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Abstract

A model for taking into account surface temperature effects in molecule—
surface reactions is reported and applied to the dissociation of H, and
D, on Cu(111). In contrast to many models developed before, the model
constructed here takes into account the effects of static corrugation of
the PES rather than energy exchange between the impinging hydrogen
molecule and the surface. Such an approximation is a vibrational sud-
den approximation. The quality of the model is assessed by comparison
to a recent DFT study. It is shown that the model gives a reasonable
agreement with recently performed ab initio molecular dynamics calcu-
lations, in which the surface atoms were allowed to move. The observed
broadening of the reaction probability curve with increasing surface
temperature is attributed to the displacement of surface atoms, whereas
the effect of thermal expansion is found to be primarily a shift of the
curve to lower energies. It is also found that the rotational quadrupole
alignment parameter is generally decreased at low energies, whereas it
remains approximately constant at high energies. Finally it is shown
that the approximation of an ideal static surface works well for low sur-
face temperatures, in particular for the molecular beams for this system
(Ts = 120K). Nonetheless, for the state-resolved reaction probability at
this surface temperature, some broadening is found.

3.1 Introduction

One of the most studied systems in surface chemistry is the dissociation
of hydrogen on a copper surface. In this work the Cu(111) face is con-
sidered; a large number of theoretical'™* and experimental**34 stud-
ies have been done for this particular surface. Theoretical studies have
mostly considered motion only in the degrees of freedom of the hydro-
gen molecule, due to the complexity of taking into account surface de-
grees of freedom. In experiments, however, often high surface temper-
atures are applied. Instead of treating the full system, in most previous
theoretical work the atoms in the surface have been assumed to be fixed
to their ideal lattice positions. This approximation is expected to hold as
long as the surface temperature is relatively low, but may be suspect at
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high temperatures for specific observables because significant surface
temperature effects were found in experiments.?7:3°

Calculations with the Born-Oppenheimer static surface (BOSS)
model have provided a very good description of the experiments.»> A
number of approximations are made within this model. First, the sur-
face atoms are frozen at their ideal lattice positions. Second, electron-
hole pair excitations are neglected. Finally, density functional theory
(DFT) is used to compute the potential energy surface (PES). Electron—
hole pair excitations should not be important for hydrogen dissociating
on a metal surface.35 Recently an accurate specific reaction parameter
(SRP) DFT functional was found for this system by taking a linear com-
bination of two functionals often used for the description of molecule—
surface reactions.™* In this study, a number of the remaining discrep-
ancies between theory and experiment were attributed to the neglect of
phonons. For example, the rotational quadrupole alignment parameter
can be expected to be dependent on the surface temperature, because
a corrugated surface may allow tilted molecules that do not react on
an ideal surface to react due to the surface being locally tilted. The
dependence of the rotational quadrupole alignment parameter on the
surface temperature has however not been measured experimentally.

The remaining discrepancies between theory and experiment there-
fore make it interesting to take into account the surface degrees of free-
dom. Although it is now possible to take into account surface temperat-
ure effects with ab initio molecular dynamics (AIMD),?°2136 these calcu-
lations are still computationally expensive, restricting the scope of these
studies. It is therefore desirable to have a model which is computation-
ally less expensive. Additionally, using a model allows a more thorough
assignment of observed effects in the dynamics to structural changes
caused by the surface temperature, as individual parts of a model can
be switched off more easily.

In order to construct such a model efficiently, it is important to
first consider precisely how surface temperature influences the atomic
structure of the system. One of the most well known effects is thermal
expansion, i.e., the crystal expands as the surface temperature is in-
creased.37:38 Additionally, at the surface the interlayer spacings may be
different from interlayer spacings in the bulk, and they may be temper-
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ature dependent.3® These two effects combined can be referred to as
systematic (static) effects, as they involve systematic displacements of
atoms in the crystal. The surface atoms will additionally vibrate around
their ideal lattice positions, giving the surface atoms an instantaneous
displacement.4>4' This is a statistical effect, due to the (apparent) ran-
dom displacement of atoms in the crystal. Additionally there will be
dynamical effects involving the motion of surface atoms, such as energy
exchange between the impinging hydrogen molecule and the surface
and dissipation of heat through the crystal.

Work on surface temperature effects has mostly focused on energy
exchange with surface oscillator (SO)4>748 models, of which the most
advanced study so far for hydrogen dissociating on Cu(111) has been
the application? of a three-dimensional (3D) SO model.#® It was how-
ever found that this does not account sufficiently for the effects observed
experimentally.”* Attempts have been made to improve the SO model.
The modified surface oscillator (MSO)#*44 model contains a microscop-
ically motivated coupling term. Nave and Jackson49-5° recently showed
that the harmonic approximation used in the SO model is reasonable.
Another model which has been applied is the surface mass (SM)46:47
model, in which the surface does not oscillate but instead is given a
certain velocity and mass, which does not allow energy exchange, but
does allow recoil effects to be taken into account. Also, for H, dissoci-
ation on Pd(111), an extension of the corrugation reducing procedure
(CRP) has been applied.>* Finally, BonranTr et al.5* performed seven-
dimensional (7D) quantum dynamics (QD) calculations for H, dissoci-
ation on Cu(111), in which a second layer atom was allowed to move
perpendicular to the surface. In this study, calculations were addition-
ally performed using a vibrational sudden approximation (6+1D), and
reaction probabilities computed using this model were found to be in
good agreement with the full 7D results.

In this chapter a model is developed to take into account the thermal
displacement of surface atoms and the expansion of the crystal within
a vibrational sudden approximation, in which the surface atoms are as-
sumed to be fixed but not in their ideal positions. The model is then
tested by comparison with a DFT study33 for this system in which the
influence of surface atom displacements is considered. Additionally,
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three observables are computed and the results are compared, where
possible, to experiments. The initial state-resolved reaction probability
is considered, because for this observable strong surface temperature ef-
fects are known from experiments. These effects are manifested in the
broadening of the reaction probability curves with increasing surface
temperature.?7:3° Also the rotational quadrupole alignment parameter
is considered, because surface temperature effects are expected for this
observable. Finally, to verify the approximation previously made of an
ideal static crystal being representative of a crystal at low temperatures,
molecular beams are simulated to compute sticking probabilities.

The structure of this chapter is as follows. In section 3.2.1 an over-
view and motivation of the model that was constructed is provided,
and the individual parts of the model are discussed in section 3.2.2. In
section 3.2.3 the computational details of the calculations that were per-
formed are given. Then in section 3.3 the results that were obtained by
application of the model are discussed. This section is split in several
parts for the different observables that are considered in the present
work. First, in section 3.3.1, the quality of the model is assessed by
comparison to the DFT study>3 mentioned above. In section 3.3.2 the
initial state-resolved reaction probability is considered, then in sec-
tion 3.3.3 the rotational quadrupole alignment parameter, and finally
sticking probabilities are discussed in section 3.3.4. In section 3.4 the
conclusions are given.

3.2 Static corrugation model

In this section the newly developed static corrugation model is de-
scribed and arguments are made to support the assumptions made in
the construction of the model. First a general overview of the model
is given, after which a more detailed description is given. Finally the
computational details and scope of the present study, the application
to H, dissociation on Cu(111), are given.
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3.2.1 Model overview

Previous work on the surface temperature effects of H, dissociation on
Cu(111) has focused on the effects of energy exchange through SO mod-
els.#>748 In SO models the entire surface is attached to a spring. As
the impinging hydrogen molecule approaches the surface it can inter-
act with the surface by exchanging energy with the oscillating surface.
It has been shown that a SO model alone cannot quantitatively describe
the broadening of the sticking curves as observed in experiment.'*

In previous other work, mostly ideal static lattices were considered
and these were assumed to be representative of a real crystal at oK.
Results based on this model were compared with experiments done
at higher temperatures (120 — 925K). Such a treatment of an ideal lat-
tice is however somewhat misleading as the surface atoms in a real 0K
crystal will not necessarily be in their ideal positions,**4* due to the
presence of zero-point energy (ZPE) in the surface. In order to model a
real oK crystal, the static surface approximation has to be dropped, so
that the surface atoms can move due to their ZPE and energy exchange
between the hydrogen molecule and the copper surface can take place.
At a higher temperature, the atoms will vibrate even more and, addi-
tionally, thermal expansion may have to be taken into account.

A number of approximations are argued here to be reasonable. First
of all, due to the large mass mismatch between the hydrogen molecule
and the surface atoms, motion of the hydrogen molecule and the surface
atoms should only be weakly coupled, e.g., the effect of energy exchange
should be small. Second, surface atoms move relatively slowly com-
pared to the hydrogen molecule. This indicates that a sudden approx-
imation, in which the surface atoms are assumed fixed but not in their
ideal positions, should work well. Finally, in typical experiments the
time between scattering events is long compared to a scattering event.
The time between scattering events is long, as shown by the adsorp-
tion and desorption rates, which are on the order of monolayers per
second.??3 This indicates that there is no clear correlation between the
surfaces different hydrogen molecules “see”.

Further motivation for these approximations can be derived from
recent studies of CH, dissociation on Ni and Pt surfaces.49-5954-55 [t was
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found that only very little energy exchange occurs (20 meV at an incid-
ence energy of 1eV at a surface temperature of 475 K for dissociation on
Ni(111)), even though CHy, is significantly closer in mass to Ni than H,
is to Cu (myi/mcn, = 3.7, My /My, = 31.5)-

For the system considered here, hydrogen dissociation on Cu(111), a
model is therefore constructed for a non-ideal but still fixed surface, in
which different surface configurations are taken into account for differ-
ent scattering events. It is noted that the model discussed in this chapter
can in principle be combined with the SM model4®47 so that also recoil
effects can be taken into account.

3.2.2 Method
3.2.2.1 Potential energy surface

The PES for a diatomic molecule in the vicinity of a surface can be writ-
ten as®3

V(7,q) = VeP(#; fia) + Vcoup(;}/ D + Vetrain (), (3-1)

in which VP is the 6D PES of the diatomic molecule in the presence
of an ideal surface, V,,, the so-called coupling potential, which is
defined by this equation, and Vi, the strain in the surface defined
by Vstrain(q) ) = Vslab(q) ) — Vslab(q)id)' Here, Vslab is the potential energy
of the slab in absence of the diatomic molecule (or with the diatomic
molecule far away from the surface). The coordinates 7 are those of the
diatomic molecule, and § are the coordinates of all surface atoms, with
Jiq the coordinates of the surface atoms in their ideal lattice positions.
The representation of the 6D potential is now well understood; a variety
of methods, such as the CRP,5° have been developed for representing or
interpolating this part of the potential. The coupling potential contains
by far the most information, relating the 7 and § degrees of freedom.
BonNranTI et al.53 computed the coupling potential for H, dissociation
on Cu(111) using DFT for a number of configurations, in which the
H, molecule was fixed at barrier locations above the high symmetry
sites while a single surface atom was moved in a particular direction.
It was noted in this study that the dependence of the coupling poten-
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tial on different surface degrees of freedom is, to within a reasonable
approximation, additive.

From equation (3.1) a correction term can be determined for dis-
placement of surface atoms:

Vcorr(77r (i) = V(7/ Ei) - V(7 (iid) (3-2)

= Vint (7/ 57) - Vint (7/ q)id )+ Vstrain ((/_7)) ’

as Veoup (7, Gia) = 0, Virain (Gia) = O and V6P does not depend on surface
degrees of freedom. Here the substitution

Vcoup<7l [?) = Vint(?/ ‘7> - Vint(f)f q)id) (3'3)

has been made, in which V;, is a term describing the interaction
between the hydrogen molecule and the copper atoms. The correc-
tion term has to be added to V°P. For static slab simulations Vi,
does not have to be taken into account in equation (3.2). It is however
needed to get Vi, in equation (3.2) and thus implicitly Vi, through
equation (3.3).

Due to the large number of degrees of freedom, it is difficult to treat
any of the correction terms V. (7,§) exactly. It may, however, be pos-
sible to use some kind of approximate analytical form. A logical choice
for this form would be a small number of terms from the many-body
expansion®’ of the full PES of equation (3.1).

Consider a general PES E M(Rlz fiz, el R wm) for a system of M atoms.
In the many-body expansion this PES is written as a sum of N-body
potential terms with N up to the number of atoms considered in the
full PES:57
M
Em(Ry, Ry, oo, Rpp) = Y EN(Ry, Ry, ..., Ryp), (3.4)
N=0

and each individual energy term, E (N) can be written as

2 > > 1 M M M 2 > >
EN)Y(Ry, Ry, ..., Ryp) = Ni ZZ...mZV<N)(Rm1,Rm2,...,RmN). (3.5)
N

my mp
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This expression is exact and does not provide a simplification. One
could however expect that the lowest order terms are the most import-
ant ones. Expressions like this are commonly used in force fields and
recently reactive force fields have been applied to molecule-surface re-
actions with reasonable success, as long as the force field is specifically
parametrized for the description of a molecule-surface reaction.5%!
Applying the many-body expansion to an H, molecule near a Cu sur-
face with n surface atoms, if only two-body terms are included in the

expansion the full potential can be written as

V) =V (Ra, — Ry

2 n
UEDY Z Vit cw (R, =Ry )+ (3.6)
I i

YV (Jfeo ~ Reu)

i j>i

in which Vng is the interaction between the two hydrogen atoms,
V<2> . the interaction between a hydrogen atom and a copper atom, and
V(2> _cy the interaction between two copper atoms. Therefore, within
the two-body approximation, using equation (3.6) in equations (3.2)

and (3.3),

2 n
Vi) =3 View (=), (3.7)
I i

Vaa@® = Y. VE o, (- ). (38)
i j>i

It is again emphasized that this last term Vg, is not needed for a
static surface simulation.

3.2.2.2 Fitting procedure

(2) ;
The form chosen for Vi{” - is

VP (1) = (1= pr)V () + p(r)V (by), (3-9)
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where
3
V(r) = —e -2 Z (cr(r = 2)F) (3.10)
k=0
and
0 ifx < bl
p(x) = %cos(%_:f))+% ifby <x<b, (3.11)
1 if x > bz.

The form of the 1D potential VI({ZlCu(r) is therefore Rydberg-like
with an added switch function. Correct parameters for equations (3.10)
and (3.11) were found by fitting V., (7,§) (equation (3.3)) directly
to DFT data of BonranTr et al.53 The resulting fit is discussed in sec-
tion 3.3.1.

3.2.2.3 Surface configurations

As the strain term in equation (3.2) is at present not included, the sur-
face atoms cannot move and surface configurations cannot be generated
trivially. Therefore an alternative method is used, based on the Debye-
Waller (DW) B factor. To randomly displace surface atoms, surface atom
position vectors are defined by

4 = Gia,; + qitl;, (3.12)

where §i4 ; is the surface atom position vector for an ideal surface as-
sociated with atom i, ii; is a 3D unit vector with a random orientation
and g; arandomly chosen scalar displacement sampled from a Gaussian
distribution with width

3B

U= 82 (3-13)

In this formula B is the DW factor for a particular surface temperature.
The used DW factors are obtained from fits*° to experimental neutron
inelastic scattering data.** The approximations made here are that the
displacement is assumed to be isotropic and bulk-like, so any surface
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effects are neglected. Displacements obtained from the DW factor are
in agreement with displacements obtained from harmonic fits to the
strain potential;>3 with the DW factor o = 0.2547 Aat T, = 925K, while
for the harmonic fits ¢ = 0.25A for first layer perpendicular motion
(w = 16meV) and ¢ = 0.21A for second layer perpendicular motion
(w = 19meV) at the same surface temperature.

Only surface atoms within a radius of 16 4, of the projection of the
center of mass of the initial configuration of the H, molecule on the
surface are displaced from their ideal positions using this method. In
table 3.1 the parameter ¢ is shown for the surface temperatures that are
considered.

3.2.2.4 Thermal expansion and contraction/expansion of the first
layer

Taking into account systematic displacements like thermal expansion is
less straightforward. If a correction is made by adjusting the displaced
surface atom position vectors using equation (3.2), the proper symmetry
of the system is not kept. This is because the surface also expands in
the surface plane and the two-body approximation is not exact, which
means that the potential energy not accounted for by the two-body ap-
proximation on sites which should be equal could be different.

A possible way of taking thermal expansion into account is by re-
moving the part of the potential energy that can be accounted for by
the two-body approximation from the full VP, “stretching” the resid-
ual function in X and Y by the same factor as the expansion that occurs,
and finally re-adding the part that can be accounted for by the two-body
approximation:

V<?exprc7exp) = V6D(;I; Ziid) - Vint(;},r q)id) + Vint(7exp/ C_iexp)' (3-14)

It is pointed out here that 7' and 7, depend on each other. I is
related to 7o,p so that X' = Xop/aand Y’ = Y, /a. Here a is Leyp/Lig.
Z',1', 9" and ¢’ are equal to Zeyp, Texps Fexp aNd Perp-

As there is no periodicity perpendicular to the surface, changing
interlayer distances can simply be done by changing 4. To correct for
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TaBLE 3.1 Model parameters o, « and d,_, as used for the surface temper-
atures considered in this work. These parameters were derived from experi-
mental results.3774*

T,(K) o (A) & di_p (A)

0 0.0746 1.0000 2.1200
120 0.0993 1.0001 2.1212
300 0.1470 1.0034 2.1270
600 0.2056 1.0087 2.1297

925 0.2547 1.0152 2.1739

TaBLE 3.2 Rovibrational states for which calculations have been performed. In
the molecular beam simulations of section 3.3.4, all these states are included
in the calculations.

Vibration Rotation D,  Rotation H,

V=0 J=o0...15 J=0...11
V=1 J=0...12 J=o0...7
V=2 J=o0...10 No calculations

changes in the first interlayer spacing, all atoms below the first layer
were translated up or down so that the first interlayer distance has a
particular value d;_,. Because in the present model the 1D interaction
VI({zlcu is switched off beyond about .54, effectively only the change
in interlayer distance between the first two layers can be taken into ac-
count. In table 3.1 the parameters « and d;_, are shown for the surface
temperatures that are considered. These parameters were computed
based on experimental data.37739

3.2.3 Computational details

The reaction probability was sampled for each initial rovibrational state
at 20 incidence energies, spread equidistantly from o eV up to1eV. Only
normal incidence is considered. The considered surface temperatures
are 0K, 120K, 300K, 600K and 925K. Additionally, calculations were
also performed for an ideal lattice. Calculations were performed both
with and without the model for thermal expansion. For each incidence
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energy, rovibrational state and surface temperature at least 2 x 104 tra-
jectories were computed, spread equally over the different m; states.
Rovibrational states for which calculations have been performed are lis-
ted in table 3.2.

The SRP PES used by Diaz et al.* was used. This PES is a linear
combination of two PESs interpolated with the CRP,5° one based on
calculations with the PW91 exchange—correlation (XC) functional,® the
other based on calculations with the RPBE XC functional.®3 This PES
has p6mm symmetry rather than p3m1 symmetry.®4

The applied quasi-classical trajectory (QCT) method is mostly the
same as used in a previous study."? The initial rovibrational energies
of the H, molecule were computed with the Fourier grid Hamiltonian
method.®5 The Hamilton equations of motion were solved by using the
extrapolation method of Stoer and BuLirsch.?® The initial angular mo-
mentum of the H, molecule is fixed by L = /J(J + 1)h. For ] > 0, the
orientation is chosen randomly by cos ¢, = my/ VJ(J + 1), where 9 is
the angle between L and the axis perpendicular to the surface. The cen-
ter of mass of the hydrogen molecule was initially placed 9 A away from
the surface. Reaction is considered to have occurred when the H-H dis-
tance r is larger than 2.25 A. Scattering is considered to have occurred
when the hydrogen molecule has a momentum away from the surface
and is further than g A away from the surface. Trajectories were stopped
after 20 ps. Trajectories that have not shown reaction or scattering after
this time are also considered non-reactive. This choice has been made
because of the static surface approximation. Although the molecule can
be considered to be “trapped” in this case, motion of the surface likely
leads to desorption of the trapped molecule in most cases.

3.3 Results and discussion

In this section, first the quality of the model is assessed by compar-
ison to a recent DFT study.>3 After this assessment, a comparison is
made between calculations performed on an ideal static surface, calcu-
lations performed on a non-ideal static surface with the static corruga-
tion model (section 3.2; both with and without thermal expansion), re-
cent AIMD results®® and experiments. To do this, three observables are
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considered: the initial state- and energy-resolved reaction probability;
the energy resolved rotational quadrupole alignment parameter; and
the reaction probability averaged over the velocity distribution and the
rovibrational states present in molecular beams.

3.3.1 1D correction function

The 1D correction function (VI({ZlCu(r) in equation (3.9)) used in the
model is related to the coupling potential as shown in equation (3.3).
As the 1D correction function to be used is fitted to reproduce the coup-
ling potential, comparing the coupling potential computed with DFT
with the coupling potential computed with the model provides a way
to check the quality of the fit. In total 153 points of the coupling po-
tential were used in the fit. Some of these points are published>3 while
others are not.®7 43 points are related to perpendicular motion of the
first layer atom, 50 to perpendicular motion of the second layer atom,
44 to perpendicular motion of the third layer atom and 16 to parallel
motion of the first layer atom.

In figure 3.1 the coupling potential as predicted by the model is com-
pared with the coupling potential computed by Bonrant et al.53%7 For
the first and second layer perpendicular motion the agreement is quite
good, in particular for small displacements, with perhaps the exception
of second layer perpendicular motion with the hydrogen molecule fixed
on the TtB site. For the parallel configurations®’ the agreement is less
good. The reason for this is not clear. It could be that these data points
sample a different regime of r which cannot be well represented due
to restrictions of the form chosen for the 1D correction function. It is
noted here that only a small number of points corresponding to paral-
lel displacement (16) are included in the fit, and as such not enough
weight may be put on parallel displacement in the fit. The model can
clearly not reproduce parallel motion A, and for parallel motions B, C
and H the agreement is also not so good. For parallel motions D to G
however, the agreement between the model and the DFT calculations
is quite good. BonranTr ef al.53 argued that perpendicular motion of
second layer atoms has the most effect on the lowest barrier for reac-
tion.
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Ficure 3.1 Coupling potential computed with the model (lines) compared
with the coupling potential computed by BonranTi et al.53 (points) for a num-
ber of motions. For the perpendicular displacement, the hydrogen molecule
is fixed at a barrier position as indicated in the graph, while a surface atom is
moved in a perpendicular direction. Data for the third layer motion is not plot-
ted as it is zero due to the added switch function. The bottom graphs represent

unpublished data® for 8 configurations in which a first layer atom is moved in
a parallel direction. These configurations are described in the bottom figure.
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TaBLE 3.3 Parameters used for the 1D correction function as defined in equa-
tions (3.9) to (3.11).

Parameter Value
z 2.3014
[ 1.274/4ag
Co —0.03030E;,
1 0.1035 E}, /ag
Cr —0.069 25 E, /ay?
c3 —4.135 X 1079 E}, /a3
by 7-444 .40
by 7-464 a9

The conclusion is therefore that a pair potential can represent quite
well the behaviour of the coupling potential for perpendicular motion,
and that for parallel motion the agreement is perhaps less good, but it
is possible that the agreement can be improved if more configurations
are added into the fit. It is even possible to extend the model to include
three-body terms in V;; although this does increase the computational
cost of using such a model. The agreement could also be improved by
using a layer-dependent 1D correction function. This would allow a
better description of the various ranges of r spanned by different mo-
tions and might also improve the agreement for first layer parallel mo-
tion. Both of these extensions require more DFT points than are used at
present.

The fitted parameters are given in table 3.3. The function is also
plotted in figure 3.2. It should be clear the interaction is relatively long
range, up to approximately 7.5a,, which suggests it is important to take
into account many surface atoms in equation (3.2).

3.3.2 Initial state-resolved reaction probability

Experimentally, MICHELSEN et al. 2829 Murpay and Hobcson,3° and
RETINER et al.3> have measured desorption probabilities for H, and D,
desorbing into a specific rovibrational state and, by invoking detailed
balance, fitted the corresponding reaction probabilities to expressions
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Ficure 3.2 The 1D correction function VI({z_)Cu(r) based on the parameters of
table 3.3.

of the form

A ’ Erans_E s
R(Eans; v, ]) = O; D (1 +erf( ! W ?;V ]))), (3-15)

in which E,,s is the translational energy of the H, molecule, A(v,])
the saturation value of the reaction probability, Ey (v, ]) the translational
energy for which the reaction probability is half the saturation value
(the “dynamical barrier height”) and W(v,]) a width parameter that
describes the steepness of the curve. The experimentalists found E to
be approximately independent of T, while they found W to increase
with increasing T.

Reaction probabilities for adsorption from an initial state were com-
puted for all states and surface temperatures listed in section 3.2.3 and
these are compared to the available experimental data.

3.3.2.1 Thermal displacement

In figure 3.3 the reaction probability for a number of initial rovibrational
states is shown, with only thermal displacement taken into account. If
the surface temperature is increased, at low energies the reaction prob-
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Ficure 3.3 Broadening of the sticking curves as the surface temperature is
increased, for a selection of initial rovibrational states, only taking into account
the effects of thermal displacement. Also plotted are the experimental sticking
curves obtained by MicHELSEN et al.?8:29 and ReTTNER et al.3*
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ability in general is slightly increased, whereas at high energies the re-
action probability is decreased. In other words, a broadening occurs.
As argued in a previous study,"? there should not be a large difference
between the ideal lattice and a real crystal at a low temperature. The
findings here are consistent with that, although some broadening is ob-
served for T, = 120K. The available experimental data2®2932 was ob-
tained for a surface temperature T, = 925 K. The agreement with the ex-
periments generally is improved for the width (shape) of the curve, but
not for the dynamical barrier height (E;). Generally the curve is shifted
too much to higher energies, i.e., the system is found to not be reactive
enough. To compare the width and shape of the computed T, = 925K
reaction probability curves with the experimentally measured sticking
curves, the computed Ty = 925K reaction probability curves are also
plotted shifted to lower energies in such a way that agreement is ob-
tained at the experimental E;. The agreement for the shape at low en-
ergies is excellent, except for (v = 1, ] = 12) D,, where the computed
reaction probability curve seems to be slightly too broad.

The trends found in figure 3.3 are general for all initial states and
surface temperatures considered. To emphasize this point, in figure 3.4
the reaction probability of D, initially in the (v = 0,] = 11) and (v =1,
] = 6) states for all surface temperatures considered is shown. As the
surface temperature is increased, the sticking curve gradually broadens,
increasing the reaction probability at low incidence energies, while de-
creasing the reaction probability at high incidence energies. All curves
seem to intersect at one point close to the experimental E, value, and at
this point the reaction probability for (v = o, ] = 11) is approximately
0.04 and for (v = 1, ] = 6) is approximately o.1. This finding is qualit-
atively consistent with the experiments, where it is known that the E,
parameter of the sticking curve does not depend significantly on the sur-
face temperature.3°3* The experimentally obtained reaction probability
for the intersection point is, however, higher. The calculations also in-
dicate that the reaction probability does not saturate, in contrast to what
is found in experiments. This discrepancy could possibly be explained
by the low population of hydrogen molecules desorbing from the sur-
face with high energies. As equation (3.15) has a saturation inherent to
the form, and there is only a small weight attached to the high energy
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FIGURE 3.4 Broadening of the sticking curve for D, initially in the (v = o,
J = 11) and (v = 1, ] = 6) states, for all considered surface temperatures,
only taking into account the effects of thermal displacement. The experimental
sticking curve® is also plotted, as well as the AIMD results by Narrino et al.?°

data, the predicted fit parameters could be wrong.

The trends found for (v = o, ] = 11) and (v = 1, ] = 6) D, are also
generally valid for all states. The intersection point is found to be at a
reaction probability of approximately 0.04 to 0.1 for D,, while for H, it
is found at reaction probabilities of up to 0.15. It seems clear that the dis-
placement of surface atoms alone does not yield a good enough descrip-
tion of the process, although it does seem to account for (most of) the
broadening. This can be understood as follows. Displacement of sur-
face atoms will modulate the barrier height and position.53 Therefore,
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under the influence of thermal displacement, for each configuration of
the surface atoms, some barrier heights will be decreased, while oth-
ers will be increased. At low incidence energies, when only very few
molecules react, an increase of the barrier will not change the results
considerably, however a decrease of the barrier will make more traject-
ories reactive. At higher energies, when almost all molecules react, a
decrease of the barrier will not change the results considerably, but an
increase of the barrier will make fewer trajectories reactive. The net ef-
fect of averaging over surface configurations is therefore an increase of
reactivity at low incidence energies and a decrease of reactivity at high
incidence energies, in other words, a broadening. The amount of broad-
ening is determined by the magnitude of the change in barrier height,
while the point with respect to which broadening occurs (the intersec-
tion point) is determined by the precise distribution of barriers for all
possible surface configurations.

The effects found for (v = o, ] = 11) and (v = 1, ] = 6) D, are larger
than those found in the AIMD study by Nartino et al.>° The reaction
probability curves found in the present study seem to be broader than
those found by AIMD. The reason for this is not fully clear. As argued
in section 3.2.1, due to the relatively slow desorption speed from the
metal surface, there is a long time between different scattering events,
and different hydrogen molecules therefore meet surface configurations
which are not clearly related to each other. Narrivo et al.>° used snap-
shots from 1ps dynamics simulations of eight different slabs as initial
configuration of the surface, from which one is selected at random. In
this study, a new surface configuration is generated for every traject-
ory from a distribution based on experiments. It is possible that snap-
shots from a 1ps dynamics simulation are not different enough from
each other, or that not enough slabs have been used, but this is not fully
clear. Additionally, in the AIMD calculation a unit cell of finite size is
used and periodic boundary conditions are applied while this is not as-
sumed in the calculations on the static corrugation model. The size of
the unit cell could be important due to the relatively long range interac-
tion of VI({zzCu(r) (see figure 3.2).
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Ficure 3.5 Thermal expansion effects for all surface temperatures considered
for D, initially in the (v = o, ] = 11) state.

3.3.2.2 Thermal expansion and change in first interlayer distance

In figure 3.5 an overview is provided for thermal expansion effects for
D, initially in the (v = o, ] = 11) state for all four surface temperatures
that are considered. The results show that the most important effect is
a shift of the reaction probability curve to lower energies. The size of
this shift increases as the surface temperature is increased, being almost
non-existent at T, = 120K, but significant at Ty = 925 K. Additionally,
the shape of the curve is also somewhat altered: the curve is slightly nar-
rower when thermal expansion effects are taken into account. This can
be explained as follows. As the effect of the inclusion of non-ideal sur-
face configurations is an increase of the corrugation of the PES, causing
the broadening of the reaction probability curve, expansion of the crys-
tal tends to locally flatten the surface a bit due to the larger distances
between surface atoms. The shift of the reaction probability curve to
lower energies can be understood as well. Narrivo ef al.>° found a de-
crease of the barrier height as the crystal was expanded. For Ty = 925K,
a decrease of the lowest barrier to dissociation, the bridge to hollow bar-
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rier, of about 3.5k]/mol was found. The decrease found here is some-
what larger (up to approximately 5kJ/mol) and J-dependent, as will
become clear later.

In figure 3.6 the reaction probability for a number of initial rovibra-
tional states is shown, with both thermal displacement and thermal ex-
pansion taken into account. The agreement with experiment here is in
general significantly better than in figure 3.3, where only thermal dis-
placement was taken into account. The effects seem to be in particular
large for (v = 1, ] = 0) Hy, where most of the broadening caused by the
thermal displacement has vanished. In general, however, in particular
for higher | the agreement is quite good, and the computed T; = 925K
curves mostly line up with the experiments at low incidence energies.

In figure 3.7 the reaction probability is shown for the same two states
as in figure 3.4. The curves for Ty = 925K seem to be somewhat too
broad, but not by much. The broadening found here is still bigger than
the broadening found in the AIMD calculations by Nartivo et al.>° The
point where the T, = 925K curve intersects the ideal lattice curve is
however in reasonable agreement with the AIMD calculations. It is
however noted that the agreement with experiment seems to be better
than the AIMD calculations, especially for low energies for (v = 1,] = 6)
D,.

3.3.2.3 Comparison to desorption experiments

To make a full comparison with the desorption experiments by RETTNER
et al. 3> MicHELSEN et al., 2829 and Murpry and Hopason,3° first the sim-
ilarities and differences in the experimental results are discussed. All
of the experimental sticking curves were originally fitted to the form of
equation (3.15). NATTINO et al.** re-analysed the experimental sticking
curves of MicHELSEN et al.?9 for D, on Cu(111) by fitting to a different
functional form, which resulted in a higher saturation value for v = 0.
The analysis below is based on the original sticking curves which were
fitted to equation (3.15). MicHELSEN ef al.2829 and ReTTNER et al.32 meas-
ured the desorption probability for a large number of final states, al-
lowing them to determine the A parameter by fitting to adsorption ex-
periments (which yield, in contrast to desorption experiments, absolute
reaction probabilities). MurrHY and Hopcgson3° only measured the de-
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Ficure 3.6 Broadening of the sticking curves as the surface temperature is
increased, for a selection of initial rovibrational states, taking into account the
effects of thermal displacement and thermal expansion (TE) effects. Also plot-
ted are the experimental sticking curves obtained by MicHELsEN et al.?829 and
RETTNER ef al.3?
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Ficure 3.7 Broadening of the sticking curve for D, initially in the (v = o,
J =11)and (v = 1,] = 6) states, for all considered surface temperatures, taking
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The experimental sticking curve® is also plotted, as well as the AIMD results
by Narrino et al.?°
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Ficure 3.8 Comparison of the sticking curves for (v = o, ] = 5) H, by Murpay
and Hopagson3® and RerTNER et al.3* The saturation value for the experiment by
Murpay and Hobpcson3° is unknown, and if this would be approximately 0.5
the two experiments are in agreement with each other.

sorption probability for a few final states, which means only Ey and W
were determined. MurpHY and Hopcson3° found significantly larger E
and W parameters than MICHELSEN ef al.28:29 and RerTNER et al. 32 but no
explanation was offered for this.

A possible explanation could be that the sticking curves by MurrHY
and Hopcson3® have a higher saturation value. In figure 3.8 the stick-
ing curves of MurpHY and Hopcson3° and RerTNER ef al.3 for (v = o,
] = 5) H, are compared, taking for A the value which gives best agree-
ment between the two different experiments. At low energies, the two
curves are essentially the same up to experimental precision. This can
be argued to be the most important region for the comparison due to the
population of low energies being highest. This shows therefore that the
two experiments could be in agreement with each other, but it cannot be
rigorously proven.

In figure 3.9 the reaction probability for (v = o, ] = 5) H, computed
with the model at T, = 925K is plotted both on a linear scale and on
a logarithmic scale. Fits are also shown if A is kept fixed during the
fitting procedure for two A parameters. It is shown that the reaction
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Ficure 3.9 Fits for the computed sticking curve at T, = 925K for (v = o,
J = 5) H, with A = 0.25, the experimental value reported by ReTTNER et al.,3*
and A = 0.5, which yields a much better description of the computed sticking
curve.

probability can be well described by the form of equation (3.15), how-
ever, if the A parameter determined by MicHELSEN et al. is used the low
energy regime is not described well, but also the high energy regime is
not described well. Although a low energy “tail” is known,3° the calcu-
lations show a larger difference between the fit to equation (3.15) and the
computed values. In fact, it is found that increasing A in the fitting pro-
cedure provides a significantly better description of the sticking curve.
The similarity between the A value used here (0.5) and the A value used
to reconcile the fits of MicHELSEN et al. and those of MurpHY and Hobc-
soN3° is pointed out (see figure 3.8).
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As shown in figure 3.9, the calculated sticking curve can be well
represented by equation (3.15). If Ej is fixed to a particular value, W
determines the shape of the sticking curve and E; its position on the
energy axis. Therefore, if W and E, are obtained from accurate fits with
an A equal to the experimentally found saturation value, a reasonable
comparison can be made with experiment. As noted earlier, a higher A
value generally provides a better description of the curve at low ener-
gies, however in that case no comparison can be made with the experi-
mental data, as Ey and W will in this case be too high. In the fits below
A will be assumed to be equal to the values reported by MicHELSEN et
al. and ReTTNER et al. In the fits, data points with a reaction probability
smaller than 1% are not taken into account for accuracy reasons; data
points with a reaction probability larger than 0.6 - A are also not taken
into account as they decrease the quality of the description at lower en-
ergies, where the population is highest in desorption experiments. Diaz
et al.>2? found that, for the ideal lattice, the fits start to deviate from the
computed reaction probabilities above a reaction probability of about
0.75- A.

In figure 3.10 the fit parameters are shown for D, with A = o0.27
(v =0),A =05 =1)and A = 0.38 (v = 2). The behaviour of
the model with thermal expansion and expansion or contraction of the
first interlayer distance is somewhat suspicious for low | (J < 4). Al-
though the dynamical barrier height Ej at | = o is considerably more
decreased than E at high | when the surface temperature is increased,
this seems to not be the case for | = 1, where it is unchanged or even
increased. The curves for E; versus rotational state are therefore not
as smooth as one might expect. This could be due to the use of a PES
for the 6D system with p6mm symmetry, while the symmetry in reality
is p3m1. p3mi1 symmetry has to be assumed for the surface atom po-
sition vectors in the model. Because this could change the anisotropy
of the PES, thermal expansion could introduce an error in the PES for
the | dependency. Additionally, the pair potential as used in the present
model might be too restrictive for correcting for thermal expansion. The
effects of thermal expansion are again underlined here: the dynamical
barrier height is decreased (system becomes more reactive), while at the
same time the width decreases. Overall, the W parameter determining
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Ficure 3.10 Fitted parameters to equation (3.15) for all considered initial states
of D,. Results including thermal expansion are listed as TE. Top panels: (v =
0). Middle panels: (v = 1). Bottom panels: (v = 2). Experimental data with
T, = 925K by MicuELseN et al.2829 Experimental data with T, = 9ooK by
MurpaY and Hopagson.3°
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the shape of the reaction probability curve is in good agreement with
the experiments by MicHELSEN et al., 2829 except for (v = 1), where it is
somewhat too large. It is however noted that significant errors in the
ratios of A from the experiments (A(v = 0) : A(v = 1) : A(v = 2) =
(0.54 + 0.16) : 1.00 : (0.77 + 0.18))?% manifest itself here in terms of the
W parameters as A was assumed to be fixed to the experimentally repor-
ted value. For example, if A(v = 1) is assumed to be slightly smaller (0.4
instead of 0.5) the agreement for the width is as good as for other states
and the decrease of A is (almost) within the reported errors of the ratios.
Overall, the agreement for the E, parameter determining the position
of the reaction probability curve on the energy axis is improved if also
thermal expansion and expansion or contraction of the first interlayer
distance is taken into account, but not if only thermal displacement is
taken into account. Although the high | behaviour seems good, the low
] behaviour is suspicious. Again here for (v = 1) D, the agreement is
not so good, but if A is adjusted to 0.4 the agreement is again very good.

In figure 3.11 the fit parameters are shown for H, with A = 0.25. The
agreement with the experiments by RETTNER et al.3* is less good than for
D,. It is possible that this could be caused by the use of quasi-classical
rather than quantum dynamics. Because H, has a lower mass than D5,
quantum effects are more important for H, due to this mass difference.
Previously with the BOSS model™?* significant differences were found
between results obtained with quasi-classical and quantum dynamics
for H, dissociating on Cu(111). Similar effects as found in the results for
D, above are also found for H,. Overall the agreement with experiment
is good, but for (v = 1) H, the agreement is less good than for (v = o)
H,.

Compared to results reported in the literature837:3032:45 for SM46:47
and (M)SO4*~48 models, significantly better width values are obtained.
If the SM model were to be applied on top of the model applied here,
only a small amount of extra broadening would be expected, due to
the unfavourable H, /Cu mass ratio. DarLiNG and Horroway? already
reported in 1994 that the static corrugation which is introduced by
thermal displacement of surface atoms could be very important.

Clearly the presented results are sensitive to the accuracy of the
experimentally obtained A value. A better comparison would be to
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Ficure 3.11 Fitted parameters to equation (3.15) for all considered initial states
of H,. Results including thermal expansion are listed as TE. Top panels: (v =
0). Bottom panels: (v = 1). Experimental data with T, = 925K by ReTTNER
et al.3* Experimental data with T, = 9oo K by MurpHY and Hopgson.3°

compare the theoretical results directly to the raw experimental time-
of-flight (TOF) data from which the A, W and E parameters were indir-
ectly extracted. Such a direct comparison has for example been done in
2014 for AIMD calculations on H, /Cu(111).**

3.3.3 Rotational quadrupole alignment parameter

The rotational quadrupole alignment parameter for D, desorbing from
a Cu(111) surface was measured by GuLpinG et al.,*4 Hou et al.,*> and
WErtzIG et al.34 The rotational quadrupole alignment parameter is a
measurement of preference of desorption in a particular m; state and
the definition of this parameter is given by equation (2.33). Equa-
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tion (2.34) shows how it can be computed from the initial state-resolved
reaction probability.

Hou et al.*> measured the energy-resolved rotational quadrupole
alignment parameter for desorption into two states, while GuLping
et al.** and WErziG et al.3* measured the rotational quadrupole align-
ment parameter for desorption into a larger number of states, but these
measurements were not energy-resolved. In this study only the energy-
resolved rotational quadrupole alignment parameter is considered due
to sampling-related inaccuracies of (quasi-)classical methods at low
energies.

In figure 3.12 the rotational quadrupole alignment parameter is plot-
ted for a variety of models, comparing the ideal lattice results with the
results of the static corrugation model, the experimental data and recent
AIMD calculations. The effect of thermal displacement is also a broad-
ening of the rotational quadrupole alignment parameter curve; at low
energies the rotational quadrupole alignment parameter is considerably
decreased, while at high energies the rotational quadrupole alignment
parameter is slightly increased. Including thermal expansion effects in
the calculations tends to lead to a further decrease of the rotational quad-
rupole alignment parameter. Comparing the static corrugation model
results with the experimental results, the agreement at low energies is
considerably improved, although the observed effect is slightly too large
for (v = 1,] = 6) D,. Athigh energies however, the agreement is not im-
proved. It is not clear why this is the case. It is however noted that the
experimentalists have calculated the rotational quadrupole alignment
parameter from fits to TOF spectra, and these fits may be, like the fits
for the desorption probability considered in section 3.3.2, relatively in-
sensitive to the high energy regime, although this does not seem to be
reflected in the size of the experimental error bars.

The dependence of the rotational quadrupole alignment parameter
on the surface temperature can be explained. It is likely that the ar-
guments (see section 3.3.2) for the broadening and shifting of the J-
resolved reaction probability curve also hold for the m;-resolved reac-
tion probability curves. The calculations done here are in agreement
with this. At low energies, the overall reaction probability is increased
with increasing surface temperature. This leads to a larger denomin-
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Ficure 3.12 Comparison of the rotational quadrupole alignment parameter
computed with different models. Plotted are the rotational quadrupole align-
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ator in equation (2.34). The numerator will decrease because tilted mo-
lecules will react more due to the locally tilted surface. This results in a
lower alignment parameter. At high energies, the overall reaction prob-
ability is only slightly decreased, resulting in a slightly lower denomin-
ator. In the limit of saturation (reaction probability equal to unity), the
tirst molecules to react less are the unfavourably tilted ones, resulting
in a slightly higher numerator. Overall this leads to a slight increase of
the alignment parameter.

3.3.4 Molecular beams

To make a comparison with molecular beam experiments possible, two
things have to be taken into account. First, the state-resolved reaction
probabilities should be averaged over all states with significant popula-
tion in the beam. Second, the experimental spread in incidence energies
has to be taken into account. The way in which this has been done has
been described in section 2.5.3 of this thesis.

Experiments were performed for D, by MicHELsEN et al.?9 and for H,
by ReTTNER et al.3* The parameters for the velocity distribution, equa-
tion (2.39), for these experiments were obtained by Diaz et al.»? In the
calculations all rovibrational states listed in table 3.2 are included.

In figure 3.13 the molecular beam simulations are shown for the
ideal lattice and for Ty = 120K. For T, = 120K the results are not
changed much if thermal expansion effects are taken into account: only
a slight increase in reaction is found due to the small shift of the reaction
probability curve to lower energies. For low average collision energies,
reaction is generally found to be slightly increased for Ty = 120K with
respect to the ideal lattice, while for higher average collision energies
reaction is generally found to be slightly decreased. Comparing the res-
ults found here with the AIMD results for this trend is difficult, as no
calculations were performed for the ideal lattice and the surface tem-
perature effects are very small. It is noted that the differences found for
the initial state-resolved reaction probability of D, in the (v = o, ] = 11)
state between the SRP potential* as used here and the AIMD calcula-
tions*° (figure 3.4), might have a consequence for the molecular beam
results. The AIMD results for this state were found to be more reactive
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Ficure 3.13 Effect of surface temperature on molecular beams, with (TE) and
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the velocity distribution of the molecular beams were extracted by Diazet al.*?
Ab initio molecular dynamics results by Narrino et al.>°
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than the results with the SRP potential used here. If this effect is gen-
eral for D, in the (v = o) state, a significant shift should be observed in
the molecular beam results. Combined with the significant error in the
AIMD results due to a limited number of trajectories being sampled in
AIMD, the conclusion here is that the AIMD results are consistent with
the results for the static corrugation model.

3.4 Conclusions

A model has been constructed to take into account surface temperat-
ure effects for H, or D, dissociating on a Cu(111) surface. The model
is general and does not require a special form for the PES. It is based
on the assumption that in different scattering events the hydrogen mo-
lecule experiences different non-ideal but (almost) static surfaces. This
approximation is reasoned to work well, based on the physics of the
event taking place and is corroborated by previous calculations on CH,
dissociation on metal surfaces. The model introduces a correction term
for displacement of surface atoms based on the coupling potential.

The quality of the model has been assessed based on a comparison
with a recent DFT study and the comparison of three computed observ-
ables with experiments and recent AIMD calculations. The observables
that were considered are the initial state-resolved reaction probability,
the rotational quadrupole alignment parameter and the reaction prob-
ability averaged over the distribution in molecular beams. Overall, the
agreement with experiments and the AIMD calculations is found to be
good. Apparently bigger overall effects are found here than were found
in AIMD calculations, however. The agreement with experiment seems
however to be better in some cases for the calculations performed in
this work. It is not fully clear why this happens. A possible explana-
tion could be differences in the sampling of surface configurations. For
the AIMD calculations a limited number of surface configurations are
sampled whereas here surface atoms are displaced individually per tra-
jectory according to a model based on DW factors. The model also dif-
fers from AIMD in a different way: whereas in AIMD a 2 x 2 unit cell
is used, here no periodic boundary conditions are applied to the sur-
face atoms. The 1D correction function is relatively long range (7.54),
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which might indicate a larger unit cell might be needed.

For the comparison with the DFT study it is concluded that the
chosen form for the 1D correction potential can reproduce well the be-
haviour of the coupling potential at high-symmetry barrier positions
in an ideal surface for perpendicular displacements.

For the initial state-resolved reaction probability, it is found that
both thermal displacement and thermal expansion are of importance.
Thermal displacement causes the broadening that has been experiment-
ally observed as the surface temperature increases, whereas thermal ex-
pansion primarily makes the system more reactive by shifting the re-
action probability curves. The discrepancy between two sets of exper-
imental data has been attributed to the fact that experimentalists are
not able to measure absolute desorption probabilities. Therefore the
experimentalists had to obtain one parameter from a fit to adsorption
experiments, which was not done for one of the experiments. The agree-
ment with the AIMD calculations is reasonable, but somewhat broader
reaction probability curves are found here. The width of these curves
is however generally found to be in agreement with the experiments.

For the rotational quadrupole alignment parameter, it is found
that, analogous to the reaction probability, thermal displacement tends
to broaden the rotational quadrupole alignment parameter curve,
whereas thermal expansion tends to shift the curve. At low energies,
the rotational quadrupole alighment parameter is decreased with in-
creasing surface temperature, whereas at high energies, the rotational
quadrupole alignment parameter is slightly increased with increasing
surface temperature. The agreement with experiment is good at low
energies, but less good at high energies. In recent AIMD calculations
a decrease with increasing surface temperature was also found at low
energies, and one state considered also showed an increase at high
energies. A larger broadening of the rotational quadrupole alignment
parameter curve is found in the calculations performed here, which
provides a better agreement with experiments at low energies.

For the comparison to molecular beam sticking experiments, it is
found that the approximation of an ideal surface being representative
of alow temperature surface, as previously used, is good. This was also
found in recent AIMD calculations. Only very weak surface temperat-
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ure effects are found in the molecular beam simulations, in which the
surface temperature is 120 K.

The model constructed here is therefore able to reproduce most of
the surface temperature effects observed experimentally, without en-
ergy exchange between the molecule and the surface being possible. It
has been previously suspected, based on model calculations by DarLING
and Horroway,? that the effect of static corrugation could be important,
and the calculations performed confirm that idea.
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