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This perspective article reviews the state-of-the-art of grazing incidence fast atom and molecule

diffraction (GIFAD and GIFMD) simulations and addresses the main challenges that theorists, aiming
to provide useful inputs in this topic, are facing. We first discuss briefly the methods used to
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build accurate potential energy surfaces describing the interaction between the projectile and the
surface. Subsequently, we focus on the dynamics simulation methods for GIFAD, a phenomenon that
has received a lot of experimental attention since 2007, when first measurements were published.
Following this experimental effort theorists have developed and adapted a bunch of methods able to
simulate, analyzed and extract information from the experimental outputs. We review these methods,
from the very simple ones based on classical dynamics to the full quantum ones, paying special
attention to the more versatile semiclassical approaches, which include quantum ingredients in the
dynamics at a computational cost only slightly higher than that required in classical dynamics. Within
the semiclassical framework it is possible, for example, to include in the dynamics the surface phonons
and the projectile coherence, two factors that may have a relevant influence on the experimental
measurements, at a reasonable computational cost. Finally, we address GIFMD, a phenomenon that
have received much less attention and for which there is still a lot of room for research. We review the
few examples of GIFMD available in the literature, and we discuss new phenomena associated with
the molecular internal degrees of freedom, which may have some impact in other close relative fields,
such as molecular reactivity on metal surfaces. Finally, we point out opened questions, raised from
the comparisons between theoretical and experimental results, which claim for further experimental
efforts.

1 Introduction
cidence conditions (see Fig. [1| (a)), we can assume that the initial

The first measurements™2, in 2007, of atomic diffraction spec- momentum of the projectile is much larger than the momentum

tra upon scattering under fast (200 €V - 2 keV) grazing (0.2°-2°)
incidence opened the doors to the development of a new accu-
rate analysis technique in surface science, as both an alternative
and a complementary tool to thermal-energy atom and molecule
scattering (TEAS and TEMS)BHZ]. Grazing incidence fast atom
and molecule diffraction (GIFAD and GIFMD) allows, on the one
hand, to reach areas of the potential energy surfaces (PESs) un-
reachable to TEAS and TEMS, and, on the other hand, to mini-
mize the influence of surface vibrations (phonons) on the mea-
surements, whilst electronic excitations do not represent a major
problem than in TEAS or TEMS.

The physical mechanism behind this phenomenon is the strong
decoupling between the fast motion parallel to the surface and
the slow motion perpendicular to it8. Due to the fast grazing in-
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change in the collision, responsible for the observed diffraction
peaks, and therefore, to zero order perturbation theory, the ve-
locity of the projectile along the incidence direction, v,, can be
considered as constant, so that the projectile feels a periodic po-
tential (V) in that direction. If we call a, the one-dimensional
lattice parameter (the potential periodicity parameter) along the
incidence direction (X), it is possible to compute the longitudinal
and transverse momentum change over ay, to first order pertur-
bation theory, as:

[ awv 1. _
AK,' = vy Jo d Ox vx[ V(ax,y)+V(0,y)] =0,

From these equations one can see that the momentum change
along the incidence direction is of second order, which means that
any acceleration is compensated by a slowing down. Whereas the
momentum change along the transverse direction (y) is of first
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Fig. 1 (Color online) (a) Schematic representation of a grazing incidence
diffraction process. In the detection plane both the deflection angle ® and
the diffraction order n are indicated. (b) In-plane (black dots) and out-of-
plane (orange and red dots) diffraction definition for incidence along the
[110] crystallographic direction. Red dots indicate the diffraction peaks
observed in GIFAD and GIFMD.

order, which means that the effect of the transverse force is cu-
mulative. Thus, by far the main momentum transfer in the pro-
jectile is from the slow motion perpendicular to the surface (K;)
to K,. In typical GIFAD experiments, the projectile de Broglie
wavelength (A1) is much smaller than the shortest interatomic
distances in the crystal (the lattice constant for single-atom crys-
tals), making unexpected the observation of quantum interfer-
ence. But as the wavelength A, associated with the perpendic-
ular motion is of the order of magnitude of the surface lattice
constant, according to the Bragg’s law it is possible to observe
diffraction whenever AK, coincides with a reciprocal lattice vec-
tor. Furthermore, as AK, ~ 0 only out-of-plane diffraction peaks,
perpendicular to the incidence direction,are observed (see Fig.
(b) for the definition of in-plane and out-of-plane diffraction).
Strictly speaking, the requirement of a periodic potential is only
fulfilled for trajectories parallel to the surface because whenever
the incidence angle is 6; > 0° the potential depends on the z co-
ordinate, normal to the surface plane. However, if the potential
barely varies over the interval 8z = a,tan6; the potential can be
considered as periodic, and this is the case if (dV/dz)dz << E,
ie., if a, << E [tan6;(dV /dz)]”!. This condition is better fulfilled
for incidence along symmetry directions with low Miller indices.
Hence, GIFAD patterns are essentially governed by the normal in-
cidence energy E, = Esin’6;, associated with the motion in the
plane perpendicular to the axial direction22:10,

Since those first measurements?, GIFMD and, more in-
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tensively, GIFAD have been widely used as a surface analysis
tool (see Refs.11112/ and references therein). First experiments
were carried out for isolating surfaces, LiF(001)1:2243515] and
NaCl(001)216[17 ysing atomic projectiles, He, H and D. Later
on, GIFAD was also used to analyze semiconductors, such as
Ga,03(100)18 ZnSe(001) epilayer grown on a GaAs(001) sub-
stratel? a B,(2x4) reconstructed GaAs(001) surface?02ll and
a (12x4) reconstructed Al,O3 (1120) surface?#23| GIFAD has
also been shown to work for metal surfaces?#22 despite elec-
tronic excitations. More complex surfaces, such as Fe(001)26/27
and Mo(112)28 covered with atomic (O and S) superstructures,
and even monolayers adsorbed on insulating and metal surfaces,
have been analyzed by means of GIFAD. Examples of this latter
case are graphene grown on 6H-SiC(0001)%? and silica adsorbed
on Mo(112)2%31 The GIFAD technique has been even applied to
study organic molecules adsorbed on metals, for example, alanine
amino acid adsorbed on Cu(110)2233, Furthermore, it is worth
pointing out that GIFAD can be used to follow dynamics processes
in real time, such as the grow of GaAs®# and the crystallization of
perylene on Ag(110)=22l

This intense experimental effort has triggered the development
and improvement of theoretical tools able to account for, and
to support, experimental measurements. Here, we review these
theoretical methods, all of them based on the validity of the
Bohr-Oppenheimer approximation, focusing on their successes
and shortcomings, as well as the challenges they have to face.
Since insulating crystals were widely study via GIFAD, most of
the examples presented throughout the article to illustrate the
performance of the different theoretical approaches will refer to
this type of material. However, the application of these methods
to other surfaces, like semiconductors or metals, is straightfor-
ward. Atomic units (a.u.) are used unless otherwise stated.

2 Electronic structure description

The exceptional sensitivity of the diffraction patterns to the mor-
phological and electronic features of the crystal surface is one of
the most valuable qualities of GIFAD, which makes it a powerful
technique for surface analysis. From the theoretical point of view,
it is precisely this property which transforms the projectile-surface
potential in a key ingredient, whose proper description represents
a real challenge. Even the more elaborated potential models, like
those based on accurate density functional theory (DFT) calcula-
tions, which are adequate for atom-surface scattering at thermal
energies, may fail to describe GIFAD patterns, sometimes requir-
ing the incorporation of ad hoc parameters to obtain a quantita-
tive agreement with the experimental data2?,

In this Section, we will analyze two different kinds of projectile-
surface potential models, which are usually employed in GIFAD
descriptions.

2.1 Analytical potentials

In relation to the crystal target, although the GIFAD method was
applied to a wide variety of materials, the LiF(001) surface used
in the first experiments! is still considered as an ideal bench-
mark to investigate different GIFAD mechanisms?237440, Then,
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Fig. 2 (Color online) Partial short-range contributions to the binary He-
onion potential. Absolute value of Fr(é)(r) , j=e, k, x, ¢, short (as defined
in the text) as a function of the internuclear distance r, for the interaction
with (a) a F~ and (b) a Lit onions. For comparison, the horizontal
dashed line indicates the value of the atomic helium polarizability aye.
Reproduced from Ref.3¢ with permission from World Scientific, copyright
2019
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Fig. 3 (Color online) Absolute value of the PA atom-surface potential
V(Z), given by Eq. (2), for He, Ne (closed-shell) and N (open-shell)
projectiles, as a function of the normal atom-surface distance Z. Different
high-symmetry positions on the LiF(001) surface are considered. Data
taken from Ref .36,

it will be here used to show the performance of analytical poten-
tials derived from pairwise additive (PA) models 36l41 Note that
for insulating materials, like LiF, the electron density is highly
localized around the atomic nuclei, supporting the use of PA po-
tential models as a reliable alternative to more correct, in princi-
ple, self-consistent descriptions. Within the framework of GIFAD,
PA potentials were also successfully used to describe more com-
plex surfaces, like superstructures of O and S atoms on a Fe(110)
surface’2® or a B — Ga,03(100) surfacel®, But in the case of met-
als, the localized electron-density condition is not met, making
inevitable the use of self-consistent potentials, such as those ob-
tained from DFT calculations.

PA potentials are built as a sum of binary interatomic poten-
tials that represent the interaction of the atomic projectile with
individual atomic centers in the crystal. Despite these potentials
are simpler than those obtained from DFT calculations (see Sec,
2.2), they have shown to provide an adequate representation of
the atom-surface interaction for insulator materials42#4, becom-
ing a useful tool to analyze its different contributions (see also
Sec. 4.2), as well as to incorporate crystal defects*2 or lattice vi-
brations®® in GIFAD with a lower computational cost. Recently,
they were also applied as a starting point to derive an empirical
Ne/LiF(001) potential from experimental GIFAD patternsi2.

In particular, PA potentials for neutral atoms placed in front
of a LiF(001) surface have been extensively studied over the
years4049 due to their relevance in different fields. However,
these analytical models were recently improved by incorporat-
ing non-local contributions of the electron density, along with a
more realistic description of the electron density associated with
each ionic center of the insulator#l. Within this renewed PA
model2®41 the atom-surface interaction V(R) is split into short-
and long- range contributions as:

VR) = ¥ erg i (R— ) + W) (R), @)

I's

where R denotes the position vector of the incident atom,
y3hor) (1) describes the short-range binary interaction between the
atomic projectile and the crystal ion placed at the Bravais lattice
site r,, as a function of the relative vector r, and the sum over
r, covers all occupied sites of the crystal sample, taking into ac-
count the surface rumpling? (i.e., the outward (inward) shift of
the positions of the topmost F~ (Li™) ions with respect to the un-
reconstructed surface). In Eq. , the factors ¢y, are given by the
Evjen caging™?, while the potential W(°"2) (R) describes the long-
range projectile-surface interaction due to the effect of dispersive
forces.

The binary potentials vﬁihort) depend on the unperturbed elec-
tron densities of the interacting partners, which are considered
as frozen. But in this upgraded version of the PA model, the elec-
tron density of the crystal ion at r, is affected by the ionic charges
around it as given by the onion approximation>L. This approach
considers the effect of the ionic lattice as spherical charged shells
around the r; site, giving rise to an onion density n(rf)(r’ ) for F~
and Li' sites (/ being the distance to the lattice site r,), which is
derived from Hartree-Fock wave functions that include the con-
tribution of this spherical Madelung potential#L.
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Using the radial-dependent atom and onion densities, vgho”)

obtained as the sum of the electrostatic (e), kinetic (k), exchange
(x) and correlation (c) contributions:

is

Vi (1) = el (1) + el (1) + ey (1) + €l (1), 3)
(e)

where ¢/ (r) corresponds to the Coulomb interaction between
the atomic projectile and the onion placed at rg. The other terms
of Eq. are derived from well-established non-local function-
als: erl; (r) is evaluated with the Lee-Lee-Parr approach2, eg) (r)
with the spin-dependent Becke approximation>3, and eg) (r) with
the Lee-Yang-Parr functional®*, All these functionals include the
gradient and/or Laplacian of the involved electron densities, ac-
counting for the non-uniform behavior of the electron distribu-

tions.

As an example, in Fig. |2} we show the different terms of vﬁihm)

for He projectiles interacting with F~ and Li* onions®®41. These
partial potentials are displayed by means of the function Fr(é) (r)=

(1 +2r3)e<jB)(r), with j=e, k, x, ¢, in order to analyze their

asymptotic limits. Since the absolute values of Fr@ (r) are plotted
in Fig. the signs must be indicate: Fr(;() (r) >0, Fr(é()(r) <0,
F(r) <0, and F\¥(r) > 0, except for the interaction with the F~
onion, whose electrostatic potential becomes negative for r 2 1
a.u.. For both F~ and Li* onions, Frfhon)(r) =r(l +2r3)v£§hon>(r)
is positive at small distances, being dominated by the electrostatic
contribution. In fact, as a consequence of the predominance of
the internuclear repulsion, Fr(shoro(r) — Fr(Be )(0) = ZuZop as r—0,
with Z4 (Zp) being the atom (onion) nuclear charge. But when
r increases, the kinetic, exchange and correlation terms become
sequentially relevant, causing the change of sign of Fr(shm), as
indicated by the dip of the curve in both panels of Fig. [2| Hence,
vﬁhm) is repulsive at short distances but becomes attractive as r
increases, presenting an attractive well, feature that is reflected
in the total PA potential (see Fig. [3).

In contrast with the short-range potential, the long-range®!
contribution takes into account the rearrangement of the atom
and onion electron densities as a result of their mutual interac-
tion. Far from the surface, where W(°"®)(R) prevails, the long-

range binary potentials vg’"@ (r) can be expanded as v(rllf"g) (r) ~
—ap/(2r*) = Cyaw /r® — ..., where o, denotes the static polarizabil-

ity of the atomic projectile, while the parameter C,qyw is related
to van der Waals (vdW) forces*l. From Fig. [2| it is clear that
the projectile polarization term dominates the PA potential as r
increases, leading to

2

wlong) (R ~ — % )

Y Er,(R—rp)

where E.,(r) is the electric field originated by the asymptotic
charge Zﬁisymof the onion placed at rg (with Zﬁisym) = —1,+1 for
F~ and Li™ onions, respectively).

Lastly, Fig. |3| shows the total PA potential for selected closed-
and open- shell atoms interacting with a LiF(001) surface at dif-
ferent positions on top of high-symmetry sites. These potentials
will be tested by means of GIFAD in Sec. 3.2. Notice that in all
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the cases, the absolute value of V(R) presents a sharp dip, corre-
sponding to the edge of the attractive well where the PA potential
changes its sign. Remarkably, this shallow attractive well, which
plays an important role in GIFAD1>53 is observed even without
considering the contribution of vdW dispersive forces, which are
usually assumed as responsible for the attractive well2?, In this
regard, note that not only the projectile polarization term (Eq.
(@) does contribute to the well formation but also the exchange
and correlation terms of Eq. (3).

2.2 DFT-based potentials
Generally speaking, to develop a DFT-based potential energy sur-
face one has to computed a set of DFT energies, which is subse-
quently interpolated (see Sec. to obtain a continuous rep-
resentation of the potential energy surface (PES). Thanks to the
flexibility of these interpolations methods, this type of potentials
are, in principle, more accurate than the analytical ones, specially
when metal surfaces are involved=?. Although they are subject to
the shortcomings of DFT as discussed throughout this section.

In computing the DFT energy for a given system, one has to
considered several assumptions and parameters, among them:

* Periodicity of the system. The systems we are dealing with
are semiperiodic, that is, only periodic on the surface plane.
However, the most popular DFT codes>22 apply periodic
boundary conditions (PBC) in the three dimensions of space.
To solve this problem, a supercell is defined (number of sur-
face layers and dimensions) in such a way that results do not
depend on the chosen model, and that the projectile does
not interact either with its periodic images or with the top
periodic surface.

* Representation of the Brillouin zone (BZ). The number of k
points needed to represent the BZ depends on the size of the
supercell, so that, for large BZ only the I'-point is required.
Several schemes have been proposed to represent the BZ, the
Monkhorst-Pack® and the Chadi-Cohen®¥ being the most
popular.

* Description of the core electrons. To speed up the com-
putational time, most DFT codes consider only the valence
electrons in the calculations, whereas the core electrons are
treated approximately. Also in this case, several schemes
have been proposed, such as the use of norm-conserving®>
and nonlocal ultrasoft®® pseudopotentials and the projector
augmented wave (PAW) method 67,

* Description of the electronic exchange-correlation energy.
As the exact form of the exchange-correlation (XC) density
functional is unknown, a great deal of effort has gone into
developing approximate, but accurate, XC functionals. This
effort has given rise to a considerable amount of different
functionals (see, for instance, 89 and Refs. therein) from
the non-empirical functionals, developed ensuring that they
meet known exact limits, such as the simple local density
approximation (LDA)Z% and those framed within the gen-
eralized gradient approximation (GGA)“ZL, PBE being the



most popular’2 in PBC calculations, to the semi-empirical
functionals developed by fitting experimental or theoretical
dataZ3. However, all these functionals suffer from a com-
mon shortcoming, namely the lack of a proper description
of long-range dispersion forces. In Sec. we discuss in
detail this issue in the context of GIFAD and GIFMD.

2.2.1 Interpolation methods

0
a m
( ) z () (X2,Y2,25)

CM’ CM’ZCM
)\)
y

>

R=(XCM,ycMsZCMs F,0m,Pm)

X/ Pm r=(X..Y;,2)

C (b) H2/LiF(001l) B
B @‘ ]

(X1,Y1,24

-
o1 o

< 9
| /,\\ /z\\ -
g 6;_// \\\_// \\"//:
:.g 32F(c) ® Raw DFT data 9
i — —-CRP -
% o8k — CRP Mod. ®
o

N N
o e
— ]

180

120
¢ (deg.)

o
(®))
o

Fig. 4 (Color online) Top panel: (a) Depiction of the coordinate system.
Bottom panels: Raw DFT data and interpolated 1D potentials with the
standard and modified CRP methods, along the azimuthal angle (¢,,).
(b) Zz=12.96 A, 6, =90°, and a high symmetry site; (c) Z =2.46 A,
6, = 30°, and a low symmetry site. In all the panels the interatomic
distance r is kept equal to 0.80 A. Reprinted with permission from (A.S.
Muzas, M. del Cueto, F. Gatti, M. F. Somers, G. J. Kroes, F. Martin, C.
Diaz, Phys. Rev. B, Hy/LiF(001) diffractive scattering under fast graz-
ing incidence using a DFT-based potential energy surface, 96, 205432,
2017). Copyright (2017) by the American Physical Society.

Several interpolation methods able to provide accurate PESs
are nowadays available, such as reactive force fields (RFF)Z4,
neural networks (NN)Z378 permutation invariant polynomial
neural networks (PIP-NN)ZZ the modified Shepard interpola-
tion method (MSI)Z872 and the corrugation reducing procedure

(CRP)®Y, From these methods, the latter is by far the most used
in the context of GIFAD>3181H85] and GIFMD'EC,

In the original version of the CRP method®” the PES is decom-
posed in two terms, a smooth function and a highly corrugated
term. So that, within the frozen surface approximation, for di-
atomic molecular projectiles the six-dimensional (6D) PES (see
Fig. [4] (a) for coordinate definitions) can be written as:

Vep(R) =Isp(R)+V3p(r1)+Vap(rz), (5)

where Isp represent the 6D smooth function that can be easily
interpolated following in order the subsequent steps:

* A cubic spline interpolation is performed over (Zcyy,r).
* A Fourier interpolation is performed over (Xcpr, Yeu)-

* A Fourier interpolation over (6,,, ¢,) is performed for each
high symmetry site.

In Eq. (5), V3p(r) represents the interaction between one atom of
the molecule and the surface, i.e., the highly corrugated term.

Similarly, for atomic projectiles the three-dimensional (3D) PES
can be written as:

mg Ny

Vip(r) =hp(r)+ Y Y Vi (n), (6)

j=li=1

where I3p represents the 3D smooth function, which can be easily
interpolated using cubic spline functions, and V;p(r) represents
the interaction between the projectile and one atom of the sur-
face. In the summations, m, represents the number of different
types of atoms and n, the number of neighbor surface atoms con-
sidered in the interaction.

For molecule(atom)-metal surface interactions, this method
has been widely proven to yield very accurate results (see Ref.€Z
for a few examples). However, for insulating surfaces a direct ap-
plication of the general CRP formulation leads to inaccuracies in
the interpolation, as shown in Figs. |4] (b) andEL] (¢) for the case of
H,/LiF(001). This problem can be solved by introducing a switch
function (L, 5z(r)) in order to control the CRP applied, so that:

Vep(R) =Isp(R)+V3p(r1) Ly 52(r1)+Vap(r2)Ly52(r2)  (7)

for diatomic projectiles, and:
my Ny .
Vap(r) =Lp(r)+ Y. Y Vi (ri) Lz, s2(ri) ®
j=li=1

for atomic projectiles. In both cases Ly, s5,(r2) is written as:

Lz,s57(ri) = [1 + (exp[zi ;ZzOD] o C)

From Figs. E}] (b) and /4| (c), we observe that the modified CRP
interpolation method yields very accurate results where the stan-
dard CRP fails.

Finally, it is worth pointing out that the accuracy of the inter-
polation method is measured with respect to a DFT energy data
set which has not been used in the interpolation (as shown in
Figs. [ (b) and [] (c)), that is, the ability of the interpolation
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method to properly describe the electronic structure of an atom
or molecule/surface system depends on the accuracy of the un-
derlying energy data set used in the interpolation.

2.3 Influence of the van der Waals forces

In the context of H, and D, interaction with surfaces, at nor-
mal (or quasi normal) incidence and low impact energy, it has
been shown that chemically accurate results can be obtained
within the GGA framework using a specific reaction parameter
approach®®. Furthermore, when chemically accuracy is not met,
theoretical results are found to be in qualitative agreement with
experiments®Z829l These results seem to indicate that the vdW
forces are not called to play a key role in GIFMD. However, for GI-
FAD, where noble gas atoms, mostly He isotopes, are commonly
used as projectiles, the role of vdW forces have been subject of
increased interest.

From a general point of view, two main schemes have been
proposed to include the effect of vdW forces. In the first scheme,
vdW effects are taken into account through the inclusion of an
additional term (Ep), more or less elaborate, in the expression
of the self-consistent Kohn-Sham energy (Eprr) of the system,
i.e., Eprry+p = Eprr + Ep. To this framework belong the cor-
rection terms proposed by Grimme and Co.22%24 Steinman and
Co.22190 Hafner and Co.27, and Tkatchenko and Co0.287100 Thjs
latter family of correction terms22100 includes the many-body
collective response of the substrate electrons.
scheme, new exchange-correlation functionals (E,.) are devel-
oped, often ad-hoc, adding a nonlocal electron correlation func-
tion (E™) to a GGA exchange-correlation functional (ES%4), so
that E,. = EGOA L ELPA L Bl (see Refs.1UH10 for more details).
The use of these latter vdW functionals have been more limited,
on the one hand, due to their computational cost, although thanks
to the development of efficient algorithms19¢ it is now possible to
extremely reduce the computational time. On the other hand, be-
cause the form of the response function used to compute E is
subject to controversy102+109,

In the second

In the context of GIFAD, the influence of vdW forces has been
analyzed for H(D), He and Ne projectiles. In the case of He
projectiles, the effect of vdW was discussed, based on indirect
evidences, for GIFAD from the ,(2 x 4) phase of a GaAs(001)
surface?, This study showed that for intermediate and high per-
pendicular incidence energies (> 30 meV), diffraction simulations
based on a standard DFT-GGA (no vdW included) potential are
able to account pretty well for the diffraction charts measured
experimentally, which involve a highly corrugated surface with
a large number of diffraction channels opened. Whereas in the
case of lower energies (< 30 meV), where vdW forces are ex-
pected to play a more prominent role, the standard DFT-GGA po-
tential overestimates the physisorption potential well, but a sim-
ple rescaling of the attractive part of this potential allows one to
obtain diffraction charts in good agreement with the experiment,
as shown in Fig. Since this rescaling does not affect the re-
sults for high normal energies, it might be related to the effect
of vdW forces. Thence, this study seems to indicate that for He
GIFAD from highly corrugated surfaces, vdW forces only have a
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measurable effect at very low normal incidence energy.

A direct analysis of the vdW influence on He GIFAD has been
performed on He/KCI(001) 83 In this case, it has been also shown
that vdW plays a minor role on diffraction charts for perpendic-
ular incidence energies higher than 30 meV. This conclusion was
drawn from the quite good agreement between diffraction charts
obtained from theoretical simulations based on a DFT-GGA PES,
and those obtained experimentally. In Fig. [] we show, as an ex-
ample, theoretical and experimental results for the isotope 3He.
From this figure we can also see that the simulated diffraction
charts worsen when dynamics calculations are carried out on a
vdW-DF2 PES, i.e., a PES obtained from DFT calculations where
vdW forces are taken into account throught the functional devel-
oped by Langreth and Co.102. Weather this result is due to the
minor role played by vdW forces or to inaccuracies in the vdW-
DF2 functional, which, on the other hand, has shown to yield
very good results for diffraction of noble gas atoms from metal
surfacestL, is still under debate.

To enrich the discussion, for the “He isotope at low normal en-
ergies, it has been found that vdW plays a minor role, if any, for
incidence along the [110] crystallographic direction?Z113] From
Fig. |7) we observed that the corrugation felt by the “He projec-
tile, as a function of the perpendicular incidence energy, as well
as the rainbow angle, barely depend on the functional, and that,
generally speaking, the agreement with the experiment does not
improve when vdW forces are considered. In fact, the striking
and counter-intuitive increase (= 85%) of the corrugation and the
rainbow at middle He—surface distances (Z) can be attributed to
the combination of soft potential effects and the evolution with
Z of the He-cation and He-anion interactionsZ. In contrast, for
incidence along the [100] channel with low normal energies, the
inclusion of vdW forces seems to improve the agreement between
theory and experiment for both the rainbow angle and the cor-
rugation of the PES®>, two physical quantities that probe differ-
ent regions of the physisorption well. Concerning the influence
of the crystallographic direction on vdW effects, we should point
out that for alkali-halide surfaces, like KC1(001) or LiF(001), the
projectile polarization plays an important role for incidence along
the [110] direction because the atom moves along pure cation or
anion rows. But the polarization contribution becomes negligible
for the [100] channel, where the axial rows are formed by alter-
nate negative and positive crystal ions, leading to a null averaged
charge of these rows14, Hence, this fact should favor the ob-
servation of vdW effects along [100] since in this case the weak
vdW interaction is not hidden by the more relevant polarization
term™>>.

The influence of vdW effects has also been analyzed for atomic
hydrogen. In this case, it has been shown®¥ that for the
H/LiF(001) system the description of vdW forces is essential
to reproduce experimental GIFAD results for perpendicular in-
cidence energies < 0.5 eV along the crystallographic direction
[100], whereas for other incidence conditions vdW forces seem
to be negligible®4115, VAW forces has been estimated to be also
negligible for D/KC1(001)>, although in this case a more de-
tailed and thorough comparison with experimental data would
be needed to validate these conclusions.
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At this point, it is worth noting that no functionals have been
able to reproduce, with chemical precision, the experimental re-
sults for any of the mentioned systems encompassing the entire
range of perpendicular incidence energies, regardless of whether
vdW is taken into account or not. Therefore, a relevant theo-
retical challenge within the current context is the improvement
of existing DFT functionals, or the development of new ones, in
order to adequately describe all physical interactions present in
projectile/surface systems, including those due to vdW forces. It
is precisely in this task that GIFAD and GIFMD are called to play
a very important role because the interference patterns for low
normal energies are extremely sensitive to the proper description
of the interaction potential. Therefore, GIFAD experiments can
be used to test the accuracy of the functionals that can be devel-
oped over the next few years with the aim of achieving chemical
accuracy in DFT simulations.

3 Grazing incidence fast atoms diffraction
(GIFAD)

3.1 Classical methods

Classical dynamics may yield useful outputs related to rainbow
angles (@,;) in atom-surface scattering®®119, But, beyond ©,;
values, classical dynamics simulations can be also used to ob-
tained qualitative information about diffraction-peak probabili-
ties. Although it may well come as a surprise for many that one
can study diffraction, the quintessential quantum phenomenon,
using classical mechanics, already in the 70’s Ray and Bowman
showed that the use of a discretization method can make classi-
cal trajectory calculations compatible with the Bragg’s law:1Z1118]
According to the Bragg’s law, diffraction occurs whenever the
variation of the parallel momentum coincides with one of the vec-
tors of the reciprocal lattice. But there is not such a restriction in
classical dynamics, where the variation of the parallel momen-
tum can be any vector in the surface reciprocal space. However,

if we divide the reciprocal lattice in Wigner-Seitz cells around
each lattice point, in such a way that each cell is unambigu-
ously associated with a lattice vector, i.e., with a diffraction peak
(see Fig. [8), we can easily assign each classical trajectory with
a diffraction peak (n,m) according to the change of its parallel
momentum. Thus, the classical diffraction probability for a given
diffraction peak (n,m) is given by the number of trajectories in
which the projectile scatters with a parallel momentum change
inside the (n,m) Wigner-Seitz cell, divided by the total number
of trajectories. Of course, in this binning method the smaller the
Wigner-Seitz cell the more similar the binning to the real paral-
lel momentum change quantization. Although one cannot expect
quantitatively accurate results from this classical binning method,
the procedure allows one to obtain good trends at a very cheap
computational cost. An example of GIFAD results for H/LiF(001)
obtained using this simple method is shown in Fig. E} From this
figure, we can see the very good qualitative agreement between
the classical simulated diffraction spectrum and the experimental
oneI1I83

Note that for the H/LiF(001) system, binning results agree
with experimental datall? even in the stronger corrugation felt
by hydrogen atoms diffracted along the [100] direction of the
LiF(001) surface, in comparison with those diffracted along the
[110] one®3. The diffraction spectra for H/LiF(001) obtained
with the binning method can be understood in terms of the geo-
metrical structure factor (S,), which can be expressed as a com-
bination of the atomic form factors (Fz; and Fr)% as:

Sg = F1i(G) C% 4 Fr(G) &G0 (10)

where the reciprocal lattice vector (G) is given by G = nb| +mb;,
with b; and b, representing the primitive reciprocal lattice vec-
tors, and dz; and dr the atomic basis set vectors. Thus, S, =
Fii+ Fr if n4+m is an even number, and S, = F;;, — Fr if n+m
is an odd number. As it can be seen from Fig. all the
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Fig. 6 (Color online) Diffraction spectra of He/KCI(001). Top panels (a

and d) are the experimental spectra from Ref.21%: middle panels (b and

e) are the simulated theoretical spectra using a DFT-PBE PES; bottom
panels (c and f) are the simulated theoretical spectra using a vdW-DF2
PES. Left and right panels correspond to incidence along the [100] and
[110] crystallographic directions, respectively. The dashed yellow lines
are just to guide the eye. Reprinted from Nucl. Instrum. Meth. Phys.
Res. B 476, 1-9, 2020, M. del Cueto, A. S. Muzas, F. Martin, C. Diaz,
Accurate simulations of atomic diffractive scattering from KCI(001) under
fast grazing incidence conditions, copyright (2020) with permission from
Elsevier.

diffraction peaks observed along the [100] direction correspond
to n +m =even, i.e., for all of them S, = Fj; + Fr. Whereas
along the [110] direction, diffraction peaks with n+m =even and
n+m=odd alternate. This fact, along with the dependence of the
form factors with the corrugation of the PES, explains the stronger
peak-modulation observed along the [110] direction.

In addition, the classical binning method could be further im-
proved, without significantly increasing the current very low com-
putational requirements, by incorporating a Gaussian weighting
into the binning 120121,

3.2 Semiclassical approximation

A more refined way of dealing with atom-surface diffraction,
but still using a classical description of the projectile motion, is
provided by the semiclassical approximations. Semiclassical ap-
proaches have played an important role in the understanding of
atom and molecule diffraction from surfaces?2#128 gyer time.
This holds also for GIFAD, whose first theoretical prediction122,
some years before the experimental reportsl’2, was based on

a semiclassical approximation. Although Ref.!2% remained al-
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Fig. 7 (Color online) (a) Surface corrugation and (b) rainbow deflection
angle, as a function of the normal incidence energy, for *He — [110]
KCI(001) obtained from experiments®? and SIVR simulations?? based
on three different DFT functionals: PBE“2: rVV10 (vdW1)112; and
DF2b86r (vdW2)194, Reprinted with permission from (G. A. Bocan, H.
Breiss, S. Szilasi, A. Momeni, E. M. Staicu-Casagrande, M. S. Gravielle,
R. A. Sanchez, H. Khemliche, Phys. Rev. Lett., Anomalous KCI(001)
Surface Corrugation from Fast He Diffraction at Very Grazing Incidence,
125, 096101, 2020). Copyright (2020) by the American Physical Society.

most unknown until 20092, early articles on GIFAD1I4130131
made use of semiclassical models to unravel the main physical
mechanisms involved in this unexpected phenomenon. More-
over, semiclassical approximations based on 3D classical trajecto-
ries, as well as the much simpler Hard-Corrugated Wall (HCW)
model’32 that completely neglects soft-potential contributions,
were widely employed to extract surface information from GI-
FAD experiments. Among the former approaches, we can men-
tion semiclassical models that combine classical 1820311301133/ o
local classical?? scattering cross sections, incorporating a phase
to take into account the quantum interference, and those derived

from the eikonal approach, like the surface eikonal (SE) approx-
0142143182114

imation and the semiclassical method developed by
Manson and Co.13L,
Concerning these semiclassical approximations for GI-

FADPUB20IBIM3IEASS - e should point out that despite they
shown to provide a successful representation of the experimental
diffraction patterns, their results largely overestimate the inten-
sity of the outermost maxima of the angular distribution when
these peaks are close to the classical rainbow angles. This is a
well-known deficiency related to the classical description of the
rainbow scattering24, which introduces a point of accumulation
of trajectories with maximum azimuthal deflection, giving
rise to cusped rainbow peaks. Instead, projectile distributions
obtained from full quantum treatments, as well as from adequate
semiclassical calculations, present smooth rainbow maxima with
a exponential decrease of the scattering probability outside the
classical rainbow angles, in the angular region corresponding to
classically forbidden transitions.

On the other hand, it should be also mentioned that although
in many cases the simple HCW model has proved to give a good
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Fig. 8 (Color online) Reciprocal lattice corresponding to LiF(001). The
dotted lines delineate the 2D Wigner-Seitz cells around each lattice point.
The numbers within parentheses indicate the diffraction peaks; numbers
within brackets indicate the two main crystallographic directions.

representation of the intensity modulation of the experimental
GIFAD patterns 2427729035 gyych a description is associated with
effective parameters of the real soft atom-surface potential, whose
effects should be taken into account in order to use GIFAD as a
surface analysis technique?133. Notice that these soft potential
effects are particularly important for GIFAD at low normal ener-
gies17I55,

In this context, the surface initial value representation (SIVR)
approximation®® was developed in order to solve the rainbow
weakness of previous semiclassical models. The SIVR approach is
a semiquantum method for grazing atom-surface scattering that
takes into account quantum effects, such as interference, coher-
ence lengths, and classically forbidden transitions, without losing
the appealing representation of the interference mechanisms in
terms of classical trajectories. This approximation is based on
the IVR approach by W. H. Miller13¢, which has been extensively
employed to investigate different atomic, molecular and nuclear
processes1361142l - Within the framework of the Feynman path
integral formulation of quantum mechanics, the IVR model re-
places the exact quantum time-evolution operator with its Van
Vleck approximated version!43 in terms of classical paths, which
is numerically evaluated without incorporating additional simpli-
fications. Hence, this IVR time-evolution operator represents a
practical way of avoiding the classical rainbow divergence.

The SIVR model##144 makes use of the IVR time-evolution op-
erator within a full quantum distorted-wave formalism‘4>
ing rise to the transition amplitude A(S?V®) that includes, albeit in
an approximated way, classically forbidden contributions on the
dark side of the classical rainbow angle. For the elastic scatter-
ing K; — Ky , with K; (K, ) being the initial (final) projectile
momentum and K; = K , the SIVR transition amplitude reads
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Fig. 9 (Color online) (a) 2D classically simulated diffraction spectrum for
H/LiF(001) along the incidence direction [100] for total incidence energy
of 0.9 keV and incidence angle of 1.48°; (b) The corresponding experi-
mental spectrum®. Note: The theoretical results have been convoluted
with a 2D Gaussian function of width 6, = 0.025° and op = 0.12° to
simulate the experimental spread. Reprinted from Nucl. Instrum. Meth.
Phys. Res. B 354, 9-15, 2015,A. S. Muzas, F. Martin, C. Diaz, Scatter-
ing of H(D) from LiF(100) under fast grazing incidence conditions: To
what extent is classical dynamics a useful tool?, copyright (2015) with
permission from Elsevier.

AGIVR) _ / dry £,(r0) / dky fr(ko) a®VB (e, k), (1)

where
+oo
g k) = [t (@) V() exp [i (670 Q- )|
0

(12)
is, except for a constant factor, the partial transition amplitude
associated with the classical projectile path r; = r;(r,,k,), with r,
and k, being the starting position and momentum, respectively,
at the time r = 0. The Maslov function Jy () = det [dr;(r,,K, ) /IK,]
(a determinant) takes into account the correlation among nearby
trajectories, Q = K; —K; is the momentum transfer, and q)t(SIVR)
denotes the SIVR phase along the trajectory:

t
SIVR 1 2
¢t( ):/dz’ {% (Ky—ky)" = V()| a3
0

with k; = mpdr; /dr being the time-dependent classical momen-
tum and mp the projectile mass.

In Eq. the functions fi(r,) and f(k,) describe the spa-
tial and momentum profiles, respectively, of the initial coherent
wave packet at a fixed distance z,, from the surface where the time
evolution is started. Then, the transition amplitude A(S/VR)
tains the interference among different partial amplitudes a

con-
SIVR)
associated with a given incident wave packet, which is the ulti-
mately origin of the quantum interference effects. From the SIVR
transition amplitude, given by Eq. (TI), the differential scatter-
ing probability in the direction of the solid angle Q= (6, ¢y) is
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Fig. 10 (Color online) Intra-channel distribution, as a function of the
deflection angle ©, for *He atoms scattered from LiF(001) along the [100]
direction with £ = 8.6 keV and 6; =0.71 deg. Solid red line, SIVR results
for the intra-channel mechanism (i.e., for N = 1) extracted from Ref. adl.
shadow gray line, experimental data from Ref.130

2
obtained as dPSIVR) /a0 = K? ‘A(SIVR)‘ )

By using the SIVR approximation, it is possible to analyze the
different interference mechanisms involved in GIFAD. Like in any
interference phenomenon from a periodic grating, GIFAD patterns
are determined by two different mechanisms - inter- and intra-
channel interferences - associated respectively with Bragg diffrac-
tion and supernumerary rainbows3%, Within the SIVR approach,
each of these mechanisms corresponds to a different factor of the
transition amplitude, that is,

ABIVR) _ g Aﬁi‘;mv (14)

where Sy is the inter-channel factor produced by interference
among parallel channels, which presents a closed form depend-
ing on both the transverse spacial periodicity a, of the crystal
and the number N of equivalent parallel channels that are co-
herently illuminated by the incident wave packet. In turn, the
intra-channel factor Al(\fi‘iR) corresponds to the transition ampli-
tude for a single-channel illumination*#. Hence, Sy represents
a geometrical structure factor that gives rise to Bragg maxima,
whose relative intensities are modulated by A,(\fi‘qR), which acts as
an enveloped function that presents rainbow and supernumerary
rainbow maximal3¥ as displayed in Fig.

Since the intra-channel structures are strongly sensitive to
the interaction potential, the relative intensities of the Bragg
peaks1529B1I33I46] o alternatively, rainbow and supernumer-
ary rainbow maxima'?43, are commonly used to extract detailed
surface information from GIFAD experiments. For example, in
Fig. [11]the intensity of the central peak (0'" Bragg order) derived
from a simpler semiclassical model is used to investigate the struc-
ture of a monolayer silica film grown on Mo(112)Y, while in Fig.
supernumerary rainbow positions derived from the SIVR ap-
proach are compared with experimental data in order to probe
the PA potentials displayed in Fig. |3} checking the contribution of
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Fig. 11 (Color online) Normalized peak intensity of the 0/ Bragg order,
as a function of the normal energy E,, for *He atoms scattered along
the [01] direction of a monolayer silica film on Mo(112). Reprinted with
permission from (J. Seifer, A. Schiiller, H. Winter, R. Wlodarczyk, J.
Sauer and M. Sierka, Phys. Rev. B, Diffraction of fast atoms during
grazing scattering from the surface of an ultrathin silica film on Mo(112),
82, 035436, 2014). Copyright (2014) by the American Physical Society.

the electron correlation term4L,

Furthermore, semiclassical methods can be used as a tool to
investigate the coherent and incoherent contributions to GIFAD,
as discussed in the following subsections.

3.2.1 Projectile coherence

In matter-wave opticsi4Z | like in light optics, the coherence prop-
erties of the wave play a central role in the interference effects.
In particular, the collimating conditions of the incident beam are
critical for matter interferometry involving heavy particles, like
atoms or molecules, because the observation of quantum inter-
ference strongly depends on the relation between the projectile
coherence length and the grating parametersl148-151 This issue
was extensively investigated for atomic diffraction from surfaces
at thermal energies©122153] byt in the case of GIFAD, Ref1>%
is, to our knowledge, the unique experimental study on the in-
fluence of the beam collimation on diffraction patterns. In that
articlel>% angular distributions for 1 keV He atoms scattered off
a LiF(001) surface under different collimating conditions are re-
ported, displaying a pronounced dependence on the width of the
collimating slit (see top panels of Fig. [13).

From the theoretical point of view, the degree of coherence of
the atomic beam determines the dimensions of the initial coher-
ent wave packet144123 which depend not only on the collimat-
ing setup but also on the characteristics of the atom source and
the incidence conditions. Within the SIVR approach, the spatial
profile of the initial wave packet at a distance z, from the surface
where the time evolution is started (usually chosen as equal to the
lattice constant) is given by the complex degree of coherencel>0

2 2
fb(ruH)‘ = ;umh(roﬂ) , with
r,| = XoX+ Y,y being the component of the starting position par-
allel to the surface plane. By assuming an atomic beam produced

(Meon(r,))) of the atomic beam as
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Fig. 12 (Color online) Deflection angles ® corresponding to rainbow
and supernumerary rainbow maxima, as a function of the normal energy
E,, for 3He atoms scattered along [100] (left), and for Ne (middle)
and N (right) atoms impinging along the [110] direction. In all panels,
red solid (black dashed) line, SIVR rainbow and supernumerary rainbow
angles derived with (without) the inclusion of correlation in the PA model
(see Sec. 2.1). Symbols: experimental data extracted from Refs 24143
Reproduced from Ref.3% with permission from World Scientific, copyright
2019.

by an extended incoherent quasi-monochromatic source, passing
through a rectangular collimating slit placed perpendicular to K;
at a long distance from the surface and the source, the complex
degree of coherence can be derived from the Van Cittert-Zernike
theorem as'1>Z;

) TS .2 TSy

0( A, zx()) O(szo)v
where jjo(x) is the spherical Bessel function, L is the distance of the
collimating slit to the surface, and s, and s, denote the lengths of
the sides of the rectangular collimating aperture. From Eq. (15),
f5(r,)) can be approximated as a product of Gaussian functions:

(15)

2
Heon (rUH)‘

[5(xo)) = G(0x,%0)G(0y, o), (16)
where G(o,x) = [2/(1®?)]'/*exp(—x*/?) and
AL L AL
Gx*ﬁsfx, O'yfﬁsfy. a7

are the corresponding transverse coherence lengths, which deter-
mine the spatial size of the coherent wave packet at a distance z,
from the surface.

On the other hand, the longitudinal coherence length!#2' does
not play any role in typical GIFAD experiments because the atomic
beam presents a well defined energy (i.e., AE/E < 1)124158
Thence, the starting momentum k, satisfy the energy conserva-
tion, with k, = /2mpE, reducing the momentum profile of the
initial wave packet to an angular distribution:

Jn(Ko) = fin(Qo) = G(09, 0, — 6;)G(Cg, @s), (18)

where Q, = (0,,¢,) is the solid angle corresponding to the k,
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Fig. 13 (Color online) Projectile distribution, as a function of the final
dispersion angles 6y and ¢y , for 1 keV “He atoms impinging on LiF(001)
along the [110] direction with the incidence angle 6; =0.99 deg. Two
different widths of the collimating slit, placed at L =25 cm, are used: (a)
sy= 0.2mm and (b) s, = 1.0 mm. Top panels, experimental distributions
extracted from Ref15%: bottom panels, SIVR distribution taken from
Ref 144 Reprinted W|th permission from (M. S. Gravielle, J. E. Miraglia,
Phys. Rev. A, Influence of beam collimation on fast-atom diffraction
studied via a semiquantum approach, 92, 062709, 2015). Copyright
(2015) by the American Physical Society.

direction and the angular widths 69 =1, /(20y) and 6, =1 /(20y)
are derived from the uncertainty principle122.

From Egs. and it is clear that the size of the colli-
mating aperture affects the surface region coherently illuminated
by the projectile wave packet, allowing one to control the mech-
anisms that govern the GIFAD pattern. In fact, the key parameter
in the simulations of Fig. is the number N of equivalent par-
allel channels (with width a,) that are coherently illuminated by

the atomic beam, which can be estimated as‘60

N2 L2 (19)
ay sy ay/mpE

For the collimating slit with s, = 0.2 mm [Fig. (a)], the
atomic beam coherently illuminates about N ~ 3 channels, giv-
ing rise to a projectile distribution with well defined Bragg peaks,
in agreement with the experimental pattern. But when s, in-
creases, the value of N decreases, and consequently, the width
of the Bragg peaks gradually increases. For s, = 1.0 mm [Fig.
(b)1, N <1 leads to cancellation of the inter-channel interference
and the simulated distribution only displays supernumerary rain-
bow structures associated with A(SIVR), as it is also observed in
the experiment.

A similar effect is found by varying the impact energy since N
decreases as E increases2Y, as given by Eq. . Furthermore,
when o, becomes smaller than the channel width (i.e., N < 1), itis
necessary to include the spot-beam contribution due to different
microscopic positions of the focus point of the atomic beam'°L,
Each of them probes a different local zone of the atom-surface
potential inside a single channel, introducing an incoherent back-
ground that reduces the visibility of the intra-channel structures.
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Fig. 14 (Color online) Projectile distributions, as a function of 6; and ¢,
for *He atoms impinging on LiF(001) along [110] with 6; = 1.1deg. (a)
(left panels) Simulated SIVR results derived by considering a collimating
slit of width s, = 0.3 mm, placed at L =25 cm; (b) (right panels) exper-
imental distributions extracted from Ref.29. |n both columns, different
impact energies - E = 1.25, 3.50, and 9.00 keV - are considered. The cor-
responding N values, as given by Eq. (, are indicated. Reproduced
from Ref.161 with permission from the institute of physics, copyright
2018.

This makes the projectile distribution tend to the classical limit
at high energies, as shown in Fig. In an analogous fashion,
inelastic scattering processes are expected to contribute to wash
out the interference patterns as the normal energy increases (see
Fig. 16 of Ref. 12y

Finally, notice that despite all the projectile distributions of
Figs. andlay inside an annulus of mean radius 6; as a con-
sequence of the energy conservation'’2, the spectra display elon-
gated structures. The length of such vertical streaks is affected
by the length s, of collimating slit14#157 through oy, as well as
by phonon-mediated processes, among other expected contribu-
tions 2. This question will be discussed in detail in Sec. 3.2.4

3.2.2 Decoherent contributions

In Sec. 3.2.1, we have analyzed the influence of the coherence of
the incident beam in GIFAD patterns. However, the observation
of quantum interference also depends on the coherence proper-
ties of both the crystal target and the scattering mechanism. Re-
garding the latter issue, first GIFAD experiments'? made use of
insulator surfaces, for which electronic excitations were expected
to be strongly suppressed due to the presence of a wide band
gap122. This fact was experimentally verified for the He/LiF(001)
system1€2. But for hydrogen projectiles, measurements in coin-
cidence with energy-loss detection showed that in this case the
electronic excitations introduce an incoherent background into
the elastic distributions, which are governed by quantum inter-
ference131102. A similar inelastic background was also predicted
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for metal surfaces, like Ag(110), for which well defined GIFAD
patterns were observed 2482 despite the decoherent effect of elec-
tronic transitions13 as it will be discussed in Sec. 3.2.5.

But in addition to electron excitations, there are other scatter-
ing mechanisms that are foreseen to affect the coherence, like
those involving crystal lattice vibrations, i.e., phonons, which
were early suspected of playing an important role in GIFAD from
insulating surfaces1>2. Particularly, thermal lattice vibrations, be-
cause most of the GIFAD experiments were carried out with crys-
tal targets at room temperature, whose mean thermal lattice fluc-
tuations are usually larger than the de Broglie wavelengths of
the incident projectiles!31153 However, GIFAD experiments for
a huge variety of materials, not only at room temperature but
also at much higher temperatures®4, promptly proved that the
quantum interference prevails over thermal decoherence, mak-
ing possible to use GIFAD to measure surface parameters smaller
than thermal vibration amplitudes, like the rumpling of the top-
most surface layer:23146 In the next subsection we will focus on
the contribution of phonon-mediated scattering.

3.2.3 Phonon-mediated scattering

In spite of the intense experimental work on GIFAD developed
over the past 15 years, the theoretical study of the contribution
of phonon-mediated processes has had a slower progress. In the
literature, the vast majority of GIFAD descriptions are based on
elastic scattering from an ideal and frozen crystal surface, leav-
ing aside the effect of thermal lattice vibrations. On the contrary,
the decoherence introduced in GIFAD by phonon-mediated scat-
tering was scarcely studied in early works131114611551164]  Ryep
though this is an important question for the use of GIFAD as a
surface analysis tool, it has only recently received renewed at-
tention 37401651166 representing a problem not fully understood
yet.

Among these recent theoretical developments that include lat-
tice vibrations, we can mention the phonon-surface initial value
representation (P-SIVR) approximation®®, which is an extension
of the SIVR approach (summarized in Sec. 3.2) in order to in-
corporate phonon transitions. It is done by replacing the rigid-
surface description with a quantum representation of the sur-
face given by the harmonic crystal model®?. Within the P-SIVR
method®®, the classical trajectories r; depend also on the spatial
configuration of the crystal at ¢+ = 0, which is determined by the
3N.-dimension vector u, associated with the 3D displacements of
the N, ions contained in the crystal sample, with respect to their
equilibrium positions. By using PA potentials, the P-SIVR proba-
bility can be expressed as a series on the number n of phonons
emitted or absorbed during the collision, where each Pn-SIVR
probability is associated with grazing scattering involving the net
exchange of n phonons. The zero-order term,

dPPOSIVR) 140 = K3 |y o7, (20)

corresponds to elastic scattering without net phonon exchange
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Fig. 15 (Color online) Projectile distributions, as a function of 8y and ¢y,
for 1.25 keV *He atoms scattered off LiF(001) at the temperature T = 300
K, with E; =0.46 eV. Results derived within (a) the SIVR approximation,
for a rigid crystal, and (b) the PO-SIVR approach, including thermal
vibrations, are displayed. Reprinted with permission from (l.Frisco, M.
S. Gravielle, Phys. Rev. A, Thermal effects on helium scattering from
Lif(001) at grazing incidence, 102, 062821, 2020). Copyright (2020) by
the American Physical Society.

(i.e., npp = 0), while the first-order term,

) Ny(K) >
dPPI=SIVR) juo g2 B2 e, (k1
0y = g [
Ny (k) +1 2

O ek, @D

describes the one-phonon scattering, where 7, , is the effective
transition amplitude for n,, phonons emitted (n,;, = —n) or ab-
sorbed (n,, = +n) by the crystal during the collision. In Eq.
the sum runs over the different normal modes of the crys-
tal, with @y (k) being the phonon frequency in the branch /, with
the wave vector k, and N;(k) = (exp[w;(k)/ (kgT)]—1)"" is the
Bose-Einstein occupation function for (k,/) phonons in a crystal
at temperature T, with kp being the Boltzmann constant. The
complete expression of @7, , is given in Eq. (3) of Ref. 38 and in-
volves the addition (that is, the integral) of all possible spatial
configurations u, of the crystal lattice.

While Eq. (2I)), associated with inelastic phonon-mediated
scattering, is still pending numerical evaluation, the probability
PO-SIVR [Eq. ], which allows one to investigate the effect
owing to thermal lattice vibrations, was evaluated for different
collision systems=282, It can be expressed in terms of partial
transition amplitudes obtained from Eq. by replacing the
potential along the trajectory with an effective potential (i.e., a
crystal factor) that reads:

Ko) = [ da L (@expl~We, (@)
x exp[iq- (r; —rg)], (22)

where ¥y, (q) denotes the Fourier transform of the binary in-

teraction between the projectile and the crystal ion placed at
the Bravais position rg, Wi, (q) =([q- u(rB)}2> /2 is the usual
momentum-dependent Debye-Waller function, with u(rg) the dis-
placement of the crystal ion at rg, and the sum covers all the
occupied lattice sites. In this way, within the transition ampli-
tude ¢, ,—o thermal effects result included through two different
contributions: i) the coherent contribution of classical projectile
trajectories produced by different spatial configurations u, of the
crystal, and ii) the effective screening of the potential along each
projectile path due to the exponential Debye-Waller factor, which
takes into account the incoherent sum over all the intermediate
phonon excitations (i.e., the addition of the square modulus of
the partial crystal transition amplitudes). In contrast, early works
on GIFADU461153! jnclude the contribution of lattice vibrations by
averaging the transferred momentum by binary collisions> or
the surface potential24®l over randomly displaced positions of the
crystal ions.

To illustrate the performance of the PO-SIVR approximation,
in Fig. the projectile distribution for zero-phonon scattering,
derived from Eq. (20), is contrasted with that obtained within
the SIVR approach for a rigid surface, using He/LiF(001) at room
temperature as a benchmark system=2. From this figure, it is clear
that the effect of thermal lattice fluctuations contributes to the
formation of elongated strips, feature also observed in GIFAD ex-
periments. Furthermore, the positions of the Bragg peaks are not
affected by the lattice vibrations, although depending on the nor-
mal energy, their relative intensities are. In fact, thermal effects
can even lead to the appearance of sub-patterns of interference
as a function of the polar angle, like the ones observed in Fig.
In this figure, the intra-channel distribution for Ne impact on
LiF(001) at room temperature shows an additional polar pattern
in the central region, which gives rise to doubly peaked struc-
tures in the azimuthally-projected spectrum=®. A more quantita-
tive evaluation of the contribution of thermal fluctuations within
the PO-SIVR approach can be obtained from the contrast of the
azimuthal spectra corresponding to the cases of Figs. and
which are respectively displayed in Fig. 4 of Ref.? and Fig. 3 of
Ref38, At this point, it should be recalled that such thermal ef-
fects in GIFAD patterns were already predicted in a pioneer article
by Manson and Co.13L,

Furthermore, PO-SIVR simulations indicate that the interfer-
ence structures might be still visible for LiF(001) surfaces at tem-
peratures up to T ~ 600 K, starting to blur out for higher temper-
atures®?, Although this thermal behavior is in agreement with
GIFAD experiments for GaAs surfaces, where the interference pat-
terns were used to monitor the layer-by-layer grow=# at temper-
atures as high as 620 °C, these findings for the prototype system
He/LiF(001) would require future experimental research.

3.2.4 Polar-angle profile

As mentioned above, the most striking characteristic introduced
by lattice vibrations is the polar elongation of the interference
patterns, which transforms the circular spots corresponding to
elastic scattering from an ideal rigid surface into vertical strips,
as observed experimentally (see Figs. and [I4). However, we
should point out that it has not been possible yet to accurately

Journal Name, [year], [vol.],

129| |13



1.3 keV Ne —> [110] LiF(100)

(b) PO-SIVR (T= 300K)

(a) SIVR (rigid surface)

-04 -0.2 00 02 04 -04 -0.2 00 02 04
o, (deg)

Fig. 16 (Color online) Intra-channel distribution, as a function of 6y and
@y, for 1.3 keV Ne atoms scattered off LiF(001) at the temperature T =
300 K, with E; =0.30 eV. Reprinted with permission from (I.Frisco, M.
S. Gravielle, Phys. Rev. A, Phonon contribution in grazing-incidence fast
atom diffraction from insulator surfaces, 100, 062703, 2019). Copyright
(2019) by the American Physical Society.

reproduce the experimental polar distributions by means of ab
initio models without the inclusion of parameters ad hoc. Thus,
the study of the polar profiles in GIFAD has became a problem of
great interest, being the focus of recent works=2:40,

For the He/LiF(001) system at different temperatures 7, in
Fig[T7|we show the polar profile of the central maximum derived
from the PO-SIVR approach, along with the SIVR polar distribu-
tion for a rigid surface. For the different temperatures of the sam-
ple, the PO-SIVR distribution presents a wide maximum, whose
intensity decreases as T increases=2, effect that is only partially
due to the Debye-Waller screening of Eq. (22). On the contrary,
the SIVR spectrum does not depend on T, displaying a sharp peak
at the specular reflection angle 6; = 6;, i.e., on the Laue circle.

The 6, profile for a given Bragg maximum was estimated to
follow a lognormal behavior as a consequence of the effect of
thermal vibrations13111671168 Then a standard procedure is to fit

the broad polar distribution using a lognormal function'1240;
—(In(6y/6:))*
3 -
PO = 5o T gy ) (23)

where A, 6., and o are fitting parameters. This fitting was ap-
plied to the PO-SIVR results of Fig. (green dot-dashed line),
finding that Eq. describes quite well the simulations, with a
lognormal width o slightly increasing with 722\
Concerning the polar width of the GIFAD patterns, in Re
by assuming a pure repulsive mean surface potential defined as
Voexp(—I'Z), with Z the atom-surface distance, the lognormal
width of Eq. (23) was estimated as & = F<uz2>l/2, with (u;%)
being the mean-square vibrational amplitude normal to the sur-
face plane. But this behavior is not followed by the ® values
obtained from the PO-SIVR approach (see Fig. 6 of Ref.22 not-
ing that the lognormal width differs by a factor 2 from that given
by Eq. (23)), from which it is possible to roughly estimate a pa-
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Fig. 17 (Color online) Intensity profile of the central maximum at ¢y =0,
as a function of the polar angle 6y, for the case of Fig. considering
different temperatures: (a) T =300 K, (b) T =400 K, (c) T =500 K,
and (d) T =600 K. In all the panels, red solid line, differential probability
derived within the PO-SIVR approach; blue dashed line, SIVR probability
for a rigid crystal; green dot-dashed line, fitting of PO-SIVR results by
means of a lognormal distribution, as given by Eq. . Vertical gray
dashed line, ideal 8- position on the Laue circle (i.e., 6y = 6;). Reprinted
with permission from (l.Frisco, M. S. Gravielle, Phys. Rev. A, Thermal
effects on helium scattering from Lif(001) at grazing incidence, 102,
062821, 2020). Copyright (2020) by the American Physical Society.

rameter I' that is much smaller than the stiffness of the poten-
tial, defined as the normalized slope of the mean surface poten-
tial (—[V(Z)]"'dV/dZ) evaluated in the region of the projectile
reflection®, This discrepancy might be associated with the in-
fluence of soft potential effects1Z>5133] not taken into account
in Ref 13l as well as with the neglect of the attractive forces,
which was found to provide an excessively simplified descrip-
tion of the surface potential in the framework of GIFAD#Y, Fur-
thermore, since the PO-SIVR approach for zero-phonon scattering
does not include inelastic processes associated with net phonon
excitations, it is reasonable that the polar dispersion of the experi-
mental GIFAD patterns exceeds the one predicted by the PO-SIVR
approach3852,

From the experimental point of view, the separation of the elas-
tic contribution from the inelastic phonon-mediated one in GI-
FAD spectra represents a difficult task12:374054  Schram and
Heller1%® proposed an additional interference method to distin-
guish elastic from inelastic GIFAD, which is still awaiting exper-
imental confirmation. But in Refs. 123740 this was done by fit-
ting the experimental polar-angle profile with a combination of
a narrow Gaussian function and a wide lognormal distribution
[Eq. ], which represent the elastic and inelastic contributions
respectively. As an example, Fig. shows the experimentally-
derived lognormal width o, as a function of the normal energy,
for Ne atoms grazingly impinging along the [110] channel of
LiF(001) at room temperature, under different incidence condi-
tions?, These data show that the polar width of the inelastic con-
tribution decreases when E| increases until E; ~ 100 meV, and
then it reaches a plateau. A similar behavior was also observed for
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Fig. 18 (Color online) Lognormal width @ of the inelastic polar-angle
profile (corresponding to Eq. ) as a function of the normal energy E | ,
for Ne atoms impinging on a LiF(001) surface under the conditions in-
dicated in the left inset. Symbols, experimentally-derived data 40 Lines,
QBCM results and incomplete QBMC approaches, as explained in the
right inset, considering (1) the classical limit and (2) the binomial statis-
tic of inelastic events along the projectile path, as respectively given by
Egs. 5 (b) and 5 (a) of Ref.4%. Reprinted with permission from (P. Pan,
M. Debiossac and P. Roncin, Phys. Rev. B, Polar inelastic profiles in
fast-atom diffraction at surfaces, 104, 165415 (2021)). Copyright (2021)
by the American Physical Society.

He projectiles. Moreover, in this latter case, the experimentally-
derived o values were found to be independent of the incidence
channel.

In order to account for the inelastic phonon-mediated scatter-
ing, Ref.2Z by Roncin and Co. presents a quantum binary collision
model (QBCM) based on classical projectile trajectories scattered
off an ideal rigid surface. Within the QBCM, the projectile dy-
namics is split up in a succession of smooth binary collisions,
where the elastic (p,) or inelastic (1 — p,) probabilities for each
binary collision are evaluated from a local Debye oscillator model,
being expressed in terms of the classical recoil energy. But first
results within this QBCM=71182! were obtained by using a purely
repulsive surface potential, which was recently found to be an
overly restrictive and simplified approach4?,

With regard to the contribution of attractive forces, they play a
key role in GIFAD from insulating surfaces, specially at low nor-
mal energies>1755  Gonsequently, the QBCM was recently ex-
tended“? to include an attractive term in the mean surface poten-
tial, which is expressed as an analytic Morse potential with a po-
tential well of depth D. To take into account the effects associated
with the presence of this attractive well, the QBCM was modified
by incorporating the Beeby correction in the incoming path (i.e.,
a positive shift +D of the effective normal energy ), an effective
stiffness T'pff(Z) = — [E + D]~ dV /dZ of the surface potential at
the projectile turning point, and the refraction of the inelastically-
scattered projectiles in the outgoing path (i.e., a negative shift of

_ _ 1/2
the median final polar angle (6 ) given by [0? — D/E} / ). Re-
sults derived within this improved QBCM, together with partial

results containing each of these corrections, are also shown in
Fig. by assuming the classical limit, i.e., that all the binary
collisions are inelastic. From this figure, it is observed that the
classical limit of the QBCM is in very good agreement with the
experimentally-derived  values, but the model underestimates
the experiment when the standard binomial statistics for inelastic
binary collisions along the projectile trajectory is used4Y. More-
over, this QBCM is not able to quantitatively predict the ratio of
elastic diffraction and the angular shift of the maximum of the
inelastic distribution, features whose proper description requires
a more deeply study, as discussed in Ref.4Y.,

Lastly, despite the extremely good cleanness of crystal surfaces
used in GIFAD experiments, other source of incoherent contri-
butions might be related to the presence of surface defects, like
ad-atoms or stepsY. These factors deserve further research both
theoretically and experimentally in the next future2. Therefore,
the proper description of inelastic GIFAD currently represents a
challenge for the theory.

3.2.5 Incoherente electronic excitations

As it had been early foreseen for insulating targets, the electronic
excitations were experimentally found to contribute slightly to
the quantum decoherence of He/LiF(001) GIFAD2. However,
when helium projectiles are replaced with the more reactive hy-
drogen atoms, excitonic and ejected-electron excitations become
a relevant mechanism of decoherence, which introduces a diffuse
background in the projectile distributions, along with a measur-
able projectile energy loss13162.  Moreover, GIFAD patterns in
conjunction with meaningful energy losses were experimentally
detected for metal surfaces, like silver24,

In the case of metals, electron excitations are considered to
yield the most important contribution against quantum coher-
ence. First experimental studies on these inelastic effects were
carried out for the He/Ag(110) system?%. Latter on, in Ref. 164
the electron-excitation contribution for this collision system was
estimated within a semiclassical approach by using electron-He
elastic cross sections taken from gas phase experiments, com-
bined with a surface electron density derived from a simple jel-
lium model.

The inelastic contribution due to electronic excitations in the
crystal can be assumed as completely incoherent!>4 because such
electronic transitions allow one to trace back the projectile path-
waysi%?, Thence, in Ref.1%3 this contribution was evaluated by
means of a semiclassical formalism that takes into account the en-
ergy lost by the projectile along the classical trajectory, but with-
out including effects of quantum coherence. Within this inelastic
scattering model, the classical projectile paths are obtained by in-
cluding a friction force in the corresponding Newton’s equations.
The friction force is expressed in terms of the transport cross sec-
tion, at the Fermi level, for the atomic projectile embedded in a
surface electron gas1?Y whose electron density is evaluated from
the same 3D DFT calculation than the PES. In Fig. the exper-
imental energy-loss distribution for 0.5 keV >He atoms scattered
off Ag(110) along the [112] channel 104171 js fairly well described
by the simulations, which include the experimental energy spread
of the incident beam through a convolution’®3. In addition, Fig.
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Fig. 19 (Color online) Energy-loss spectrum, as a function of the lost
energy Ej,;, for 3He atoms scattered off Ag(110) surface along the [112]
direction. The incidence energy and angle are E = 0.5 keV and 6; = 1.5,
respectively. Blue dashed line, differential energy-loss probability for a
mono-energetic incident beam (primary spectrum); red solid line, differ-
ential probability convoluted to include the experimental energy spread;
gray solid line, experimental data from Ref.M6#171 |nset: Detail of the
primary spectrum. Reprinted with permission from (C. A. Rios-Rubiano,
M. S. Gravielle, J. I. Juaristi, Phys. Rev. A, Energy-loss contribution to
grazing scattering of fast He atoms from a silver surface, 89, 032706,
2014). Copyright (2014) by the American Physical Society.

also displays the primary spectrum (blue dashed line) derived
by considering an ideal mono-energetic incident beam, which
presents maxima at the lowest and highest lost-energy values (la-
beled as P1 and P2 in the inset). These peaks are associated with
projectiles that move in the middle and over the rows forming
the channel, respectively. But the observation of such energy-loss
structures, which might provide detailed information about the
trajectory-dependent energy loss, requires an energy resolution
that is beyond of current experiments, so the peaks become com-
pletely washed out when the experimental initial conditions are
considered.

The inelastic-scattering model described above can be also used
to evaluate the corresponding projectile distribution, which needs
to be added to the elastic one to account for the experimental pat-
terns®3. For example, for 3He incidence on Ag(110) along the
[110] direction, in Fig. we show the projectile distribution ob-
tained by adding the elastic (SE approach®%) and the inelastic
spectra, where the relative weight of inelastic scattering was es-
timated as 75% to adjust the experimentl®3, From this figure,
we observe that the inelastic probability corresponding to differ-
ent electron-hole pair excitations (considered as incoherent pro-
cesses) presents an almost flat behavior, with only two maxima
at the outermost transverse transferred momenta Q,, which are
related to rainbow scattering. Whereas the elastic spectrum dis-
plays well defined Bragg peaks, that combined with the inelastic
distribution, reproduce very well the experimental pattern, except
for the rainbow maxima that are overestimated as a consequence
of the classical rainbow divergencell34,

Finally, it should be noticed that the study of the electron-
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Fig. 20 (Color online) Momentum distribution, as a function of the
transverse momentum transfer 0Oy :K_fcosefsin(pf, for *He atoms im-
pinging on Ag(110) along the [110] direction. The incidence energy and
angle are E =0.5 keV and 6; =0.75", respectively. Solid red line, total dif-
ferential momentum probability obtained by adding elastic and inelastic
contributions, as explained in the text; dashed blue line, inelastic con-
tribution due to electron excitations; black dashed line (shading curve),
elastic contribution evaluated within the SE approach®2; empty circles,
experimental data from Ref.24. Reprinted with permission from (C. A.
Rios-Rubiano, M. S. Gravielle, J. |. Juaristi, Phys. Rev. A, Energy-loss
contribution to grazing scattering of fast He atoms from a silver surface,
89, 032706, 2014). Copyright (2014) by the American Physical Society.

excitation contribution has been mainly confined to He/Ag(110)
GIFAD. Thus, a systematic and deeper study of this topic would
be desirable.

3.3 Quantum simulations

GIFAD can be simulated using a time-dependent wave-packet
propagation (TDWP) method172173| 3 quantum treatment that
has been widely used for TEAS and TEMS®21U74175] Ag described
in detail in Refs. 178 in applying this method one has to solve the
3D time-dependent Schrédinger equation:

. d N

IET(I',I) =HY(r,1), 24
with r = (x,y,z). By using the reference system shown in Fig.
((x,y) plane parallel to the surface), the wave function ¥(r,t) can
be written as:

1{;(1.7 t)) _ eikkx-%ik‘\‘y—i(kf,+k§)r/2mp W(ry I), (25)

y(r,t) being a periodic function in x and y coordinates. Thus, the
terms of the Hamiltonian operator, # = T (r) + V7 (r), are given

by:

1,9 o 1 9 2 k1 92
(26)

and
Vr(r) = V(r) 4 Vapg(r), 27)



where V(r) represents the projectile-surface PES and V(r) a
complex absorbing potential.

The initial wave function, y(r,0), is described by a Gaussian
wave packet along the z direction, such as

y(r,0) = e ikzg—(20)/1 (28)

where vy is the width of the wave packet. The wave packet is
usually propagated using the split-operator method?Z and at
the end of the propagation, the wave function is absorbed by a
complex absorbing potential to reduce the total propagation time
avoiding discontinuities in the wave function. The scattered wave
functions can be analyzed using the virtual-detector method178,
and the diffraction probabilities can be calculated as the ratio be-
tween the flux in a given diffracted direction and the incidence
flux through the plane parallel to the surface (see Ref.12° for fur-
ther details).

However, for GIFAD one can work with the axial surface chan-
neling approximation (ASCA) that reduces substantially the com-
putational time. In applying this approximation the effect of the
surface potential corrugation along the incidence beam direction
is neglected, because diffraction occurs perpendicular to the inci-
dence direction. In this case, for an incidence direction along x,
the 3D time-dependent Schrodinger equation is replaced by:

S 0) = A¥0,20) 29

V(x,y,7) is replaced by V(y,z) and T is rewritten as:

. 1,9 LN
P (Zqik)? - O 30
2my, (8y +iky) 2m,  2mp 072 (30)

The ASCA has shown to yield excellent results, in comparison
with fully dimensional quantum methods, when GIFAD condi-
tions are fully met176179 Ip fact, the agreement between 3D
and 2D simulations can be seem as a fingerprint of GIFAD as
long as A, is similar to the surface periodicity parameter across
the channel. So that incidence conditions for which an excel-
lent agreement is met are GIFAD conditions. In Fig. 2 of Ref.170
it is shown an example of the comparison between the 3D re-
sults and those obtained within the ASCA framework for 3He re-
flection from LiF(001) along the [110] crystallographic direction.
From this figure, we can see that the agreement worsens when
the incidence energy parallel to the surface decreases and/or the
incidence angles increases, because in this case the condition
ay << E [tan6;(dV /dz)] "', which ensures that the molecule feels
a periodic potential along the incidence direction, is not com-
pletely fulfilled. Although, in principle, the ASCA should be only
valid for incidence along a low-index crystallographic direction,
it has been also shownlZ? that this approximation still holds for
an angular misalignment as large as + 12°.

The ASCA has been widely used to simulate GIFAD, not only
for the benchmark system He/LiF(001)2!14 17611795181 for which
it has been found, for example, that the atomic beam can be
trapped on the surface, traveling macroscopic distances (up to 0.2
um) preserving its coherence. But also for Ne/LiF(001) 15 where
from the comparison between simulated and experimental Bragg-

peak intensities for several diffraction orders, it was possible to
obtain an accurate empirical description of the attractive poten-
tial well. And even more complex systems, such a graphene ad-
sorbed on 6H-SiC(0001)182 where the good agreement between
theory and experiments has allowed to extract detailed informa-
tion about the corrugation of the system, revealing the ability of
GIFAD to identify Moiré structures of graphene adsorbed on sur-
faces. It proves that this technique could play an important role
in determining Moiré structures of graphene in metal substrates,
a timely topic where contradictory experimental results called for
more accurate surface sensitive experimental techniques1831184,
This method has been also used to study the 3,(2x4) reconstruc-
tured GaAs(001) surface??2l It is also worth mentioning that
ASCA-TDWP, in combination with an atom-surface potential that
includes the effect of thermal lattice vibrations by averaging the
PES over the vibrational fluctuations of each surface ion, has been
used to extract an accurate surface rumpling for He/LiF(001)146.

However, the ASCA may fail in reproducing GIFAD, for ex-
ample, for surfaces with a large lattice parameter, such as re-
constructed surfaces or periodic superstructures adsorbed on
a surface, because as mentioned above, the condition a, <<
E [tan6;(9V/dz)] ! is not entirely achieved. A detailed analysis
of this phenomenon has been performed using model potentials
whose only difference is the lattice parameter valuel®Y. From
Fig. 2 of Ref.180 where diffraction probabilities computed at 3D
TDWP theory level for these model potentials are shown, it can
be observed that specular diffraction probabilities remain con-
stant for lattice parameter values from 5.37 a.u., the one cor-
responding to LiF(001), up to 26.8 a.u. Furthermore, for values
higher than 26.8 a.u. non-negligible diffraction probabilities are
found along the incidence direction, proving that ASCA cannot
be used for lattice parameters larger than 26.8 a.u. Of course,
the specific lattice parameter value from which ASCA fails will
depend on the specific characteristic of the surface. For example,
diffraction peaks along crystallographic directions different from
the perpendicular to the incidence one, e.i., different from the
typical diffraction peaks found in GIFAD, has been observed in GI-
FAD measurements for H diffraction from the reconstructed sur-
face Al;03(1120), where the lattice parameter values are 62.36
and 116.03 a.u. along the crystallographic directions [1100] and
[1101], respectively.

A different approach to perform 3D quantum simulations, re-
ducing the computational cost of the TDWP method, is the multi
configuration time-dependent Hartree (MCTDH) 1857187 Within
the MCTDH framework, the 3D wave function, ¥(r,t), is written
as a sum of products of single-particle functions (SFPs):

ny ny f
wr)=Y Y Dy 0o @ 6D
k=1

Ji=1 jp=1

where f denote the number of degrees of freedom (DOFs),
Dj,..,j, denote the time-dependent expansion coefficients,
(pj(f) (q,?) the time-dependent SPFs, k denote the k" nuclear coor-
dinate, and n; the number of SPFs used to describe each DOF. The

SPFs are expanded in a time-independent primitive bases func-
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tions as:

CTRR SN
i (qr:t) = 'Zl d,-k,jk(l)x,-k (q)- (32)
=

Within this formalism the equations of motions for both the
expansion coefficients and the SPFs are derived from the Dirac-
Frenkel variational principle, (§W|H — i(d/dt)|¥) = 0, leading to
a set of coupled equations that request less computational effort
to be solved than the TDWP method. This is so because the wave
function is expanded in a much smaller number of SPFs than the
number of time-independent basis functions typically required in
the TDWP method. Note that, as in the case of the TWDP method,
a complex absorbing potential is placed in the non-interaction re-
gion to absorb the reflected wave function avoiding discontinu-
ities, and the diffraction probabilities are obtained from the flux
analysis of the reflected wave function.

At this point, it is worth mentioning that the MCTDH method is
extremely more efficient when combined with a PES that has also
the form of a sum of products of one-dimensional functions8.
To transform any non-separable 3D PES into a product of 1D func-
tions, one can use the POTFIT algorithm 1881182 which allows one
to write the 3D-PES as:

mi my
V(rﬂ‘) ~ VPP = Z Z Cila~~~:./f'ujl (q1)-.~uj,-(qf)7 (33)
h=l jr=1

f being equal to 3, and the expansion coefficients, C;, are cal-
culated as the overlaps between the potential V (r,#) and the so-
called natural potential u;, so that

n my
le-,m,jf = Z Z Vil,m,if”im e Uip i 34)
=1 =1

These natural potentials are the orthogonal eigenvectors of the
symmetric positive semidefinite potential energy density matrices
p'k), given by:

N Ni—1 Nitt N

k
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Eventually, to improve the potential fits in the regions relevant
for the dynamics, a modified reference potential V' is defined as:

14 +(L—wj, . i VPP (36)

i _Wl],“.,lpV sl IV iy iy

seenslp l'],m,l',,

Here w is chosen so that w=1 in the region relevant for the dy-
namics, and w<1 in the rest of the configurations space. Within
this procedure one can reduce the computational resources re-
quired. To avoid numerical inaccuracies in the potential fitting
procedure of the repulsive regions, a maximum potential value
can be set in the POTFIT iteration procedure.

MCTDH simulations have been used to study, for example, H
GIFAD from LiF(001)113] where it was found that simulations re-
produce nicely the experimental trend observed for diffraction
probabilities as a function of the normal incidence energy (see
Fig. (a)). The use of MCTDH also allows to perform systematic
studies, as the one performed for H/LiF(001) as a function of the
incidence angle!2. This systematic study revealed that GIFAD
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Fig. 21 Color online Diffraction spectra for H/LiF(000) along the crys-
tallographic direction [100]. (a) Comparison between 3D-MCTDH (6;
= 5°) and experimental results. (b)-(d) Comparison between MCTDH
simulated diffraction spectra at grazing incidence and at normal energy
for several normal incidence energies. In the case of normal incidence,
only diffraction peaks present at grazing are considered. The theoretical
results have been convoluted with a 1D Gaussian function to simulate the
experimental spread. Reprinted from Nucl. Instrum. Meth. Phys. Res.
B 382, 49-53, 2016, A. S. Muzas, F. Gatti, F. Martin, C. Diaz, Diffrac-
tion of H from LiF(001): From slow normal incidence to fast grazing
incidence, copyright (2016) with permission from Elsevier.

conditions are already reached for incidence angles as high as 5°
and for total incidence energies as lower as 40 eV. This work also
showed that for low normal incidence energies, GIFAD results can
be mimicked by performing simulations at normal incidence at
the same normal energy and looking only at the diffraction peaks
allowed in GIFAD for the desired incidence direction. MCTDH has
also been used to perform GIFAD simulations for H/KCI(001) and
He/KC1(001)®2 which, as discussed in Sec. have allowed to
assess the role of vdW dispersion forces on these systems.

GIFAD diffraction patterns can be also simulated using an open
quantum system approach1221120 in which the Liouville-van Neu-
mann equation for the density operator of the entangled system
atomic wave packet and surface is reduced to a Lindbland equa-
tion, which in turn is solved using a quantum trajectory Monte
Carlo (QTMC) method®®L. This method has been used to extract
the buckling surface parameter for LiF(001) from He/LiF(001)
experimental GIFAD patterns1>2. Despite this success, the used
of QTMC to simulate GIFAD has not become very widespread.

Finally, it should be mentioned that recently the Close Coupling
method, widely used to describe TEAS122| has been successfully
used to described Ne GIFAD from LiF(001)12.

4 Grazing incidence fast molecules diffrac-
tion (GIFMD)

In comparison with GIFAD, GIFMD has received much less atten-
tion, and only few theoretical and experimental studies are avail-
able in the literature. However, as in the case of TEMS, light
molecules, such as H, and D5, are easier to generate than H, and
in the case of H,, this molecule is lighter that He, which may re-



duce the effect of surface-phonon inelastic processes risen from
the molecule-surface collision. Furthermore, thanks to the inter-
nal DOFs, molecular projectiles allow for a deeper exploration of
the surface characteristics, including its reactivity properties, as
we will show in Sec.

4.1 Classical approximation
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Fig. 22 (Color online) Diffractograms for H,/LiF(001) simulated using a
classical binning method, for several rovibrational states, along the crys-
tallographic directions [100] (a) and [110] (b). The normal energy used
is 300 meV. The insets show the experimental diffractograms. Adapted
from Ref.193 under Creative Commons Attribution 3.0 License

Although to obtain accurate GIFMD results quantum calcula-
tions are required, the classical binning method discussed in Sec.
can also be used to obtain qualitative results for GIFMD at
a very low computational cost. For example, binning results for
H,/LiF(001)123 reproduce fairly well the experimental diffrac-
togram along the [100] direction (see Fig (a)), a direction
where results does not seem to depend on the initial rovibra-
tional state. For incidence along the [110] direction (Fig (b)),
on the other hand, the shape of the diffractogram (the relative
diffraction-peak probability) depends strongly on the initial rota-
tional state, but still binning results reproduce qualitative the ex-
perimental one if one considers only initial rotational values J > 0.
These binning results suggested that most of the molecules in the
experimental beam are rotationally excited, which was later con-
firmed by quantum simulations™# (see Fig. [24).

The reasonable good results obtained for GIFMD using the bin-
ning method should not be that surprising if one notices that the
same method was previously used successfully to study diffrac-
tion at quasi-normal and quasi-thermal energies?21120 and the
binning is better the smaller the parallel momentum change that
defines the Wigner-Seitz cell. Thus, the higher the incidence en-
ergy the smaller the Wigner-Seitz cell, and therefore, the closer
the binning to the quantized values, and the better the results
obtained. At this point, it is worthy to remark that the binning
method is only useful in systems where phonons and electron-
hole pairs excitations play a negligible role.
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Fig. 23 (Color onlin) Atomic reflectivity for H,(v=0,J=0)/NiAl(110)
under GIFMD incidence conditions as a function of the perpendicular
incidence energy. Red squares, blue triangles and green diamonds repre-
sent results along the crystallographic directions [100], [110] and [111],
respectively. Black circles the dissociative adsorption probability obtained
at low normal incidence energy. The inset shows the crystallographic di-
rection as well as the channel width defined as the distance between near-
est parallel rows of equivalent atoms along a given direction. Adapted
with permission from29Z. Copyrighted by the American Physical Society
1997.

Beyond diffraction simulations, classical dynamics can be also
used to study reactive scattering under fast grazing incidence con-
ditions1277122 These scattering simulations have shown that it is
possible to determine sticking probabilities at thermal and quasi-
thermal energies, from the threshold up to the saturation limit, by
analysing molecular scattering under fast grazing incidence. Un-
der these extreme conditions a molecule behaves much as it does
under normal incidence and low incidence energy, i.e., it can be
reflected or dissociated. Although, contrary to reactive TEMS, un-
der GIFAD conditions the dissociated atoms do not get adsorbed
on the surface, due to their parallel energy, but are scattered.
Thus, by looking at the scattered atoms as a function of their
perpendicular energy, one can mimic the dissociative adsorption
curve at low energy and normal incidence from the threshold up
to the saturation limit. In Fig. we show an example of such a
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phenomenon for the activatecf] system H,/NiAl(110). From this
figure, one can see that the agreement between GIFMD dynamics,
which proceeds in a channeling regime2%?, and low normal inci-
dence results is better the wider the GIFMD scattering channel,
because the narrower the channel the greater the probability that
the molecule hit the potential barrier and scatter before breaking.
Nevertheless, the agreement is reasonable along any incidence di-
rection, and more important, all GIFMD curves tend to the same
saturation value, the one found theoretically at low incidence en-
ergy. This study showed that GIFMD experiments could become
an ideal complement to traditional molecular beam experiments
at low energy, where the saturation limit is hard to reach’?%l, This
behavior of the atomic reflectivity as a function of the perpendic-
ular energy, mimicking the dissociative adsorption curve obtained
at low energy and normal incidence, has also been found for non-
activatecff] systems 27198 Furthermore, GIFMD simulations have
also been able to reproduce the transition from monotonous to
non-monotonous dissociative adsorption probabilities found for
activated systems upon the increasing of the initial vibrational
statel22,

4.2 Quantum simulations

To perform 6D (see Fig. E-] (a)) simulations one has to solve also
Eq. (24), but now the Hamiltonian operator is more complex, due
to the internal DOFs. In this case, the Hamiltonian representing
the systems is given by:

g - Lo g 9 ‘92]
2mp 922 2mpsin® Yy, Lox? moxa y?
1 02 7
“au o W+V(x7y7x7r79mv(pm)> 37

where m, and p are the mass and the reduced mass of the
molecules, respectively, %, is the skewing angle, i.e., the angle
between the lattice vectors a, and a,, which takes the value 90°
for square and rectangular lattices and 60° for hexagonal lattices,
and J represents the rotational operator, whose eigenfunctions
are the spherical harmonics Y, JM’ (B, Omy)-

To solve Eq.(24) we can use either the TDWP or the MCTDH
methods discussed in Sec. although, in this case, we have
three extra DOFs corresponding to the internal motion of the
molecule (r, 6, ¢,,). In applying the TDWP method®, the de-
pendence of the wave function on X, Yem, Zem, and r is repre-
sented by a direct product discrete variable representation (DVR),
and on 6,, and ¢, by a nondirect product finite basis represen-
tation (FBR) of spherical harmonics. Gauss-associated-Legendre
and Fourier transforms are used to transform the wave function
from FBR to DVR, and vice versa2%3. The initial wave function in

* A system presenting a minimum reaction barrier, for which the dissociative adsorp-
tion probability increases monotonously with the energy®Z.

T A system that does not present a minimum reaction barrier, for which the dissocia-
tive adsorption probability shows a non-monotonously behavior as a function of the
energyZ,
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Fig. 24 (Color online). Theoretical and experimental diffractograms ob-
tained for Hy GIFMD from LiF(001) along the crystallographic directions
[100] (a) and [110] (c). The insets show the comparison between 6D-
TDWP and 5D-MCTHD simulated diffractograms. Panels reprinted with
permission from (A. S. Muzas, M. del Cueto, F. Gatti, M. F. Somers,
G. J. Kroes, F. Martin, C. Diaz, Phys. Rev. B, H,/LiF(001) diffrac-
tive scattering under fast grazing incidence using a DF T-based potential
energy surface, 96, 205432, 2017). Copyright (2017) by the American
Physical Society. (b) and (d) panels show the probability of diffraction
peaks as a function of the initial rotational state along the [100] and [110]
crystallographic directions, respectively. Panels reproduced from294 with
permission from the Royal Society of Chemistry, copyright 2017.

this case is written as:

1 1 .
P (R,0) =1 (1)1} (0.9) ™R [ bl ) = Mntr
(38)

i.e., as a product of the vibrational and rotational eigenfunctions,
a plane wave function, describing the parallel translation motion,
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Fig. 25 (Color online) GIFMD pattern along the incidence crystallographic direction [100] for H,/KCI(001). (a) Experimental results taken from

Ref.292; (b) Helicopter orientation; (c) Cartwheel orientation.

and a Gaussian wave packet, describing the perpendicular trans-
lation motion. In this expression R = (Xem, Yem), Ko represents
the initial parallel momentum and A the unit cell area used to
build the 6D-PES. As in the 3D case, the wave function is prop-
agated using the split operator method?Z, The backscattering
wave function is gradually absorbed by a complex absorbing po-
tential, and it is analyzed using the Balint-Kurti formalism/204-206]

In applying the MCTHD method, one has to use Egs. to
(35), with f =6 (6 DOFs). But, to further reduce the computa-
tional time the modes (X¢u,Yem), (Zem,r), and (6,,,¢,,) are com-
bined in the SPFs, so that

Nxm¥em Nzemr Now om
Y(R,t)=
h=1 k=1 I=1
(39)
Both TDWP and MCTDH methods have been used to study
H,/LiF(001)86194 1 Fig. (a) and (c), we show the diffrac-
tograms obtained from 6D-TDWP and 5D-MCTDH simulations.
In this later case, the vibrational DOF is not taken into account.
From the comparison between these two types of simulations (see
insets Fig. (a) and (c)), it was concluded that the vibrational
DOF plays a negligible role in H, GIFMD from LiF(001), and by
extension in similar systems. On the contrary, for Hp/metal sur-
face the vibration mode could not be neglected because, as dis-
cussed in Sec. the molecule can break up during the scat-
tering process. From the comparison between 6D-TDWP simula-
tions and experimental results, it was concluded, as anticipated
by the classical binning method (see Fig. [22), that diffraction is
independent of the initial rotational state (J) for diffraction along
the [100] crystallographic direction (see Fig. (b)), whereas it
is strongly dependent on the J value along the [110] direction.
Along the [100] direction, theoretical diffractograms are in excel-
lent agreement with the experimental onel1?, as shown in Fig.
(a), independently of the initial rotational state. As deduced from
Fig. (b), this conclusion hold, at least, for J values up to J=15
(the maximum J value evaluated). On the other hand, along the

Z Ahkl(t)(ph(Xchcm;l)(Pk(Zcm'";t)(Pl(el11(pm;t)~

[110] direction the agreement is rather poor (see Fig. (©),
worse for J=0 than for J=3. In fact, as shown in Fig. (d) the
probability of the different diffraction peaks depend strongly on
the J value, the (0,0) peak being the one that depends the most
on J (see Fig. [24] (c)).

As shown in Ref 124, the different behavior found for H, GIFMD
from LiF(001) along the [100] and [110] channels can be ex-
plained in terms of the electrostatic quadrupole-ionic lattice in-
teraction. This conclusion was supported by a thorough analysis
based on the analytical PES developed by Hill20Z2098 which has
been found to yield similar diffraction results as the DFT-based
PES®. As already pointed out in Sec. analytical potentials
allow one to study individually the different physical mechanisms
that contribute to the whole PES. In the case of H,-LiF(001), we
distinguish five contributions, namely, the repulsive and an attrac-
tive pair potentials, the induce dipole-dipole quadrupole interac-
tion, the ionic lattice-induced dipole interaction, and the electro-
static quadrupole-ionic lattice interaction (V,;). This latter term
is proportional t0 Y, Dum (6, @m)[1 — (—1)"*™]. For incidence
along the [100] direction, n +m is always even (see Fig. [§), thus
the contribution of V,, is always zero and only low diffraction
peaks could be expected. For incidence along the [110] diffrac-
tion, on the other hand, n+m is even and odd alternatively, lead-
ing to a non-negligible role of V,;,, and therefore, to the presence
of higher diffraction-order peaks in the diffractograms. Further-
more, the term V,;; explains the different shape found for J =0
and J > 0 diffractograms. As Dy, (6, ¢») only involves second or-
der spherical harmonics, (¥|V,|YY) = 0 for J=0, which reflects
the fact that for J = 0 all molecular orientations are equally likely.
On the other hand, molecules with J > 0 have a net orientation,
and therefore, they are affected by V.

It is also important to mention that for the two molecu-
lar systems theoretically studied so far, H,/LiF(001)80124 and
H,/KCI(001), the vast majority of diffracted molecules retain
their initial J value. This result has relevant consequences for
the further development of experimental techniques. As rotation-
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ally inelastic diffraction can be safety neglected when interpret-
ing molecular diffractograms, it does not see crucial to develop
techniques that discriminate between scattered molecules with
different J values, as far as insulating crystals are considered.
Very interesting results, that claim from further GIFMD ex-
periments, have been found very recently for H,/KC1(001)202,
Quantum GIFMD simulations have shown a strong stereodinam-
ics effect. Molecules impinging perpendicular (cartwheel orien-
tation, i.e., My = 0), or quasi-perpendicular, to the surface dis-
play diffraction spectra in good agreement with the experimental
ones, whereas those molecules impinging parallel (helicopter ori-
entation, i.e., M; = J), or tilted, to the surface show diffraction
spectra rather different from the experimental ones. In Fig.
we show an example of this phenomenon for incidence along the
[100] crystallographic direction, and the molecule in the rovi-
brational state (v =0, J =9). Based on a theoretical analysis,
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Fig. 26 (Color online) 3D representations of the Hy/KCI(001) classical
turning points (Z(A)) for a perpendicular energy equal to 64 meV (similar
results are found for higher energies). (a) Cartwheel orientation; (b)
Helicopter orientation. The inset shows the KCI(001) unit cell. Orange
balls represent Cl~ and green balls KT,

this stereodynamics effect can be understood from the combina-
tion of the corrugation felt by the molecules according to their
orientation and the supernumerary rainbow theory (SRT)1L. A
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simple analysis of the PES over the classical turning point reveals
that cartwheel molecules feel a similar, but not equal, corrugation
over the K™ and the CI~ sites, thus they see a double periodicity
(see Fig. (a)), which leads to two types of diffracted trajec-
tories. According the SRT, the interference between these two
wave-paths produced by the double periodicity leads to diffrac-
tion patterns where some peaks vanish (as shown in Fig. (b)).
Same conclusion can be reached using form factor arguments.
On the other hand, helicopter molecules only feel the corrugation
due to Cl~, since the corrugation due to K is much smaller. Thus,
they see a single periodicity (see Fig. |26| (b)), which leads to only
one type of diffracted trajectories and to diffraction patterns with
all diffraction peaks present (see Fig. (c)). Understanding
the origin of this stereodynamics effect in the experiment is more
puzzling and would require more experimental measurements to
be unraveled.

5 Qutlook and final remarks

GIFAD has been a widely used technique during the last 15 years,
which rationalizes the theoretical effort invested aiming to sim-
ulate, analyze and extract accurate information from the experi-
mental measurements. As a results of this intense work, dynam-
ics simulations have improved every year, from the developing of
more accurate atom-surface potential models and the inclusion of
vdW dispersion forces to the description of phenomena that may
influence the experimental measurements, such as projectile co-
herence and inelastic scattering processes. Specially relevant has
been the inclusion of phonons through a semiclassical dynam-
ics approach, which allows one to account for thermal effects in
GIFAD, as well as the recent efforts to understand the effect of
inelastic phonon contributions.

Over this time, much work has been devoted to the full quan-
tum description of GIFAD, developing and adapting methods that
certainly offer a rigorous representation of atomic scattering from
a given surface potential. Among these methods, we find the
time-dependent wave packet propagation, the multiconfiguration
time-dependent Hartree, the quantum trajectory Monte Carlo,
and close coupling methods. All these methods allow one to con-
sider the full dimensionality of the problem within the surface
static approximation, and in an approximate manner, the surface
thermal fluctuations (phonons). However, from these quantum
methods it is difficult to disentangle the contribution of the dif-
ferent physical mechanisms involved in GIFAD, and in this regard,
the semiclassical (or semiquantum) approximations represent a
very useful tool. Semiclassical methods were not only key to un-
derstand the unexpected first GIFAD measurements but were also
often used to extract information about the morphological and
electronic characteristics of surfaces from experimental patterns.

In relation to the use of GIFAD as a surface analysis technique,
it is worth mentioning that its extraordinary sensitivity has posi-
tioned it as one of the most accurate instruments to test PESs at
normal energies ranging from ten to a few thousand meV. Pre-
cisely this remarkable feature was recently used to derive precise
empirical atom-surface potentials from the contrast of experimen-
tal Bragg intensities with full quantum calculations'>. But from
the theoretical point of view, such correctness requirements for



the description of the surface potential represent both a challenge
and an opportunity for the improvement of ab initio theoretical
models, including the developing of appropriate vdW functionals.
Furthermore, it should be noticed that although much effort
has been put into the correct representation of elastic scattering
from ideal crystal surfaces, which is the main mechanism of GI-
FAD, interference experiments are often affected by other factors
or processes that disrupt coherence, this being a less studied is-
sue. Among these factors, the coherence of the incident beam,
which is determined by the collimating setup and the incidence
conditions, plays an important role, affecting the overall struc-
ture of the diffraction patterns. Although it was verified experi-
mentally that it is possible to control the interference mechanism
that governs the projectile distributions by varying the size of the
collimating slit1>4, it would be desirable to have a systematic ex-
perimental study on this effect. This would allow not only to con-
firm the theoretical predictions about the influence of the degree
of coherence of the incident atom, but also to understand under
what conditions the classical limit (fully incoherent) is reached.
Additionally, such a experimental research would be of interest
for the study of other processes, like atomic collisions involving
atoms and molecules as targets2194213 for which the influence of
the projectile coherence is currently under debatel214:217,
Decoherent contributions on GIFAD represent also a scarcely
studied problem, which has only recently received renewed at-
tention. In particular, the effect due to thermal lattice vibrations,
which has been suspected from the beginning of destroying quan-
tum coherence. Although there have been some early attempts
to describe thermal effects, most theoretical methods are based
on the use of a rigid surface model, neglecting phonon contribu-
tions. Lately, however, two different theoretical models - QBCM
and P-SIVR - have been developed to deal with phonon-mediated
scattering from insulating materials. While the former provides
a qualitative description of elastic and inelastic probabilities by
combining classical trajectories scattered from a rigid surface with
a local Debye oscillator modelZ, the latter is a semiquantum ap-
proach that includes a more realistic description of the surface,
given by the quantum harmonic-crystal model 8, P-SIVR results
for zero-phonon scattering (i.e., without net phonon exchange)
show that the thermal fluctuations of the lattice introduce a wide
polar-angle dispersion into the angular distributions®?, which
transform the interference spots into elongated structures, like
it is experimentally observed. But this polar spread is smaller
than the experimental measured, suggesting that there are other
processes, like inelastic phonon excitations, that contribute to the
formation of the interference streaks. In turn, an improved ver-
sion of the QBCM“Y, including corrections associated with the
presence of a physisorption well in the potential, has shown to of-
fer a very good representation, in the classical limit, of the broad
width of experimental polar profiles. However, the description of
other features of the polar distributions needs a deeper and more
systematic study. Thence, the contribution of inelastic phonon-
mediated scattering to GIFAD is nowadays an open problem that
is calling for more experimental and theoretical work. Other ef-
fects that still remain on the list of pending research topics are
the influence of surface defects, like steps, vacancies or ad-atoms,

and the contribution of electron excitations in the case of metals.

GIFMD, on the other hand, has received much less attention.
In spite of the fact that the presence of the internal DOFs of the
molecule confers to this technique functionalities beyond those
of GIFAD. On the one hand, H, (and D;) projectiles could be
more enlightening for the characterization of the surface prop-
erties. For example, the large anisotropic electronic interaction
between the quadrupole moment of the molecule and the electric
field created by the ionic crystal leads to an enhancement of the
intensity of high-order diffraction peaks in some incidence crystal-
lographic directions, rendering more detailed information about
the surface characteristics. However, to fully develop this poten-
tial of GIFMD further improvements of the experimental setups
are required. For example, theoretical simulations have shown a
strong dependence on the initial rotational state, but contrary to
TEMS state-of-the-art setups, which can distinguish and/or select
the rotational state of the molecule%87221, the current apparatus
used in GIFMD experiments does not allow either to estimate the
distribution of rotational states in the molecular beam or to select
a initial rotational state. Furthermore, current experimental se-
tups do not allow either to distinguish the final rotational state of
the scattered molecules, although for ionic surfaces this develop-
ment should be less relevant because, as shown by the theoretical
simulations, rotational excitations are negligible in GIFMD from
ionic surfaces.

In the case of metal surfaces, GIFMD experiments are required
to test the theoretical finding according to which is possible
to mimic dissociative adsorption probabilities curves at low en-
ergy and normal incidence by measuring atomic scattering upon
GIFMD. As the angle between the two scattered atom trajectories
is higher than 2°, this experimental measurements are, hypothet-
ically, feasible. The achievement of such experiments would al-
low one to indirectly measured dissociative adsorption probabili-
ties from the threshold to the saturation value, which is not pos-
sible nowadays with standard low-energy molecular-beam tech-
niques, such as the popular King-Wells technique22, Therefore,
this achievement would have a significant impact in the field of
molecular dissociation on metal surfaces at low energy, and in
turn, on the closely related field of catalyzed molecular reactivity
processes.

The effort to invest in GIFMD should not only come from the
experimental side, but also from the theory. Theoretical methods
have to evolve in order to include more DOFs. Some attempts
to include the surface DOFs in diatomic molecule-surface inter-
actions, far from a properly description of phonons modes, have
been carried out at low energy and normal, or quasi normal, inci-
dence. These attempts include the simple oscillator mode]223/224
and the most elaborated Langevin oscilator model223/22! jp clas-
sical dynamics, a phonon sudden approximation?2Z in 6D quan-
tum dynamics, and a 7D quantum dynamics, in which the motion
of second layer surface is included in the wavefunction®2Z. But
none of these methods have been used yet to study GIFMD. The
inclusion of electronic excitations in the dynamic is still a pending
subject. Several approaches to include the effects of electron-hole
pair excitations have been proposed for reactive TEMS170228] byt
how to extend this approaches to GIFMD is still a pending task for
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theorists. The inclusion of both phonons and electron-hole pair
excitations in GIFMD are the main challenges that theorists will
have to be faced in the coming future.

In summary, despite the enormous experimental and theoret-
ical effort invested in GIFAD and GIFMD, which has resulted in
the current degree of development of this technique, there is still
room for improvement to place it, in the medium term, in a lead-
ership position for surface analysis.
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