlation function with
the previously described neutron scattering function and the intermediate
scattering function, ISF. Indeed, G(r, t) reads as the space-momentum trans-
fer Fourier transform of the intermediate scattering function, ISF (see Eq.
1.15) [60,75,96]:

G(r, t) =
1

(2π)3

∫
I(Q, t) exp(−iQ · r)dQ, (2.2)

or, equivalently, it is related through the Fourier transform in time–energy and
space to the scattering law [60]:

G(r, t) =
~

(2π)3

∫ ∫
exp(−i(Q · r− ωt))S(Q, ω)dQdω. (2.3)

If we split the summation running over all the atoms in the system in Eq.
2.1, function G(r, t) can be separated into two contributions [75]: (i) The self
correlation function Gs (j = j′) [75]:

Gs(r, t) =
1

N

N∑

j

∫
〈δ(rj(t)− r′)δ(rj(0) + r− r′)〉dr′, (2.4)

which gives the probability of finding the j-th atom at position r at time t if
this atom was at the origin at time t = 0. (ii) The distinct correlation function
Gd, where j 6= j′ [75]:

Gd(r, t) =
1

N

N∑

j 6=j′

∫
〈δ(rj(t)− r′)δ(rj′(0) + r− r′)〉dr′, (2.5)

probes the probability of finding the j-th atom at position r at time t provided
a different atom, j′, was at the origin at time t = 0. Adding together both
functions, we recover the original correlation function:

G(r, t) = Gs(r, t) +Gd(r, t). (2.6)

and [A,B] is a complex number. In the case of the Van Hove correlation function, the
non-commutative operators A and B are rj(0) and rj(0). Since [rj(0), rj(0)] is a complex
number, the Van Hove correlation function turns into a complex function.

2In particular, the relation between the delta function and the integral over all the space
of the exponential function (in three dimensions):

δ(r− r′) =
1

(2π)3

∫
all space

exp(iQ · (r− r′))dQ
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As a result, the Fourier transformations in time and space connect the Van
Hove correlation function describing the dynamics of the system, with experi-
mental neutron functions such as the ISF or the scattering law [56,58,60,75,96].
Thereby a neutron spectrum measures the correlations in time and space of
atomic positions in the system. We will see in the next section, how the dis-
tinction between the self and the distinct correlation function endow with a
physical meaning the coherent and incoherent scattering of neutrons by diffus-
ing atoms.

2.1.2 The coherent and incoherent scattering according to the
Van Hove formalism

The interaction between the neutron probes and the atom nuclei generates
two mechanisms of scattering: the so-called coherent and incoherent scatter-
ing. The origin of the twofold nature of neutron scattering stems from the the
specificity of each nucleus scattering length b and, also, from its dependence
on the neutron and nuclear spin operators [58,97]. The power of the Van Hove
formalism is asserted by its capacity to associate each kind of scattering to the
individual (for the incoherent scattering) and to the collective (in the case of
coherent scattering) dynamics of the diffusing elements in the sample.

Each isotope has a specific scattering length b for neutrons, since neutron
scattering is a nuclear interaction [56,58]. In a collection of N atoms, there is
a statistical distribution of chemical species and of isotopes of each specie. As
a consequence, when neutrons are scattered by a crystal, even if it is made of
identical atoms, the interaction potential is not homogeneous but varies from
atom to atom [58]. However, the effects on the neutron scattering of such
statistical distribution in space of the system-neutron interaction potential
can be addressed by calculating the average potential and its corresponding
standard deviation.

The coherent neutron scattering We assume that all the atoms in the
system have the same scattering length, taken to be the statistical average of
the scattering lengths:

〈b〉 =

N∑

j

cjbj , (2.7)

provided we know the relative density of the j-th species, cj (where
∑N

j cj =

1) [58, 60, 61]. The total number of neutrons scattered by this completely
homogeneous system is readily found by substituting by 〈b〉, the bj for j over
all the nuclei in the system and integrating the differential scattering cross
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section (Eq. 1.9 in the section 1.2.1 Chap. 1) in all the space and for all the
energies:

σcoh =

∫
d2σ

dΩdω
dΩdω = 4π 〈b〉2 . (2.8)

This is the so-called bound coherent scattering cross section and it is propor-
tional to the squared average of b [56]. However it should be noted that in such
a system, it is impossible to tell which specific atom scatters a given incoming
neutron, for all the nuclei have the same scattering label. It is preferably to
say that the neutron is scattered by all the set of N atoms: i.e the neutron
adopts a wave behavior [97] such that a proper trajectory can not be associated.
Therefore the average of the system scattering potential gives rise to interfer-
ence effects [58,60]: the intensity of neutrons presents a strong anisotropy and
intensity peaks only appear for particular directions of the scattered beam in
which the Bragg condition is satisfied. The resulting momentum transfer cor-
responds to the Bravais lattice vectors G describing the arrangement of the
elements in the sample in the reciprocal space:

k− k′ = G. (2.9)

Hence, the wave nature of neutron allows to do diffraction experiments and to
measure diffraction patterns (the ensemble of intensity peaks at given direc-
tions of the space). But coherent scattering scope does not reduce to structural
information: it enlightens the dynamics of collective processes and can be fruit-
fully exploited for the study of diffusion. Indeed, coherently scattered neutron
exchange energy and momentum with the sample by exciting or annihilating
collective modes: the interaction is always with a collection of atoms and never
with single atoms [97].

The incoherent scattering Conversely, the deviations of the scattering
potential with respect to its average are randomly distributed in space [58,60]:
the isotopes of an atom have not allocated positions, but there exists a certain
probability to find a given isotope in a certain position. Such deviations are
quantified by the standard deviation of the averaged scattering length [58,60]:

〈
b2
〉
− 〈b〉2 =

N∑

j

cj(bj)
2 −




N∑

j

cjbj




2

, (2.10)

which describes the degree of heterogeneity in the system. Furthermore, the
scattering of a neutron by a nucleus depends also on the relative orientation
of the neutron and the nuclear spin. Therefore, there exists the possibility of
flipping the neutron and the nucleus spin during the scattering process [97],
apart from exchanging energy and momentum with the nucleus. Thereby, in
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contrast with the coherent scattering, we can identify which atom of the system
interacts with the neutron [97]. In other words, we can reconstruct the neutron
probe trajectory [97] meaning that we deal with a particle rather than with
a wave. This kind of contribution to the scattering can not be analyzed in
terms of interferences between waves. It corresponds to single neutron - single
nucleus interaction and is completely isotropic: this is the so-called incoherent
scattering [58,60]. Consequently, the part of neutrons scattered by a statistical
distribution of chemical species and isotopes in the system [60] needs to be
proportional to the standard deviation of scattering lengths [56]:

σinc = 4π(〈b2〉 − 〈b〉2). (2.11)

This is the bound incoherent scattering cross-section.

To conclude, the coherent/incoherent scattering is nothing else than the
manifestation of the wave-particle duality of neutrons [97]. Some systems will
enhance the neutron wave behavior while other systems will stress the neu-
tron particle nature. In the so-called coherent systems, the scattering length
distribution present negligible deviations with respect to its average. The cor-
responding incoherent cross section is small if compare with the coherent cross
section. Hence, neutron probes tend to interact with these kind of systems
acting as waves and the scattered intensity presents strong variations with the
momentum transfer, due to the constructive/destructive interferences. A clear
example are the carbon based or the deuterated systems (see Tab. 2.1). On

σ [barns=10−24cm] H D C
σinc 80.27 2.05 0.0005
σcoh 1.76 5.59 5.564

Table 2.1: Incoherent and coherent scattering cross-sections of hydrogen and carbon
atoms [58].

the other side, systems containing hydrogen atoms are well-known for their
high incoherent cross section [56] and neutrons interact with protons behaving
as particles. The scattered intensity will be isotropic [58], the interaction is
always between a single neutron and a single nucleus whose spins are coupled
and change during the scattering, in such a way that every nucleus gets tagged
and becomes recognizable [97]. Finally, the total cross-section σ of a system
is the total number of neutrons scattered by the system, in all directions and
energies. It comprehends both contributions arising from the coherent and
incoherent scattering cross sections [56]. It reads as the summation of the
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coherent and incoherent bound cross-sections:

σ = σinc + σcoh, (2.12)

if we assume once again the independence of the scattering from the neutron or
the nuclear spin (i.e when the neutron beam is fully depolarized or the nuclear
spins are randomly oriented [61]).

In order to distinguish between the coherent and incoherent contributions
within the differential scattering cross-section (Eq. 1.9), whose mathematical
expression we recall here:

d2σ

dΩdω
=

k

k0

1

2π~

N∑

j,j′=1

〈
b∗jbj′

〉 ∫ ∞

−∞
dt exp(−iωt)

〈
exp(−iQ · rj′(t)) exp(iQ · rj(0))

〉
,

it is important to calculate the cross products
〈
b∗jbj′

〉
:

{
〈b∗jbj〉 = 〈b2〉 for j = j′

〈b∗jbj′〉 = 〈bj〉〈bj′〉 = 〈b〉2 for j 6= j′,
(2.13)

provided that the scattering lengths of the j-th and the j′-th nuclei are uncor-
related, and can be considered as real constants (no absorption process, only
scattering) [58,60]. Accordingly, the double summation in the differential scat-
tering cross-section in Eq.1.9 splits into two summations. The first term sums
together the self-correlation functions, Yjj(Q, t), which come from equating
both indexes j = j′ in Eq. 1.13. The second term holds the so-called distinct
correlation function, Yjj′(Q, t), where both indexes are different j 6= j′ in Eq.
1.13. The result of the summation separation reads:

d2σ

dΩdω
=

k

k0

1

2π~
〈b2

〉 N∑

j=j′=1

∫ ∞

−∞
dt exp(−iωt)Yjj(Q, t)〉+ 〈b〉2

N∑

j 6=j′=1

∫ ∞

−∞
dt exp(−iωt)Yjj′(Q, t)


 .

(2.14)
Besides, the distinct part can be expressed as a difference between the double
summation over all the elements in the system (without any constrain) and
the self part [60]:

N∑

j 6=j′=1

Yjj′ =
N∑

j,j′=1

Yjj′ −
N∑

j=j′=1

Yjj . (2.15)
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Replacing the distinct part in Eq. 2.14 by Eq. 2.15, yields the final expression
of the differential neutron scattering cross-section in terms of the coherent and
incoherent contribution to the scattering [58,60]:

d2σ

dΩdω
=

k

k0

N

4π
[σcohScoh(Q, ω) + σincSinc(Q, ω)] . (2.16)

The first term is the coherent scattering function:

Scoh(Q, ω) =
1

2π~

∫ ∞

−∞
dt exp(−iωt) 1

N

N∑

j,j′=1

Yjj′(Q, t) (2.17)

which can be Fourier transformed in time leading to the coherent ISF:

Icoh(Q, t) =
1

N

N∑

j,j′=1

Yjj′(Q, t). (2.18)

The coherent scattering arises from the scattering of the neutron wave by two
different nuclei j and j′, giving rise to interferences [58, 60], or by the same
nucleus j at different times [60] (there is no restriction on the value of the
indexes j and j′ in the summations of Eqs. 2.17 or 4.60). The second term is
the incoherent scattering function:

Sinc(Q, ω) =
1

2π~

∫ ∞

−∞
dt exp(−iωt) 1

N

N∑

j=j′=1

Yjj(Q, t), (2.19)

and in analogy with the coherent case, there exist in the Fourier transformed
space of real time the incoherent ISF:

Iinc(Q, t) =
1

N

N∑

j

Yjj(Q, t) (2.20)

In contrast to the coherent scattering, the incoherent scattering depends only
on the self-correlation functions Yjj(Q, t) and, hence, comes only from the
scattering of the very same nucleus at different times [60].

The coherent, incoherent neutron scattering and the Van Hove cor-
relation functions The splitting of the Van Hove correlation function into a
self and a distinct function corresponds to the separation of the neutron scatter-
ing cross section into a coherent and an incoherent part [56,58,60,75]. Indeed,
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it is easy to demonstrate the following relations between the coherent and
incoherent scattering law with the distinct and self correlation function [60]:

Scoh(Q, ω) =
1

2π~

∫
dt exp(−iωt)

∫
G(r, t) exp(iQ · r)dr,

Sinc(Q, ω) =
1

2π~

∫
dt exp(−iωt)

∫
Gs(r, t) exp(iQ · r)dr.

(2.21)

By Fourier transforming the previous equations in time, we find the analogous
relations for the coherent and incoherent ISF [60]:

Icoh(Q, t)) =

∫
exp(iQ · r)G(r, t)dr,

Iinc(Q, t)) =

∫
exp(iQ · r)Gs(r, t)dr.

(2.22)

Thereby , the measured differential scattering cross section can be connected
and understood in the basis of the Van Hove formalism:

d2σ

dΩdω
=
k

k0

N

4π

[
σcoh

1

2π~

∫ ∞

−∞
dt exp(−iωt)

∫ ∞

−∞
dr exp(iQ · r)G(r, t)

+σinc
1

2π~

∫ ∞

−∞
dt exp(−iωt)

∫ ∞

−∞
dr exp(iQ · r)Gs(r, t)

]
.

(2.23)

This is particularly useful for diffusion studies because the self and the distinct
Van Hove correlation functions enlighten the meaning of the coherent and
incoherent scattering when neutrons interact with diffusing particles. Thus,
neutron probes bring to light information about different but complementary
features of diffusion. In particular, we observe that the incoherent scattering
highlights single atom motion while the coherent scattering is also sensitive to
correlations in the motion of different atoms and collective dynamics.

2.2 Traditional models for diffusion in QENS spec-
troscopy

As we have already stated, the continuous spread of energies around the elastic
peak, the so-called quasi-elastic profile, or the analogous decay in time of the
ISF, results from the interaction between diffusing targets and neutrons. Its
profile, and in particular the dependence of its quasi-elastic broadening (its
HWHM) on the momentum transfer Q, bears the experimental signature of
the diffusive mechanisms [56]. Theoretical models based on the Van Hove cor-
relation functions formalism [56,58, 72, 96, 98] predict the profile of the QENS
scattering law, or the ISF, according to the kind of dynamics in the system.
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They were first intended to describe the particle or molecule self-correlation
functions through the incoherent scattering. Now, they can be extended to
the coherent scattering thanks to the Vineyard approximation: the distinct
correlation function, Gd (Eq. 2.5) is expressed as the convolution of the self-
correlation function, Gs (Eq. 2.4) with the ordinary radial distribution func-
tion g(r) [2, 99].

Roughly speaking, there are three “standard” cases for diffusion: contin-
uous, jump, and ballistic diffusion. The dependences on Q of the QENS
broadening predicted for each diffusive regime are compared in Fig. 2.1. In
the following we describe the corresponding theoretical models: the type of
quasi-elastic profile arising from each diffusive regime, the dependence with
the momentum transfer Q of its quasi-elastic broadening and how microscopic
information about the diffusive process emerges.

However, prior to start, it is interesting to understand the relation between
the mean square displacement, dressing a direct portrait of the diffusion process
at the atomic level, and the dependence in time or energy of the different quasi-
elastic profiles. From this brief introduction, the different models for diffusion
emerge naturally from the statistical mechanics theory and we can discuss
clearly the underlying assumptions.

The cumulant expansion and the Gaussian approximation As we
have seen in the previous section in Eq. 2.20, the incoherent intermediate
scattering function (ISF) measures the sum of the self correlation functions for
each element in the system.:

Iinc(Q, t) =
1

N

N∑

j

Yj,j(Q, t).

When we deal with classical particles, the position Heisenberg operators of
each scatterer commute [57]. It follows that the original expression of the
self-correaltion function (Eq. 1.13) can be rewritten into a more convenient
form:

Iinc(Q, t) =
1

N

N∑

j=1

〈exp [−iQ · (rj(t)− rj(0))]〉 =
1

N

N∑

j,j′=1

〈exp [−iQ ·∆rj(t)]〉 ,

(2.24)
where we have replaced the displacement of the j-th particle, rj(t)− rj(0), by
the more compact expression ∆rj(t). However, the Eq. 2.24 does not provide
a useful expression of the incoherent ISF for the average 〈. . .〉 over the ther-
mal distribution of the rotational-translational states remains non-computed.
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Fortunately, the evaluation of this average is easily performed with the help of
the cumulant theorem3 [101, 102] which allows to expand an average in terms
of the moments of its statistical distribution function [100]. In the case of
the incoherent ISF, each self-correlation function Yj,j(Q, t) can be cumulant
expanded, where the statistical distribution function coming into play is pre-
cisely the Van Hove self-correlation function (compare each of the terms in the
sum of Eq. 2.24 with Eq. 2.25). The cumulant expansion of the incoherent
ISF reads [101,103]:

Iinc(Q, t) =
1

N

N∑

j

exp

( ∞∑

n=1

1

n!
K(j)
n Qn

)
(2.29)

where K(j)
n are the so-called cumulants. They are given by the following ex-

pression:

K(j)
n =

dn ln
[
e−iQ·∆rj(t)

]

dQn
|Q=0 =





K
(j)
1 = i 〈∆rj〉

K
(j)
2 = −i2(

〈
∆r2

j

〉
− 〈∆rj〉2) =

〈
∆r2

j

〉
− 〈∆rj〉2

K
(j)
3 = i3(2 〈∆rj〉3 − 3

〈
∆r2

j

〉
〈∆rj〉+

〈
∆r3

j

〉
)

K
(j)
4 = i4(−6 〈∆rj〉4 + 12

〈
∆r2

j

〉
〈∆rj〉2 − 4

〈
∆r3

j

〉
〈∆rj〉

− 3
〈
∆r2

j

〉2
+
〈
∆r4

j

〉
)

· · ·
(2.30)

and
〈

∆rnj

〉
is the n-th moment of Gs(rj , rj(0), t):

〈
∆rnj

〉
=

∫
Gs(rj , rj(0), t)∆rnj drj , (2.31)

3The cumulant theorem is extremely helpful for computing the following kind of averages:

G(Q) =
〈
eiQ·R

〉
=

∫
dreiQ·rP (r), (2.25)

where G(Q) is called the characteristic function [100] and P (r) is the distribution function.
If we take the logarithm of the characteristic function:

ln [G(Q)] = ln

[∫
dreiQ·rP (r)

]
, (2.26)

we can easily Taylor expand it around Q = 0:

ln [G(Q)] = ln [G(0)] +

∞∑
n=1

1

n!

dn ln [G(Q)]

dQn
|Q=0Q

n (2.27)

The cumulants are defined as the terms of the expansion:

Kn =
dn ln [G(Q)]

dQn
|Q=0. (2.28)
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where rj(0) = ~0 and ∆rj(t) = rj(t) if we assume that the j-th scatterer is at
the origin at t = 0 (see previous section 2.1.1).

A remarkable simplification in the calculation of the cumulant expansion
results if the statistical distribution function displays a Gaussian profile. The
parity of the Gaussian function annihilates all the odd moments of the distri-
bution function, such that only the even moments contribute to the cumulant
expansion. As a result, in a system where particles diffuse in a space of d
dimensions4, if the Van Hove correlation function is:

G(d)
s (rj , rj(0), t) =

(
1

2πσ2(t)

)d/2
exp

(
−

∆r2
j

2σ2(t)

)
(2.32)

then, the variance needs to be [58,60]:

σ2(t) =
1

d

〈
∆r2

j

〉
, (2.33)

which corresponds to the mean square displacement (MSD) of the j-th atom in
the system [58], divided by the dimensionality of the space of diffusion, d. In
many cases (in a liquid or in a gas) the main mechanism governing the diffusive
process are collisions between particles, or between particles and phonons on
a surface or in a crystal. The time between two successive collisions sets the
reference scale for defining long and short times. It can be proven that the Van
Hove correlation function displays a Gaussian form, for very short or very long
times [60,102,104]. Thus, we can approximate the self-correlation function and,
hence, the incoherent ISF by the first term of the cumulant expansion [60,101]:

Yjj(Q, t) ' exp

[
−Q

2

2
σ2(t)

]
= exp

[
−Q

2

2

1

d

〈
∆r2

j

〉]
⇒ Iinc(Q, t) ' exp

[
−Q

2

2
σ2(t)

]

(2.34)
This is the Gaussian approximation [102]. Besides, the connection between the
MSD of a particle and its velocity correlation function, 〈vj(0)vj(τ)〉 is readily
deduced [60,101,102,104]:

∆rj(t) =

∫ t

0
dt′vj(t

′)⇒
〈
∆rj

2
〉

=

〈(∫ t

0
dt′vj(t

′)

)2
〉

= 2

∫ t

0
dτ(t−τ) 〈vj(0)vj(τ)〉 ,

(2.35)
and vice-versa, we can easily obtain the velocity correlation function from the
MSD [60]:

〈vj(0)vj(t)〉 =
1

2

d2

dt2
〈
∆rj

2
〉
. (2.36)

4d equals 1 if the diffusion is in a single direction, 2 on a surface and 3 in a volume.



2.2. Traditional models for diffusion in QENS spectroscopy 53

As a consequence, the incoherent ISF, Iinc(Q, t), brings to light the microscopic
mechanisms of diffusion, since it measures the time dependence of the MSD
or, equivalently, of the velocity correlation function of the particles diffusing in
the system

〈
vQ(0)vQ(τ)

〉
[60, 104] in the direction of the momentum transfer

Q:

Iinc(Q, t) ' exp

[
−Q2 1

d

∫ t

0
dτ(t− τ)

〈
vQ(0)vQ(τ)

〉]
, (2.37)

where vQ = Q · v is the projection of a particle velocity on the direction of
Q. Even if the MSD and the velocity correlation function bear information
about single particle motion, we drop the index j in the notation because these
functions are averages over the statistical ensemble associated to the equilib-
rium state of the system. Hence, they characterize the averaged dynamics of
single particles in the system, but, without making any distinction between
individual elements.

To conclude, we have seen that every diffusive regime is characterized by
a particular velocity correlation function, resulting on the way the micro-
scopic mechanisms drive the diffusion (the frequency of collisions for instance).
Thereby, the temporal evolution of the MSD changes according to the way par-
ticles diffuse [58, 60] and determines the temporal evolution of the incoherent
ISF and the profile in energies of the corresponding scattering function [60].
Thus, neutrons can extract very detailed information from the atomic point
of view about the dynamics of the system and can identify the main diffusive
regimes. The models that are described in the following are build on the basis
of the Van-Hove formalism and the Gaussian approximation.

The Brownian diffusion The Brownian model describes the continuous
diffusion of an adparticle colliding randomly with the other adparticles in an
energy dissipative environment (high frictional coupling between adsorbate and
substrate) [56]. In the long time limit, when the time between two successive
collisions becomes negligible, the mass transport is governed by Fick’s second
law and described by the Ficks’s equation [60]:

∂n(r, t)

∂t
= D∇2

dn(r, t) (2.38)

where n(r, t) is the density of atoms at the spatial point r at time t, D is the
diffusion coefficient and ∇2

d is the Laplacian operator for a space of d dimen-
sions5. Here, we consider isotropic diffusion, such that D is a constant. How-
ever, if the diffusion is anysotropic, thenD becomes a tensor. Consequently, for

5 ∇2
d is expressed in cartesian, cylindrical or polar coordinates, depending if the particles

diffuse in one dimension, on a surface or in a volume respectively.
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isotropic diffusion, the Van-Hove self-correlation function G(d)
s (r, r(0), t), giv-

ing the probability of finding a particle at a certain point provided the same
particle was at r(0) when t = 0, must fulfill Fick’s equation for diffusion [101]:

∂G
(d)
s (r, r(0), t)

∂t
= D∇2

dG
(d)
s (r, r(0), t). (2.39)

A suitable solution is G(d)
s (r, r(0), t) being a Gaussian function, provided that

the variance, or mean square displacement, satisfies the following constrain
[58,60]:

d

dt
σ2(t) =

1

d

d

dt

〈
∆r2

〉
= 2D ⇒

〈
∆r2

〉
(t) = 2dD|t|+ c. (2.40)

Consequently, in the long time limit, the diffusion coefficient reads as a function
of the velocity correlation function, via Eq. 2.35 [101]:

D =
1

d
lim
t→∞

∫ t

0

(
1− τ

t

)
〈v(0) · v(τ)〉 dτ =

1

d

∫ ∞

0
〈v(0) · v(τ)〉 dτ. (2.41)

Eq. 2.41 is a Green-Kubo formula [21] and belongs to the class of relations
stated by the fluctuation-dissipation theorem [20]. These are the bridge be-
tween macroscopic magnitudes such as D with microscopic functions like the
velocity correlation function [20,21]. On the other hand, Einstein’s solution of
the equation of motion of a Brownian particle, the well-known Langevin equa-
tion, which describes the motion of a particle subject to a random force repre-
senting the effect of collisions F(t) and a frictional force −ηmṙ(t) [101,105]:

mr̈(t) = −γmṙ(t) + F(t),

where 〈ṙ(t)〉 = 0 and 〈F(t)〉 = 0⇒
〈
ṙ(t) · F(t′)

〉
= 〈ṙ(t)〉

〈
F(t′)

〉
= 0,

(2.42)
yields an alternative formula for the diffusion coefficient D connected to the
friction parameter η. This latter parameter, η quantifies the exchange of energy
between adsorbate and substrate [101]. A solution of Eq. 2.42 for the velocity
reads [101,105]:

ṙ(t) = ṙ(0) exp(−γ|t|) +
1

m

∫ t

0
F(t′) exp

[
− η
m

(t− t′)
]
dt′, (2.43)

and requires that the velocity correlation function follows an exponential decay
of time [101,105]:

〈v(0) · v(t)〉 ≡ 〈ṙ(0) · ṙ(t)〉 =
〈
v(0)2

〉
exp(−η|t|). (2.44)
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If we substitute Eq. 2.44 into the fluctuation-dissipation Eq. 2.41, we obtain6:

D =

〈
v(0)2

〉

d

∫ ∞

0
exp(−η|τ |)dτ =

1

d

〈
v(0)2

〉

γ
=
kBT

mη
. (2.45)

Combining the Einstein formula with the fluctuation dissipation theorem leads
to an expression for the inverse of the friction parameter in terms of the velocity
correlation function:

1

η
=

m

kBT

1

d

∫ ∞

0
〈v(0)v(τ)〉 dτ. (2.46)

In terms of neutron scattering, the linear time dependence of the MSD gen-
erates a single exponential decay in the momentum transfer/real time domain
measured with the incoherent ISF (substitute σ2(t) in Eq. 2.34 by Eq. 2.40):

Iinc(Q, t) = exp
[
−Q2D|t|

]
. (2.47)

Correspondingly, the quasi-elastic peak as a function of the energy transfer,
(Q, t), has a Lorentzian shape:

Sinc(Q, ~ω) =
1

2π

~DQ2

(~ω)2 + (~DQ2)2
(2.48)

where the quasi-elastic broadening Γ (its HWHM) follows a square law of the
momentum transfer Q:

Γ(Q) = ~DQ2. (2.49)

Ballistic diffusion In contrast to the Brownian motion, a different diffu-
sive landscape appears when the adsorbed particles do not feel any significant
frictional coupling with the substrate and the collisions with other adsorbates
become less frequent. In essence this behavior matches with the perfect gas
behavior and is known as the ballistic diffusion. As a result, particles move
freely on the surface or in the volume without any force exerting over them.

6In the last step, we substitute
〈
v2(0)

〉
by its calculated value according to the equipar-

tition theorem. For the general case of d dimensions, the equipartition theorem applied to〈
v2(0)

〉
leads to:

〈
v2(0)

〉
=

∫
dv(d)v2(0)Φ(d)(v) ∝

∫
d|v|vd+1 exp

(
−β

2
mv2

)
⇒
〈
v2(0)

〉
=

d

mβ
,

where dv(d) is the differential volume in d dimensions, Φ(d)(v) is the corresponding Botzmann
distribution function of velocities and β = 1/kBT .
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Figure 2.1: Signatures of the archetypal diffusion processes in plots of quasi-elastic
line broadening or inverse relaxation times versus momentum transfer. Lines are
shown for ballistic diffusion (solid line), Brownian diffusion (dashed line), and jump
diffusion (dashed-dotted line).

This gives rise, in the case of classical particles whose dynamics is governed
by the second law of Newton, to a rectilinear and uniform motion. Hence, the
corresponding MSD is very simply related to the its averaged squared velocity
and time [106]:

〈∆r〉 =
〈
v2(0)

〉
t2 (2.50)

and the correlation function is deduced from Eq. 2.36:

〈v(0) · v(t)〉 =
〈
v2(0)

〉
. (2.51)

The constant value of the velocity correlation function is consistent with the
absence of forces acting on the particle and producing any accelaration. This
reflects the typical behavior of classical particles in a gas: the density is so
diluted that they rarely interact with each other. Hence, the frequency of
collisions between them decreases significantly, or in other words, the time
between collisions becomes longer. Thus, particles spend most of the time in
the free particle state, undergoing straight trajectories until they collide with
another particle [106]. The incoherent ISF is readily deduced from the MSD
of ballistic particles (see Eq. 2.37):

Iinc(Q, t) = exp

[
−Q

2

2

1

d

〈
v2(0)

〉
t2
]

= exp

[
−Q

2

2

kBT

M
t2
]

(2.52)

where we make use once again of the equipartition theorem for deducing the
value of

〈
v2(0)

〉
in d dimensions, dkBT/M . The incoherent ISF displays a

Gaussian profile with time. Accordingly, the incoherent scattering function is
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the Fourier transformed in time–energy of the ISF and has a Gaussian depen-
dence on the energy7:

Sinc(Q, ω) =
1

~

√
M

πkBT

1

Q
exp

(
− M

2kBTQ2
ω2

)
(2.53)

The ballistic scattering function is characterized by a FWHM rising linearly
with the momentum transfer, Q [98]:

Γ(Q) = 2~
√

2 ln(2)kBT

M
|Q| (2.54)

M being the mass of the particle. Finally, the Van-Hove self correlation
function can be inferred from the Fourier transformation in momentum trans-
fer/real space of the incoherent ISF and follows a Gaussian profile of ∆rj .

It is interesting to note that in the short time range (between two successive
collisions), Brownian particles move freely and ballistically [58,60]. As a result,
Eq. 2.40 describes the long time limit behavior of Brownian particles while Eq.
2.50 gives the short time behavior, when Brownian particles behave as free
particles and diffuse ballistically [60]. In this sense, a general form of the ISF
holding for the short time and the long time behavior of Brownian particles
can be found if we introduce directly the velocity autocorrelation function, Eq.
2.44 into Eq. 2.37 and integrate over the time [57]:

Iinc(Q, t) ' exp

[
−Q2 1

d

∫ t

0
dτ(t− τ)

〈
v(0)2

〉
exp(−η|t|)

]

= exp
[
−χ2(e−ηt + ηt− 1)

] (2.55)

7A more exact derivation of the scattering law arising from ballistic motion and com-
prehending non classical particles, consists in replacing in the differential cross-section (Eq.
1.2) the translational-rotational state of the target system, |λ〉, and its corresponding energy
eigenvalues Eλ by the states and energy eigenvalues of a free particle i.e. planes waves [60]:

|nj〉 =
1√
V
eiξj ·rj ⇒ Enj =

~2

2M
|ξj |

2

ξj being the wavevector of the j-th particle, analogously to k being the wavevector of the
incoming neutron, represented as well by a plane wave. On the condition that the momentum
transfer is conserved: ξ′j = Q+ξj [60], the incoherent scattering function becomes a Gaussian
function of the energy transfer [60]:

Sinc(Q, ~ω) =

(
β

4πEr

)1/2

exp

{
− β

4Er
(~ω − Er)2

}
,

centered at Er = ~2Q2/2M , the so-called recoil energy due to the linear momentum ex-
change between the free nucleus and the neutron probe when the scattering takes place [60].
The corresponding ISF and Van Hove correlation function are deduced thanks to the appli-
cation of the Fourier transformation in time and space on the ballistic scattering function.
Nevertheless, the resulting MSD and velocity correlation function match with their classical
limit in Eqs. 2.50 and 2.51, respectively.
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where χ2 is the shape parameter [57] defined as:

χ2 =

〈
v(0)2

〉
Q2

η2
. (2.56)

In the very short time scale (below the lapse of time between two collisions),
Eq. 2.55 can be Taylor expanded around t = 0 yielding a Gaussian dependence
of time [57]:

t << 1⇒ e−ηt ' 1− ηt+
1

2
(ηt)2 ⇒ Iinc(Q, t) ' exp

[
−
〈
v(0)2

〉
Q2t2

]
(2.57)

where the friction parameter is cancelled out. This is the ISF arising from
the ballistic behavior of Brownian particles between collisions. Conversely, in
the very long time limit, the term e−ηt vanishes and the ISF becomes a single
exponential decay [57]:

t >> 1⇒ e−ηt → 0⇒ Iinc(Q, t) ' exp
[
χ2
]

exp

[
−
〈
v(0)2

〉
Q2

η
t

]
, (2.58)

where we recover the diffusion coefficient, D =
〈
v(0)2

〉
/η, as defined in Eq.

2.45. On the other hand, the value of the friction parameter η also affects
the time dependence of the ISF in Eq. 2.55 [57]. In situations of very high
coverage, molecules are constantly colliding against each other and the part
of the friction related to interaction between adsorbates is significant. As a
result, the term e−ηt vanishes and Eq. 2.55 is a single decay [57]:

η � 1⇒ χ2 � 1, χ2η � 1⇒ Iinc(Q, t) ' exp[−2χ2ηt], (2.59)

On the contrary, for two dimensional gases where molecules rarely interact with
each other, the collisional friction parameter will be close to zero. Then, we
Taylor expand e−ηt around η = 0 and obtain a Gaussian function of time [57]:

η � 1⇒ χ2 � 1, χ2η � 1⇒ Iinc(Q, t) ' exp

[
−1

2
〈v2

0〉Q2t2
]
. (2.60)

As a result, Eq. 2.55 delivers a very general form of the ISF which reaches the
short and long time behavior of Brownian particles [57], and, in addition which
is sensitive to the friction and yields the correct time dependence for a system
of colliding particles (Brownian system) or for a gas like system where the
interaction between particles is nearly insignificant [57]. The so-called shape
parameter monitors the change in the ISF profile with friction [57].

Jump diffusion Finally, the Chudley-Elliott jump diffusion model describes
the dynamics of particles when they experience very high energy barriers for
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diffusion and little friction. Their motion is no longer continuous but step-
wise: the adparticles are trapped in equilibrium positions for a time τ where
they undergo vibrations around the potential energy minimum [56, 106, 107].
Spontaneous thermodynamical fluctuations can push them to jump towards
another equilibrium site [56, 72, 96, 107]. The probability P (r, t) of finding a
particle at position r at the instant t follows a master equation of the form:

∂

∂t
P (r, t) =

1

n

∑

m

1

τm
[P (r + lm, t)− P (r, t)] , (2.61)

where the set of vectors {lm} links together the set of accessible neighboring
sites for a particle lying at r. They form a Bravais lattice and τm is the residence
time of the particle in the m-th, site and n is the total number of available
sites from an initial position. Since the Bravais lattice implies the equivalence
between adsorption sites [107–109], τm or equivalently the jump rate from one
to another, 1/τm, is the same for all the sites. Hence the jump rate can be
taken out of the summation. Furthermore, the Fourier transformation in space,
allows to factorize the master equation as the product of a time depending
function and a function accounting for the for the spatial distribution of the
adsorption sites in the lattice:

∂

∂t

∫
dr exp(iQ·r)P (r, t) =

1

n

1

τ

∑

m

[exp(−iQ · lm)− 1]

∫
dr exp(iQ·r)P (r, t).

(2.62)
The master equation turns into a simple differential equation in time:

∂

∂t
I(Q, t) =

1

n

1

τ

∑

m

[exp(−iQ · lm)− 1] I(Q, t) (2.63)

where we recognize in the space Fourier transform of the probability P (r, t),
the intermediate scattering function ISF, I(Q, t).The solution of Eq. 2.63 is
straighforward and leads to a single exponential decay on time:

I(Q, t) = I(Q, 0) exp[−M(Q)t]. (2.64)

As a result, the hopping of species on a Bravais lattice provokes a single expo-
nential decay of the neutron intensity with time in the time-momentum trans-
fer domain (Q, t) measured by spin-echo or, equivalently, a single Lorentzian
shaped spread of energies in the energy-momentum transfer space (Q, ~ω)

probed with standard spectroscopy neutron techniques:

S(Q, ~ω) =
1

2π~
M(Q

ω2 +M(Q)2
(2.65)

The time constant M(Q) characterizing the ISF time exponential decay or,
analogously, the HWHM of the Lorentzian scattering function contains the
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information about the geometry of the lattice:

M(Q) = − 1

n

1

τ

∑

m

[exp(−iQ · lm)− 1] . (2.66)

In the limits of long times (after many jumps have been performed) the un-
derlying Van-Hove self-correlation function is once again a Gaussian func-
tion [107,110].

A detailed description of these models can be found in many general books
on neutron scattering (see Refs. [56,58,72,96]) or recent review articles (see for
instance Ref. [83, 98]). Nevertheless, diffusion processes are often rather com-
plex and cannot always be easily categorized into the previous simple cases.
Further analytical developments, which combine different types of diffusion
mechanism are required. Beyond the analytical models, it has become widely
accepted that molecular dynamics (MD) simulations hold the key for the inter-
pretation of the data. Nowadays, the available computational power and the
various advances in software [83, 111], have encouraged the use of simulation
tools to address complex diffusion problems.

2.3 Molecular dynamics simulations and QENS spec-
troscopy

In general terms, molecular dynamics MD simulations consist in solving numer-
ically the equations of motion for a given system and a given (mostly classical)
Hamiltonian. The resulting trajectories for each particle in the system enable
to calculate many of the function bearing microscopic information about the
dynamics such as the mean square displacement or the Van Hove correlation
function [22]. Therefore they supply an extremely useful complement to neu-
tron measurements, since the Fourier transformations in space and time of
the simulated correlation function provide simulated ISF and scattering laws
to be compared with the experimental data [23]. On the other side, the MD
simulations results and all the underlying approximation which allow to run
the calculations should be validated. Experimental data play an essential role:
they are the benchmark for evaluating the pertinence of the theoretical hy-
pothesis on which simulations are performed and the accuracy of the input
parameters [22, 112]. Neutrons measurements are specially important because
they extract very precise knowledge about the density of states of the target
sample in the length and time scale which can be computed with MD simula-
tions [22, 112]. As a result, MD simulations and by simulating the atomistic
behavior while the MD simulations approximations receive a feedback from the
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comparison with experimental data.

2.3.1 Driving Force Fields technique

The driving force fields, technique provides an analytical approach to the po-
tential energy surface, U(r1, . . . , rN ) depending on the coordinates of the N
particles in the system and arising from all the possible interactions ruling the
dynamics of the system [22]. The trajectories of the elements in the system
are the solutions of the classical equations of motion (Newton’s second law of
mechanics) [22]:

mi
d2

dt2
ri = fi = − d

dri
U(r1, r2, . . . , rj , . . . , rN ). (2.67)

A force field FF consists of a simplified and analytical function which substi-
tutes the true interatomic energy potential in the equations of motion [112].
Molecules, for instance, are defined as groups of atoms connected by harmonic
forces [22]. The crucial point is that the simplified model playing the role of
interatomic potential is only valid in the region and for the system to be sim-
ulated. It follows that a universal definition for a FF can not exist [112]. On
the contrary, it requires a set of parameters for adapting the exact form of the
model function to each system and each problem [22]. The parametrization of
the FF is done according to ab-initio calculations or taking experimental data
from neutrons, X-rays or electron diffraction and NMR, infrared or X-ray and
neutron spectroscopy. Although a standard FF can not be defined, a typical
expression may contain the following terms [22]:
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1

2
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2
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)
+

∑

Coulomb

qiqj
rij

.

(2.68)
where the four first terms describe the intramolecular interactions while the
two last summations refer to the repulsive coulombic interaction and the Van
der Waal forces (the 12-6 Lennard-Jones potential). Finally, solving the equa-
tion of motion, Eq. 2.67, demands initial (the set of positions and velocities
of the particles) and boundary conditions. The choice of suitable initial con-
ditions is extremely important since most of the information extracted from
MD simulations are averages. Thus, the initial conditions should reproduce
a representative configuration of the statistical equilibrium ensemble [112]. A
correct initial configuration may be achieved by thermalizing the system: run-
ning the simulation at a given temperature where the particles in the system
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are provide with an initial Maxwellian velocity distribution. After a certain
number of simulation steps, the system forgets the initial values of the veloci-
ties and adopts a velocity distribution corresponding to the equilibrium state
at the simulation temperature. This configuration can be adopted as a valid
initial condition on which we can run a longer simulation [22, 112]. On the
other side, to find appropriate boundary conditions is essential for a success-
ful simulation. The cyclic boundary conditions in which the box containing
the simulated system is repeated with a certain periodicity (characterized by
a wavelength λ) fit perfectly to the simulation of ordered systems. However,
they introduce an artificial symmetry in disordered systems [22]. In this case,
the periodicity should not be smaller than the size of the box, in order to avoid
effects of self-interaction between particles [22]. Thereby, systems or situation
presenting long-range interaction, like phase transitions are difficult to han-
dle [112].

Finally, we note that the driving force field technique suits well the situa-
tions in which chemical bonds are maintained and the thermodynamical con-
ditions (temperature and pressure) do not affect dramatically the electronic
structure of the system [112]. Hence, chemical reactions can not be simulated
with this technique, but require a different approach. On the other side, they
present several advantages like the power of deal with very large systems [112],
their versatility to adapt to very precise and different problems [22] or the
simplicity with which they describe intra-molecular interactions, for instance.

2.3.2 The Langevin equation

The Langevin equation (see paragraph 2.2 in section 2.2) sets the equation
of motion for the ith particle of mass m including the friction force, γvi, an
external force generated by the substrate free energy potential, −∇Veff (x, y)

[113], and a summation of random forces reproducing the kicks of phonons on
the surface, ξi(t), and the collisions with other adsorbates, Fij(t) [83]:

mr̈i(t) = −∇Veff (x, y)− γmṙi(t) + ξi(t) +
∑

j 6=i
Fij(t). (2.69)

The subsequent trajectories are found by integrating the Langevin equation.
The underlying physical basis as potentials and parameters (in particular the
friction parameter) can be freely adapted to generate simulation results that
fit the experimental findings. We have already see how the Langevin equation
yields detailed information on the microscopic nature of diffusion (in the para-
graph 2.2 in section 2.2).
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The Langevin approach is well suited for heterogeneous adsorption or weakly
physisorbed molecules where the interactions between the adatoms and the
atoms of the substrate interaction do not involve exchange processes (of elec-
trons for instance, i.e, chemical reactions) or many-body interactions [83].
It is also appropriate when there are no large displacements of substrate
atoms [83]. On the other side, the adsorbate-adsorbate interaction is included
in the Langevin equation by the addition of further pair interaction poten-
tials [83].

2.4 Conclusion

As a short conclusion for the chapter, we have summarized the theoretical
framework which allows to understand and analyze neutron experimental data.
The Van Hove formalism, whose chief function is the Van Hove correlation func-
tion, connects the scattering law or the intermediate scattering function mea-
sured with neutron quasi-elastic techniques, with the dynamics of the atoms
diffusing in the system. Furthermore, it offers an explanation of the coherent
and incoherent scattering in terms of collective and self-diffusion. On the basis
of this powerful theoretical ground, basic models describing the main diffusive
regimes have been developed. However, the upgrade and improvement of sim-
ulation techniques has also brought new insights and perspectives in the data
treatment. The capability of simulating very large systems at the atomistic
level and covering the typical time and spacial windows which is accessible to
neutrons probes, allows to push the interpretation of the data further beyond
the traditional models. Nevertheless the comparison between the experimental
and the simulated data is paramount since the hypothesis and the selection of
input parameters on the basis of a simulation should be validate. Therefore the
interplay between simulations and experiments enhances the power in both di-
rections: the application of neutrons to diffusion studies and the improvement
of the simulation techniques towards more realistic results. Simulations can
not substitute experiments, but can deepen and improve our understanding of
the physical mechanisms driving the diffusion process, provided that the basic
assumptions are realistic.





Chapter 3

ToF measurements on benzene
adsorbed on the basal plane of
exfoliated graphite substrates

This chapter summarizes the experimental data set which grounds our study
of the diffusion of benzene adsorbed on the basal plane of graphite. We con-
sider mainly the effect of temperature and coverage on the diffusive behavior of
molecules. Diffusion can be a thermally activated process (if quantum tunnel-
ing diffusion is ignored) where temperature plays a central role, enhancing or
hindering the motion of molecules on the surface. On the other side the cover-
age highlights the effect of the interaction between molecules on their mobility.
Finally, the possibility of switching between hydrogenated and deuterated ben-
zene provides a vivid picture of the differences between coherent and incoherent
scattering. Altogether, benzene adsorbed on graphite is an excellent prototyp-
ical system to test the power of neutrons for surface diffusion studies.

The first section describes the sample preparation, the measurement pro-
tocol and the experimental set up. In the second section, we summarize the
experimental scattering function measured for hydrogenated and deuterated
benzene at different temperatures and the full set of coverages.
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graphite substrates

3.1 Sample preparation and measurement protocol

3.1.1 Sample morphology

The samples consist of several disks of exfoliated graphite Papyex (Le Carbone
Lorraine) [114] of 2.5 cm diameter each stacked up in a cylindrical sample
holder made of aluminum of 6 cm height. The total volume of the sample
holder is 42.4 cm3. The effective surface area of the Papyex exfoliated graphite
substrate was measured through BET isotherms and presents a value of 25.5
m2.g−1, in concordance with the value given in Ref. [68]. The surface occupied
by a molecule of benzene lying flat on the basal plane of exfoliated graphite
is 36.7Å2 as measured with low energy electron diffraction (LEED) [44] and
X-ray diffraction [115]. The substrate effective surface area and the size of
a benzene molecule flat on the surface determine the amount of benzene to
cover a certain area of the total surface area of graphite in the sample holder.
We define the coverage as the percentage of adsorption sites on the graphite
substrate which are occupied by the benzene adsorbates. For instance 0.1
monolayers (ML) coverage corresponds to the occupancy of only 10 % of the
available adsorption sites.

In total, we have prepared six samples: four of them contain 0.1 ML, 0.2
ML, 0.5 ML and 1.0 ML of h-benzene and two of them are made of 0.5 ML and
0.9 ML of d-benzene. The adsorption process is carried out from the liquid
phase at room temperature. We use for this purpose a liquid sample of h-
benzene (Merck 99.7%) and d-benzene (Merck 99.7%). We are only interested
in the sub-monolayer regime: molecules should lie on a single layer, always
in contact with the graphite basal plane. The lower coverages are limited
by the intensity of the scattering arising from the adsorbed layer: the signal
should be distinguishable from the background and the scattering coming from
the substrate. Since d-benzene is a weaker scatterer (79.2 barns of scattering
cross section) if compared to h-benzene (525.5 barns), coverages below 0.5 ML
produce a signal of poor statistical quality. The main physical parameters of
h-benzene and d-benzene are summarized in in Tab. 3.2. We have included the
cross-sections, the mass, the moment of inertia and the De Broglie wavelength
fixing the range of distances in which quantum effects are significant. We also
summarize the relevant parameters of exfoliated graphite in Tab. 3.3, such as
the density, the effective surface area for adsorption or the Debye temperature
which is related to phononic processes on the surface.
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Table 3.1: Set of samples considered for the experimental work. We specify the mass
of exfoliated graphite and the volume of hydrogenated C6H6 and deuterated C6D6

benzene and the scattering cross section of each sample. The latter is the product of
the density of scatterers of each specie (benzene molecules ρbenzene or carbon atoms
ρC from the substrate) multiplied by its corresponding total scattering cross-section
σbenzene and σC (which include the coherent, incoherent scattering and absorption
scattering cross-sections σscatt = σinc + σcoh + σabs): σscatt. = ρC × σC + ρbenzene ×
σbenzene. It has inverse distance dimensions. Its inverse is the mean free path l of a
neutron in the sample [56]. Finally, we include the scattering cross-section and the
mean free path associated exclusively to the adsorbed amount of benzene.

C6H6 C6D6 Graphite

0.1 ML 0.2 ML 0.5 ML 1.0 ML 0.5 ML 0.9 ML

Mass of exfoliated graphite ±1 ×
10−3[g]

18.363 19.960 13.330 13.330 21.249 13.676 18.36

Density of carbon atoms in sub-
strate, ρC , ×1022 [cm−3]

2.17 2.36 1.58 1.58 2.51 1.62 2.17

Vol. of adsorbate ±1× 10−3 [cm3] 0.019 0.041 0.080 0.160 0.103 0.126 0

Density of benzene molecules,
ρC6H6

, ×1019 [cm−3]
0.30 0.65 1.08 2.17 1.73 2.00 0

Density of scattering cross section
σscatt. [cm−1]

0.122 0.134 0.0931 0.0988 0.141 0.0931 0.12

Mean free path l [cm] 8.2 7.4 10.7 10 7.1 11 8.3

Density of scattering cross section
due to the adsorbed layer σscatt.
×10−2 [cm−1]

0.16 0.34 0.57 0.11 0.14 0.16

Mean free path associated to the
adsorbed layer l ×102 [cm]

6.38 2.93 1.76 0.88 7.32 6.31
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Table 3.2: Summary of the relevant physical parameters of h-benzene C6H6 d-benzene
C6D6.

Benzene: C6H6 C6D6

Radius [Å] 2.55 2.55
Mass ×10−25[kg] 1.29 1.39
Density [g.cm−3] 0.88 0.95
Area occupied when adsorbed flat on the graphite basal plane
[Å2] [44]

36.7

Scattering cross-sections [barns=10−24 cm2] [56]
Incoherent 4.79×102 1.22×101

Coherent 4.39×101 6.69×101

Absorption 2.02 2.7×10−2

Total 5.25×102 7.92×101

Moments of inertial [kg.m2]
Ixx = Iyy×10−45 [kg.m2] 1.37 1.69
Izz ×10−45[kg.m2] 2.07 2.69

Flipping frequency: ~/(4πI) [s−1]
~/(4πIxx) ×109[s−1] 6.1 5.0
~/(4πIzz) ×109[s−1] 4.05 3.1

De Broglie wavelength λBr = ~/
√

2MkBT [Å]
λBr at 2K 0.39 0.37
λBr at 40K 0.08 0.08
λBr at 60K 0.07 0.07
λBr at 140K 0.05 0.05
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Table 3.3: Summary of the relevant physical parameters of exfoliated graphite, Pa-
pyex.

Graphite:

Mass of a carbon atom ×10−26[kg] 1.99
Density of Papyex [g.cm−3] [68] 0.95
Eff. surface for adsorption
[m2.g−1]

25.5

Scattering cross-sections
[barns=10−24 cm2]
Incoherent 1×10−3

Coherent 5.54
Absorption 3.50×10−3

Total 5.54

Debye Temperature ΘD [K]
along [0001] direction 730 (on the surface) [116] 800 (in the volume) [116]
in the [0001] plane [116] 1400

Graphite lattice parameters [Å]
[117]
a, b 2.462
c 3.34



70
Chapter 3. ToF measurements on benzene adsorbed on the basal plane of exfoliated

graphite substrates

3.1.2 Sample preparation

The first step in the sample preparation consists in cutting the disks out of
the large sheets of commercial exfoliated graphite Papyex (Le Carbone Lor-
raine) [114]. Afterwards we clean the substrates in a pyrolytic oven: we put
the graphite disks inside a quartz tube connected to a turbo system. The
furnace temperature is settled at 350 C̊ and we leave the graphite during ap-
proximatively 20 hours for outgassing. Then, the disks are introduced in the
sample holder where we also pipette the volume of benzene corresponding to a
given coverage. Finally we close and seal hermetically the sample holder with
steel knife seal. These two last operations are performed in a non controlled
atmosphere (open air) and at room temperature. Thus, there will be air within
the sample holder and it is possible that water adsorbs as well on the substrate.
However the amount of benzene (see Tab. 3.1) will be much higher than the
quantity of water diluted in the air within the volume of the sample holder
(roughly estimated to be, at least, two orders of magnitude smaller than the
amount of benzene for 0.1 ML)1. Furthermore the scattering cross section of
the water molecule (167.6 barns) is five times smaller than the one of benzene
(523.3 barns). As a result, most of the scattering will come from the benzene
molecules adsorbed on the graphite, rather than from the water occasionally
trapped in the sample holder. Once the sample holder is closed hermetically,
preventing any contact of the inner volume with open air, we can store the
samples until the experiment takes place.

3.1.3 Measurement protocol

We have a fixed measurement protocol in order to obtain a comparable set of
experimental data. To cover a wide thermal range from 1.5K to 300K we work
with an orange standard cryostat constructed and developed at the ILL [88].
The sample holder is screwed to the bottom of a sample stick which is intro-
duced into the main chamber of the cryostat. The temperature and the rate
of cooling (the cold valve opening) are controlled through the main computer
of the instrument. Orange cryostats work with nitrogen for cooling the tem-
perature down to 70K and continue with helium down to 1.5 K [88]. The

1In order to calculate the amount of water diluted in the air within the sample holder, we
assume that there was a relative humidity of 30 % and that the temperature was of 20 C̊ in
the room where we prepared the sample. This conditions give rise to an absolute humidity,
AH, of 5.2 g.m−2. If the sample holder (whose volume is of Vsh = 42.4 cm3) is completely
fill with air, the mass of water trapped inside is: mH2O = AH×Vsh = 220.5× 10−6 g. Since
the density of water vapor is 0.804 g.cm−3, we estimate that the volume of water inside
the sample is of 0.274×10−3 cm3. This volume needs to be compared with the volume of
benzene needed to obtain a certain coverage, in Tab. 3.1.
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resolution function is measured at 2K where there should not be any dynamics
and molecules are frozen on the surface. Afterwards we measure the different
temperatures starting at 40K, 60K, 75K (only for 1.0 ML of h-benzene and
0.9 ML of d-benzene), 100K, 140K and 200K. The desorption of the benzene
molecule on exfoliated graphite starts at 150K [28, 45]. Thus, the coverage of
the surface is no longer constant at 200K. However our hermetic sample hold-
ers allow to measure beyond the desorption temperature because the sample
volume is kept constant and a thermodynamical equilibrium exists between
the gaseous and the adsorbed phases of benzene. As a result, the coverage on
the surface is still constant at 200K, but it will be different from the nominal
coverage at 140K.

All the measurements have been performed with an incoming wavelength of
5.12 Å . In addition, we have also performed short scans using a slightly longer
incoming wavelength of 5.9 Å, in order to explore multiple scattering issues. A
longer wavelength shifts the momentum transfer range towards smaller values
but provides a gain in the energy resolution. The main instrumental param-
eters such as the incoming wavelength, λi, the energy resolution, ∆Eres, the
maximum energy loss of neutrons ∆Emax and the momentum transfer range
have been summarized in Tab. 3.4. We complete the experimental data set
with an empty cell made only of graphite and a vanadium sample. The former
is useful to evaluate the substrate contribution to the total scattering. The lat-
ter is necessary for the normalization of the experimental sample. Vanadium is
a perfect incoherent elastic scatterer in the energy/momentum transfer range
surveyed by the spectrometer in the quasi-elastic configuration (i.e. when the
incoming wavelength is 5 Å , see Tab. 3.4). The vanadium spectrum gives the
distribution of neutron energies in the incoming flux (the monitor counts).

Table 3.4: Summary of the experimental conditions adopted for the measurements in
the IN6 ToF spectrometer at the ILL [88].

IN6 Time of Flight spectrometer parameters:

Incoming wavelength, λi, [Å] 5.12 5.9
Energy resolution, ∆Eres, [meV] 0.07 0.05
Neutron maximum energy loss ∆Emax = h2/(2λ2

imn) [meV] 3.1 2.4
Momentum transfer range Q = (4π/λi) sin(2θ/2) [Å−1] 0.21, ..., 2.08 0.19, ..., 1.8
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3.1.4 Multiple scattering issues

In scattering theory, neutrons are scattered only once by the sample. However
this might not be the case when the sample has an important scattering cross-
section or large dimensions. Multiple scattering changes the energy profile
of the outgoing neutrons and can lead to a misunderstanding of the physical
mechanisms at work in the sample system [56]. In time of flight spectroscopy,
the energy exchange between the sample and the neutron probe is encoded
into the neutron time of flight. If the distance between the chopper and the
sample, Ls, and from the sample to the detector bank, Ld, are well known,
then, the initial and the final energy of the neutron are perfectly established
(see section 1 in Chap. 1 ):

Ei =
1

2
mn

(
Ls
∆ts

)2

Ef =
1

2
mn

(
Ld
∆td

)2
.

The multiple scattering modifies the neutron effective flight path and, hence,
its time of flight. The energy uncertainty related to the flying path is the
following:

δE = 2E
δL

Ld
. (3.1)

Multiple scattering effects should be taken into account when the mean free
path of the neutron within the sample is of the same order of magnitude than
the size of the sample or when the sample presents a transmission of the direct
beam lower than 90 % [56]. In our case, we specify the mean free path l of
the neutrons in Tab. 3.1. We also include the scattering density cross section
and the corresponding mean free path corresponding to the adsorbed layer for
every coverage. Even though these values do not have a physical relevance,
when we compare them to the scattering cross section of the substrate, they
give an idea of which is the main scatterer in our sample and the most probable
source of multiple scattering. Since the scattering cross section of the adsorbed
layer is two orders of magnitude lower than the scattering cross section of the
whole sample, most of the intensity comes from the substrate. Therefore, the
mean free path for different samples do not depends on the coverage but on the
mass of graphite contained in the sample. Thereby, we expect that multiple
scattering is mostly due to the substrate.

All the samples are characterized by a total mean free path around 10 cm
which is of the same order of magnitude than the radius, 1.25 cm, and the
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Figure 3.1: Left panel: scattering function for a sample containing 0.5 ML of hydro-
genated benzene. The sample holder has a cylindrical shape. The diameter is of 2.5
cm and the height is of 6 cm. The incoming neutron wavelength is of 5.9 Å and the en-
ergy resolution is 50 µeV. Medium panel: scattering function for a sample of the same
characteristics than the previous one, except for the presence of cadmium adsorbing
disks in between the exfoliated graphite disks. The shielding disks are equidistantly
placed and the distance between them is of 1 cm. Right panel: Scattering function
measured for a sample of 0.5 ML of h-benzene in a cylindrical sample holder of di-
ameter 1.0 cm, height 6 cm and containing six equidistant cadmium shielding disks.
For the two last samples, the incoming wavelength of neutrons is of 5.12 Å and the
resolution in energies is of 70 µeV.

height, 6 cm, of the sample holder. Thus, we need to take care in identify-
ing the parts of the scattering function S(Q,∆E) with a high probability of
being contaminated. Experimentally, we carry out measurement on samples
of different diameters and containing cadmium shielding disks between the
exfoliated graphite disks. Varying the diameter of the sample affects the prob-
ability of neutrons which are scattered in the plane parallel to the sample to
be scattered later. On the other side, the introduction of cadmium absorbing
disks, prevent neutrons scattered once out of the plane to be scattered again
and reach the detector bank [56]. Fig. 3.1 displays the scattering functions
of three different samples containing 0.5 ML but with different diameters and
with cadmium shielding. We observe that the introduction of cadmium disks
and the reduction of the sample diameter affects the areas of low momentum
transfer, around Q = 0.2 Å−1, and around the Bragg peak of graphite at
1.80 Å−1. These two regions of the spectrum are dominated by the coherent
scattering of the carbon atoms of the substrate. Multiple scattering is often
attributed to incoherent systems [56]. Conversely, in our case, the multiple
scattering attenuation seems to affect the intensity arising from the coherent
contribution of the substrate atoms, rather than the intensity measured in the
spectral area containing most of the h-benzene incoherent contribution (be-
tween 0.3 Å−1 and 1.8 Å−1 ). The reason can be that, in all of our samples,
the quantity of carbon atoms in the substrate is, at least, two orders of mag-
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Figure 3.2: Left panel: Distribution of the additional neutron flying path introduced
by the geometry of two cylindrical sample with different diameters and heights. The
resolution of IN6 is of 0.07 meV when the incoming wavelength is of 5.12 Å. The
broadening due toe the thinner sample with the cadmium shielding is still observable,
since we only consider the HWHM of the energy resolution, 0.035 meV. Right panel:
scheme of the Monte Carlo simulation. We take a cylindrical and homogeneous sample
(the scattering cross section is the one calculated for the 0.5 ML sample). We evaluate
the probability of the neutron to be scattered twice within the volume of the sample
(the intensity). The distance of the two scatterers projected on the direction of
the outgoing flux gives the additional length that the neutron needs to cover before
arriving to the detector. Within this framework, the flying path can only get longer
when multiple scattering ocurs. This translates into an asymmetry of the scattering
function, which is already observable in the resolution function, since it arises from
the geometry and the size of the sample and not from the dynamics of the system.

nitude greater than the amount of protons in the adsorbed benzene molecule
(see Tab. 3.1). Eventually, the density of protons in the sample is extremely
diluted and the multiple scattering events from collisions between protons and
neutrons are very low, in comparison with the frequency of multiple scattering
events of neutrons with carbon atoms of the substrate. Nevertheless, we have
also carried out very simple Monte Carlo simulations to evaluate the broaden-
ing due to the geometry and the size of the sample in the experimental time of
flight spectra on which our study is based. The distribution function of energy
broadenings for two different sample is plotted in Fig. 3.2. In that case, the
flying path only gets longer when multiple scattering occurs. This translates
into an asymmetry of the scattering function, which is clearly observable in
the resolution function, since it arises from the geometry and the size of the
sample and not from the dynamics of the system.
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3.2 Tof measurement on benzene adsorbed on graphite
at different coverages and temperatures

As was already said, temperature and coverage affect complementary features
of the diffusive behavior of benzene adsorbed on graphite. We cover a wide
range of temperatures and coverages in the sub-monolayer range, with sev-
eral measurements of time-of-flight spectra of benzene adsorbed on exfoliated
graphite. The whole experimental data set has been measured on the time of
flight spectrometer IN6 at the ILL. The forthcoming section gives an overview
of the experimental data set and sketches qualitatively the role played by these
two control parameters. However, the data treatment included in the following
chapter contains the quantitative description of the diffusive process. Hence,
no conclusions can be drawn from the direct presentation of the experimental
results.

This section is organized in three paragraphs. The first one summarizes
the experimental measurements on the exfoliated graphite substrate, Papyex,
without any adsorbed benzene. The two subsequent paragraphs review the ex-
perimental data measured on hydrogenated and deuterated benzene adsorbed
on exfoliated graphite.

3.2.1 The Papyex scattering function

We have a complete set of measurements devoted to the graphite substrate
Papyex in all the interesting thermal range for surface diffusion: from 2K to
140K. The comparison between the scattering function of the graphite with the
scattering function of benzene/graphite allows to identify the features arising
exclusively from the substrate. We show the scattering function of graphite
as a function of momentum transfer Q and energy transfer ∆E at 2K and
140K in Fig. 3.3. The temperature does not significantly affect the quasi-
elastic spectrum of graphite. Thus, any change of the quasi-elsatic spectrum
of benzene/graphite with temperature is related to benzene diffusion. On the
other hand, the graphitic character of the sample is attested by the intense
spot along the elastic line, at 1.80 Å−1 which is attributed to the [002] Bragg
peak of the hexagonal and to the [003] Bragg reflexion of the rhombohedral
phases of graphite [68].

The phononic spectrum of graphite is hardly observable in the scattering
function because of its high energy range with respect to the quasi-elastic
region and its weak intensity if compare with the elastic peak in the quasi-
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Figure 3.3: Scattering cross-section measured for exfoliated graphite at 2 K (left
panel) and 140 K (right panel). The intense spot at 180 Å−1 is the Bragg reflexion
coming from the diffraction of the [002] hexagonal and the [003] rhombohedral families
of planes in the graphite. The spectrum of graphite does not present any significant
change with temperature in the quasi-elastic area. The beginning of acoustic phononic
branches is visible at 140 K, but their intensity is too weak with respect to the Bragg
peak, so that their contribution falls in the background.

elastic range. Fig. 3.4, plots the non-rebinned spectrum of graphite for 140K:
the distribution of measured neutron intensities is not re-scaled when we change
the variable from time-of-flight to energy transfer. This is a trick to keep the
high energy range part of the spectrum visible. We observe the two phononic
branches emerging from the Bragg peak. The comparison of Fig. 3.4 with the
phononic dispersion curves in Ref. [118], suggests that these are longitudinal
acoustic phonons along the [100] direction. Besides, this indicates that part
of the background beyond -6 meV comes from phonons. We should avoid this
region in the data analysis and only consider the energy window around the
elastic peak where lies the cleanest quasi-elastic signal arising from benzene
diffusion.

3.2.2 Measurement on hydrogenated benzene adsorbed on graphite:
incoherent scattering

We recall that the hydrogenated benzene scattering is strongly dominated by
incoherent incoherent (see scattering cross sections in Tab. 3.2). It probes
the diffusion of single protons in the molecules. The scattering cross section
S(Q,∆E) is the Fourier transform in time and space of the Van Hove self
correlation function Gs(r, t) which yields the probability of finding an atom at
a certain position r at time t if this very same atom was at the origin at t = 0.
Hence, the experimental data in this section measure the statistical average of



3.2. Tof measurement on benzene adsorbed on graphite at different coverages and
temperatures 77

!E [meV]

Q [Å-1]
!E= 0 meV

[002]H/[003]R

LA in [100] 
direction

Figure 3.4: Non rebinned spectrum of exfoliated graphite at 140K. Inelastic features
are still visible because we skip the re-scaling of intensities when we transform the
neutron intensity as function of the time-of-flight into a function of the energy transfer.
We observe two acoustic phononic branches starting at the Bragg peak and dispersing
towards high energies. Comparing the map of intensities with the dispersion curves
in Ref [118], suggests that these are the longitudinal acoustic (LA) phonons in the
[100] direction.

proton trajectories on the surface.

Dependence of the diffusion on coverage Figs. 3.5 and 3.6 display
the scattering cross section S(Q,∆E) measured for hydrogenated benzene at
140 K for four coverages spanning from 0.1 ML to 1.0 ML. We can see the
distribution of neutron intensity as a function of momentum transfer Q and
energy transfer ∆E. The red zone around the zero energy transfer, ∆E = 0

meV, is the elastic peak. It contains the diffraction pattern of the substrate
and all the scattering coming from dynamical process which are too slow to
be resolved by the energy resolution. The green area around the elastic peak
is the quasi-elastic area. It arises from the interaction between neutrons and
diffusing molecules. The shape of the quasi-elastic area as a function of the
momentum transfer bears the signature of the diffusive behavior of molecules.
The blue area is the background. It consists in the scattered intensity by
fast motion falling out of the quasi-elastic energy window, like the graphite
phonons. Finally, we recall that the shape of momentum / energy transfer
space, (Q,∆E), is due to the dispersion relation of free neutrons (see Fig. in
Chap. 1) [80]. In the following sections we focus on the description and the
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comparison of the quasi-elastic area (in green) for all the collection of coverages.
The goal is to gain a deeper insight into the role of the interaction between
adsorbates and with the substrate on their diffusion behavior.
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Figure 3.5: Top panel: Scattering function S(Q,∆E = ~ω) for the 0.1 ML (left) and
0.2 ML (right) of benzene adsorbed on exfoliated graphite at 140K. Bottom panel:
scattering function as a function of the energy transfer ∆E at three constant values of
Q: 0.5Å−1, 1.05 Å−1 and 1.50Å−1. The difference between low Q and high Q range
are more appreciable at 0.2 ML. But the fitting to a theoretical model is required
to establish the dependence of the HWHM of the energy profile with the momentum
transfer.

First of all, we observe that the intensity of the quasi-elastic area increases
with coverage. This is logical since the density of protons grows with the cover-
age. Consequently, the adsorbed layer scattering cross section rises and delivers
a brighter scattering. We deduce that the effects of diffusion at low coverages
are difficult to identify by a simple inspection of the scattering functions, since
they can be hidden by the strong elastic peak. Actually the scattering function
of the 0.1 ML sample is very similar to the one of exfoliated graphite at 140 K
(see the left panel in Fig. 3.3). Only the fit of the data to theoretical models
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Figure 3.6: Top panel: Scattering function S(Q,∆E = ~ω) for the 0.5 ML (left) and
1.0 ML (right) of benzene adsorbed on exfoliated graphite at 140K. Bottom panel:
scattering function as a function of the energy transfer ∆E at three constant values
of Q: 0.5Å−1, 1.05 Å−1 and 1.50Å−1. The change of the quasi-elastic profile between
0.5Å−1 and 1.05 Å−1 becomes clearer, in contrast with the low coverage samples, in
Fig. 3.5
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provides quantitative and reliable information. Conversely, the shape of the
quasi-elastic profile and its dependence on Q is clearly visible at high coverages
(0.5 ML and 1.0 ML). The bottom panels of Figs. 3.5 and 3.6 gather vertical
cuts of the scattering function at constant values of the momentum transfer.
The quasi-elastic profiles exhibit a significant dependence on Q for the 0.5
ML and 1.0 ML samples. There is an inflection point at Q =1.05 Å−1 in the
broadening of the quasi-elastic area with the momentum transfer . This partic-
ular value of the momentum transfer matches the size of the benzene molecule
whose diameter is ca. 5 Å [119]: Q = 1.05−1 = 2π/d, d ∼ 6Å. When the
momentum transfer lies below 1.05 Å−1, the scattering function S(Q,∆E), is
sensitive to long distance dynamics or large dimension scatterers compared to
the size of single molecules. Hence, the scattering is dominated by the contri-
bution of molecular clusters sliding across the surface or molecules performing
long translations. On the contrary, at Q values lying above Q = 1.05−1, the
dynamics of single molecules becomes accessible. In special, very localized
motion like rotations contribute substantially to the scattering function.

Dependence of the diffusion on temperature The group of vertical cuts
in Fig. 3.7 compares the spectra measured at different temperatures. A sin-
gle graph groups for each coverage the scattering functions measured along
the whole thermal range at a given Q value. We pick up two representative
values of the low and high momentum transfer range, 0.5 Å−1 and 1.5 Å−1,
to consider the thermal behavior of all the possible diffusive mechanism (long
and short length scale). Finally, we include the resolution function measured
at 2K as benchmark for the thermal broadening of the quasi-elastic peak. We
attribute the strong asymmetry of the latter to the multiple scattering coming
from the large sample dimensions.
First of all, we observe that the quasi-elastic profile gets broader with tem-

perature for all the coverages and in all the ranges of the momentum transfer.
However the thermal behavior of the quasi-elastic profiles depends on the cov-
erage. We can see in both ranges of Q that the 0.1 ML quasi-elastic profiles
are much less sensitive to temperature changes than the 0.5 ML or 1.0 ML
profiles. The 0.1 ML quasi-elastic profiles in the range of 60K to 140K overlap
at Q = 1.50 Å−1 in the energy window comprised within -2 meV / 2 meV. They
progressively separate at 0.5 ML and become perfectly distinguishable at 1.0
ML coverage. The gap in the 0.1 ML spectra intensities between 40K and 60K
spectra is shifted towards higher temperature at increasing coverages: it lies
between 60K and 100K for 0.5 ML and between 100K and 140K for 1.0 ML.
Benzene diffusion is an activated process: molecules require a certain thermal
energy to overcome the energetic barriers for moving across the surface. Tun-
neling diffusion is excluded, since the De Broglie wavelength of the benzene
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Figure 3.7: Set of neutron spectra at constant Q values. Columns group together
the graphs displaying the spectra at the same Qvalue. The two different values of
the momentum transfer 0.50 Å−1 and 1.50 Å−1 survey the thermal behavior of the
quasi-elastic broadening at the long and short length scale respectively. Rows group
the graphs at the same coverage. In every single graph spectra taken in the thermal
range going form 2K to 140K are plotted. Coverage affects the thermal behavior of
the quasi-elastic profile: high coverage spectra are more sensitive to a variation on
temperatures than low coverage profiles. This suggests that diffusing mechanisms
exists whose activation energy depends on the interaction between molecules.

molecule is too small in the temperature range that we survey (see Tab. 3.2).
Thus, an intensity gap between two spectra at two different temperatures re-
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flects the existence of one (or more) activation energies: molecules are free to
move at temperatures above the diffusive threshold temperature while they
remain trapped in the energy minima of the potential energy surface when the
temperature is below the threshold. But the origin of potential energy barriers
is ambiguous. On one side, energy barriers can come from the surface cor-
rugation whose maximum estimated value is 15 meV [45] which corresponds
to an activation temperature of 170 K. On the other side, the interaction of
one molecule with its neighbors can also give rise to potential energy surface
barriers hindering the motion of the molecule. The thermal evolution of the
quasi-elastic profiles suggests that there are diffusion mechanisms whose ac-
tivation energy is coverage dependent and is ruled by molecular interactions.
However, only the fitting to a theoretical model and, specifically, the study of
the HWHM of the quasi-elastic profile as a function of temperature and mo-
mentum transfer provides the required information to validate this hypothesis.

3.2.3 Measurement on deuterated benzene adsorbed on graphite:
coherent scattering

The benzene molecule constitutes an excellent system to understand the differ-
ent information delivered by neutron coherent and incoherent scattering. We
can switch between a strongly incoherent scatterer, hydrogenated benzene (h-
benzene C6H6), or a mostly coherent scatterer in the low Q range: deuterated
benzene (d-benzene C6D6), see Tab. 3.2. The coherent scattering function is
defined as the Fourier transformed in time and space of the Van Hove correla-
tion function G(r, t) yielding the probability of finding a particle at a certain
position r at time t provided the same or a different particle was at the ori-
gin at t = 0. Thus, the coherent scattering function is no longer sensitive to
single particle averaged trajectories, in contrast to incoherent scattering. Con-
versely, it measures the averaged relative trajectories of particles in the system:
the motion of the molecule with respect to its neighbors. Thereby, it should
highlight the diffusive process from a complementary perspective.

Dependence on coverage We have measured the quasi-elastic spectrum
for the deuterated benzene at two different coverages: 0.5 ML and 0.9 ML.
The Figs. 3.8 and 3.9 compare the scattering function as a function of the en-
ergy ∆E and the momentum transfer Q for this two sample with the analogous
coverages of h-benzene. We also include the scattering function at different Q
values covering the whole momentum transfer range. The quasi-elastic area
in green changes dramatically when passing from d-benzene to h-benzene. An
important factor is that d-benzene has a smaller scattering cross section than
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h-benzene. Hence, the brightness of the quasi-elastic area is reduced. Nev-
ertheless, in the case of 0.5 ML d-benzene, the quasi-elastic area displays a
larger energy width at low Q (at 0.5 Å−1) than the 0.5 ML h-benzene scat-
tering function. In the case of 0.9 ML of d-benzene, the quasi-elastic area is
considerably reduced with respect to the 1.0 ML h-benzene quasi-elastic area.
Furthermore it displays a peculiar dependence with Q which can be related to
a jump diffusive behavior. This latter observation should be verify by fitting
to the corresponding theoretical model. In the high Q range, the scattering
intensity is dominated in both cases by incoherent scattering, since coherent
scattering is not evenly distributed and drops at high momentum transfers.
Thus the differences in shape between d-benzene and h-benzene should be at-
tributed to the very low incoherent scattering cross section of d-benzene.
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Figure 3.8: Top panel: Scattering function S(Q,∆E = ~ω) for coverages of 0.5 ML of
d-benzene, C6D6 (left) and 0,5 ML (right) of h-benzene C6H6 at 140K. We plot the
recorded neutron intensity versus the energy transfer ∆E (in the abscises axis) and
the momentum transfer Q (in the ordinates axis). Bottom panel: scattering function
versus the energy transfer ∆E at three constant Q values: 0.50 Å−1, 1.05 Å−1 and
1.50 Å−1. The dramatic change of the quasi-elastic area shape between deuterated
and hydrogenated benzene is clearly visible in the dependence of the energy profile on
Q. Furthermore, the difference for low Q values indicates that coherent and incoherent
scattering deliver different information of the diffusion process.
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Figure 3.9: Top panel: Scattering function S(Q,∆E = ~ω) for coverages of 0.9 ML
of d-benzene, C6D6 (left) and 1.0 ML (right) of h-benzene C6H6 at 140K. Bottom
panel: scattering function versus the energy transfer ∆E at three constant Q values:
0.50 Å−1, 1.05 Å−1 and 1.50 Å−1. The quasi-elastic area is severely reduced in the
deuterated benzene scattering function. This can be an effect of the very different
scattering cross-section of the two samples. However, the dependence of the quasi-
elastic broadening with the momentum transfer shows distinctly in the vertical cuts of
the scattering function (bottom panel) the signature of different diffusing mechanisms
or the same diffusive mechanism monitored from different standpoints. Coherent and
incoherent scattering monitor the diffusion from different perspectives.

Dependence on temperature Fig. 3.10 shows the scattering function as
a function of the energy transfer and at constant momentum transfer values
of the 0.9 ML of d-benzene and the 1.0 ML of h-benzene. Each spectrum
is measured at a different temperature covering the range between 20K and
140K. We maintain the selection of Q values: 0.50 Å−1 and 1.50 Å−1 because
it shows the thermal behavior of diffusive processes involving different length
scales. We recall that in the low momentum transfer range the scattering func-
tion probes long distance diffusive mechanisms like translations. Conversely,
the high momentum range zooms into the short length scale where the scat-
tering function becomes sensitive to the single molecule diffusion and confined
motion like rotations. We observe in Fig.3.10 that the thermal behavior of
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the scattering function at high Q values differs for d-benzene and h-benzene.
The h-benzene scattering cross section is very sensitive to temperature varia-
tions and displays several gaps (between 20K and 40K and between 100K and
140K) while the thermal behavior of the d-benzene scattering cross section is
very homogeneous in the whole thermal range.
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Figure 3.10: Cuts on the neutron coherent scattering function for the 0.9 ML of
d-benzene (left panel) and on the incoherent scattering function for 1.0 ML of h-
benzene (right panel) at two values of Q: 0.50 Å−1 and 1.50 Å−1. The thermal
behavior of the scattering cross-section changes at high momentum transfer between
hydrogenated and deuterated benzene. This hints at a different perspective on the
diffusive processes at work.

3.3 Conclusion

To briefly summarize this chapter, we have described the experimental proce-
dure leading to the measurements of a whole set of data for different coverages
and temperatures of the system: hydrogenated/deuterated benzene adsorbed
on graphite. We have extensively surveyed the diffusive behavior of benzene
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in the sub-monolayer regime and in a wide thermal range. Time of flight
measurements on four samples of h-benzene and two samples of d-benzene
give an overview of the action of coverage and temperature on the diffusion
of benzene on graphite. In addition we have tested the existence of multiple
scattering , due to the large dimensions of our samples: we have carried out
measurements on different size samples and including cadmium shielding. We
have also performed Monte Carlo simulations to evaluate the values of the
energy broadening due to multiple scattered neutrons. It seems that most of
the multiple scattered intensity lies in the regions of the scattering function
dominated by carbon scattering (the very low Q range and the elastic Bragg
peak of graphite). Finally the graphite phononic contribution has also been
identified as contributing to the background intensity. Hence, we need to be
careful during the data analysis and avoid the inelastic part of the scattering
function in order to obtain a clean quasi-elastic signal only related to benzene
diffusion.

The benzene diffusion on graphite is sensitive to both: temperature and
coverage. However, the thermal behavior of the incoherent scattering cross-
section changes with coverage and with the momentum transfer. A particularly
interesting momentum transfer range is found above 1.05 Å−1 where neutron
scattering access single molecule motion and very short length motion. In the
next chapter, the fitting of the experimental data to different theoretical models
should help to disentangle the different diffusive mechanisms at low and high
momentum transfer, and also the differences between the information provided
by incoherent and coherent scattering.



Chapter 4

Analysis of the experimental
data

The exposition of the experimental data in chapter 4 gave a qualitative overview
of the diffusion of benzene adsorbed on the basal plane of exfoliated graphite.
The shape of the quasi-elastic scattering was shown to be sensitive to temper-
ature and coverage. Furthermore, there is a marked contrast between the high
and the low momentum transfer range. The goal of this chapter is to find a
suitable theoretical model to fit the experimental data and complete the quali-
tative outline of the diffusive regime with a quantitative description. However,
diffusive processes can hardly ever be described with a single model because of
the several physical mechanisms underlying the dynamics of adsorbates on the
substrate. Thus, the combination of diverse theoretical perspectives holds the
key to tackle the complexity and dress a complete picture of the whole process.

In the following sections we discuss the fitting of the experimental spectra
to a collection of theoretical models. We start with a brief survey on previous
studies of the benzene diffusion on graphite, in order to set a context to our
present analysis. In the following section we describe the most general theoret-
ical profiles to fit quasi-elastic scattering data. The third section concerns the
possible models to deal with the incoherent quasi-elastic scattering measured
on the hydrogenated benzene/graphite system. The final section considers the
analysis of the coherent quasi-elastic scattering arising from the deuterated
benzene/graphite system.
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4.1 Previous studies on benzene on graphite

Due to their central position in industry carbon based compound on graphite,
like alkanes or aromatic rings, have been studied extensively by neutron scat-
tering (diffraction, incoherent elastic scattering and QENS) [26]. Concerning
aromatic systems such as benzene adsorbed on graphite, numerous thermody-
namical studies and an important theoretical effort were performed [29–33].
The determination of the occupied surface area by benzene and its geome-
try of adsorption were a matter of debate during a long period: NMR ex-
periments [37, 38] and neutron scattering data [39–41, 120] were giving con-
flicting results about the orientation of benzene rings: either parallel [41] or
perpendicular [37,38,120,121] to the graphite surface. Finally neutron scatter-
ing [41, 122], LEED [44] and Penning ionization electron spectroscopy (PIES)
measurements [42] in close collaboration with MD calculations [43] succeeded
in revealing the structure of the adlayers of benzene adsorbed parallel to the
surface. Careful re-analysis of the original NMR work yielded finally an agree-
ment with the flat lying interpretation [123, 124]. Since then, further MD
studies in the dynamics and the thermodynamical properties of the adsorbed
layer has been carried out [34–36], helping for the interpretation of previous
experimental results and giving a very detailed picture of the physical mech-
anisms underlying thermodynamical phase transitions such as the adsorbed
layer melting process, for instance.

Apart from the structural characterization, the diffusive behavior of aro-
matic rings is a matter of study where quasi-elastic neutron scattering has
proved to be a powerful tool. Ref. [120] presents different models to fit the
diffusive behavior of benzene adsorbed on graphite. However, in this reference
paper, the orientation of adsorbed benzene is still unclear. Hence the final
model corresponds to a situation in which molecules are adsorbed perpendicu-
lar to the graphite surface. More recent neutron spin-echo, NSE, and helium-3
spin-echo, HeSE, spectroscopy have shown their suitability for the study of the
fast dynamics on the picosecond time scale [45]. These measurements show
a clear Brownian diffusive behavior of the benzene adsorbed flat on graphite,
and it was the first experiment in which the microscopic dynamic friction co-
efficient could be established with a reasonable error bar [45]. In particular,
the diffusive behavior of 0.5 ML of deuterated benzene was measured with
NSE while hydrogenated benzene was used for the HeSE data. The intermedi-
ate scattering functions could be fitted to single exponential decays in a very
wide range of the momentum transfer (0< Q <1.5 Å−1) [45]. Furthermore, no
dependence on the coverage of the diffusive regime was observed, and the fric-
tion coupling was mainly attributed to phononic processes [45]. However we
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should not forget that both experiments measure a coherent scattering signal.
In the case of NSE, this can be achieved by using fully deuterated benzene
molecules [45], even though, the coherent signal decreases with the momentum
transfer while the incoherent signal is evenly distributed in all the Q range
and dominates for large momentum transfer values. In the case of HeSE, the
scattering is always coherent [1], since Helium particles are scattered by the
molecule’s electronic cloud [1].

Finally, it is worth mentioning the theoretical effort for relating the dif-
fusive behavior of benzene molecules on graphite with its internal degrees of
freedom [125]. The hypothesis underlying this study is that there exist two dif-
ferent time scales related with the internal vibrations of the benzene molecule
and the motion of its center of mass. The coexistence of the very fast dy-
namic of internal vibrations with the slower motion of the molecule’s center
of mass is the source of chaotic noise which affects the diffusion of the ad-
sorbed molecule on the surface [125]. There are also more general theoretical
approaches which combine diffusive and vibrational processes of adsorbate on
surfaces [84]. In that case, adsorbates undergo continuous diffusion but can get
trapped in potential wells, where they perform a vibrational motion (in that
case the adsorbate is an atom and the vibrational motion is different from the
internal degrees of freedom of a molecule). The question is how the combina-
tion of bound and unbound trajectories affects the diffusive regime [84].

In our study, we have oriented the research towards the effect of rotations
in the diffusive process. Diffusion is a complex dynamical process and we need
to combine complementary perspective to address a complete description of
the phenomenon. We have decide to continue the research started in Ref.
[45] and we have extensively survey the diffusion of hydrogenated benzene
with time of flight, ToF, spectroscopy. Hydrogenated benzene produces an
incoherent scattering signal, and ToF spectroscopy access a different dynamical
window than the spin-echo technique (lower resolution but larger energy and
momentum transfer window). The goal of this chapter is to find a suitable
theoretical model to address the open question of the diffusive behavior of
benzene. We wonder wether the differences and similarities of our study with
Ref [45] are due to the coherent/incoherent nature of the scattering signal, to
the spectroscopy technique in use or to a difference in the physical mechanisms
underlying the diffusive regime.



90 Chapter 4. Analysis of the experimental data

4.2 Theoretical models for fitting QENS spectra

Theoretical models aim to describe the quasi-elastic profile on the basis of the
physical mechanisms governing the dynamics of atoms or molecules adsorbed
on the surface. Neutron scattering probes the loss of spatial correlation with
time due to the displacement of atoms with respect to their original position at
time t = 0 during the diffusive process. The intermediate scattering function
(ISF), I(Q, t), monitors the correlation loss in time and reciprocal space (mo-
mentum transfer Q). The decay of I(Q, t) with time reproduces exactly the
drop of the probability to find an atom in its initial position. The scattering
function (SF), S(Q,∆E), defined as the Fourier transform of the ISF, shows
the effect of the correlation loss in the energy ∆E and momentum transfer
Q domain. Here, diffusing adsorbates exchange kinetic energy with neutrons
producing a continuous energy distribution around the elastic peak. This is
the so-called quasi-elastic profile or Q-peak [85]. Since IN6 is a time of flight,
ToF, spectrometer, the part of the quasi-elastic profile in the positive energy
range is related with the loss of kinetic energy of neutrons which translates
into a longer flying path in the ToF technique. Thus, it stems from processes
like phonon excitations, or energy transfer to the diffusing molecules. Multiple
scattering due to a large sample contribute as well to the positive range of the
energy profile. Conversely, the negative part of the spectrum arises from pro-
cesses where neutrons gain energy, like phonon annihilation or energy trans-
fer from the diffusing elements. Nevertheless, it is important to stress that
phonon creation/annihilation processes give rise to inelastic features, peaks
at the corresponding frequency. Diffusive processes can also produce distinct
spectral features in S(Q, ~ω). In particular, frustrated lateral motion of atoms
or molecules in the plane parallel to the surface gives rise to an inelastic feature:
the T-peak [85]. Despite of that, we focus on the Q-peak since the benzene T-
peak has not been observed in the surveyed quasi-elastic energy window. Since
the largest part of our experimental data consists in time-of-flight spectra, we
seek for the theoretical description of the quasi-elastic scattering function. We
are especially interested in two complementary features of the spectrum: the de-
pendence of the shape of the quasi-elastic broadening and of its half-width-half-
maximum, HWHM, as a function of the energy and the momentum transfer.
The theoretical framework within which quasi-elastic models are designed, was
originally conceived to study incoherent quasi-elastic scattering. Nevertheless,
it can be adapted to fit coherent scattering provided a number of assumptions
are made [2, 99]. We firstly focus on the incoherent scattering models. Af-
terwards, we discuss the fitting of the deuterated benzene data. However, we
will discuss the differences between the quasi-elastic coherent and incoherent
scattering properly in the following chapter where the physical interpretation
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of the fitting results is developed.

The incoherent SF, Sth(Q, ~ω), for a system of identical diffusing particles
on a surface can be split up into three contributions:

Sth(Q,∆E) = [y0 + exp(−
〈
u2
L

〉
Q2)Ael(Q)δ(∆E) + SQENS(Q,∆E)]. (4.1)

A flat background y0 stems from the lattice phonon scattering. The delta
function represents the elastic scattering from the non diffusing elements on
the system and it basically reduces to the elastic substrate diffraction. The
Debye-Waller factor, exp(−

〈
u2
L

〉
Q2), which decreases the elastic intensity rep-

resents the contribution of substrate atoms vibrations,
〈
u2
L

〉
being their mean

square displacement, due to lattice phonons [56]. The last term contains the
quasi-elastic scattering of the diffusing elements, SQENS(Q, ~ω) [56]. Its inten-
sity is also affected by the internal vibrations of the molecule which produce a
distinct Debye-Waller factor, exp(−

〈
u2
V

〉
Q2), where

〈
u2
V

〉
is the mean square

displacement of the atoms vibrating in the molecule [56]. However, we em-
body this factor into the generic function SQENS(Q, ~ω) in order to clearly
distinguish between the different contributions to the total SF, Eq. 4.1. Since
the elastic intensity is namely due to the scattering from the substrate, while
the quasi-elastic intensity can be attributed to the diffusing molecules, they
are independent terms. Thus, the normalization of each term in the summa-
tion of Eq. 4.1 should be carried out separately. In particular, the incoherent
quasi-elastic scattering function needs to satisfy the following requirement [60]:

∫ ∞

−∞
SQENS(Q,∆E)d∆E = 1. (4.2)

In addition, the theoretical SF should fulfill a last requirement: the detailed
balance principle. A completely classical SF is even in energy and momentum
transfer: Scl(Q,∆E) = Scl(−Q,−∆E) [56]. Quantum process break the sym-
metry in ∆E since inelastic processes involving neutron energy gain or loss are
no longer equivalent [56]. The classical approximation of the SF is valid at long
times and for long distances (small energy/momentum transfer), but, quantum
effects should be taken into account in the short time-distance regime (high
energy-momentum transfer). A good approximation of the actual SF is [56]:

S(Q,∆E) = exp

(
− ∆E

2kBT

)
Scl(Q,∆E). (4.3)

We apply the detailed balance correction to the theoretical incoherent SF for
diffusion on surfaces obtaining:

Sth(Q,∆E) = exp(−
〈
u2
〉
Q2)× exp

(
− ∆E

2kBT

)
[y0 +Ael(Q)δ(∆E) + SQENS(Q,∆E)].

(4.4)
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The real fitting function, S(Q,∆E), results from the convolution of the
theoretical SF with the resolution function Sres(Q,∆E) of the considered spec-
trometer:

S(Q,∆E) = Sres(Q,∆E)⊗ Sth(Q,∆E)

= Sres(Q, ~ω)⊗
{

exp(−
〈
u2
〉
Q2)

× exp

(
− ∆E

2kBT

)
[y0 +Ael(Q)δ(∆E) + SQENS(Q,∆E)]

}
.

(4.5)

Fourier transforming Eq. 4.5 allows to pass to the time domain. Moreover,
the convolution theorem turns the Fourier transformation of the convolution
in Eq 4.5 into the product of the Fourier transformed functions [56]. Thus,
the corresponding ISF is the product between the resolution function and the
theoretical ISF:

I(Q, t) = Ires(Q, t)× Ith(Q, t)

= Ires(Q, t)×
1

~

∫ ∞

−∞
Sth(Q,∆E) exp

(
i∆Et

~

)
d∆E

(4.6)

Note that the quantum corrections to the SF, give rise to a complex ISF since
the Fourier transform of the detailed balance factor exp (−∆E/2kBT ) has
an imaginary part. However, for a system made of benzene molecules, we
can stay in the classical mechanics fram: Firstly, the De Broglie wavelength
of benzene at temperatures above 40 K is ca. 0.08 Å which corresponds in
the reciprocal space to 12.5 Å−1. Thus, quantum effects are invisible in the
momentum transfer range covered by IN6: the maximum Q value is 2 Å−1

when the incoming wavelength is 5.12 Å. Secondly, the temperature should
fulfill T � ∆E/kb [126]. If we restrict the analysis to the quasi-elastic window
where the maximum energy transfer is 6 meV, the threshold temperature is
70 K. However, most of the intensity is concentrated in the [-2 meV,2 meV]
range, and in this case, the threshold lowers down to 20 K. As a result, for
temperatures above 40K and a momentum transfer range below 2Å−1 we can
adopt a classical description of the benzene diffusion process and the theoretical
ISF is real and reads [60]:

I(Q, t) = Ires(Q, t)× exp(−
〈
u2
〉
Q2) [y0δ(t) +Ael(Q) + IQENS(Q, t)] .

(4.7)
The Fourier transformation of the SF changes constant terms in energy into
delta functions of time and vice-versa. For instance, the constant background
term in the SF becomes a delta function of the time fixing the initial intensity
of the ISF. Conversely the elastic peak of the SF becomes a flat background in
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the time domain (compare Eqs. 4.1 and 4.7 ). Finally, the quasi-elastic func-
tions in time and energy are also related through the Fourier transformation:

IQENS(Q, t) = ~
∫ ∞

−∞
SQENS(Q,∆E) exp

(
i∆Et

~

)
d∆E (4.8)

The normalization condition for the incoherent quasi-elastic SF, Eq. 4.2, trans-
lates for the incoherent ISF [60]:

IQENS(Q, 0) = 1. (4.9)

As we have seen in Chap. 2, very simple models exist like Brownian mo-
tion, jump motion or ballistic motion, which fit the experimental quasi-elastic
data with a single quasi-elastic line. Nevertheless, in most cases, a single
quasi-elastic profile is not enough to fit the experimental data in all the en-
ergy/momentum transfer or time/momentum transfer domain and for all the
experimental conditions (temperature and coverage). Diffusion on surfaces is
a complex process because it involves several physical mechanisms like trans-
lations, rotations, or clustering which take place simultaneously. Hence, we
often need to combine several simple models in order to dress more realistic
pictures of the dynamics of the system [1]. In this chapter we will focus on
the mathematical aspect of the fitting process. Our goal is to find an explicit
form of SQENS(Q,∆E) to fit our ToF experimental data. In the forthcom-
ing sections we compare the suitability of different models for SQENS(Q,∆E),
going from the most basic ones like a single Lorentzian or Gaussian function,
towards more sophisticated models, which combine summations of Lorentzians
and Gaussians. Of course, the choice of the models is not arbitrary and re-
lies on a physical interpretation of the process (an accurate description of the
underlying atomic dynamics).

4.3 Experimental data of h-benzene, C6H6, on graphite:
incoherent scattering

The general form of the incoherent ISF for a system of diffusing atoms, as
defined in Chap. 2, reads:

IQENS(Q, t) =
1

N

N∑

j=j′=1

〈exp(−iQ · rj(t)) exp(iQ · rj(0))〉. (4.10)

From the classical mechanics standpoint, the Heisenberg operators for the sin-
gle atom positions, rj(t) commute at different times: [rj(t), rj(0)] = 0. If the
Van Hove correlation function in space and time, G(r, t), is a Gaussian function
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of variable r, the cumulant expansion of Eq. 4.10 reduces to the quadratic term
of Q [60]. This is the well-known Gaussian approximation (see Chap. 2) [104].
It yields the incoherent ISF, IQENS(Q, t), as function of the mean square
displacement (MSD) of single atoms on the surface, σ2

Q(t) =
〈

∆r2
Q

〉
(t)/2,

projected on the direction of the momentum transfer vector [60]:

IQENS(Q, t) ' exp

[
−Q

2

2
σ2
Q(t)

]
(4.11)

The corresponding SF is found by Fourier transforming Eq. 4.11:

SQENS(Q,∆E = ~ω) =
1

2π~

∫ ∞

−∞
exp

[
−Q

2

2
σ2
Q(t)

]
exp[−iωt]dt (4.12)

In conclusion, the decay with time of the incoherent ISF or the profile with
energy of the incoherent SF will only depend on the time evolution of the single
atom MSD on the surface,

〈
∆r2

Q

〉
(t). It was already seen in Chap. 2 that

there is a very general form of the ISF, Eq. 2.55, which reproduces correctly
the long and the short time behavior of Eq. 4.11, and also the low (or bal-
listic) and the high (or Brownian) friction regimes [57]. The so-called shape
parameter, χ2 defined in Eq. 2.56, monitors the continuous change of the ISF
time decay profile with the friction parameter η [57]. The very low friction
regime provides a Gaussian shaped ISF [127] which is equivalent to the short
time behavior of the ISF, as defined in Eqs. 2.57. This means that even in
the Brownian regime, particles undergo ballistic motion (rectilinear and uni-
form displacements and quadratic dependence with time of the mean square
displacement) in the lapse of time between two collisions [2]. When the den-
sity of adsorbed particles on the surface is very low such that the interactions
between them are rare and can be accounted with instantaneous collisions,
the friction parameter is very low [127]. As a consequence, the lapse of time
between collisions, or equivalently the mean free path (the distance covered
by a particle between two collisions), become very large [127] and the ballistic
behavior of particles is conserved getting to be observable at experimentally
accessible time scales (the pico-second time window for He and neutron ToF
spectroscopy techniques). On the contrary, if the friction parameter is very
high, the decay of the ISF rapidly converges to a single exponential decay cor-
responding to the long time behavior of the ISF, described in Eq. 2.58 [57].
In that case molecules display a Brownian diffusive behavior: the mean square
displacement is linear with time [127], since the very frequent collisions due
to a high density of adsorbed molecules, reduces the mean free path and the
mean free time within which ballistic motion dominates. Thus, the range of
ballistic diffusion in time and space gets so small that it is no longer observ-
able experimentally. The key point that we want to stress is that ballistic and
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Brownian diffusion are not different diffusive regimes [127]: molecules behave
ballistically in the time lapse determined by the frequency of collisions, i.e.
by the friction parameter η. Beyond this time window, the diffusion becomes
Brownian in the sense that it results from the effect of many collisions, and
the velocity autocorrelation function decays with time, depending on the value
of the friction parameter. Finally, we deduce that η is the main parameter
which tunes the extension of the domain in time and space where the ballistic
diffusive behavior of Brownian particles is still accessible for experiments.

The last important comment before we start the detailed data analysis con-
cerns the substrate. Exfoliated graphite Papyex does not present any particular
ordering of the micro-crystals of graphite in the [0001] plane [68], while their
normal direction should be well aligned to the normal direction of the macro-
scopic surface [68]. As a result, the measured ISF and SF should be averaged
over all the possible relative directions of the neutron momentum transfer vec-
tor with respect to the graphite crystals in the [0001] plane [56,128]. Ref. [128]
develops and applies a theoretical formalism to deduce the contribution to the
scattering of what they call a powder of planes referring to the averaged ori-
entation of the graphite micro-crystals basal plane in Papyex material. The
basis of the theoretical framework is the definition of a distribution function
for the orientation of the planes, g(α), which can be measured experimentally
through a diffraction experiment [128]. The ISF or SF should be integrated us-
ing such a distribution function. Misoriented graphite crystals with respect to
the normal contribution can affect seriously the shape of the SF which diverges
from the theoretical line shapes for diffusion (Lorentzian or Gaussian) [128].
However, the convolution with the experimental resolution function allows to
eliminate this effect [128]. The fraction of misoriented crystals in graphite is
estimated to very low [68], although no precise numbers are given. We have
not measured the experimental orientation distribution function, and we have
assumed that the basal plane graphite crystals orientation is completely ran-
dom, while their normal direction is well defined, parallel to the normal of
the macroscopic surface. Furthermore, in the cases in which the motion is
assumed to be isotropic on the surface (in terms of diffusion coefficients this
means that D‖ ∼ Dtot, D⊥ ∼ 0), the projection of

〈
∆r2

Q

〉
(t) over any given

direction of Q is constant and we only consider the dependence on the mod-
ulus:

〈
∆r2

Q

〉
(t) ≡

〈
|∆r|2

〉
(t). Finally, we take as resolution function the

experimental SF corresponding to the coverage to fit, measured at the base
temperature of the cryostat, 2K.
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4.3.1 Single quasi-elastic profile models

We have seen in Chap. 2 that there are two limiting cases for the time de-
pendence of the atoms MSD on the surface: a linear or a quadratic law of
time [58, 60]. The two first models give the ISF and the SF which correspond
to these possibilities.

Model 1 A linear time dependence of the MSD,
〈
|∆r|2

〉
∝ t, gives rise to a

single exponential decay with time of the quasi-elastic ISF, IQENS(Q, t):

IQENS,model1(Q, t) = exp

[
− t

τ(Q,T )

]
;

1

τ
(Q,T ) = D(T )Q2, (4.13)

or equivalently a single Lorentzian profile of the energy transfer for the quasi-
elastic profile of the SF:

SQENS,model1(Q,∆E) =
1

π

~/τ(Q,T )

(~/τ(Q))2 + (∆E)2
. (4.14)

The inverse time constant 1/τ has a quadratic dependence on Q: 1/τ ∝ Q2. It
also depends on the temperature through the diffusion coefficient, D (see Sec
2.2 of Chap. 2). Finally, note that both, the incoherent quasi-elastic SF and
ISF, satisfy the normalization condition enunciated in Eqs. 4.2 and 4.9. The
first model for the incoherent SF reads :

Smodel1(Q,∆E) = Sres(Q,∆E)⊗
[
y0 +Ael(Q,T )δ(∆E) +AQENS(Q,T )

1

π

~/τ(Q,T )

(~/τ(Q,T ))2 + (∆E)2

]
.

(4.15)

We include the Debye-Waller factor in the elastic and quasi-elastic amplitude,
which become temperature dependent.

Model 2 A quadratic time dependence of the MSD,
〈
|∆r|2

〉
∝ t2, produces

a Gaussian function of time for IQENS(Q, t) :

IQENS,model2(Q, t) = exp
[
−Γ(Q,T )t2

]
; Γ(Q,T ) =

√
2 ln 2 〈v2〉Q, (4.16)

or a Gaussian function of energy transfer for the SF quasi-elastic profile SQENS(Q,∆E):

SQENS,model2(Q,∆E) =

√
2 ln 2

4π~2Γ(Q,T )
exp

[
− ∆E2

4~2Γ(Q,T )

]
. (4.17)

The HWHM, Γ(Q,T ), is linear withQ and depends on the mean square velocity〈
v2
〉
of the diffusing element (molecule or cluster). The latter can be evaluated
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with the equipartition theorem for a two dimensional system:
〈
v2
〉

= 2/mβ,
where m is the mass of the particle and β = 1/kBT . Thus, the second model
to fit the experimental data is:

Smodel2(Q,∆E) = Sres(Q, ~ω)⊗
{
y0 +Ael(Q,T )δ(∆E) +AQENS(Q,T )

√
1

4π~2Γ(Q,T )
exp

[
− ∆E2

4~2Γ(Q,T )

]}
.

(4.18)

As before, the Debye-Waller factor is embodied in the amplitudes. We also
underline that Eqs. 4.17 and 4.17 agree with the normalization condition in
Eqs. 4.2 and 4.9.

We have performed a least square fit of the whole experimental data set to
this two models, with the same fitting conditions for both models. The free
parameters are: the background y0, the elastic Ael and the quasi-elastic AQENS
amplitudes, and the HWHM of each quasi-elastic profile, 1/τ(Q) or Γ(Q). The
fitting energy range is [-6 meV , 2 meV] to avoid the complicated background
created by graphite phonons. The resolution function is the experimental SF
at 2K. The results for the fitting of the 0.5 ML at 140 K are shown in Fig.
4.1. We also plot each one of the contributions to the SF, convoluted with the
resolution function: the elastic part and the quasi-elastic profile.

Discussion of the fittings to model 1 and 2 Fitting results for 0.1 ML,
0.2 ML and 1.0 ML of h-benzene are summarized in Figs. 4.2 and 4.3. Tabs.
4.1 and 4.4 display the χ2 parameter, characterizing the goodness of the fit.
In terms of coverage (see Fig. 4.2 and Tab. 4.1), we observe that the 0.1 ML
energy profile can be approximated by both models. The quality of the fit
is very similar. Conversely the 0.2 ML profile has a more marked Lorentzian
shape, specially at high Q values. Finally the quasi-elastic profiles for 0.5 ML
and 1.0 ML are much better described by a Lorentzian function, even though
the theoretical profile does not match perfectly the energy profile in the entire
energy range. In contrast with the marked dependence of the quasi-elastic
profile on the coverage, there is little change with temperature (see Fig. 4.3
and Tab. 4.4). The quasi-elastic profile of 0.1ML is always approximated
with both models while the 0.2 ML and 1.0 ML profiles maintain its rather
Lorentzian shape.

To sum up, the high coverage data are difficult to fit to a single quasi-elastic
line, especially in the range of high momentum transfer Q . Conversely, the low
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Figure 4.1: Fitting of the 0.5 ML data to a single Lorentzian (upper panel) and to
a single Gaussian (lower panel) function. We include the different contributions: the
elastic part given by the convolution of the resolution function to a delta function
centered at ∆E = 0 meV (black dotted line), the theoretical quasi-elastic profile (blue
solid line) and the total function (red solid line). The Lorentzian profile fits correctly
the data, even if we see that it does not match perfectly the high Q profile. Conversely
the Gaussian profile strongly deviates from the data.
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Figure 4.2: Fitting of the experimental data of 0.1 ML and 1.0 ML h-benzene coverage
at Q = 0.5−1 (upper) and Q = 1.5−1 (bottom) with model 1 (a single Lorentzian
function) and model 2 (single Gaussian profile) at 140 K. The quasi-elastic profile of
0.1 ML data can be approximated by the two models. On the contrary, the quasi-
elastic profile of 1.0 ML data is better described by model 1.
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Figure 4.3: Fitting of the experimental data of 0.1 ML (upper panel) 0.2 ML (middle
panel) and 1.0 ML (lower panel) h-benzene coverage at Q = 1.5−1 with model 1 and
2 for temperatures between 60K and 140K.
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Table 4.1: Goodness of the fit , χ2 parameter divided by the number of fitted points,
resulting from the fitting of all the data set at 140 K to models 1 and 2.

Q=0.5 Å−1 Q=1.5 Å−1

Model 1 Model 2 Model 1 Model 2

0.1 ML 2.91 5.09 7.21 11.64
0.2 ML 3.87 8.04 12.22 21.86
0.5 ML 10.69 36.88 32.20 86.31
1.0 ML 12.40 47.95 40.64 158.99

Table 4.2: Goodness of the fit , χ2 parameter divided by the number of fitted points,
resulting from the fitting of all coverages in the whole thermal range to models 1 and
2 for Q = 1.5 Å−1.

0.1 ML 0.2 ML 1.0 ML
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

60 K 3.28 5.78 7.45 18.44 11.07 48.15
100 K 4.45 7.54 12.88 25.78 21.08 104.84
140 K 7.21 11.64 12.22 21.86 40.64 158.99

coverage data can be approximated by a single quasi-elastic line. Since a single
quasi-elastic line is related to a single diffusive process, the failure of these
two elementary models shows that there are probably two or more diffusive
mechanisms which become apparent in the high Q range. Furthermore, a
higher coverage seems to foster the multiplicity of diffusion processes: the
deviations from single quasi-elastic lines are more pronounced for the high
coverage than for the low coverage quasi-elastic profiles.

4.3.2 Multiple quasi-elastic profile models: Rotations and Trans-
lations

The addition of more than one quasi-elastic lines to fit the data correctly, is
related to the existence of different diffusing mechanisms [56]. Furthermore,
they do not appear necessarily at the same Q range, since they can involve
different length scales. A clear example are the translations and the rota-
tions of molecules adsorbed on the substrate. When molecules translate, they
cover distances of several substrate unit cells and the mean square displace-
ment, MSD, is an increasing function of time. The loss in spacial correlation
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is observable across the entire momentum transfer range and the quasi-elastic
broadening increases with the momentum transfer. On the other hand, when
molecules rotate, the motion of the atoms within the molecule remains con-
fined in a circle or a sphere (depending if the motion takes place on the surface
or in three dimensional space). Their MSD reaches a constant value after a
certain time [60] and the loss of spacial correlation is very localized. It be-
comes measurable at the Q values comparable to the size of the molecule. In
the following paragraph, we describe the theoretical framework which allows
to include molecular translations and rotations in the same model.

First, we need to factorize the ISF in Eq. 4.10 in terms of the motion of the
center of mass (CoM) molecule and the motion of the atoms within the molecule
with respect to the CoM frame. The position of each atom of the α-th molecule
can split be into the CoM position, Rα, the position of equilibrium of this atom
with respect to the CoM frame rαj , and the displacement of the atoms with
respect to its equilibrium position, uαj , due to the molecular vibrations [58]:

rj = Rα + rαj + uαj (4.19)

If the position of the CoM, the orientation of the molecule and its vibrations are
not correlated, the ISF is factorable into a function depending on each one of
the terms in Eq. 4.19 [56,58,60]. The independence of each term of the ISF is
reliable if the characteristic energies of each kind of motion, (vibrations, trans-
lations and rotations) belong to a different dynamical window. The covalent
bonding of the carbon atoms forming the aromatic ring provides the molecule
with high internal vibration frequencies. The lowest vibrational frequencies
are associated with out-of-plane distortions of the molecule [129]. Their en-
ergy have been measured with Raman or infrared spectroscopy and their values
span in the range between 50.3 meV and 80.3 meV [129]. On the other hand,
a typical value for the benzene free rotation around its six-fold symmetry axis
can be evaluated from the flipping frequency [130] which is reported for hy-
drogenated and deuterated benzene in Tab. 3.2 of the Chap. 3. We find a
rotational energy of 2.7×10−3 meV, which clearly lies in a different energy win-
dow than the internal vibration frequencies. We can suppose that rotational
and translational energies are closer, since the physical parameter governing
translational motion is the mass of the molecule while it is its moment of in-
ertia for rotations. However, the assumption of uncorrelated translations and
rotations, also known as the weak hindered approximation [81], applies when-
ever the orientation dependent inter-molecular forces are weak compared to
the isotropic forces or if the center-of-mass of the molecule corresponds to its
center of charge [81]. Although the interaction between benzene molecules
(quadrupolar interaction [35]) is strongly anisotropic in the bulk, giving rise to
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the T -configuration in solid benzene crystals [131], the adsorption process fa-
vors a coplanar configuration through the interaction with the substrate which
weakens significantly the benzene-benzene interaction energy [35, 131]. The
coplanar interaction energy becomes one third of the quadrupolar interaction
energy at work in the T -configuration [35, 131]. In addition, benzene is a top
symmetric molecule and no hydrogen bondings occur in the adsorbed phase.
This argument has already been used to support the validity of the weak hin-
dered approximation in liquid methane [81]. Thus, the weak hindered approxi-
mation can hold as well for the case of adsorbed benzene on graphite, allowing
the uncoupling between translations and rotations. The assumption of uncor-
related vibrations, translations and vibrations draws two major consequences.
First of all, the operators Rα, rαj and uαj commute. Secondly, the averaged
product of three independent functions is the product of their averages [81]:

〈exp[−iQ · (Rα(t)−Rα(0))] exp[iQ · (rαj (t)− rαj (0))] exp[iQ · (uαj (t)− uαj (0))]〉 =

〈exp[−iQ · (Rα(t)−Rα(0))]〉 × 〈exp[iQ · (rαj (t)− rαj (0))]〉 ×
〈
exp[iQ · (uαj (t)− uαj (0))]

〉
.

(4.20)

Thus, neglecting the correlations between translations, rotations and internal
vibrations we can approximate the total incoherent ISF as the product of three
functions accounting for the molecule translations, IQENS,Tr(Q, t), rotations,
IQENS,Rot(Q, t), and internal vibrations IV (Q, t):

IQENS(Q, t) = exp[−
〈
u2
v

〉
Q2]× 1

Nmol

Nmol∑

α=1

〈exp[−iQ · (Rα(t)−Rα(0))]〉×

1

Nat

Nat∑

j=1

〈exp[iQ · (rαj (t)− rαj (0))]〉

= exp[−
〈
u2
v

〉
Q2]× IQENS,Tr(Q, t)× IQENS,Rot(Q, t)

(4.21)
In the quasi-elastic range, the internal vibration contribution to the scattering
is well approximated by the Debye-Waller factor [56]. Nmol is the number of
molecules in the system and Nat is the number of atoms per molecule. We
can now treat each part of the ISF separately. The next paragraph assumes
the approximated form of the ISF and focuses on the description of its rota-
tional part arising from uniaxial rotations of the benzene molecule around its
sixfold symmetry axis. There are two different kind of rotations to be discuss:
continuous rotations and jump rotations.
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Uniaxial rotations

If molecules are performing rotations around a definite symmetry axis, while
they lie flat on the scattering plane, the momentum transfer vector Q (see Fig.
4.4) and the atoms positions vectors rj are coplanar. We can, thus, expand

α

ρ

Molecular frame 

!Q

θ =
π

2

!rj

φj

Figure 4.4: In plane geometry: the momentum transfer Q between the incoming and
the scattered neutron is contained in the same plane on which molecules are lying
flat on the substrate. The in plane geometry is obtained setting the incoming beam
direction parallel to the macroscopic surfaces of the graphite disks in the sample
holder, and measuring the scattered neutrons in the same plane.

the exponential function in terms of cylindrical Bessel functions [132]:

exp[−iQ · rj(t)] = exp[−iQρ cos(φj(t)− γQ)] =
∞∑

n=−∞
inJn(−Qρ)ein(φj(t)−γQ),

(4.22)
where γQ is the direction of the momentum transfer vector Q with respect to
the laboratory frame, φj(t) is the orientation of the molecule at time t and ρ
is the radius of the molecule. Introducing Eq. 4.22 into Eq. 4.10, yields an
expression for the rotational incoherent ISF:

IQENS,Rot(Q, t) =
1

Nat

Nat∑

j=1

〈 ∞∑

n=−∞
inJn(−Qρ)ein(φj(t)−γQ) ×

∞∑

n′=−∞
in
′
Jn′(−Qρ)ein

′(φj(0)−γQ)

〉
.

(4.23)
We can further integrate Eq. 4.23 over all the possible directions of the mo-
mentum transfer vector Q. This last step is useful to obtain the ISF asso-
ciated to the scattering of rotating adsorbates on a Papyex substrate, which
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does not present any preferential orientation of the graphite crystals in the xy
plane [56,68]. The integration on the angle γQ leads to1 [56]:

IQENS,Rot(Q, t) =
1

Nat

Nat∑

j=1

∞∑

n=−∞
J2
n(Qρ)

〈
ein∆φj(t))

〉
(4.24)

Note that in our case, the polar angle is fixed θ = π/2 and the Bessel function
depends only on the product of the moduli Qρ. ∆φj(t) = φj(t)−φj(0) stands
for the angular displacement of atom j.

If molecules are subject to random and uncorrelated collisions, their angular
velocity is randomized [133]. Moreover, the angular displacement is a random
variable, whose change in time is due to a Gaussian stochastic process. There-
fore, we can apply the cumulant expansion to the exponential functions of the
angular displacement ∆φ in Eq. 4.24 [100]. In addition, the angular velocity
will be a Gaussian stochastic process [133] and the rotational analogue of the
Van Hove self correlation function, G(φ(0), φ(t)), is a Gaussian distribution of
the angular displacement ∆φ, according to the Doob theorem [134]. Thus, the
Gaussian approximation holds and the cumulant expansion is reduced to the
second term. As a result, the rotational ISF is a function of the mean square
angular displacement

〈
∆φ2(t)

〉
:

IQENS,Rot(Q, t) '
∞∑

n=−∞
J2
n(Qρ) exp

[
−n

2

2

〈
∆φ2(t)

〉]
. (4.25)

Eq. 4.25 yields the analogous dependence of the ISF on the angular MSD, to
the one that Eq. 4.11 gives for the translational ISF on the MSD. The angular
MSD is related to the angular velocity correlation function in a similar way in
which the MSD,

〈
|∆r|2

〉
, is connected to the translational velocity correlation

function 〈v(t) · v(0)〉 (see Chap. 2):

∆φj(t) =

∫ t

0
dt′ωα(t′)⇒

〈
∆φ2(t)

〉
=

〈(∫ t

0
dt′ωα(t′)

)2
〉

= 2

∫ t

0
(t−t′) 〈ωα(0) · ωα(t)〉 ,

(4.26)
where ωα is the angular velocity of molecule α. Following the Doob theorem,
if the angular velocity is a stochastic process, its correlation function is an
exponential decay [57,133,134]:

Cω(t′) =
〈ωα(0) · ωα(t)〉
〈|ω(0)α|2〉

=
〈
|ω(0)α|2

〉
exp (−ηrott) . (4.27)

1The integration over all the directions of Q gives rise to delta functions, defined in its
integral form: ∫ 2π

0

dγQe
i(n+n′)γQ = δn,−n′ .
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where ηrot = 1/τω is the rotational friction parameter [133]. Making use of the
same arguments than in the section 2.2 of Chap. 2 and following Ref. [57], we
deduce a very general form of the rotational ISF by inserting Eq. 4.26 into Eq.
4.25:

IQENS,Rot(Q, t) '
∞∑

n=−∞
J2
n(Qρ) exp

[
−n2

∫ t

0
(t− t′) 〈ωα(0) · ωα(t)〉

]

=
∞∑

n=−∞
J2
n(Qρ) exp

[
−χ2

n(e−ηrott + ηrott− 1)
]
,

(4.28)

where we define a rotational shape parameter equivalent to the shape parameter
in Ref. [57], χ2(Q):

χ2
n =

〈
ω2
〉

η2
rot

n2, (4.29)

but depending on the index of the expansion n and not on the momentum
transfer modulus, Q.

As was explained in sec. 2.2 of Chap. 2. and in Ref. [57] for the transla-
tional ISF, Eq. 4.28 yields a rotational ISF whose profile in time can be tuned
by the value of the rotational friction parameter, ηrot. In the high friction
regime, the rotational ISF profile tends to a summation of single exponential
decays:

IQENS,Rot(Q, t) =
∞∑

n=−∞
J2
n(Qρ) exp

[
− t

τn

]
;

1

τn
= χ2

nηrot =

〈
ω2
〉
n2

ηrot
(4.30)

The equipartition theorem provides a mean square angular velocity,
〈
ω2
〉

=

1/Iβ, such that the time constant reads:

1

τn
=
kBTn

2

Iηrot
= Drn

2, (4.31)

where Dr is the rotational diffusion coefficient [73] and I is the moment of
inertia. Note that the same ISF is obtained in Refs. [56, 120, 132], by solving
the master equation for uniaxial rotational diffusion [135]. In the energy trans-
fer domain, the corresponding high friction SF is a summation of Lorentzian
functions:

SQENS,Rot(Q,∆E) =
1

π

∞∑

n=−∞
J2
n(Qρ)

~/τn
(~/τn)2 + (∆E)2

, (4.32)

Conversely in the low friction regime, the ISF in Eq. 4.28 becomes a summation
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of Gaussian shaped decays:

IQENS,Rot(Q, t) =

∞∑

n=−∞
J2
n(Qρ) exp

[
−
〈
ω2
〉
n2

2
t2

]
; Γn =

√
2 ln 2 〈ω2〉n.

(4.33)
The resulting SF is a summation of Gaussian functions:

SQENS,Rot(Q,∆E) =
∞∑

n=−∞
J2
n(Qρ)

√
2 ln 2

4π~2Γn
exp

[
− ∆E2

4~2Γn

]
. (4.34)

Eq. 4.34 should be compared with the free rotational SF developed in Ref. [59] .
However, we only consider uniaxial rotations, whereas Ref. [59] treats three di-
mensional rotations. Hence, the partial wave expansion, the Eq. 40 of Ref. [59],
is the equivalent to our expansion of the exponential functions in terms of first
kind Bessel functions in Eq. 4.23. Furthermore, uniaxial rotations allows us to
use the one dimensional Maxwell-Boltzmann distribution of angular velocities
which is a single Gaussian function Φ(ω) ∝ exp(−Iω2/2β). In contrast, three
dimensional Maxwell-Boltzmann distribution, Φ(ω) ∝ ω2 exp(−Iω2/2β), is re-
quired for rotations in 3-d space [133]. We believe that this explains the main
differences between the SF in Eq. 4.34 and the partial SFs in Eqs. 50 and 53
of Ref. [59].

To sum up, the ISF and SF profiles produced by free uniaxial rotational
diffusion is an infinite summation of terms. Each one of the elements in the
sum is weighted by a squared Bessel function of the first kind and order n,
Jn(Qρ), depending on the product of the momentum transfer modulus Q and
the radius of the molecule, ρ. Fig. 4.5 displays squared Bessel functions of
the first kind, for orders ranging from n = 0 to n = 6. The term associated
to n = 0 corresponds to the case in which there are no rotations. The cor-
responding ISF is a constant and, accordingly, the profile in energy is a delta
function, δ(∆E). The remaining indexes n > 0 are can be understood as the
modulus of the angular momentum, which for uniaxial rotations is parallel to
the axis of rotations and is reduced to its z component. We observe that for
increasing values of n, the intensity of the corresponding terms in the sum-
mation is shifted towards larger Q values. This is the mathematical reason
explaining why rotations are not visible at low Q but become the dominant
scattering contribution at high values of Q, matching the diameter, 2ρ, of the
molecules. We also observe that there is a specific value of the momentum
transfer, at Qρ ∼ 1 Å−1 for which the zero order Bessel function reaches its
minimum. At this particular value of the momentum transfer, corresponding
to the inverse of the molecule radius, only the terms weighted by higher order
Bessel function contribute to the scattering profile, and thus, the effect of ro-
tations on the quasi-elastic profile can be directly analyzed. The last comment
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Figure 4.5: Bessel functions of first kind and n order squared, as a function of the
product between the momentum transfer and the radius of the molecule. The radius
of a benzene molecule is 2.5 Å [119].

concerns the normalization condition. Since Eqs. 4.32 and 4.32 to 4.34 should
be normalized, the summation of squared Bessel functions should converge:∑∞

n=−∞ J
2
n(Qρ) = 1. On the contrary, the quasi-elastic broadening, HWHM,

of each term is independent of the momentum transfer. It only depends on
the index n of the expansion. But, the total SF’s quasi-elastic broadening de-
pends on Q, since SQENS,Rot(Q,∆E) is a summation of functions with varying
HWHM and whose amplitudes, the Bessel functions, are functions of Q [132].
The ideal model would consist in the direct application of Eq. 4.28 allowing
the extraction of a rotational friction parameter, without any additional as-
sumption. Unfortunately, this is not possible, because the Fourier transform
of Eq. 4.28 is written in terms of complete and uncompleted Gamma func-
tions [57]. Such a SF is very difficult to handle and to use for fitting purposes.
Furthermore we often need to take their asymptotic behavior. The following
models combine the molecule’s rotational and translational motion in the two
extreme cases of the diffusive regime: very high and very low friction. We
start from the factorized form of the quasi-elastic ISF in Eq. 4.21, and we
adopt single Lorentzian or Gaussian functions for describing the diffusion of
the molecular CoM (translations) and summations of Lorentzians or Gaussians
(like in Eqs. 4.32 and 4.34 ) to account for the rotations. Nevertheless, the
addition of more quasi-elastic lines increases the number of fitting parameters.
It is, hence, desirable to link together the new fitting variables in order to min-
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imize the number of free parameters during the fitting. Unfortunately, this is
not always possible and models can fail because there are too many free fitting
variables.

Model 3 The third model describes the high friction limit of the ISF, as
written in Eq. 4.30, when translations and rotations are dumped because
of the frictional coupling of the adsorbates with the substrate or with the
neighboring molecules. It assumes a single exponential decays for describing
the scattering due to translations and a summation of Lorentzian functions
standing for the rotational contribution to the ISF:

IQENS,model3(Q, t) =

∞∑

n=−∞
J2
n(Qρ) exp

[
−
(

1

τ(Q)
+

1

τn

)
t

]
(4.35)

The term n = 0 indexes the purely translational motion contribution, while
the other terms with n > 1 mix translations and rotations. The total time
constant of the each of the terms in the sum is the summation of the time
constant related with translations 1/τ(Q) and a time constant related with
rotations, 1/τn, labelled with the index of the summation n. The corresponding
quasi-elastic SF is a summation of Lorentzian functions:

SQENS,model3(Q,∆E) =
1

π

∞∑

n=−∞
J2
n(Qρ)

~(1/τ(Q) + 1/τn)

(~(1/τ(Q) + 1/τn))2 + (∆E)2
,

(4.36)
The total fitting function is:

Smodel3(Q,∆E) = Sres(Q,∆E)⊗
{
y0 +Ael(Q)δ(∆E) +AQENS(Q)

1

π

∞∑

n=−∞
J2
n(Qρ)

~(1/τ(Q) + 1/τn)

(~(1/τ(Q) + 1/τn))2 + (∆E)2

}
.

(4.37)
The free parameters of this model are: the background, the elastic and quasi-
elastic amplitudes and the translational and rotational time constants. The
two quasi-elastic broadenings for translations 1/τ(Q) and rotations 1/τn need
to be connected and reduced to a single parameter. We relate them through
the model of binary collisions between hard disks (adapted from the original
model of hard spheres in Refs. [103, 136]). The rotational and translational
friction in a system of hard disks, colliding randomly with each other reads:

ηsmooth(θ, T )|λ=0 =
d

A

(
2π

µ

)1/2

× θ
√
kBT

ηtrans(θ, T ) =
κ

κ+ 1

{
3

2
+

1

κ

}
ηsmooth(θ, T )

ηrot(θ, T ) =

(
1

κ+ 1

)
ηsmooth(θ, T )

(4.38)
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The first friction parameter, ηsmooth(θ, T ) is related to smooth collisions where
there is only a transfer in linear momentum between the two hard disks. Its
inverse, η−1

smooth = τE , is the Enskog relaxation time [103] whose expression we
adapt to the case of hard disks. The detail of the calculations for the friction
parameter of hard disks collisions is reported in Annex ?. We find that for
disks, ηsmooth = τ−1

E depends on CoM distance of the two disks when they
collide d = ρ1 +ρ2, the area of a substrate unit cell A, the reduced mass of the
system of the two disks µ = m1m2/(m1 +m2), coverage θ and temperature T .
The same dependence of the smooth friction with coverage and temperature is
found in Ref. [57] which deals with the diffusion of atoms on the surface. The
actual translational and rotational friction parameters are proportional to the
smooth friction and depend on the geometry of the benzene. In particular, the
term κ = 2I/µd2 contains the moment of inertia - reduced mass ratio which
determines the part of kinetic energy converted into angular kinetic energy
during the collision. Finally, the HWHM of the Lorentzian functions in Eq.
4.37 is:

1

τ(Q)
+

1

τn
=

kBT

mηtrans
Q2+

kBT

Iηrot
n2 =

[
2

3κ+ 2

Q2

m
+
n2

I

]
(κ+1)

(
kBT

ηsmooth(θ, T )

)
.

(4.39)
The two fitting parameters 1/τ(Q) and 1/τn are reduced to a single one:
1/ηsmooth(θ, T ). The top panel of Fig. ?? summarizes the fitting to the 0.5
ML data. We also include all the single terms in the summation in Eq. 4.36 at
low (left panel) and high (right panel) momentum transfer value. We observe
that at low Q only the Lorentzian functions corresponding the small indexes
n = 0 (only translations), n = 1 and n = 2 have a significant contribution.
Conversely, in the high Q range, the Lorentzian functions for n = 3, n = 4

and n = 5 come into play. Finally, the intensity of the Lorentzian profiles for
indexes above n > 5 is negligible. Hence, the summation in Eq. 4.36 can be
safely truncated at n = 5.

Model 4 The fourth model considers the low friction regime where transla-
tions and rotations are performed free. Hence the quasi-elastic ISF is consists
in Gaussian functions of time for translations and rotations:

IQENS,model4(Q, t) =
∞∑

n=−∞
J2
n(Qρ) exp

[
− (Γ(Q) + Γn) t2

]
, (4.40)

which gives rise to a summation of Gaussian functions of the energy transfer:

SQENS,model4(Q,∆E) =
∞∑

n=−∞
J2
n(Qρ)

√
1

4π~2(Γ(Q) + Γn)
exp

[
− ∆E2

4~2(Γ(Q) + Γn)

]
.

(4.41)
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As for the previous model, the term n = 0 labels the purely translational SF,
while the other indexes correspond to the mixture of translations and rotations.
The total fitting fucntion

Smodel4(Q,∆E) = Sres(Q,∆E)⊗ {y0 +Ael(Q)δ(∆E)}

+ Sres(Q,∆E)⊗
{
AQENS(Q)

∞∑

n=−∞
J2
n(Qρ)

√
2 ln 2

π

1

(Γ(Q) + Γn)
exp

[
− ∆E2

(Γ(Q) + Γn)2

]}
.

(4.42)
In this model, the free parameters are: background, elastic and quasi-elastic
amplitudes and the HWHM of the Gaussian terms. The latter reads:

Γ(Q) + Γn = ~
√

ln 2 (〈v2〉Q2 + 2 〈ω2〉n2). (4.43)

We can easily relate the mean squared velocity of a single molecule
〈
v2
〉
and

its mean square angular velocity
〈
ω2
〉
via the equipartition theorem:

〈
v2
〉

=
2

mβ
,
〈
ω2
〉

=
1

Iβ
=

2

mρ2β
⇒
〈
ω2
〉

=

〈
v2
〉

ρ2
. (4.44)

where the moment of inertia I is calculated by identifying the benzene molecule
of radius ρ to a disk, I = mρ2/2. Hence, determining the mean square velocity
is equivalent to evaluate the quasi-elastic broadening which reads:

Γ(Q) + Γn = ~

√
ln 2

(
Q2 +

2

ρ2
n2

)
〈v2〉. (4.45)

The bottom panel of Fig. 4.6 shows the fitting of the 0.5 ML data to model 4.
We also plot the elastic profile, the quasi-elastic profile which is the summation
of Gausssians and each one of the terms contributing to this summation. We
observe that the Gaussian functions corresponding to indexes above 5, n > 5,
have a weak intensity and do not contribute significantly to the total quasi-
elastic profile.

Jump rotational diffusion

Molecules are not always free to move: under certain condition energy barri-
ers rise on the potential energy surface and the motion is severely hindered.
The dynamics is no longer continuous but should be performed in a stepwise
fashion. The Chudley-Elliot model treats translational jump diffusion [107].
The rotational jump diffusion is developed in Ref. [137]. The goal is to deduce
the ISF produced by a N -fold symmetry molecule performing 2π/N rotational
jumps on a circle. This model suits perfectly the benzene molecule reorienta-
tions around its π/6 symmetry axis.
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Figure 4.6: Fitting of the 0.5 ML data to models 3 and 4. We include the different
contributions to the energy profile: the elastic profile (black dotted line), the quasi-
elastic profile (green solid line) and the different terms contributing to the quasi-elastic
profile. At Q = 0.95−1, the purely translational term, n = 0 vanishes and the quasi-
elastic profile results from the convolution of the rotational and the translational
profiles.
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Figure 4.7: Benzene reorientations around its six-fold symmetry axis, provokes the
jump of protons from their original site to a different site among the six available sites
on the circle.

We now summarize the jump rotation model. In a similar way than the
Chudley-Elliot treats jump translations (see Chap. 2), the probability p(r(µ)

j , t)

of finding the j-th atom of the molecule at the µ-th site of the circle at a certain
time t follows a master equation of the form [138]:

∂

∂t
p(r

(µ)
j , t) =

N∑

ν

1

τµν

[
p(r

(ν)
j , t)− p(r(µ)

j , t)
]

(4.46)

Solving Eq. 4.46 requires the knowledge of the probabilities {p(r(ν)
j , t)}Nν for

the rest of the sites, since the probability to find a particle in site µ is coupled
to the probabilities of finding the particle at the sites µ−1 or µ+1. The master
equation is very similar to the equations of motions of the linear chain [97,138],
except that in the latter, the atom displacement u is subject to a double
derivative of time whereas for the jump dynamics, there is a single derivative of
time. In both situations, we need to solve a N coupled equations system, which
can be casted, for jump rotations, into a matrix equation of the form [138,139]:

d

dt
Pj(t) = [M]Pj(t) (4.47)

We also adopt the Born-Von Karman cyclic boundary conditions [138], where
the atom position vector satisfies: rµj = rµ+N

j . Pj(t) is a vector whose co-

ordinates are the different probabilities {p(r(ν)
j , t)}Nν of finding the atom j at

the different circle sites, and [M] is the N × N jump matrix. If we restrict
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the the jump to first neighboring sites and we assume that clockwise and anti-
clockwise are equivalent directions so that they are weighted by the same jump
rate, 1/τ , the terms of the jump matrix read as follows [138]:

[M]µν =
1

τ
(δµν+1 + δµν−1 − 2δµν) . (4.48)

The general solution of Eq. 4.47 stems from conventional algebraic methods,
and in particular, from the diagonalization of the jump matrix in the basis set of
its eigenfunctions [137,138]. The similitude between the problem of phonons in
a linear chain of atoms and the jump rotational diffusion between neighboring
sites is useful to find the corresponding eigenvectors and eigenvalues of the
jump matrix [97]:

Pj(t) = [V] [Λ] [V]+ Pj(0)⇒





[V]αµ = exp

(
i
2π

N
αµ)

)

[Λ]µν = eλµtδµν

λµ = −4
1

τ
sin2

( π
N
µ
)
, (4.49)

where [V] is the matrix of the set of eigenvectors, [Λ] is the resulting diagonal
jump matrix and λµ are the corresponding eigenvalues [138]. We easily deduce
the conditioned probability, p(rµj , r

ν
j (0), t), of finding atom j in site µ at time

t if it was lying at site ν at t = 0 by taking the real part of Eq. 4.49:

p(rµj , r
ν
j (0), t) = Re

[
N∑

α=1

exp(λαt) exp

(
i
2π

N
α(µ− ν)

)
p(rνj , 0)

]

=

N∑

α=1

exp(λαt) cos

(
2π

N
α(µ− ν)

)
p(rνj , 0)

(4.50)

The same result is given in Ref. [137] but with a different formulation: it is the
probability that the j atoms reaches site µ after n = t/∆t steps starting from
site ν at t = 0, when the step duration, ∆t, tends to zero (instant jumps) and
all the initial sites are equally probable, p(rνj , 0) = 1/N . The Van Hove self-
correlation function Gs(r

µ
j , t), defined as the probability of finding an atom in

the site µ at time t if it was in the site ν at t = 0, averaged over all the possible
initial site (assuming equal initial probabilities for each one of them) [140] is a
function of the conditioned probability:

Gs(r
µ
j , t) =

1

N

N∑

ν=1

p(rµj , r
ν
j (0), t) =

1

N2

N∑

α=1

exp(λαt) cos

(
2π

N
α(µ− ν)

)

(4.51)
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The ISF is readily find by Fourier transforming in space Eq. 4.51 and reads
[137]:

IQENS,rot(Q, t) =
1

N

N∑

ν=1

p(rNj , r
ν
j (0), t) exp[iQ · (rN − rν)]. (4.52)

As we have done for continuous rotations, the exponential term exp[iQ ·
(rN − rν)] can be expanded according to Eq. 4.23 and integrated over all the
possible orientations of Q in the plane of rotations, yielding a Bessel function
of the first kind and index n = 0. Thus, the theoretical ISF reads:

IQENS,rot(Q, t) =
2π

N

N∑

α=1

Aα(Q) exp(λαt) (4.53)

where the amplitude of each single exponential decay is shown in Fig. 4.8 and
reads:

Aα(Q) =
1

N

N∑

ν=1

J0

[
2Qρ sin

(πν
N

)]
cos

(
2π

N
α(N − ν)

)
. (4.54)

Note that in Ref. [137] the average over all the direction of momentum transfer
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Figure 4.8: Amplitudes of the terms in the summation of the ISF arising from 6-fold
jump rotations.

is performed in three dimension in order to study powder samples. In our
experimental set-up, the polar angle, called β in Ref. [137], is fixed to π/2 (the
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incoming beam of neutrons is parallel to macroscopic surface of the Papyex
substrate). Finally, the Fourier transformation in time of Eq. 4.55, yields the
incoherent rotational SF for jump rotational motion:

SQENS,rot(Q,∆E) =

N∑

α=1

Aα(Q)
~λα

[~λα]2 + (∆E)2
(4.55)

which is a summation of N Lorentzian functions. The last comment is that
in the jump rotational model, the term which does not give any quasi-elastic
contribution is the one related to α = N (see Eq. 4.49). Thus, the effect of
rotations dominates at Q ∼ 1−1, where the amplitude AN reaches its minimum
(see Fig. 4.8)

Model 5 The last model that we propose combines jump rotations with
translations in the high friction regime and producing a Lorentzian shaped
quasi-elastic profile. It reads as follows:

IQENS,model5(Q, t) =
2π

N
AN (Q) exp

[
− t

τT (Q)

]
+

2π

N

N−1∑

α=1

Aα(Q) exp

[(
1

τ(Q)
+

1

τκ

)
t

]

(4.56)
where we replace λ(κ), by its inverse, 1/τκ and 1/τT (Q) represents the time
constant associated to translations. We recall that, in contrast with the previ-
ous models, it is the term corresponding to the index α = N which stands for
the purely translational contribution. The corresponding SF is a summation
of Lorentzian functions:

SQENS,model5(Q,∆E) =
2π

N
AN (Q)

~(1/τT (Q))

[~(1/τ(Q))]2 + (∆E)2
+

2π

N

N−1∑

α=1

Aα(Q)
~(1/τT (Q) + 1/τκ)

[~(1/τT (Q) + 1/τκ)]2 + (∆E)2

(4.57)
The convolution between the resolution function and the theoretical SF func-
tion provides the final fitting function:

Smodel5(Q,∆E) = Sres(Q,∆E)⊗ {y0 +Ael(Q)δ(∆E) +AQENS(Q)SQENS,model6(Q,∆E)} .
(4.58)

One of the weakness of the model is that we do not know how to connect the
translational and the jump rotational times constants, 1/τT (Q) and 1τk respec-
tively. Thus, we need to fix at least one of the variables, according to other
fitting (the Lorentzian broadening extracted from model 3, for instance). The
special fitting parameter of this model is the jump rate, 1/τ which quantifies
the frequency of jumps at a given temperature. It should be Q independent.
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Figure 4.9: Fitting of the 0.5 ML data to model 5. We include the different contribu-
tions: the elastic part given by the convolution of the resolution function to a delta
function centered at ∆E = 0 meV (black dotted line), the total quasi-elastic profile
(green solid line) and the total function (grey solid line). We plot the model and the
data at low Q value, 0.5 Å−1 in the left panel and at high Q value in the right panel.

Dicussion of models 3, 4 and 5 We discuss now the results of the fitting
of the three precedent models. Fig. 4.10 compares the fitting to the models 3,
4, 5 and 6 of the 0.1 ML and 1.0 ML data at140K and for two values of the
momentum transfer: 0.5 Å−1 and 0.95 Å−1. We recall that at the latter value
for the momentum transfer, the effect of translations appears only convoluted
with the quasi-elastic profile of translations. The 0.1 ML energy profile can
be fitted with the four models, even though at high Q models 3 and 6 fit
better the low energy transfer range. On the contrary, in the 1.0 ML data
the differences between models are more pronounced. Model 4 nor 5 provide
a good fitted profile. The deviation between the fitted and the experimental
profile are visible at high Q. On the other hand, models 3 and 6 seem better
suited and give rise to a very similar fitted profile. The 0.5 ML data are also
displayed and fitted to the theoretical models in Figs. 4.6 and 4.9. By far,
the best fitting is achieved with models 3 and 6. Thus, in the medium/high
coverage regime, rotational motion is better accounted with Lorentzian rather
than with Gaussian shaped profiles.

Fig. 4.11 summarizes the fitting results for 0.1 ML and 1.0 ML in the
thermal range from 60K to 140K. At low temperature, the 0.1 ML data can not
be fitted by model 3. But its shape is still ambiguous and only the dependence
of the fitted parameters with the momentum transfer can determinate the best
model. The 1.0 ML data, displays mainly a Lorentzian line shape and model
3 and 6 give a better fit than models 4 and 5. In conclusion, the rotational
and the translational scattering functions in the high coverage regime display
a Lorentzian profile.
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Figure 4.10: Fitting of the experimental data of 0.1 ML, 0.2 ML and 1.0 ML h-benzene
coverage at low Q (top) and high Q (bottom) value with models 3, 4 and 5.
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Table 4.3: Goodness of the fit , χ2 parameter divided by the number of fitted points,
resulting from the fitting of all the data set at 140 K to models 3, 4 and 5.

Q=0.5 Å−1 Q=0.95 Å−1

Model 3 Model 4 Model 5 Model 3 Model 4 Model 5

0.1 ML 3.07 2.91 2.62 2.19 3.62 2.79
0.2 ML 2.67 7.40 4.45 3.57 10.33 6.88
0.5 ML 5.95 41.64 7.86 7.37 42.14 32.27
1.0 ML 8.19 62.21 11.82 10.35 78.38 33.47

Table 4.4: Goodness of the fit , χ2 parameter divided by the number of fitted points,
resulting from the fitting of 0.1 ML and 0.2 ML coverages in the whole thermal range
to models 3, 4 and 5 for Q = 0.95 Å−1.

0.1 ML 0.2 ML
Model 3 Model 4 Model 5 Model 3 Model 4 Model 5

60 K 2.20 2.53 2.35 3.04 4.96 4.12
100 K 2.52 2.93 2.59 4.33 10.46 7.41
140 K 2.19 3.62 2.79 3.57 10.33 6.88

To sum up, we observe that the addition of a rotational contribution has
improved the fitting results at medium and high coverage. This result is in
contrast with the study on deuterated benzene reported in Ref. [45], where a
single exponential decay gave a good fitting of the 0.5 ML data. Furthermore,
their quasi-elastic profiles have a marked Lorentzian character. The question
is now wether rotations are performed in a continuous or in a jump stepwise
fashion. The analysis of the fitted parameters, the HWHM of the translational
term and the jump rate will help to elucidate which is the most realistic de-
scription The low coverage data display an ambiguous profile and could already
be fitted with a single quasi-elastic profile. All the models except model 3 at
low temperatures give a reasonable fit. Hence, we should analyze the fitted
parameters in order to decide which is the best theoretical description. On the
contrary,
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Figure 4.11: Fitting of the experimental data of 0.1 ML (upper, 0.2 ML (middle) and
1.0 ML (lower) h-benzene coverage at Q = 0.95−1 with model 3, 4 and 5.
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Table 4.5: Goodness of the fit , χ2 parameter divided by the number of fitted points,
resulting from the fitting of 1.0 ML in the whole thermal range to models 3, 4 and 5
for Q = 0.95 Å−1.

1.0 ML
Model 3 Model 4 Model 5

60 K 4.05 6.19 8.84
100 K 5.89 35.08 28.19
140 K 10.35 78.38 33.47

4.4 Experimental data of d-benzene, C6D6, on graphite:
coherent scattering

The fitting of the d-benzene data provides a complementary perspective to the
analysis and interpretation of h-benzene data. We have already stress that
coherent scattering is sensitive to the relative motion of molecules. In the
situations where no correlated motion exists, the coherent and the incoherent
scattering functions are identical [75]. But the existence of correlations intro-
duces differences between the coherent and the incoherent scattering [75]. As
we have already mentioned, the incoherent scattering models can be applied for
the analysis of coherent scattering provided some approximations are done [1].
One of the most useful tools was developed by George Vineyard in Ref. [99]. It
allows to relate the coherent and the incoherent scattering function on the basis
convolution approximation [99]. It consist in writing the Van Hove correlation
function G(r) as the convolution of the radial density function g(r) with the
self-correlation function Gs(r) [99]. However, this approximation holds for the
low coverage regime and its application in the high coverage regime remains
uncertain. One of the most striking differences between the coherent and the
incoherent data appears in the sensitivity to jump diffusion.

The jump diffusion model according to coherent scattering Coherent
scattering does not follows the jump of single atoms, as incoherent scattering
does. Hence, we need dynamical variables assigned to the collection of atoms
and standing for the molecule: these are the so-called configurations developed
by G. Coddens in Refs. [97, 141, 142]. For instance, the configuration of a
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molecule in the µ-th orientation is defined in the reciprocal space:

Fµ(Q, t) =
1√
N

exp (iQ ·R(t))
N∑

j

exp
[
iQ · r(µ)

j (t)
]
, (4.59)

where the index j runs over all the atoms in the molecule, and the position
of the atoms has been split into the position of the molecule’s center of mass
(CoM), R and the atomistic positions with respect to the CoM frame, r(µ)

j .
We do not include the scattering length b in contrast with the cited Refs. to
preserve the scattering function free of the neutron-matter interaction effects.
Note as well that in the case of independent molecules performing reorienta-
tions, configuration is equivalent to orientation [141]. The coherent intermedi-
ate scattering function can be written in terms of the configurations:

Icoh(Q, t) =
1

n

∑

νµ

F∗ν (Q)pν(0)P (µ, ν(0), t)Fµ(Q) (4.60)

where P (µ, ν(0), t) is the probability of finding the molecule in the µ-th orien-
tation at time t, provided it was at the ν-th orientation at t = 0. The initial
orientations are weighted by the probabilities pν(0), and n are the different ori-
entations amongst which the molecule can lie. The case of benzene undergoing
60 degrees jump rotations is easily tractable within this framework. First of
all, we note that a π/3 rotation does not change the benzene molecule orien-
tation: the position of the atoms in the molecule and the configurations fulfill
the following relation,

rµ+1
j = rµj−1 ⇒ Fµ+1(Q) =




N∑

j

exp
(
iQ · rµ+1

j

)

 =




N∑

j

exp
(
iQ · rµj−1

)

 ,

(4.61)
Thus, the effect of the jump rotation in the configuration is invisible because
we can rename the indexes j′ = j − 1 (see Fig. 4.12) obtaining:

Fµ+1(Q) =




N∑

j′

exp
(
iQ · rµj′

)

 = Fµ(Q). (4.62)

As we did for the incoherent jump rotation, we can define a master equation
which governs the dependence with time of finding the benzene molecule on the
orientation/configuration µ [97, 141, 142]. However, if benzene is constrained
to perform six-fold rotations, it always lies in the same configuration: pµ =

pµ+1 = · · · = pµ+N . The master equation is equal to zero:

∂

∂t
pµ(t) =

∑

ν

1

τµν
[pν(t)− pµ(t)] = 0⇒ pµ = 1, (4.63)
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!rj

µ µ + 1

=

µ

!rj−1

!rj

!rj−1 !rj′
!rj′+1

N-fold 

rotation

j′ = j − 1

!rj′−1

Figure 4.12: Effect of a N -fold rotation on a molecule with a N -fold symmetry axis
on the configuration Fcµ . We can see that the equivalence between configurations is
easily recovered after a N -fold rotation by relabeling the j indexes of the atoms.

and we deduce that {pµ} are all constants equal to the unity. Consequently
the conditioned probability in Eq. 4.60 is constant and equals 1, and the co-
herent ISF is constant as well and equals unity. The corresponding scattering
function is a delta function of the energy δ(∆E). In conclusion, coherent scat-
tering is not able to record motions in which the initial and the final state
(configurations or orientations in that case) are preserved. This applies to the
case of benzene molecule when it performs a jump of n2π/6, n being an in-
teger. Conversely, reorientations of 2π/n6 would be visible, since in that case
the orientation of the molecule changes and, hence, the initial and the final
configurations are not the same.

Fig. 4.13 plots the data of 0.5 ML and 0.9 ML of d-benzene for 140K
together with the fitting resulting from models 1 to 5 at 140K and for values of
the momentum transfer of 0.5 Å−1 and 0.95 Å−1. We do no longer consider the
jump rotation model for six-fold rotation, since the coherent scattering function
is unsensitive. First of all, we can discard the Gaussian models 2 and 4, since
the profile for both coverages is closer to a Lorentzian shape than to a Gaussian
profile. The mismatch is clearly seen at Q = 0.95 Å−1. In addition, we observe
that the model 1 delivers a fitted profile which clearly diverges from the 0.9 ML
data at high Q. Hence, these models which combine translations and rotations
are better suited for the high coverage data . Conversely, the 0.5 ML data is
fitted by all the Lorentzian models, which provide very similar fitted profiles.
Fig. 4.14 shows the fitting of the 0.9 ML at three temperatures: 60K, 100K and
140K. In the low momentum transfer range (upper panel), all the models give
rise to the same fitted energy profile. But at high Q values the experimental
profile displays a clear Lorentzian profile. However we observe that at low
temperatures, 60K, all the fitted profiles are very similar. In that case, the
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Figure 4.13: Fitting of the experimental data of 0.5 ML (left) and 0.9 ML (right)
d-benzene at 140K with models 1 to 4, for two values of the momentum transfer:
Q = 0.5 Å−1 (top) and Q = 0.95 Å−1 (bottom).
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Table 4.6: Goodness of the fit , χ2 parameter divided by the number of fitted points,
resulting from the fitting of all the deuterated benzene data set at 140 K to models
1, 2, 3 and 4.

Q=0.5 Å−1 Q=0.95 Å−1

Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

0.5 ML 4.77 13.99 4.23 6.92 4.02 6.12 2.43 5.69
0.9 ML 5.84 12.81 4.85 11.23 7.74 17.51 6.88 21.66

quasi-elastic profile is very close to the resolution function. Furthermore the
scattered signal is severely reduced because of the low scattering cross section
of deuterated benzene. Hence it is difficult to decide which is the most accurate
model.
In conclusion, we observe that the deuterated benzene quasi-elastic profile

Table 4.7: Goodness of the fit , χ2 parameter divided by the number of fitted points,
resulting from the fitting of all the deuterated benzene data set at 140 K to models
1, 2, 3 and 4.

Q=0.5 Å−1 Q=0.95 Å−1

Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

60 K 3.12 4.18 2.99 3.62 4.49 7.75 4.23 9.35
100 K 3.81 5.70 3.54 4.68 5.03 11.82 4.58 14.67
140 K 5.84 12.81 4.85 11.23 7.74 17.51 6.88 21.66

have a Lorentzian shape. This is similar to the quasi-elastic scattering function
of hydrogenated benzene. On the other hand, the 0.9 ML data can not be
fitted with a single Lorentzian function, which indicates that molecules undergo
rotations. However, coherent scattering can only see continuous rotations or
jump rotations of 2π/nN degrees, with n > 1. Thus six-fold reorientations are
hidden by the symmetry of the molecule. Conversely the 0.5 ML data can be
fitted with all the Lorentzian models, and only the shape of the quasi-elastic
broadening with the momentum transfer holds the key for the interpretation
of the experimental data. The very low coverage remains unknown since the
small scattering cross-section of the d-benzene adsorbed layer prevents us to
go further down to 0.1 ML. In what concerns the thermal dependence of the
0.9 ML d-benzene data, all the models converge at low temperature. But the
interpretation of the fitted profiles is not easy since the quasi-elastic signal is
very close to the resolution function width and its signal is weak.
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Figure 4.14: Fitting of the experimental data of 0.9 ML d-benzene at 60K, 100K and
140K with model 1 to 4. The upper panel groups the low Q value spectra while the
bottom panel shows the high Q data spectra.
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4.5 Conclusion

In this chapter we have reviewed 6 possible models to fit the quasi-elastic pro-
files arising from the diffusion of hydrogenated or deuterated benzene molecules.
The discussion is restricted to the energy profiles without entering in the detail
of the fitted parameters. We observe that the shape of the quasi-elastic profile
is sensitive to coverage. The low coverage data can be fitted with a Lorentzian
or a Gaussian function and the resulting fitted profiles are very similar. Con-
versely the medium-high coverage display a clear Lorentzian shaped profile.
Furthermore, the models which include the effect of rotations (the addition of
quasi-elastic lines) provide a better fit, than those which consist in a single
quasi-elastic profile. This is in marked contrast with what was found for the
diffusion of the deuterated benzene and the hydrogenated benzene measure
in the Helium spin-echo as reported in Ref. [45]. The last important point is
that coherent scattering is not sensitive to six-fold jump rotations, because of
the symmetry of the benzene molecules. Thus, if rotations are detected in the
coherent data, they should be continuous or jump wise provided that the angle
of rotation is of 2π/nN degrees, with n > 1.

In the following chapter we concentrate in the physical interpretation of
the fitting results. The fitted parameters are discussed in detail. In partic-
ular we will study the quasi-elastic broadening since its dependence with the
momentum transfer bears the signature of the diffusive process. In addition,
the comparison of the h-benzene and d-benzene analysis brings enlightening
perspectives on the identification of continuous or jump rotations.





Chapter 5

Results and discussions of the
experimental data analysis

The previous chapter describes the fitting of the data set to a collection of
models addressing the question of the diffusive behavior of benzene molecules
adsorbed flat on the basal plane of graphite substrates. We test from very sim-
ple models describing single diffusive processes, to more complex theoretical
approaches which combine molecular translations and rotations. We observe
important changes in the diffusive behavior related to the coverage and the
temperature. Furthermore, the addition of a rotational part seems to improve
the fitting quality. In this chapter we summarize the resulting parameters from
the fitting of the experimental data set. We discuss in detail the dependence
of the quasi-elastic broadening on the momentum transfer deduced from the
fit of the data to each model because it is the experimental fingerprint of the
molecular diffusive regime on the surface. We will also see that its dependence
on the temperature and the coverage allows to identify the main physical mech-
anisms governing the diffusive process.

In the first section of the chapter we review all the models, emphasizing the
expected behavior of the quasi-elastic broadening with the momentum trans-
fer. In the second section the fitted parameters for the hydrogenated benzene
are displayed and described. The final section concerns the fitting results of
deuterated benzene data. It includes a comparison between the physical infor-
mation extracted from the hydrogenated (incoherent), the deuterated (namely
coherent at low Q values) benzene scattering and the spin-echo results reported
in Ref. [45].
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5.1 Summary of the previous models

Theoretical models predict he dependence of the quasi-elastic energy profile
and the quasi-elastic broadening on the momentum transfer, according to the
atomistic dynamics which characterizes a given diffusive regime. Tab. 5.1 sum-
marizes the models under consideration for the analysis of the experimental
data on benzene diffusion on the graphite basal plane, emphasizing the shape
of the quasi-elastic energy profile and the expected dependence of its HWHM,
the so-called quasi-elastic broadening, on the momentum transfer Q and tem-
perature T . Remember that the theoretical lineshapes should be convoluted
to the instrumental resolution function in order to fit the experimental data.
The resolution function is, in our case, the set of spectra measured at 2 K.

Table 5.1: Summary of the previous models.

Model: theoretical quasi-elastic SF Characteristic QENS broadening depen-
dence on Q, T and θ

Diffusive processes and physical information
extracted from the fitting

Model 1: single Lorentzian function, L(Q,∆E)

~
τ T

(Q, T ) = ~DT (T )Q
2

Brownian motion: random and continuous
walk of the molecules on the substrate. We
can extract the diffusion coefficient Dt(T, θ)
which depends on the temperature, T . It is
related to the friction parameter, η, through
the Einstein relation: D(T ) =

kbT

mη
. m is

the mass of the molecule. If the friction
is related to phonons or electron/hole pair
creation and annihilation, phononic friction
ηph and electronic friction ηel respectively,
then it is temperature and coverage indepen-
dent [143]. Conversely, if it is collisional fric-
tion it follows a square root of temperature
and it is proportional to the density of ad-
sorbed particles (coverage) [2, 103].

Model 2: single Gaussian function, G(Q,∆E)

ΓT (Q, T ) =
√

2 ln 2
〈
v2
〉
Q

Ballistic motion: rectilinear and uniform mo-
tion of the adsorbates on the substrate. We
can extract the mean square velocity

〈
v2
〉

of the adsorbates, which is a function of
temperature T and can be calculated via
the equipartition theorem:

〈
v2
〉

=
2kBT
m

,
where m is the mass of the molecule.
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Model 3: infinite summation of Lorentzian

functions weighted by Bessel functions:

of the first kind:

S(Q,∆E) = J
2
0 (Qρ)L0(Q,∆E)

+ 2
∞∑
n=1

J
2
n(Qρ)Ln(Q,∆E).

Translational quasi-elastic broadening,

(term in the SF with index n = 0) :

~
τ T

(Q, T ) = ~DT (T )Q
2
.

Rotational quasi-elastic broadening:

~
τn

(T ) = ~DR(T )n
2
.

Total quasi-elastic broadening of the

terms in the SF with index n ≥ 1 :

~
τ T

+
~
τn

= ~(DT (T )Q
2

+DR(T )n
2
).

Combination of brownian translations and
brownian uniaxial rotations. We can ex-
tract the translational DT and rotational
DR diffusion coefficients. They are related
to the translational ηT and rotational ηR
friction parameters by the Einstein relation:
DT (T ) =

kbT

mηT
or its equivalent relation for

rotations: DR(T ) =
kbT

IηR
. m is the mass of

the molecule and I is its moment of inertia.
The translational and rotational friction pa-
rameters can be related in the frame of the
collision model (see Eq. 4.38 in Chap. 4).
In that case, the friction parameters depend
on temperature and coverage. If friction
comes from an alternative source to colli-
sions, like the electronic or the phononic fric-
tion, we simply assume that the rotational
and the rotational friction parameters are
equal, ηT = ηR. In addition the phononic
and the electronic friction parameters are
temperature and coverage independent

Model 4: infinite summation of Gaussian

functions weighted by Bessel functions:

of the first kind:

S(Q,∆E) = J
2
0 (Qρ)G0(Q,∆E)

+ 2
∞∑
n=1

J
2
n(Qρ)Gn(Q,∆E)

Translational quasi-elastic broadening,

(term in the SF with index n = 0) :

Γ(Q, T )trans =
√

2 ln 2
〈
v2
〉
Q

Rotational quasi-elastic broadening:

Γn,R(T ) =
√

2 ln 2
〈
ω2
〉
n

Total quasi-elastic broadening of the

terms in the SF with index n ≥ 1 :

Γn =
√

2 ln 2(
〈
v2
〉
Q2 + 2

〈
ω2
〉
n2)

Ballistic translations and ballistic uniaxial
rotations. We can extract the mean square
velocity,

〈
v2
〉
, and the mean square angu-

lar velocity,
〈
ω2
〉
which are functions of the

temperature T . We can estimate their the-
oretical value via the equipartition theorem:〈
v2
〉

=
2kBT
m

,
〈
ω2
〉

=
kBT
I
⇒

〈
ω2
〉

=〈
v2
〉

ρ2

Model 5: single Lorentzian function

for translations combined with

jump model for six-fold reorientations

S(Q,∆E) = AN=6(Qρ)Ltrans(Q,∆E)

+
5∑

n=1

AnLn(Q,∆E)

Translational quasi-elastic broadening,

(term in the SF with index n = N) :

~
τ T

(Q, T ) = ~DT (T, θ)Q
2

Rotational quasi-elastic broadening,

~
τk

= 4
~
τ

(T ) sin
2
(
π

N
k

)
Total quasi-elastic broadening of the

terms in the SF with index n = 1, . . . , 5 :

~
τ T

+
~
τk

= ~
[
DTQ

2
+ 4

~
τ

sin
2
(
π

N
k

)]

Brownian continuous translations and six
fold jump rotation. From the translational
component (index n=N), we can extract
the translational diffusion coefficient and the
corresponding friction parameter. From the
rotational terms, we can extract the jump
rate 1/τ(T ) for reorientations. Since jump
rotations are an activated process, the jump
rate should follow an Arrhenius law of tem-
perature. Conversely, it should be Q inde-
pendent.

In general terms, all the models make use of Lorentzian and Gaussian
shaped profiles to describe the quasi-elastic energy profile related to the dif-
fusive regime of molecules on the surface. We can establish very general laws
governing the dependence of the quasi-elastic broadening with the momentum
transfer. For models consisting in a single quasi-elastic line (model 1 and 2),
the HWHM of the Lorentzian profiles follows a quadratic law of the momen-
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tum transfer while the Gaussian HWHM is linear with Q. Models made of a
summation of functions, due to the introduction of a rotational part, should be
separated into two parts. The purely translational part corresponds to the ele-
ment in the summation whose index is n = 0. Its HWHM will display the same
momentum transfer dependence than for the single quasi-elastic line models: a
quadratic law of Q if the quasi-elastic line is a Lorentzian function or a linear
law of Q if it is Gaussian shaped. Conversely, the terms in the summation of
Lorentzian, or Gaussian functions indexed with n > 1 and standing for the
rotational part of the SF, are characterized by a Q independent HWHM. The
HWHM of the total rotational quasi-elastic profile depends on Q, but we can
not establish an analytical formulation for it, since the HWHM of a summation
of functions is not well defined. Furthermore, its Q dependence comes mainly
from the Bessel functions weighting each term of the summation [132].

The friction parameter Friction is the key parameter determining the di-
vision between ballistic and diffusive regimes in the Brownian model. We re-
call that Brownian particles undergo ballistic motion (rectilinear and uniform
displacements or the equivalent for rotations) in the lapse of time between col-
lisions. Hence, friction is a measure of the frequency of collisions. In the very
low friction regime, collisions are rare. The mean free path where particles
show a ballistic diffusion increases and it is clearly visible in the time/energy
window probed by neutron or helium time of flight spectroscopy techniques.
In particular, the mean square displacement of the molecules on the substrate
grows quadratic with time. Conversely, in the high friction regime, collisions
are very frequent and the mean free path reduces dramatically. This is the
so-called diffusive regime, characterized by a mean square displacement of the
molecules on the substrate linear with time. A precision is important at this
stage: collisions are not restricted to adsorbate-adsorbate instantaneous in-
teractions (this is the so-called collisional friction), but can happen between
adsorbates and phonons on the substrate leading to phonon creation and an-
nihilation, phononic friction [144] or between adsorbates and electrons of the
substrate exciting electron-hole pairs, electronic friction [11]. In other words,
there exists different sources of friction (comlicating the diffusive process),
and each kind displays a characteristic dependence on temperature and some-
times on coverage too. In particular, phononic and electronic friction should
not display any dependence with coverage nor with temperature [143]. On the
contrary, collisional friction strongly depends on these two parameters [57] (see
Eqs. 4.38 of Chap. 4). Phononic and electronic friction arise from the interac-
tion between the adsorbate and the substrate, while collisional friction is due to
adsorbate-adsorbate interaction. The temperature independence of phononic
friction holds when the vibration frequency of the adsorbate on the adsorption
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site, ω0, is small with respect to the Debye frequency ωD [143]. In a similar
way, electronic friction is temperature independent if ω0 is small if compare
with the Fermi energy [143]. The small-amplitude frequency of the benzene at
the adsorption site is related to the height of the potential energy surface, U0

at the adsorption site and can be approximated by ω0 ' (2π/a)
√
U0/m [143],

where a is the graphite lattice constant, 2.45 Å for graphite [145], and m is
the mass of the adsorbate. The graphite surface corrugation is estimated of
17 meV [45], delivering a small amplitude frequency of benzene of the order
of 3.72×1012s−1 or in terms of energy of 0.24 meV. Thus, the conditions for
the thermal independence of electronic and phononic friction are satisfied since
the very high Debye temperature of the basal plane of graphite, 1400 K [116]
yields a Debye frequency of 120 meV and the Fermi level of graphite is found
at 8.6 eV [146]. In addition, we can roughly estimate the phononic friction of
graphite damping the small oscillations of a benzene molecule [143]:

ηph = 0.12
m

ρ

(
ω0

CT

)2

ω0 (5.1)

where ρ is the density of the adsorbate (2.267×103 kg.m−3 for graphite), CT
is the transversal velocity of sound, which in the [0001] basal plane is of
4040 m.s−1 (estimated from the elastic constant C33 = 3.71 × 1011 dyn.cm−2

Ref. [118], CT =
√
C33/ρ). The resulting phononic friction is 1.98×1010 s−1.

Thus, the analysis of the results arising from data at different coverages and
temperatures provides enlightening information to identify the main source of
friction in the system of benzene adsorbed on the graphite basal plane.

Free parameters in the different models One of the problems that mod-
els combining translations and rotations encounter is the multiplication of free
variables to fit. We have already stressed in the previous chapter the need
of theoretical tools to link the translational and the rotational quasi-elastic
broadening. However, each model is related to a defined diffusive regime and
the linking should be done accordingly. In the case of model 3, the connexion
between the translational and the rotational quasi-elastic broadening is based
on the relation between the translational and the rotational friction parame-
ters. The collision model provides the theoretical frame to interrelate ηT and
ηR [103,136,147] as it is seen in Eq. 4.38 of Chap. 4. Eventually, we reduce the
two-folded quasi-elastic broadening to a single quasi-elastic broadening which
integrates the contribution of translational and rotational friction (see Eq. 4.39
of Chap. 4 ). On the other hand, if friction has a phononic or electronic nature,
we simply assume that the translational and the rotational friction parameters
are equal. In model 4 we can easily connect the mean square velocity and
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the mean square angular velocities thanks to the equipartition theorem (see
Eq. 4.44 of Chap 4). Thus, we deduce a total quasi-elastic broadening which
depends only on the mean square velocity (see Eq. 4.45). Finally, model 5 is
the most difficult model to handle since we ignorate any possible link between
the jump rate for the six-fold reorientations and the translational diffusion co-
efficient. Thus, we take the values of the translational quasi-elastic broadening
extracted from model 3 and we leave as free parameter the jump rate. This is
the only way to obtain a stable fit with this model.

To conclude, the fitting of the experimental data to the different models
listed in Tab. 5.1 allows to extract valuable information about the diffusive
process. In particular, the dependence of the quasi-elastic broadening on the
momentum transfer allows to identify the diffusive regime of the molecules
adsorbed on the graphite. We can also deduce the friction parameter, linked
to one or more possible sources (electrons, phonons or adsorbates). In the
following sections we will compare the output of the different models for the
hydrogenated and deuterated benzene, discussing the similarities and diver-
gences of the extracted parameters. This is essential to decide which model
suits better the benzene diffusive behavior under different coverage and thermal
regimes.

5.2 Hydrogenated benzene

All the theoretical models contain parameters which are not exclusively related
to the diffusive regime of the molecule. We recall that the general form of the
fitting function is lenghtly discussed in Sec. 4.2 of Chap. 4 and is defined in
Eq. 4.5. Here we write a very schematic formulation of the fitting function in
use:

Sfit(Q,∆E) = Sres(Q,∆E)⊗ [y0 +Ael(Q)δ(∆E) +AQENS(Q)SQENS(Q,∆E)].

This is the convolution between the experimental resolution function Sres(Q,∆E),
measured for every coverage at 2K, and a theoretical function. The latter con-
sists in the summation of various terms like a flat background stemming from
the surface phonons whose characteristic frequency falls out of the dynamical
range, an elastic part arising namely from the atoms of carbon in the substrate
and a quasi-elastic part coming from the adsorbed layer. SQENS(Q,∆E) cor-
responds to the quasi-elastic line which has been modeled according to the
diffusive regime of the benzene molecules (see the different theoretical line
shapes in Tab. 5.1). The elastic intensity corresponds to the ratio elastic/total
scattered intensity. It is, thus, directly related to the amount of graphite atoms
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NG (which are the elastic scatterers in the system) with respect to the total
number of atoms in the system NG + NC6H6 , where NC6H6 is the number of
atoms belonging to the adsorbed layer. Hence the elastic amplitude displays
a dependence on coverage since Ael ∝ NG/(NG +NC6H6) and NC6H6 depends
on the coverage θ: θ = NC6H6AC6H6/Aeff (where AC6H6 is the experimental
area of a benzene molecule lying flat on graphite, 36.7 Å, and Aeff is the ef-
fective surface area for adsorption for Papyex exfoliated graphite, 25.5 m2/g).
Inversely, the quasi-elastic amplitude is linked to the ratio quasi-elastic/total
scattered intensity and, hence AQENS ∝ NC6H6/(NG+NC6H6). Its dependence
on Q can be viewed more as an inverse mirror of the decaying of the elastic
amplitude with the momentum transfer rather than a characteristic feature of
the diffusive regime. No particular physical information on diffusion can be
extracted from both amplitudes, nor from the flat background.

5.2.1 The common fitted parameters: amplitudes and back-
ground

Fig. 5.1 summarizes the elastic, quasi-elastic amplitudes and the background
for the 0.1 ML and the 1.0 ML data, resulting from the fitting of all the mod-
els. In general terms, the fitting to Lorentzian shaped models gives very similar
fitted parameters, while the Gaussian profile models 2 and 4 give slightly dif-
ferent values, especially for the high coverage data. We also observe that the
low coverage fitted parameters display smaller values for the quasi-elastic and
the offset parameters than the 1.0 ML fitted parameters. This is due to the
smaller cross-section of the adsorbed layer of the 0.1 ML sample if compared
with the 1.0 ML adsorbed layer cross-section (there are ten times more ben-
zene molecules in the latter than in the former sample). Conversely, the elastic
amplitude of 0.1 ML remains closer to the unity, since the realteive amount of
graphite with respect to the quantity of adsorbed molecules is very high and
elastic intensity constitute the major part of the scattered intensity. In terms
of coverage, the low coverage data shows very similar fitted parameters result-
ing from the fitting of the different models. The most sensitive parameter to
the different models is, logically, the quasi-elastic amplitude, but it does not
show a particular trend with Gaussian or Lorentzian shape models. This is
congruent with the results of the previous chapter, where we found that the
energy profile could be fitted with almost all the models. In contrast, for the
1.0ML, the models made of Gaussian functions (models 2 and 4) provide fitted
parameters which differs from the general trend. These results were expected
since we saw in the previous chapter that the energy profile of the medium-high
coverage data is markedly Lorentzian shaped. Hence, we shall retain only the
results extracted from models 1, 3, and 5 which consist in a single or summa-
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tion of Lorentzian functions.
Finally, note that the summation of the elastic, quasi-elastic amplitudes and
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Figure 5.1: Fitted parameters extracted from the application of models 1 to 6 to the
0.1 ML (left) and the 1.0 ML (right) data. Top panel: elastic amplitudes. We also
include the theoretical graphite Debye-Waller factor. Medium panel: quasi-elastic
amplitude. Bottom panel: background.

the offset is not equal to unity. This is because, the experimental spectra and
the experimental resolution function have been normalized to the incoming
flux of neutrons and the vanadium scattering function (which provides the ini-
tial neutron energy distribution arising from the instrument scattering). Thus,
S(Q,∆E = 0) 6= 1, but it can be easily verify that the summation of all the
parameters, multiplied to the intensity of the experimental resolution function
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delivers the experimental intensity of the SF at ∆E = 0.

5.2.2 The quasi-elastic broadening

In this section we discuss the quasi-elastic broadenings obtained with the fitting
to the different models of the hydrogenated benzene scattering function. We
recall that the quasi-elastic broadening, allows to identify the diffusive regime
taking place in the system: Its dependence with the momentum transfer is
the experimental signature of the molecule’s diffusive behavior. Furthermore,
we can extract valuable information such as the diffusion coefficients and the
friction parameters, yielding an understanding of the physical mechanism un-
derlying the diffusive behavior of the molecules within the adsorbed layer.

Each theoretical model predicts two important features of the quasi-elastic
scattering function SQENS(Q,∆E): the energy profile and the dependence of
the HWHM of such energy profile, the so-called quasi-elastic broadening, on
the momentum transfer. Both features never appear separately since they
reveal the dynamics at the atomic level characterizing each diffusive regime.
Both of them should be fulfilled by the experimental data which display the
typical signature of a given diffusive regime.

Comparison between the different models

Figs. 5.2 and 5.3 summarize the quasi-elastic broadenings related to trans-
lations extracted from the fitting to all the theoretical models for the low
coverage (0.1 ML and 0.2 ML) and the high coverage (0.5 ML and 1.0 ML)
data at 140K. In the case of simple models such as model 1 and 2 the trans-
lational quasi-elastic broadening is directly the HWHM of the Lorentzian or
the Gaussian function respectively. For models 3 and 4 involving a summation
of quasi-elastic lines, the translational quasi-elastic broadening corresponds to
the HWHM of the term indexed with n = 0. In the case of low coverage data
(see left panel of Fig. 5.2), the Gaussian models, 2 and 4, provide linear quasi-
elastic broadenings for the 0.1 ML data in the range of momentum below 1Å−1,
while the quasi-elastic broadenings extracted from Lorentzian shaped models,
1 and 3 (or equivalently 5, where we fix the HWHM of the n = N term to
the model 3 fitted result), do not follow the expected quadratic law of Q.
This difference suggest that molecules undergo ballistic diffusion in this low
coverage regime. On the other hand, the right panel of Fig. 5.2 displays the
translational quasi-elastic broadenings extracted from the fitting of the 0.2 ML
data. The quasi-elastic broadenings for the Gaussian models 2 and 4 behave as
predicted theoretically (linear with Q) but the results of the fittings show that
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the quasi-elastic energy profile presents a rather Lorentzian shape: the good-
ness of the fit parameter, χ2, for model 2 (single Gaussian function), 21.86, is
almost the double than the χ2 related to model 1 (single Lorentzian function)
of 12.22 at 140K for a value of Q = 1.4Å−1 (see Tab. 4.1 in Chap. 4). An im-
portant difference is also found between the χ2 characterizing model 3 fitting,
3.57, versus the one arising from model 4 fitting, 10.33 for Q = 0.95 Å−1 at
140 K (see 4.3). On the other hand, the Lorentzian models 1 and 3 display a
quadratic law of Q in a narrow range of the momentum transfer between 0.5
Å−1 and 1.5 Å−1. Important deviations are observable below and above this
window. At low Q deviations can be attributed to the poor quasi-elastic signal
(the scattering intensity is dominated by the graphite scattering, see Fig. 5.1).
Conversely, at high Q, the deviations from the quadratic law can be due to the
raising of the scattering signal related to rotations, while simultaneously the
intensity of translations is significantly reduced (we recall that in model 3, the
intensity of the translational term, with index n = 0, is weighted by a Bessel
function of the first kind and order n = 0). The results for the 0.5 ML and 1.0
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Figure 5.2: Quasi-elastic broadening extracted from the fitting of the experimental
data for all the coverages to the theoretical model at 140K. We have included guides to
the eye to underline the linear or quadratic dependence of the quasi-elastic broadening
on the momentum transfer.

ML data can be found in Fig. 5.3. We only display the quasi-elastic broad-
ening of the Lorentzian shaped models, since we have already seen that their
quasi-elastic energy profile has a marked Lorentzian character. As it happens
with the 0.2 ML, the quasi-elastic broadenings only satisfies the quadratic law
of Q in the range of momentum transfer spanning from 0.5 Å−1 and 1.5 Å−1.
However, we observe that the high Q range values for the quasi-elastic broad-
ening, especially for the 1.0 ML, seems to follow a quadratic different law with
a lower diffusion coefficient. But this can be simply an effect of the rotational
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quasi-elastic broadening becoming very important at this range of Q values
(remember that at Q > 1 Å−1 we probe distances comparable with the size of
the benzene molecule). To finish with the comparison between models, we wish
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Figure 5.3: Quasi-elastic broadening extracted from the fitting of the experimental
data for all the coverages to the theoretical model at 140K. We have included guides to
the eye to underline the linear or quadratic dependence of the quasi-elastic broadening
on the momentum transfer.

to comment the differences between the quasi-elastic broadenings arising from
single quasi-elastic and multiple quasi-elastic profiles models. In general terms,
the quasi-elastic broadenings of model 1 and 2 display higher values than for
models 3 or 4. In the former models there is a single quasi-elastic line and the
quasi-elastic broadening is the HWHM of the total quasi-elastic energy profile
of the scattering function (see Figs. 4.1, for instance). Conversely, models 3
and 4 are made of a summation of Lorentzian and Gaussian functions arising
from the separation between translational and rotational motion (see Eq. 4.21
in the previous chapter). What we call the translational quasi-elastic broad-
ening is the HWHM of the term in the summation with index n = 0, and it
only contains a portion of the total HWHM observable in the SF. Accordingly,
its values should be much smaller than the ones arising from models where a
single quasi-elatic line is considered.

Dependence on coverage

We have already seen when comparing the different models, that there are
significant changes of the diffusive regime with the coverage. In this section
we fit the quasi-elastic broadenings to the theoretical dependence with the
momentum transfer established by each model. We expect to obtain valuable
information about the diffusion process, like the mean square velocity of the
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molecules for the very low coverage sample, where ballistic motion is observed,
or the friction parameter for higher coverage samples.

We display in the left panel of Fig. 5.4 the translational quasi-elastic broad-
enings (the HWHM of the Gaussian function for model 2 or the HWHM of the
Gaussian function with index n = 0 for model 4) extracted from the fitting of
the 0.1 ML scattering function to models 2 and 4. In the right panel of the
same figure, we show the rotational quasi-elastic broadening (the HWHM of
the Gaussian function with index n = 1) arising from the fitting of the 0.2 ML
data to model 4. We recall that model 2 is made of a single Gaussian func-
tion and does not consider separately translations and rotations, while model
4 which is a summation of Gaussian does. We fit the translational quasi-elastic
broadenings to a linear law of the momentum transfer where the slope is pro-
portional to the mean square velocity of the molecules on the surface (as stated
theoretically, see Tab. 5.1). Conversely the rotational quasi-elastic broadening
should be Q-independent and its value is also related to the mean square an-
gular velocity. The extracted mean square velocity and mean square angular
velocity are summarized in Tab. 5.2.
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Figure 5.4: Translational quasi-elastic broadening extracted from the fitting of the
0.1 ML scattering function to models 2 and 4 at 140K. For model 2, the translational
quasi-elastic broadening is directly the HWHM of the quasi-elastic profile. For model
4, this is the HWHM of the term n = 0 in the summation of Gaussians. We have fitted
both quasi-elastic broadening to a linear law of Q, as established by the theoretical
models.

Model 4 provides fitted values for the mean square velocities which are
in better agreement with the equipartition theorem than those deduced from
model 2. This indicates that molecules not only undergo ballistic translations,
but they also perform ballistic rotations. However, we should note that the
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Table 5.2: Results for the mean square velocity resulting from the fitting of the quasi-
elastic broadening from models 2 and 4 to a linear law of the momentum transfer.
We also include the mean square angular velocity extracted from the fitting of the
rotational quasi-elastic broadening (the HWHM of the n = 1 term in the summation
of Gaussian functions of model 2). We compare the fitted values with the equipartition
theorem prediction.

Model 2 Model 4 Equipartition theorem

〈
v2
〉
[Å2.ps−2] 4.87±0.04 2.62±0.02 2.98

〈
ω2
〉
[10−1 ps−2] low Q: 4.20±0.03/

high Q: 3.07±0.04
4.77

agreement with the equipartition theorem is excellent when we consider the
fit for the low Q range (below 1.0 Å−1), but it deviates at higher Q values,
especially for the mean square angular velocity. This follows from the fact
that the translational quasi-elastic broadening deviates from the linear law for
Q > 1.0 Å−1, suggesting that in this high Q range the separation between
translations and rotations is not properly accounted by model 2. In this very
high momentum transfer range, the contribution of translations is strongly
reduced, while the rotational contribution to the scattering becomes dominat-
ing. Furthermore, at this high Q values, the Gaussian approximation might no
longer hold and the effect of non-Gaussian effects (we should consider further
terms of the cumulant expansion, see Eq. 2.30 in Chap. 2) can enter into
play [102]. We observe a reduction of the 20% between the experimental value
of the quasi-elastic broadening at Q = 1.5 Å−1 (1.10 meV) with respect to
the theoretical prediction of the linear law of Q (1.4 meV). A similar effect
is described in Ref. [102] where they also found in the liquid argon scattering
function a decrease of the HWHM of the scattering function of 20% when they
include the non-Gaussian correction terms.

We discuss now the results for higher coverage data. We choose the results
arising from model 3 rather than model 1 on the basis of the quality of the
fitting. We observe that the distinction between translational and rotational
motion improves the goodness of the fitting. The left panel of Fig. 5.5 displays
the translational quasi-elastic broadenings (the HWHM of the term n = 0 in
the summation of Lorentzian function of model 3) extracted from the fitting
of 0.2 ML, 0.5 ML and 1.0 ML to model 3. The fittings to a square law of
the momentum transfer are also displayed, and the resulting diffusion coef-
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ficient and friction parameters are listed in Tab. 5.3. The quadratic law of
the momentum transfer is satisfied in a very narrow range of Q, where the
translational part of the scattering dominates. At very low Q (below 0.5 Å−1)
the substrate scattering is very intense while at high Q, model 3 encounters
the problem of a very large rotational contribution in comparison with a tiny
translational part. In addition, the interpretation of the high Q range depen-
dence of the quasi-elastic broadening gets complicated by the possibility that
the Gaussian approximation on which the model is based does not hold. In
any case, we should stress that the extracted diffusion coefficients and friction
parameters display a strong dependence on coverage. This is the fingerprint of
collisional friction, since phononic and electronic friction are coverage indepen-
dent. Furthermore the estimated phononic friction value, 2.2×107 s−1, is too
small to account for the very high extracted friction. We have also computed
the collisional friction related to benzene molecules enduring binary collisions
and exchanging translational and rotational momentum, as it is proposed in
Refs. [103, 136] (see Eqs. 4.38). The resulting values are included in the ta-
bles, to provide a theoretical benchmark for comparison with the experimental
parameters. We observe that binary collisions between benzene molecules gen-
erate a too small friction parameter. Besides, the dependence with coverage
is not exactly proportional. A possible improvement consists in consider the
collision of single benzene molecule with small clusters. This situation is com-
patible with the phase diagram of the benzene monolayer adsorbed on graphite
where the existence of a solid-liquid coexistence phase is observed at around
130 K [34,41]. Besides, the experimental translational diffusion coefficients are
in good agreement with MD simulations studying the melting process of the
complete monolayer of benzene on graphite (1.0 ML) [34], were a value of 0.60
Å2.ps−1 is reported at 140K. The collisional friction in that situation can still
be accounted in the theoretical frame of uncorrelated binary collisions [147],
but considering that the system presents a mixture of different kind of par-
ticles: single benzene molecules in one hand, and small clusters in the other.
In that case, the friction parameter would scale with the mass of the small
clusters if we consider it as a rigid disk. In the case of the rotational motion,
the quasi-elastic broadening is the HWHM of the term indexed with n = 1 in
the Lorentzian function summation of of model 3. The right panel of Fig. 5.5
contains the rotational quasi-elastic broadening. Following model 3, it should
be Q independent, and from its value we can deduce the rotational diffusion co-
efficient and the rotational friction parameter. The fitted results can be found
in Tab. 5.4. In that case, the dependence with coverage is still very strong.
Furthermore, the rotational friction parameters present much higher values
than the translational ones. However, care must be taken since the rotational
quasi-elastic broadening displays a Q dependence, even if theoretically this is
not predicted. The resulting values of the rotational diffusion coefficient and



5.2. Hydrogenated benzene 143

the friction parameter come from the high Q range fitting, where there also
exists important deviations of the translational quasi-elastic broadening to the
square law of the momentum transfer. It is true that rotations dominate the
scattering intensity at this range of Q. But they can coexist with strong de-
viations from the Gaussian approximation which reduce the apparent HWHM
of the scattering function.
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Figure 5.5: Quasi-elastic broadening extracted from the fitting of the experimental
data for all the coverages to the theoretical model at 140K. We have included guides to
the eye to underline the linear or quadratic dependence of the quasi-elastic broadening
on the momentum transfer.

Table 5.3: Results for the translational diffusion coefficient and the friction parameter
extracted from the fitting of the 0.2 ML, 0.5 ML and 1.0 ML data to model 3 and 6
at 140K.

DT [10−1 Å2.ps−1] ηT [ ps−1]

Model 3 Model 3 Collision model

0.2 ML 5.93±0.03 2.5±0.1 0.35
0.5 ML 4.95±0.02 3.012±0.009 0.94
1.0 ML 2.97±0.01 5.03±0.02 1.87

To conclude, the strong dependence of the translational and rotational
friction parameter suggest that the main source of friction comes from the
interaction between adsorbates, rather than with the substrate (phononic or
electronic friction). Furthermore, the range of coverage under study displays
the transition from the ballistic regime at low coverages, 0.1 ML, to a Brownian
diffusive regime at higher coverage. Such a transition is entirely driven by the
density of adsorbates on the substrate. We can readily calculate the mean free
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Table 5.4: Results for the rotational diffusion coefficient and the friction parameter
extracted from the fitting of the 0.2 ML, 0.5 ML and 1.0 ML data to model 3 and 6
at 140K.

Coverage DR[10−1 ps−1] ηR [ ps−1]
Model 3 Model 3 Collisional model

0.2 ML 1.210±0.005 7.72±0.03 0.25
0.5 ML 1.006±0.002 9.28±0.01 0.68
1.0 ML 0.618±0.001 15.10±0.03 1.35

path of the molecule on the surface as a function of coverage [2]:

l̄ =
1

2
√

2ρσ
(5.2)

where ρ is the radius of the benzene molecule and σ is the adsorbate substrate
density, which is a function of coverage: θ =

√
3a2σ, where a is the lattice

constant of graphite. Hence, the mean free path is inversely proportional to
coverage. The theoretical values of the different coverages are shown in Tab.
5.5. We have also computed the equivalent reciprocal space distance. As we
can see, the mean free path for 0.1 ML coverage is very large, meaning that
the ballistic behavior of the molecules is already visible at very low Q, above
0.4 Å−1. This range of momentum transfer matches perfectly the range of Q
where the linear behavior of the translational quasi-elastic broadening with the
momentum transfer is observable (see Fig. 5.4). Higher coverages reduce the
mean free paths and the ballistic regime is shifted towards higher values of the
momentum trasnfer. In the case of 0.2 ML, we can still observe a hint of bal-
listic diffusion at very Q, in a range which already matches the size molecule.
But, coverages of 0.5 ML and 1.0 ML provide very small values of the mean free
path. The corresponding range of momentum transfer where ballistic diffusion
is visible falls out of the reciprocal space window that we survey. All this
considerations leads us to think that benzene molecules display a Brownian
diffusive behavior, where we can tune the extend of the low friction regime by
playing with the coverage. At very low coverage, the adsorbate-adsorbate in-
teractions (collisions) are not frequent and molecules undergo ballistic motion.
The increase of the coverage leads to an increase of the interaction frequency,
and, eventually we measure the diffusive regime. However, the friction related
to binary collisions between benzene molecules is too small. Thus, we suggest
that collisions take place between single benzene molecules and small cluster of
molecules (or group of molecules which stick together for a lapse of time). This
is congruent with the picture of a melting process where coexistence between
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Table 5.5: Mean free path evaluated from elementary kinetics theory [2, 101, 148] for
the different coverage samples.

l̄ Å Q̄ = 2π/l̄ Å−1

0.1 ML 15.3 0.41
0.2 ML 7.7 0.82
0.5 ML 3.1 2.1
1.0 ML 1.5 4.1

liquid and solid phase takes place. The dependence on temperature, that we
will discuss in the following section, should bring new clues to understand the
diffusive behavior of benzene molecules.

Dependence on temperature

In the previous section, it was seen that the experimental friction parameters
for translations and rotations are coverage dependent. We want to study now
its dependence on temperature, since this is a key marker for identifying the
main source of friction. Phononic and electronic friction should be temper-
ature independent, while collisional friction changes with temperature. We
summarize the data found for the different coverages.

0.1 ML data We consider now the temperature evolution of the transla-
tional and rotational quasi-elastic broadening extracted from model 4. We
recall that at very low coverage the ballistic translations and rotations of the
molecules on the surface becomes apparent. The dynamics is completely driven
by temperature, since the main parameter is the mean square velocity which
determines the slope of the linear law of Q followed by the translational quasi-
elastic broadening. Values for the resulting mean square velocity, are shown in
Fig. 5.6 and summarized in Tab. 5.6. We include the theoretical mean square
velocities calculated via the equipartition theorem for comparison.

The resulting values of the mean square velocity at different temperatures
follow the equipartition theorem, supporting the hypothesis that the trans-
lational diffusive behavior of the benzene molecules is ballistic. The inter-
pretation of the mean square angular velocity is more problematic, since we
distinguish two Q regimes. In Tab. 5.6 we summarize the obtained values
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Figure 5.6: Right panel: Translational quasi-elastic broadening extracted from the
fitting of the 0.1 ML data to model 4. Left panel:Rotational quasi-elastic broadening
extracted from the fitting of the 0.1 ML data to model 4. For the translational compo-
nent, we have performed a linear square fit to a linear law of the momentum transfer,
while for the rotational quasi-elastic broadening we consider a constant value. We ob-
serve in both cases that the experimental data deviates from theoretical predictions
in the Q range matching the molecule dimensions.

Table 5.6: Mean square velocity and mean square angular velocity from fitting of
the 0.1 ML data to and 4. We include the theoretical values calculated via the
equipartition theorem

Temperature [K]
〈
v2
〉
[Å2.ps−2]

〈
ω2
〉
[10−1 ps−2]

Model 4 Equipartition the-
orem

Model 4
(low Q)

Model 4
(high Q)

Equipartition the-
orem

60 1.35±0.02 1.28 2.14±0.03 1.83±0.01 2.05
100 2.11±0.03 2.13 3.12±0.04 2.36±0.01 3.41
140 2.62±0.02 2.98 4.70±0.04 3.07±0.01 4.77
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from the fitting of the low Q range. The mean square angular velocity and
translational velocity are very easily connected,

〈
ω2
〉

=
〈
v2
〉
/ρ2 (ρ being the

radius of the molecule). In the fitting process, we have used this relation to
connect the HWHM of the translational part (the Gaussian term with n = 0)
to the HWHM of the rotational part (of the Gaussian functions with n > 1

in the summation of Eq. 4.42). We observe that the linear law of Q is vio-
lated at high Q values, suggesting that a more reliable value for

〈
v2
〉
can be

obtained from restricting the fitting to the low Q values. Conversely, rotations
dominate the scattering signal at high Q values, and, thus we should prefer the
resulting

〈
ω2
〉
values extracted from the fitting of the high Q range data. But,

we should also be awared of the effects of non Gaussian terms in the SF for
high Q values. We estimate reductions bewtween the 14 % up to the 35 % of
the fitted

〈
ω2
〉
values at high Q with respect to their estimated values at low

Q range. This is compatible with the reduction of the HWHM of the SF for
high values of the momentum transfer, due to the inclusion of non-Gaussian
corrections, as studied in Ref. [102].

0.2 ML, 0.5 ML and 1.0 ML data In contrast with the low coverage
data, the medium and high coverage data are, better fitted by Lorentzian
shaped models such as model 3 or 6. These models describe a situation in
which molecules undergo translations and rotations, but there exist a substan-
tial friction (model 3) or energy barriers (model 6) hindering the motion. We
recall that model 3 and 6 have the same translational quasi-elastic broadening
corresponding to the HWHM of the Lorentzian function indexed with n = 0

in model 3. We perform a least square fit of the translational quasi-elastic
broadening to a quadratic law of the momentum, as predicted by the two
models. We extract the diffusion coefficient related to translations and the
corresponding friction parameter. The experimental quasi-elastic broadening
and the fitted results are displayed in Fig. 5.8, and the extracted translational
diffusion coefficients and friction parameters are summarized in Tabs. 5.7 and
5.8 respectively. The quasi-elastic broadening due to the rotational motion is
taken from the first term of the rotational scattering function indexed with
n=1. It should be independent from the momentum transfer, and we can
deduce the rotational diffusion coefficient and the frictional parameter. The
resulting diffusion coefficient and friction parameters can be found in Tabs. 5.9
and 5.10 respectively.

As we already saw in the coverage analysis, the translational quasi-elastic
broadening follows the theoretical quadratic law in a very narrow range of
Q values. The dependence with temperature of the diffusion coefficient and
the friction parameter is smoother if compare with their strong variation with
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Figure 5.7: Translational quasi-elastic broadening extracted from the fitting of the
0.2 ML, (top left) 0.5 ML (top right) and 1.0 ML (bottom) to models 3. We have
performed a linear square fit to a quadratic law of the momentum transfer, to check
if the extracted parameter agree with the theoretical predictions. The solid line
corresponds to the fitting to model 3. We recall that model 6 presents the same
translational quasi-elastic broadening.

Table 5.7: Translational diffusion coefficient extracted from the fitting of the 0.2 ML,
0.5 ML and 1.0 ML data to model 3.

DT [10−1 Å2.ps−1]

Temperature [K] 0.2 ML 0.5ML 1.0 ML 1.0 ML simulated in Ref. [34]

60 3.22±0.05 1.61±0.02 1.39±0.03 0.25
75 1.44±0.02 0.5
100 4.50±0.04 2.87±0.02 1.98±0.02 1.0
140 5.9±0.3 4.95±0.02 2.97±0.01 5.5
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Table 5.8: Translational friction parameter extracted from the fitting of the 0.2 ML,
0.5 ML and 1.0 ML data to model 3. We include the friction parameter calculated
with the collision model

ηT [ ps−1]

Temperature [K] 0.2 ML 0.5 ML 1.0 ML

60 1.98±0.02 0.3 3.97±0.04 0.61 4.8±0.1 1.22
75 5.54±0.06 1.37
100 2.14±0.02 0.30 3.71±0.02 0.79 5.39±0.04 1.58
140 2.5±0.31 0.35 3.012±0.009 0.94 5.03±0.02 1.87
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Figure 5.8: Rotational quasi-elastic broadening extracted from the fitting of the 0.2
ML, (top left) 0.5 ML (top right) and 1.0 ML (bottom) to model 3. Since models
established this is a Q independent parameter, we have fitted it to a constant value.
The dotted line represents the fitted line.
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Table 5.9: Rotational diffusion coefficient extracted from the fitting of the 0.2 ML,
0.5 ML and 1.0 ML data to model 3.

DR[10−1 ps−1]

Temperature [K] 0.2 ML 0.5ML 1.0 ML

60 0.518±0.003 0.292±0.001 0.247±0.001
75 0.284±0.001
100 0.906±0.003 0.591±0.002 0.410±0.001
140 1.103±0.005 1.006±0.002 0.608±0.001

Table 5.10: Rotational friction parameter extracted from the fitting of the 0.2 ML,
0.5 ML and 1.0 ML data to model 3. We include the friction parameter calculated
with the collision model

ηR [ ps−1]

Temperature [K] 0.2 ML 0.5 ML 1.0 ML

60 7.72±0.05 0.17 13.70±0.05 0.44 16.21±0.09 0.89
75 17.63±0.08 0.99
100 7.36±0.02 0.22 11.28±0.03 0.57 16.29±0.04 1.14
140 8.46±0.03 0.25 9.28±0.01 0.68 15.36±0.03 1.35
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coverage. This suggest that the key parameter governing diffusion is coverage
more than temperature. In the case of 0.2 ML, we observe that the friction pa-
rameter increases with temperature, which is in agreement with the collisional
model, even though the theoretical and the experimental values strongly differ
(one order of magnitude). Conversely the decreasing 0.5 ML and 1.0 ML of the
friction parameter with increasing temperature contradicts the predictions of
the collisional model. We also compare the diffusion coefficients measured for
the 1.0 ML data, and the values extracted from MD simulations in Ref. [34].
The simulated results display a sudden increase of the diffusion coefficient be-
tween 100K and 140K, which is also present in our experimental data, but in
an attenuated way. This is related to the melting process of the adsorbed layer
between 130 K - 140 K described and analyzed in Ref. [34]. From this perspec-
tive, the jump rotational model 6 is enlightening: a trace of jump diffusion can
exist at high coverages related with the melting process of the adlayer studied
in Ref. [34] and with the observed tendency of benzene molecules to form two
dimensional clusters [41]. This can explain the very high rotational friction pa-
rameters that we extract from the fitting. The existence of activated process
can also explain the decrease with temperature of the translational and the ro-
tational friction parameters. If there is a combination of continuous and jump
diffusive behaviors, two thermally sensitive processes affecting the mobility of
the molecules will take place simultaneously with the rising of temperature.
First of all, the collisional friction will increase with temperature reducing the
mobility (the diffusion coefficient) of the molecules. Simultaneously, a rising of
the temperature allows to overcome the activation barrier and the diffusivity
of the molecules is enhanced. This two effects can balance each other, and
the dependence with temperature of the diffusion coefficient and the friction
parameter is attenuated. Fig. 5.9 displays the jump rates extracted from the
fitting to the experimental data and Tab. 5.11 summarizes the results of the
fitting of the jump rate to a constant value. We recall that the jump rate is, in
theory, Q independent. Therefore it should be fitted to a constant value whose
change in temperature follows an Arrhenius law of the form [56]:

~
τ

=
~
τ0

exp[− Ea
KbT

], (5.3)

where 1
τ0

is the prefactor and Ea is the activation energy. The results are
summarized in Tab 5.12 and the fitted data are displayed in the bottom right
part of Fig. 5.9. The resulting activation energy changes slightly with coverage
passing from 6 meV for the 0.2 ML to 10 meV for 0.5 ML. We observe that
a similar activation energy of 17 meV was measured in Ref. [45]. An energy
barrier of 8 - 10 meV corresponds to an activation temperature of 90 K - 120
K respectively.

To conclude, we observe that the dependence of the diffusion coefficient
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Figure 5.9: Jump rate extracted from the fitting of the 0.2 ML, (top left) 0.5 ML (top
right) and 1.0 ML (bottom) to models 6. We fit set of jump rates to a constant value,
and the resulting fitted jump rates are adjusted to an Arrhenius (bottom right).

Table 5.11: Fitted values resulting from the fitting to a constant of the jump rate
arising from the fitting of the 0.2 ML, 0.5 ML and 1.0 ML data to model 6.

1/τ [×10−1ps−1]

Temperature [K] 0.2 ML 0.5ML 1.0 ML

60 0.76±0.01 0.396±0.004 0.366±0.003
75 0.405±0.003
100 1.21±0.01 0.756±0.004 0.559±0.003
140 1.47±0.01 1.216±0.005 0.784±0.003
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Table 5.12: Prefactor and activation energy arising from the fitting to an Arrhenius
law of the jump rates

Coverage ~/τ0 [10−1 meV] Ea [meV] Ea/kB [K]

0.2 ML 2.42±0.04 6.0±0.9 70±1
0.5 ML 2.74±0.03 10.3±0.9 120±1
1.0 ML 1.45±0.01 7.77±0.08 90.2±0.9

and the friction parameters on temperature is not as strong as it is with cov-
erage. Thus, the density of molecules adsorbed on the substrate (coverage)
is the principal parameter governing the diffusive behavior of the molecules.
We have identify the main source of friction as the adsorbate-adsorbate in-
teraction since the phononic and the electronic friction are temperature and
coverage independent. Besides, the estimated value for the phononic friction,
1.98×10−2.ps−1, is far too small to match the very high friction parameters
that we extract from the fitting of the experimental data. On the other hand,
the simplistic collisional model considering only binary collisions between sin-
gle benzene molecules also provides very small values for the translational and
the rotational friction parameter. Furthermore, we observe that only the fric-
tion parameters extracted from the 0.2 ML increase with temperature as stated
by the collisional model. For higher coverage, the friction parameter tends to
decrease (very smoothly) with temperature, even though it is still presenting a
remarkably high value at 140 K. An improvement of the collisional model would
consist in estimating the friction arising from the collision of single benzene
molecules with small clusters of molecules. On the one hand, the estimated
collisional friction would increase proportionally with the mass of the cluster,
and in the other hand this situation is compatible with the melting process
of the adsorbed monolayer of benzene on graphite which yields a solid-liquid
coexistence phase between 130 K and 160 K, studied in Ref. [34] and with the
tendency of benzene molecules to aggregate in two dimensional clusters [41].
From this point of view, we have extracted an activation energy of 10 meV from
the thermal dependence of the rotational jump rates of model 6, suggesting
that there is a combination of jump and continuous diffusive regimes, in the
high coverage regime above 0.5 ML. This could be related to the coexistence
of free molecules with clusters characterizing melting processes.
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5.3 Deuterated benzene

In the previous section we discussed with detail the diffusive regime of hydro-
genated benzene on graphite as a function of coverage and temperature. We
concluded that coverage is the parameter governing the diffusive behavior of
the adsorbates. At very low coverages (0.1 ML) the ballistic motion related
to the very short time behavior of Brownian particles is apparent. As soon
as the coverage increases (0.2 ML) the mean free path is so strongly reduced
that only the diffusion regime, characterized by the linear mean square dis-
placement with time, is observable. For high coverages, above 0.5 ML, we also
measure an activation energy barrier which could be related with the coexis-
tence of small clusters and free molecules, as it typically happens in melting
processes. In this section, we turn our attention to the diffusive behavior of
deuterated benzene. We have measured two distinct coverages: 0.5 ML and 0.9
ML. The small scattering cross section of deuterated benzene does not allow
us to measure smaller coverages, and we should restrict our study to the high
coverage regime. In the previous chapter, we analyzed the quasi-elastic energy
profiles arising from the diffusion of deuterated benzene on the basal plane of
graphite. A number of models have been applied to understand the diffusive
behavior of the hydrogenated data. The same models have also been applied
to the deuterated benzene experimental data. We analyze in the following the
output of the different theoretical approaches to the diffusion of deuterated
benzene. The dependence on coverage and temperature is also discussed, since
it contains the signature of the main source of friction in the system and allows
to identify the atomistic mechanisms which govern the diffusive process.

5.3.1 Comparison between models

As we have done previously with hydrogenated benzene, we test several models
describing different diffusive behaviors. We start discussing the dependence on
Q of these parameters on which the diffusion models do not state any particular
form. Fig 5.10 summarizes the elastic amplitude, the quasi-elastic amplitude
and the offset arising from the fitting of models 1 to 4 to the 0.5 ML and the
0.9 ML deuterated benzene data.

The elastic amplitude: adsorbed layer diffraction pattern The first
striking difference between deuterated and hydrogenated benzene scattering is
that the elastic amplitude of the former does not decay with the momentum
transfer. The 0.9 ML data elastic amplitude displays a peak at Q = 1.12Å−1

which is identified as the (01) reflexion of the adsorbed benzene layer, accord-
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Figure 5.10: Top panel: elastic intensities for the 0.5 ML (left) and the 0.9 ML (right)
deuterated benzene data. Medium panel: quasi-elastic intensities for the 0.5 ML (left)
and the 0.9 ML (right) deuterated benzene data. Bottom panel: background for the
0.5 ML (left) and the 0.9 ML (right) deuterated benzene data.
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ing to Ref. [41]. The same peak is also present in the elastic amplitude of
the 0.5 ML data, but with a weaker intensity (because of the lower density
of adsorbed benzene molecules). We recall that deuterated benzene is charac-
terized by a strong coherent scattering cross-section and, hence, the scattered
elastic amplitude contains not only the diffraction pattern of the graphite sub-
strate, but depends as well on the diffraction pattern of the adsorbed layer.
The observation of the (01) reflexion indicates the presence of an ordered two
dimensional adsorbed layer with hexagonal symmetry and a lattice parame-
ter of 6.5 Å(see inset in Fig. 5.10) [41]. However, the presence of the same
peak at two different coverages, 0.5 ML and 0.9 ML suggest that molecules do
not spread evenly on the surface, otherwise the lattice parameter and, hence,
the position of the Bragg peak would be coverage independent [41]. This is
a clear indication that benzene molecules form two dimensional clusters on
the surface, and supports our hypothesis that the very high friction observed
in the hydrogenated benzene data comes from the collision between benzene
molecules and aggregates.

The quasi-elastic broadening We continue the discussion with the com-
parison of the quasi-elastic broadenings arising from the fitting of the data to
the different models. Fig. 5.11 displays the resulting quasi-elastic data for
the 0.5 ML and the 0.9 ML data. We should keep in mind that in models 3
and 4, where summation of quasi-elastic lines are considered, the translational
quasi-elastic broadening is the HWHM of term indexed with n = 0 in the
summation. As it happens with the hydrogenated benzene data, there are two
clearly ranges of momentum transfer. The Gaussian shaped models 2 and 4
provide quasi-elastic broadenings which follow the theoretically predicted lin-
ear law of Q in the low Q range. However we saw in the previous chapter, that
the shape of the quasi-elastic profile displays a clear Lorentzian shape and is
better fitted by model 1, and specially, by model 3. However, the resulting
quasi-elastic broadening for model 3 only follows the expected quadratic law
of the momentum transfer at high Q values, while it is flat in the low Q range
where the coherent signal is at its maximum. This is logical since the Bragg
peak of the adsorbed layer is located in Q = 1.12 Å−1. Hence, we understand
the Lorentzian line shape of the spectrum [149] and the flat Q dependence of
the coherent quasi-elastic broadening in the momentum transfer range nearby
the Bragg peak: The quasi-elastic broadening is shadowed by the strong elas-
tic intensity coming from the Bragg scattering in this particular direction, and
the dynamics taking place in this Q range remains hidden. As soon as the
influence of the Bragg peak decreases (in the high Q range), we recover the
quadratic law of the momentum transfer.
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Figure 5.11: Quasi-elastic broadenings extracted from the fittings of the 0.5 ML (left)
and 0.9 ML (right) deuterated benzene scattering function to all the models. We recall
that models 3 and 4 contain summations of quasi-elastic lines. The corresponding
quasi-elastic broadenings is the HWHM of the quasi-elastic line indexed with n = 0.
We include guides for the eye, underlining the linear or quadratic dependence on Q

5.3.2 The quasi-elastic broadening dependence on coverage

In this section we analyze the dependence of the quasi-elastic broadening on
coverage. We already saw with the hydrogenated benzene results that coverage
plays an essential role and determines the diffusive behavior of the molecules.
In the case of deuterated benzene, the statistical quality of the signal is lim-
ited by the small scattering cross-section of the adsorbed layer. Thus the low
coverage regime can not be probed, and we only have experimental data for
the medium, 0.5 ML, and the high 0.9 ML coverage regimes. Fig. 5.12 shows
the translational and the rotational quasi-elastic broadening for 0.5 ML and
0.9 ML of deuterated benzene and the fitting to a quadratic law of the mo-
mentum transfer. Remember that the translational quasi-elastic broadening is
the HWHM of the Lorentzian function whose summation index is n = 0, while
we call rotational quasi-elastic broadening to the HWHM of the Lorentzian
function index with n = 1. Tab. 5.13 summarizes the diffusion coefficients and
the corresponding friction parameters.

As it was the case for hydrogenated benzene, the diffusion coefficients and
the friction parameters of deuterated benzene are highly dependent on cover-
age. This confirms that the main friction source comes from the adsorbate-
adsorbate interaction, and more probably from the collisions between molecules
and clusters coexisting on the surface. The agreement between the transla-
tional friction parameter of hydrogenated and deuterated benzene, proves that
in the high Q range, deuterated benzene molecules become incoherent scatter-
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Figure 5.12: Translational (left) and rotational (right) quasi-elastic broadening result-
ing from the fitting of the 0.5 ML and 0.9 ML deuterated benzene data to model 3 at
140K. The solid lines stand from the leas square fit of the translational quasi-elastic
broadening to a square law of Q, or to a constant value in the case of the rotational
quasi-elastic broadening.

Table 5.13: Deuterated benzene data at 140K fitted values for the diffusion coefficient
and friction parameter.

Coverage Dtrans[10−1 Å2.ps−1] ηT [ ps−1] DR[10−1 ps−1] ηR [ ps−1]

0.5 ML 4.56±0.05 3.03±0.05 1.43±0.03 5.0±0.1
0.9 ML 2.36±0.01 5.87±0.03 0.75±0.01 9.6±0.1
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ers. We shall analyze with more detail the comparison between hydrogenated
and deuterated benzene in the last section.

5.3.3 Dependence on temperature

Even though temperature has not the decisive influence on the diffusive regime
that coverage has, the thermal evolution of the quasi-elastic broadening al-
lows to identify the physical mechanisms underlying diffusion. In particular,
we know that phononic and electronic friction are temperature independent.
Conversely, collisional friction and activated diffusion process display strong
changes with temperature. In this section, we analyze the effect of temperature
in the 0.9 ML d-benzene data. The translational and rotational quasi-elastic
broadenings for the thermal range comprised between 60K and 140K are dis-
played in Fig. 5.13 and Tab. 5.14 summarizes the numerical values of the
diffusion coefficients and the friction parameters extracted from the fittings.
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Figure 5.13: Translational (left) and rotational (right) quasi-elastic broadening result-
ing from the fitting of the 0.9 ML deuterated benzene data to model 3 in all the range
of temperatures. The solid lines stand from the leas square fit of the translational
quasi-elastic broadening to a square law of Q, or to a constant value in the case of
the rotational quasi-elastic broadening.

We observe that the friction coefficients are depending on the temperature
in agreement with what was observed for hydrogenated benzene, and with the
hypothesis that friction arises from collisions between adsorbates. However,
we observe that the trends of the translational and the rotational friction pa-
rameters with temperature are different. The translational friction changes
smoothly with temperature and displays a minimum for 100K. Conversely
the rotational friction increases with temperature, obeying the predictions
of the collisional model. Nevertheless, we have to stress that the rotational
quasi-elastic broadening is meant to be Q independent, while experimentally
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Table 5.14: 0.9 ML d-benzene data estimated values for translational and rotational
diffusion coefficient and friction parameter.

Temperature [K] DT [10−1 Å2.ps−1] ηT [ps−1] DR[10−2 ps−1] ηR [ ps−1]

60 0.99±0.02 6.01±0.09 5.14±0.08 5.99±0.09
75 1.12±0.02 6.11±0.08 6.34±0.08 6.07±0.07
100 2.07±0.02 4.79±0.04 6.2±0.1 8.3±0.2
140 2.36±0.01 5.87±0.02 7.5±0.1 9.6±0.1

it presents variations on Q, even though they are appreciable in a narrow en-
ergy window (note that the energy scale in the right panel of Fig. 5.13 is
tighter to the data).

To conclude, the study of the diffusive behavior of deuterated benzene
brings enlightening perspectives which support and improve the understand-
ing of the diffusive behavior of benzene adsorbed on graphite that we had
already undertaken with the study of hydrogenated benzene diffusion. 1) the
observation of the (01) Bragg reflexion of the adsorbed layer at different cover-
ages, indicates that benzene tends to aggregate in clusters with a well defined
hexagonal symmetry and a lattice parameter of 6.5 Å. This is in agreement
with the picture of the adsorbed layer melting process taking place between
130 K and 160 K, where liquid and solid phases coexist. Furthermore, this
supports the hypothesis that the very high friction measured for translations
and rotations comes from the collision of free benzene molecules and clusters,
and that there is a trace of jump diffusive processes related to jump reorien-
tations of the molecules within clusters. 2) The presence of the Bragg peak
at Q = 1.15Å−1 shadows the quasi-elastic intensity, and the dynamics taking
place in this distance window is hidden. As a result the coherent quasi-elastic
broadening in the low range of Q is flat and Q independent, because it is
not related to a dynamical process. It simply arises from neutron diffracted
intensity in this direction of the space. This does not happens with hydro-
genated benzene, because its scattering is largely dominated by protons which
display a very large incoherent scattering cross-section 3) We recover the inco-
herent scattering at high values of Q, when the influence of the adsorbed layer
Bragg peak decreases. Then, the quasi-elastic broadening follows a quadratic
law of the momentum transfer, like in the hydrogenated benzene situation,
from which we extract the diffusion coefficients and the friction parameters
for translations and rotations. Both parameters show a strong dependence on
coverage and temperature, confirming that the main source for friction in the
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system benzene/graphite should come from adsorbate-adsorbate interactions
(more precisely, collisions). We shall now compare with more detail the hydro-
genated and deuterated benzene results, in order to verify the quality of our
results and the validity of our assumptions.

5.4 Comparison of the hydrogenated and deuterated
benzene experimental results

The comparison between the quasi-elastic broadening of hydrogenated and
deuterated benzene and the resulting diffusion coefficients and friction param-
eters is an essential step to verify the validity of our assumptions and conclu-
sions on the diffusive behavior of benzene adsorbed on graphite. In this section
we compare the 0.5 ML ToF data with the results obtained using helium and
neutron spin-echo reported in Ref. [45].

5.4.1 Comparison of the 0.5 ML data at 140K

From the collection of diffusion models that we presented in chapter 4, we have
see that the Lorentzian shaped models 1 and 3 provide a good quality fitted
profile for the medium coverage data. Hydrogenated and deuterated time of
flight scattering functions have both been fitted to these two models. On the
other hand, the Helium and neutron spin echo experimental results reported
in Ref. [45] show that the intermediate scattering functions of 0.5 ML of hy-
drogenated deuterated benzene at 140K can be fitted to a single exponential
decay in all the Q range up to 1.5 Å−1. Fig 5.14 compares the quasi-elastic
broadenings extracted, from our time of flight measurements on hydrogenated
and deuterated benzene to the Helium and neutron spin-echo results published
in Ref. [45]. The left panel of Fig. 5.14 displays the quasi-elastic broadenings
extracted from model 1 which is the same theoretical model than the authors
of Ref. [45]: a single Lorentzian function in energies corresponds to a single
exponential decay in the time domain. Important deviations exist between the
time of flight and the spin-echo quasi-elastic broadenings: The former display
a higher energy mobility (especially for the deuterated benzene molecule) and
does not follow a parabola of Q. The right panel of 5.14 displays the trans-
lational broadenings extracted from model 3 together with the helium and
neutron spin echo data. We recall that model 3 consists in a summation of
Lorentzian functions in the energy domain, or equivalently, in a summation of
exponential decays in the time domain. We observe that the h-benzene quasi-
elastic broadening (the HWHM of the term indexed with n = 0) matches the
range of values of the Helium spin-echo broadening at the low Q range (where
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the diffusive behavior is observable) while the d-benzene data match the high Q
range, where its scattering intensity becomes namely incoherent. The diffusion
coefficients and the friction parameters are summarized in Tab. 5.16.
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Figure 5.14: Comparison of the quasi-elastic broadening measured on 0.5 ML of
hydrogenated and deuterated benzene at 140K with different techniques. In the left
panel we display the quasi-elastic broadening of the ToF data according to model 1. In
the right panel we display the translational quasi-elastic broadening which corresponds
to the HWHM of the term n = 0 in the summation of Lorentzian functions forming
the quasi-elastic profile. The helium and neutron spin-echo data have been taken from
Ref. [45]. The time of flight data are the fitting results arising from the application
of model 3 to the experimental spectra.

Table 5.15: 0.5 ML of hydrogenated and deuterated benzene data estimated values for
the translational diffusion coefficient and friction parameter.. We include the ratios
the deuterated and hydrogenated diffusion coefficients which should agree with the
ratio of the hydrogenated and deuterated benzene masses, m(C6H6)/m(C6D6) = 1.08

DT [10−1 Å2.ps−1] ηT [ps−1]
Ratio
D(C6H6)/D(C6H6)

0.5 ML C6H6 (IN6) 4.95±0.01 1.06 3.012±0.009
0.5 ML C6D6 (IN6) 4.65±0.05 1.0 2.98±0.03

0.5 ML C6H6 (Helium SE) 5.32±0.01 1.14 2.805±0.007

The excellent agreement of the diffusivities and the friction parameters
confirms that benzene molecules perform translations and rotations and that
model 3 allows to distinguish between these two kind of motion. Indeed, the
quasi-elastic broadening measured with helium and neutron spin-echo was in-
terpreted as the energy broadening arising from molecules translating on the
surface [45]. No mention to any rotational motion is done, since the experimen-
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Table 5.16: 0.5 ML of hydrogenated and deuterated benzene data estimated values
for the rotational diffusion coefficient and friction parameter.

DR[10−1 ps−1] ηR [ps−1]

0.5 ML C6H6 (IN6) 1.71±0.03 5.5±0.1
0.5 ML C6D6 (IN6) 1.006±0.002 9.28±0.01

tal ISF are fitted to a single exponential decay. Conversely, when we try to fit
the ToF experimental quasi-elastic profiles to a single Lorentzian, the result-
ing quasi-elastic broadening is far too energetic if compare with the spin-echo
results. On the other hand, when the ToF quasi-elastic profiles are fitted to a
summation of Lorentzians, we observe that the HWHM of the purely transla-
tional term (the term indexed n = 0) matches perfectly the spin-echo results.
The reason why the rotational motion is hidden for helium spin-echo, while
it is clearly visible with neutron ToF is probably due to the different interac-
tion with matter of helium and neutron probes. Helium particles are scattered
by the electronic cloud of the molecule. Hence the benzene molecule appears
as a hard disk, and only the motion of the CoM is visible. On the contrary,
neutrons are scattered by nuclei, and the continuous rotations of the benzene
molecule contributes to the coherent and incoherent scattering. Note that the
neutron spin-echo data [45] cover a very low Q range, where all the terms re-
lated to rotations in model 3 (with index n > 1) have a negligible intensity.
The only observable term is the purely translational one and the summation of
Lorentzian/exponential functions is reduced to this single term. In the case of
rotations we observe very important differences between the hydrogenated and
the deuterated benzene values. However this large divergence is related to the
fact that we considered the high Q range values of the rotational quasi-elastic
broadening (see Fig. 5.8) which can be affected by the narrowing of the scat-
tering function arising from the non validity of the Gaussian approximation
for the incoherent scattering, in this range of the momentum transfer.

5.5 Conclusion

To conclude and summarize the main results, we have seen that coverage is
the main parameter governing the diffusive behavior of the benzene molecules
adsorbed on graphite. Ballistic diffusion is clearly visible at 0.1 ML, while
Brownian diffusion dominates from 0.2 ML up to the full monolayer 1.0 ML.
The resulting diffusion coefficients and friction parameters are thermally de-
pendent, indicating that the main source for friction in this system is collisional
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friction between adsorbates. However collisions between single molecules de-
liver a too small friction parameter. This suggest that benzene molecules
collide with bigger entities like clusters. The tendency of benzene to form
cluster has already been observed [41] and we find experimental evidence of
the existence of clusters in our data. The elastic amplitude of the deuterated
benzene scattering function displays a peak at Q = 1.12Å−1 which corresponds
to the (01) Bragg reflexion of the adsorbed layer. The position of the peak
indicates that clusters present a well ordered hexagonal lattice charecterized
with a lattice constant of 6.4 Å. Since the Bragg reflexion appears in the same
Q position at 0.9 ML and 0.5 ML, we deduce that molecules do not spread
evenly on the surface but prefer to aggregate. This is also compatible with the
melting process of the adsorbed monolayer which has been studied with MD
simulations in Ref. [34]. The simulated diffusion coefficients of the molecules
on the plane are compatible with our experimental results. The existence of
clusters is also congruent with the traces of activated diffusion in the high cov-
erage regime, where an activation energy of 10 meV is estimated for 0.5 ML.
Besides, the presence of the Bragg peak of the adsorbed layer can explain the
strong differences observed between coherent and incoherent scattering: the
quasi-elastic broadening is hidden by the strong elastic intensity in this range
of Q and thus displays a constant energy broadening which is more related
with the width of the Bragg peak than with any dynamical process on the
surface. Finally, the comparison of our translational diffusion coefficient with
the ones measured with helium and neutron spin-echo, confirms our interpre-
tation of the experimental data: benzene molecules undergo translations and
rotations. Indeed, helium spin-echo can not access the rotational motion of
top symmetrical molecules, since it is scattered by the electronic cloud. Hence,
molecules appear as hard disks and only the motion of their center of mass
is visible. Conversely neutrons are scattered by the nuclei of the atoms, and
are sensitive to rotations. Thus, the matching between the Helium spin-echo
quasi-elastic broadening and the so-called translational broadening of model
3, confirms that molecules do rotate and that this model separates accurately
the two contributions (translations and rotations).



Chapter 6

Final conclusions and future
perspectives

This final chapter is devoted to summarize the main conclusions drawn from
our experimental study of the diffusive behavior of benzene molecules adsorbed
on the basal plane of graphite and to establish possible lines of further devel-
opment of the present study.

This dissertation aims to address some of the open questions arising from
the diffusion of benzene molecules on graphite surfaces and which were al-
ready explored in recent studies [45]. The experimental results published in
Ref. [45] arise from neutron spin-echo, NSE, and helium-3 spin-echo, HeSE,
spectroscopy measurements on 0.5 ML of benzene molecules at 140K on the
basal plane of graphite substrate. They show a clear Brownian diffusive be-
havior of the benzene adsorbed flat on graphite. The intermediate scattering
functions is fitted to single exponential decays in a very wide range of the
momentum transfer (0< Q <1.5 Å−1) [45] and it was the first experiment in
which the microscopic dynamic friction coefficient could be established with a
reasonable error bar [45] yielding a value of of 2.2 ps−1. The interpretation
of the experimental results conclude that friction is originated by phonons an-
nihilation/creation processes on the substrate since no significant dependence
on coverage is observed. Our main concern has been to understand the effects
of coverage and temperature on the diffusive behavior of the adsorbates. For
this purpose we have perform several measurements of neutron quasi-elastic
spectrum of benzene adsorbed on graphite, at four different coverages: from
the very low coverage regime 0.1 ML to the complete monolayer 1.0 ML and
in a wide range of temperatures, from 60K to 140K. We use the neutron spec-
troscopy technique of time-of-flight and we combine measurements on hydro-
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genated C6H6 and deuterated benzene C6D6. Since neutrons can be coherent
or incoherently scattered, the resulting quasi-elastic spectra arising from C6H6

or C6D6 displays differences which can be attributed to correlated dynamics
in time and space.

The experimental results yields different conclusions from the ones expected
accordingly to Ref. [45].

• First of all we observe that the fitting of the quasi-elastic spectrum mea-
sured with time of flight, requires a summation of quasi-elastic lines in
contrast with the single exponential decay which suits the HeSE and NSE
data in Ref. [45]. In chapter 4 we fit the quasi-elastic energy profile to
several models made of single (models 1 and 2) or summations (models
3 to 5) of quasi-elastic lines. The quality of the quasi-elastic profile fit
for all the coverages improves significantly reducing in between 70 - 80
% the χ2 parameter when we pass from model 1 (single Lorentzian func-
tion) to model 3 (summation of Lorentzian functions). The summation
of quasi-elastic lines comes from the combination of translations and ro-
tations [56,59,73,81,132]. Thus, we conclude that benzene molecules on
the substrate undergo simultaneously translation and rotational motion.

• Secondly, the shape of the quasi-elastic profile depends on the coverage.
The 0.1 ML data can be fitted with Lorentzian and Gaussian shaped
models yielding very similar χ2 parameter ∼ 3 for models 3 (summation
of Lorentzian) and 4 (summation of Gaussians). Conversely the 0.2 ML,
0.5 ML and 1.0 ML quasi-elastic profiles display a marked Lorentzian
character: the χ2 parameter increases between 65 - 85 % when passing
from model 3 (Lorentzian functions summation) to model 4 (Gaussian
functions summation). As a result the diffusive behavior of benzene
adsorbed flat on the graphite basal plane is strongly dependent on the
coverage.

• In third place and in connection with the previous point, the effect of
coverage is also apparent in the dependence of the quasi-elastic broad-
ening with the momentum transfer, as studied in Chapter 5. The 0.1
ML translational quasi-elastic broadening, extracted from the HWHM of
the purely translational term (n = 0) of model 4, clearly follows a linear
law of Q. Besides, the excellent agreement of the extracted mean square
velocity with the equipartition theorem proves that benzene molecules
behave as an ideal two-dimensional gas at very low coverages. Further-
more, the mean free path evaluated from its dependence with coverage,
l̄ =15.3 Å corresponds in the reciprocal space to Q̄ =0.41 Å−1 and shows
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that ballistic motion is perfectly observable in the range of Q covered
by IN6 in the experimental conditions under which we operate (5.12Å
of incoming wavelength). Conversely, at higher coverages, the transla-
tional quasi-elastic broadening display a rather quadratic dependence on
Q, between 0.5 Å−1 and 1.0 Å−1, at distances which are larger than the
molecule size. This is in agreement with the decreasing of the mean free
path with increasing coverage: for 0.2 ML we calculate l̄ =7.65 Å, yield-
ing Q̄ ∼ 0.8 Å−1 and for 1.0 ML, l̄ =1.53 Åcorresponding to Q̄ =4.1 Å−1.
Thus, we recover an essential result of the elementary kinetic energy: in-
creasing the density of adsorbates on the substrate (i.e. the coverage)
reduces their mean free path (the length over which molecules behave bal-
listically, in the lapse of time between two collisions) [2]. Consequently,
in the reciprocal space, the ballistic behavior of molecules will only be
visible at values of Q higher than Q̄ = 2π/l̄. When the monolayer is full,
the mean free path of the molecules is so small, that the ballistic range
of Q falls completely outside of the experimental window. In that case,
we only measure the diffusive regime, dominated by collisional friction.

• The next important point is that the extracted diffusion coefficients and
friction parameter change significantly with coverage, and also with tem-
perature. In addition, a rough estimation of the phononic friction con-
tribution provides a very low value, 1.98×1010 s−1 for the friction pa-
rameter. We deduce that the main origin of friction lies in the inter-
action between adsorbates. However a simple model of single molecules
undergoing binary and rough collisions (exchanging linear and angular
momentum) does neither deliver values matching the experimental fric-
tion.

• The study of deuterated benzene behavior brings also very interesting in-
sight in the diffusive process. The presence of the Bragg peak attributed
to the (01) reflexion of bidimensional structures formed by the adsor-
bates at two different coverages, 0.5 ML and 0.9 ML, is an experimental
evidence of the existence of clusters. This is congruent with the melt-
ing transition of the adsorbed layer between 130K and 160K [34,41],and
can explain the very high friction parameters that we measure through
the collisions between single molecules and clusters. We also study the
activated diffusion of molecules and we obtain a very low energy barrier
of 10 meV, which might be related to the reorientation of molecules in
clusters.

• Finally, the good agreement between the translational diffusion coeffi-
cients and the diffusion coefficient extracted from the HeSE and NSE
study published in Ref. [45], support the hypothesis that molecules not
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only translate but also rotate. The main differences between the two
techniques can be attributed to the nature of the interaction between
helium particles or neutrons and matter. In conclusion, molecules do
not only exchange linear momentum with their colliding target, but also
angular momentum.

Future perspectives

There are several lines which can be inspected in the future. An important
point is the need to model the friction parameter that we observe. We suggest
that the high friction parameter measured in the system benzene/molecules
arise from the interaction of single molecules with clusters. An improvement
of the collisional model can be achieved, following Ref. [147], and in particular
the method for calculating the friction parameter in heterogeneous systems.
On the other hand, we could not explore with detail molecular dynamics simu-
lations results performed on the system of benzene/graphite in the same range
of coverages and temperatures. It would be useful to extract values for the
diffusion coefficient and the friction parameter for the whole molecule but also
for its center of mass. In this way, the possible coupling between translational
and rotational motion can be analyzed and the role of rotations in the dynam-
ics of the adlayer can be understood. Finally, we can measure the diffusion
of very similar systems such as naphthalene and pyrene adsorbed on graphite.
The change of symmetry and mass/moment of inertia ratio can affect the dif-
fusion of these adsorbates with respect to benzene molecules. The comparison
between this similar systems yields interesting information about the role of
rotations, and the internal degrees of freedom of the molecules in its diffusive
behavior.
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