
Beyond the Born-Oppenheimer static surface model for molecule-surface
reactions
Spiering, P.

Citation
Spiering, P. (2019, December 16). Beyond the Born-Oppenheimer static surface model for
molecule-surface reactions. Retrieved from https://hdl.handle.net/1887/81817
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/81817
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/81817


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/81817 holds various files of this Leiden University 
dissertation. 
 
Author: Spiering, P. 
Title: Beyond the Born-Oppenheimer static surface model for molecule-surface reactions 
Issue Date: 2019-12-16 
 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/81817
https://openaccess.leidenuniv.nl/handle/1887/1�


“Thesis” — 2019/11/28 — 9:09 — page 77 — #87

4

Chapter 4

Testing Electronic Friction

Models: Vibrational

De-excitation in Scattering of

H2 and D2 on Cu(111)

This chapter is based on P. Spiering and J. Meyer. “Testing Electronic Friction Models:

Vibrational De-Excitation in Scattering of H2 and D2 from Cu(111)”. In: J. Phys.

Chem. Lett. 9 (2018), pp. 1803–1808.
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CHAPTER 4. TESTING ELECTRONIC FRICTION MODELS

Abstract

At present, molecular dynamics with electronic friction (MDEF) is the workhorse model

to go beyond the Born-Oppenheimer approximation in modeling dynamics of molecules

at metal surfaces. Concomitant friction coefficients can be calculated with either the lo-

cal density friction approximation (LDFA) or orbital-dependent friction (ODF) which

– unlike LDFA – accounts for anisotropy while relying on other approximations. Due

to the computational cost of ODF, extensive high-dimensional MDEF trajectory cal-

culations of experimentally measurable observables have hitherto only been performed

based on LDFA. In order to overcome this limitation a continuous neural-network-based

representation has been constructed for the scattering of vibrationally excited H2 and

D2 from Cu(111). An up to three times higher vibrational de-excitation probabilities is

predicted with ODF compared to LDFA. These results indicate that anisotropic elec-

tronic friction can be important for specific molecular observables. Future experiments

can test for this “fingerprint” of different approximations underlying state-of-the-art

MDEF.

4.1 Introduction

The motion of atomic and molecular adsorbates on metal surfaces underlies every el-

ementary reaction steps in heterogeneous catalysis. Due to the absence of an energy

gap between valence and conduction band electrons, these motions can result in the

excitation of electron-hole pairs (ehps) and thus violate the Born-Oppenheimer ap-

proximation [22–44]. A growing number of experiments points to the importance of this

non-adiabatic energy loss channel [55]. On the other hand, the development of suitable

theoretical models to account for these non-adiabatic effects is still an ongoing pro-

cess [66–1010]. For systems with weak non-adiabatic coupling, molecular dynamics with

electronic friction (MDEF)[1111] is currently the most popular approach [1212]. MDEF

relies on a potential energy surface (PES) nowadays typically obtained from density

functional theory (DFT)[44], and accounts for the effects of the ehps on the motion of

the nuclei by electronic friction coefficients [1111]. One state-of-the-art technique for cal-
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culating these coefficients as functions of the adsorbate positions relies on mapping to

an atom-in-jellium model for which only the surface electron density is considered (lo-

cal density friction approximation, LDFA[1313, 1414]). Alternatively, the electronic states

of the molecule-surface system can be taken into account (orbital-dependent friction,

ODF[1111, 1515]). For the inelastic scattering of H atoms from Au(111), millions of MDEF

trajectories based on a high-dimensional PES[1616] and local density friction approxima-

tion (LDFA) have recently been demonstrated to yield accurate scattering probabilities

in excellent agreement with experimental data [1717].

The situation is quite different for molecules. Due to its combination with the inde-

pendent atom approximation, the LDFA completely neglects any molecular effects [1313].

Orbital-dependent friction (ODF) on the other hand accounts for the anisotropic tenso-

rial character of friction coefficients on corrugated metal surfaces and along adsorbate-

internal bonds [1818–2020], which is why ODF has been argued to be “theoretically” more

accurate for (diatomic) molecules [2121]. However, this discussion [1313, 2121, 2222] has still re-

mained inconclusive, because an evaluation of ODF comes at very high computational

costs. Consequently, extensive MDEF trajectory calculations for molecules including

all relevant degrees of freedom (DOF) can be easily performed with LDFA[1212, 1313],

whereas only two molecular DOF have so far been included for ODF[2323]. The very

recent on-the-fly evaluation of ODF within ab initio molecular dynamics by [2020] is an

important step, but the less than 20 calculated trajectories make direct validation via

molecular beam experiments impossible. Modeling the non-adiabatic contribution to

vibrational lifetimes of molecules adsorbed on metal surfaces on the other hand does

not require such extensive statistical averaging [2424, 2525]. The most recent implementa-

tions of LDFA and ODF both yield results that agree with experimental data within

the error bars [2626, 2727]. Furthermore, Novko et al. have shown recently in this context

[2828] that the numerical evaluation of friction tensors within ODF [2020, 2727] effectively

includes potentially spurious electronic memory effects with unclear consequences for

MDEF[2929]. Given this situation, theoretical understanding and modeling relying on

MDEF faces an important question: Is the molecular anisotropy as described by ODF

important for any observables that can be validated by high-precision molecular beam
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experiments like for atoms [1717]?

The work in this chapter provides an answer to this question using H2 and D2 on

Cu(111). For this system, the weak non-adiabatic coupling as well as static surface ap-

proximation are well justified [3030–3232], and an accurate DFT-based PES relying on the

semi-empirically constructed specific reaction parameter (SRP) exchange-correlation

functional is available [3333, 3434]. A six-dimensional neural-network-based continuous

representation of ODF has been constructed that allows for extensive MDEF trajec-

tory calculations on equal footing with LDFA. While dissociative sticking probabilities

are hardly affected in general and by the type of electronic friction coefficients used,

vibrational de-excitation probabilities are argued to be a “fingerprint”, which can be

used to distinguish and validate LDFA and ODF in future experiments, in this chapter.

4.2 Methods

In this section an extension of Chap. 22 is given for the methods used specifically in

this chapter.

4.2.1 Molecular Dynamics with Electronic Friction and the Potential
Energy Surface

Quasi-classical trajectory calculations [3333] within MDEF rely on a generalized Langevin

equation [1111]

mi
d2Riα

dt2
= −∂V (R)

∂Riα
−

N∑
j=1

3∑
β=1

ηiαjβṘjβ(R)︸ ︷︷ ︸
F fric

iα (R)

+Fiα(t), (4.1)

where i, j indicate atoms and α, β Cartesian coordinates. Atomic masses and positions

are denoted by mi and Ri, respectively. For a H2 or D2 molecule on a static surface,

the total number of moving atoms N is two resulting in six DOF. In addition to the

forces from the PES −∂V (R)
∂Riα

, which yield the adiabatic dynamics, non-adiabatic effects

on the nuclear dynamics originate from electronic friction forces F fric
iα (R) and thermal
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Figure 4.1: A) Molecular coordinate system denoting the center of mass positions

(X,Y, Z), bond length d as well as spherical orientation (θ, ϕ). B) Top view of a

reference configuration with X = 1
2a, Y = 0 and θ0 = ϕ0 = 90◦ from the minimum

energy reaction path for dissociative chemisorption over the bridge site [3535], where a

denotes the surface lattice constant. Cu atoms in the first, second and third layer are

depicted by increasing transparence. Note that X,Y, Z = 0 corresponds to the position

of a Cu atom in the surface plane (top site).

white noise Fiα(t), respectively. In this work, V (R) is mainly taken to be the static

surface PES based on the SRP48 exchange-correlation functional from Ref. [3434], but

dynamics calculations have also been performed and compared with the PW91-PES

from earlier work [3535]. The friction forces are linear in nuclear velocities Ṙjβ and are

in general given by a symmetric 6 × 6 friction tensor ηiαjβ(R), which consists of 21

independent elements each depending on six nuclear coordinates. These coordinates

can be Cartesian R = (R1,R2) or expressed in the center-of-mass-centered spherical

coordinate system R = (X,Y, Zd, θ, ϕ), which is commonly used for diatomics and

described by Fig. 4.14.1 A.

4.2.2 Orbital-Dependent Friction and Density Functional Theory

Within ODF these 21 friction coefficients are obtained according to a Fermi-golden-

rule-like expression resulting from time-dependent perturbation theory, which can be

written in the quasi-static limit as [1111, 2525, 2727, 3636]

ηODF
iαjβ (R) = 2πh̄

∑
kab

giαkab(R)∗ · gjβkab(R) δ(ϵka − ϵF)δ(ϵkb − ϵF) . (4.2)
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The electron phonon matrix elements giαkab describe the non-adiabatic coupling between

two electronic states of the molecule at the metal surface with band indices a and b at

wave vector k, due to the motion of (adsorbate) atom i along direction α. In general,

the ODF tensor can have different diagonal elements even for the same atom. This

anisotropy yields very different friction forces when the atoms move (with the same

velocity) in different directions. Its generally non-zero off-diagonal elements are re-

sponsible for coupling the motion in different directions and between both atoms in a

way that is not accounted for by the PES. In particular, this can lead to a strong damp-

ing of the molecular stretch vibration of a diatomic molecule and thus a pronounced

molecular anisotropy [2020, 2121, 2323].

4.2.3 Neural Network Interpolation

In order to use the so-calculated ηODF
iαjβ (R) in MDEF trajectory calculations of generic

experimentally measurable observables, a continuous representation of this 6×6 tensor

is required that can be evaluated at low computational cost. We have designed such

a representation based on a symmetry-adapted neural network fit that is described

briefly in Sec. 4.B4.B and extensively in Chap. 66.

4.2.4 Local Density Friction Approximation

Within LDFA friction coefficients for hydrogen atoms ηH(ρ) are obtained from a spher-

ical atom-in-jellium model with background density ρ, which is solved via density func-

tional theory at the level of the local density [3737] or generalized gradient approximation

[3838]. Mapping of the actual surface problem is accomplished by taking the electron

density of the bare surface (without the molecule) at each atom’s position ρ(Ri) as

background density of the jellium [1313]. This independent-atom approximation (IAA)

results in electronic friction coefficients that are isotropic for each atom and depend

on its own three coordinates alone. In Cartesian coordinates only diagonal elements of

the friction tensor are non-zero,

ηLDFA
iαjβ (R) = ηH(ρ(Ri))δαβδij (4.3)
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A continuous representation of ηLDFA
iαjβ (R) for extensive MDEF trajectory calculations

can be easily constructed [1313, 3939].

4.2.5 Isotropicalized Electronic Friction Tensor

Going beyond the IAA within LDFA is possible for example by determining the back-

ground electron density using an atoms-in-molecules technique (LDFA-AIM) [2626]. How-

ever, this approach does not lift the isotropy, and as detailed in Sec. 4.A4.A, cannot be

applied to H2 and D2 molecules. The other way round, isotropic friction can be con-

structed from ODF, by neglecting the coupling between different directions and atoms

plus averaging the remaining (generally anisotropic) friction over different directions

ηODF−iso
iαjβ (R) =

1

3

∑
γ
ηODF
iγjγ (R)δijδαβ . (4.4)

This ODF-iso allows disentangling the influence of anisotropy from the very different

electronic structure inherent to ODF and LDFA.

4.3 Results

4.3.1 Friction Coefficients

Fig. 4.24.2 A-C shows ηZd, ηdd and ηZZ , respectively, as obtained from equations 4.24.2-

4.44.4 along the minimum energy reaction path for dissociative chemisorption over the

bridge site as depicted in Fig. 4.24.2 D and Fig. 4.14.1 B. In particular the focus here is

on these three particular friction coefficients, in order to compare with the earlier two-

dimensional ODF calculations [2121, 2323]. The agreement is quite good except for some

differences close to the transition state for ηODF
ZZ . As the molecule approaches the sur-

face, each model yields increasing friction for the six diagonal elements of the friction

tensor, and the absolute values of the off-diagonal elements increase likewise in case of

ODF. Furthermore, ODF directly reflects the strong rearrangement of (Kohn-Sham) or-

bitals when approaching the dissociation barrier by significantly higher friction along

the molecular bond (and thus reaction) coordinate, resulting in ηODF
dd ≈ 3ηLDFA

dd at
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the transition state – in agreement with earlier work [2121]. For the observables calcu-

lated below, friction beyond the dissociation barrier is not relevant. Quite remarkably,

ηODF−iso
dd (ηODF−iso

ZZ ) and ηLDFA
dd (ηLDFA

ZZ ) are almost identical up to the transition state

– and thus much more alike than what has originally been found for the diffusion of H

atoms on Pd(100) [1818, 4040].

4.3.2 Dynamics

In order to study the effect of the different friction models on actual experimental ob-

servables, MDEF calculations are performed according to the quasi-classical trajectory

method [2929]. In view of the short interaction time of the molecules with the Cu(111)

surface during all simulated trajectories, the fluctuating forces in Equation 4.14.1 are

neglected.

4.3.3 Dissociative Chemisorption Probability

Fig. 4.34.3 shows the results for the dissociative chemisorption probability S0 for both

H2 and D2 molecular beams based on the SRP48-PES. Due to the construction of

the latter [3333, 3434], already the adiabatic calculations yield good agreement with the

experimental data [4141, 4242]. Inclusion of electronic friction reduces S0, leading to even

better agreement with the experimental data, in particular at high incidence energies.

The reduction is strongest for ODF and weaker for LDFA and ODF-iso, which are very

similar to each other. It can be rationalized by the differences of the friction models

for the friction ηdd along reaction coordinate close to the dissociation barrier (see Fig.

4.24.2 B). This effect of ηODF
dd on S0 for H2 and D2 on Cu(111) has not been reported for

two-dimensional ODF calculations [2323]. Consequently, a high-dimensional treatment

of ODF in MDEF, on an equal footing with LDFA [2222], is important. However, the

overall small effect of electronic friction on S0 makes this not an optimal observable for

experimental validation of the different friction models.
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Figure 4.2: A-C show ηdZ , ηdd and ηZZ in the molecular coordinate system (see Fig. 4.14.1

A), respectively, along the minimum energy reaction path for dissociative chemisorption

over the bridge site (see Fig. 4.14.1 B) as depicted in D together with the corresponding

two-dimensional PES cut. The blue, red and purple lines indicate the continuous

representation from this chapter for ODF, LDFA and ODF-iso, respectively, as obtained

from equations 4.24.2-4.44.4. Blue (red) dots show the ODF (LDFA) results from previous

work of Luntz et al. [2121, 2323], and the reaction coordinate is defined in the same way

as in that work. The barrier and thus the transition state for dissociation is located at

the vertical gray line in A-C (0 Å) and indicated by the empty circle in D. Negative

numbers up to transition state denote the approach from the gas-phase (i.e. decreasing

heights Z above the surface).
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Figure 4.3: A(B) Calculated reaction probabilities S0 based on the SRP48-PES for

dissociative chemisorption of H2 (D2) molecular beams as a function of average normal

incidence energy ⟨Ei⟩ for the indicated nozzle temperatures Tnozzle in comparison to

experimental data (brown unfilled squares) from Ref. [4141] (Ref. [4242]). The calculations

are adiabatic (filled black squares) or employ the LDFA (red plusses), ODF (blue

circles) and ODF-iso (purple crosses) model for the electronic friction coefficients.
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4.3.4 Vibrational De-Excitation

In contrast to the dissociative chemisorption probabilities, the vibrational de-excitation

probabilities Ptransition clearly yield a distinguishable difference between LDFA and

ODF. Ptransition is calculated as functions of incidence energy Ei from the scattered

trajectories by a conventional binning procedure based on 50000 MDEF trajectories..

The concomitant average gain in translational energy ⟨∆Etrans⟩ is calculated from the

final center-of-mass velocities. As detailed in the supporting information, the error

bars reflect the error due to statistical sampling of the initial conditions. Only by

employing the newly developped continuous representation to compute a large amount

of trajectories was it possible to reduce these errors so that the different electronic

friction models can be distinguished. The discussion henceforth is focussed on de-

excitation from vibrational state ν = 2, J = 1(2) to ν = 1, J = 1(2) for H2 (D2),

respectively, as shown in Fig. 4.44.4. Unlike for other vibrational transitions [4343], for this

transition the results are not only qualitatively but even almost quantitatively identical

to corresponding results obtained with the PW91-PES (see Sec. 4.D4.D).

At low incidence energies, with increasing Ei more and more molecules come close

enough to the surface so that the curvature of the PES and electronic friction lead to an

increase of Ptransition. Both effects are additive and result in de-excitation probabilities

that are up to 6(2) times larger for H2 (Fig. 4.44.4C) and up to 3(2) times larger for D2

with ODF(LDFA), respectively (Fig. 4.44.4D). At high incidence energies, the dissociation

channel (see Fig. 4.34.3) becomes more effective, which is why Ptransition decreases again

in all cases. For the adiabatic simulations on the static surface, ⟨∆Etrans⟩ is equal

to the rovibrational energy loss of one vibrational quantum and thus by about
√
(2)

larger for H2 than for D2(Fig. 4.44.4A and B). Electronic friction reduces the energy

gain. The reduction is almost twice as large for ODF compared to LDFA. The fact

that it does not not very strongly depend on Ei for the energy range considered here

suggests that it is dominated by ηdd and thus directly reflects the differences observed

along the minimum energy path depicted in Fig. 4.24.2. Consequently, when comparing

MDEF with other non-adiabatic models [4444–4646] for vibrational de-excitation, the new

MDEF results suggest that it is crucial to also take into account whether the friction
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Figure 4.4: Vibrational de-excitation probabilities Ptransition (lower row) and concomi-

tant average gain in translational energy ⟨∆Etrans⟩ (upper row) as a function of nor-

mal incidence energy Ei for state-to-state scattering using the SRP48-PES. Panels

A,C (B,D) are for the transition from the rovibrational state ν = 2, J = 1(2) to

ν = 1, J = 1(2) for H2 (D2). Shown are results from adiabatic calculations (filled

black squares), as well as those including electronic friction according to the LDFA

(red plusses), ODF (blue circles) or ODF-iso (purple crosses) models. The error bars

indicate the error due to statistical sampling as described in detail in Sec. 4.C4.C.
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coefficients include any molecular anisotropy. Unfortunately, since molecular beam

experiments for this system have hitherto focused on rovibrational excitation rather

than de-excitation [4747–4949], experimental verification of this effect is still pending.

Although ODF-iso inherits the spurious memory effects as well as going beyond the

independent atom approximation from ODF, quite remarkably, for Ei > 15(20) kJ/mol

for H2 (D2), results obtained with ODF-iso are almost identical to LDFA. That means

that (at least in this energy range) these do not affect the dynamics and the molecular

anisotropy is the most important difference. [5050] If this can be experimentally validated,

it would greatly encourage future theoretical work to develop extensions to LDFA that

can account for this anisotropy.

4.4 Conclusions & Outlook

In summary, I have obtained different observables for H2 and D2 on Cu(111) from

extensive MDEF trajectory calculations for the first time using full-dimensional fric-

tion tensors based on both LDFA and ODF. The molecular anisotropy as described by

ODF and absent from LDFA leads to strongly enhanced friction for motion along the

molecular axis when the molecules are close to the surface. The dissociative sticking

probability is almost negligibly reduced compared to adiabatic simulations. The effect

is slightly stronger for ODF compared to LDFA and improves the agreement with ex-

perimental data in both cases. For the state-to-state scattering of vibrationally excited

molecules (from ν = 2, J = 1(2) to ν = 1, J = 1(2) for H2 (D2)), the newly developed

MDEF model predicts up to six (two) times larger vibrational de-excitation probabil-

ities with ODF (LDFA) compared to adiabatic simulations. Remarkably, isotropical-

ization of ODF yields results almost identical to LDFA for incidence energies larger

than 15(20) kJ/mol for H2 (D2). The predicted differences between the vibrational

de-excitation probabilities are a “fingerprint” of the molecular anisotropy as described

by ODF. Recently suggested techniques to prepare H2 molecular beams with 1 ≤ ν ≤ 4

[5151] should allow testing for this “fingerprint”. This would provide unprecedented in-

sights into the accuracy of state-of-the-art electronic friction models for molecules and
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allow analyzing the importance of concomitant approximations.

4.5 Computational Details

The electron phonon matrix elements giαkab = ⟨ϕka| ∂vKS

∂Riα
|ϕkb⟩ in Equation 4.24.2 are ob-

tained from the change of Kohn-Sham potential ∂vKS

∂Riα
with respect to nuclear coor-

dinate Riα, which is obtained from density functional perturbation theory (DFPT)

[5252] employing the PW91 [5353] exchange-correlation functional as implemented in the

Quantum Espresso package[5454]. Surfaces are modeled by 2×2 Cu(111) slabs with 4

layers and 10 Å of vacuum. A planewave cut-off energy of 816 eV is used, together with

ONCV pseudopotentials [5555] from the SG15 [5656] library and an 18x18 k-point grid.

These settings reproduce the PW91-PES from Ref. [3535] up to a few meV. They also

enable an accurate evaluation of the sum over electronic states in Equation 4.24.2 at the

Fermi level using an equivalent Gaussian envelope technique to broaden the δ-function

with a width of 0.6 eV as suggested in Ref. [2727]. It should be noted here that this

implies the possible presence of spurious electronic memory effects as argued in Ref.

[2828] and that care should be taken as this broadening can be system specific.

The neural network fits for the 21 independent elements of ηODF
iαjβ (R) are based on

≈ 30000 ODF coefficients obtained from DFT calculations on the same 7 lateral sites

that have been used to construct the SRP48-PES [3434]. LDFA coefficients are obtained

by extracting the background electron density ρ(Ri) from a DFT calculation with

same the computational setup as described above. Employing the functional form for

ηH(ρ) suggested in Ref. [3939] a grid (in Ri) of friction coefficients is obtained and used to

construct a three-dimensional neural network interpolations for ηH(ρ(Ri)) based on the

symmetry-adapted coordinates [5757, 5858] in order to obtain a continuous representation

of ηLDFA
iαjβ (R).

90



“Thesis” — 2019/11/28 — 9:09 — page 91 — #101

4

4.A. LDFA “ATOMS IN MOLECULES” FOR H2 AND D2

4.A LDFA “Atoms in Molecules” for H2 and D2

Rittmeyer et al. have suggested an extension of the local density friction approxima-

tion (LDFA) going beyond the independent atom approximation [2626], accounting for

molecular properties by means of the atoms-in-molecules (AIM) technique according

to Hirshfeld [5959]. The authors have used this LDFA-AIM scheme very successfully to

model the non-adiabatic vibrational damping of CO adsorbed on Cu(100) and Pt(111).

However, this scheme cannot be applied to the adsorption or scattering dynamics of H2

or D2 on any metal surface, because it yields unrealistic non-zero friction coefficients

for these two molecules in the gas phase as illustrated in Fig. 4.54.5 (an extension of Fig.

4.24.2).

This can be understood by having a closer look at how the embedding density ρAIM
emb,i

for an atom at positions Ri (i.e. background density for the atoms-in-jellium model

underlying the LDFA [1313]) is constructed [2626]:

ρAIM
emb,i =

[
1− wHirshfeld

i (Ri)
]
· ρSCF(Ri) . (4.5)

Here ρSCF is the self-consistent density from the DFT calculation of the surface in-

cluding the molecule. The Hirshfeld weight is defined based on electron densities of N

isolated atoms ρatomi at the same positions Ri [5959]

wHirshfeld
i (Ri) =

ρatomi (Ri)∑N
j=1 ρ

atom
j (Ri)

. (4.6)

Since the density rearrangement in a H2 (or equivalently D2) molecule in the gas

phase hardly affects the electron density at the nucleus, the superposition of electron

densities of two non-interacting H (or equivalently D) atoms

ρSCF(Ri) ≈ ρH−atom
1 (Ri) + ρH−atom

2 (Ri) (4.7)

is a good approximation. Equation 4.64.6 then simplifies to

ρAIM
emb,1(2) ≈ ρH−atom

2(1) (R1(2)) = ρH−atom(dH−H). (4.8)

Fig. 4.64.6 shows that this density is still quite seizable and the corresponding H-atom-in-

jellium model with this background density results in a significant friction coefficient
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ηH(ρH−atom(dH−H)). Transformation into the molecular coordinate system then yields

approximately half of this value for ηLDFA−AIM
dd (twice for ηLDFA−AIM

ZZ ) in the gas phase

as denoted by the reaction coordinate value −2 in Fig. 4.54.5B(C), respectively.

We emphasize that H2 and D2 are exceptional due to their short bond lengths.

According to testing procedure explained in the previous paragraph, LDFA-AIM should

still be applicable to other homo-nuclear diatomics.
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Figure 4.5: Same as Fig. 4.24.2, but additionally includes friction coefficients as result-

ing from the LDFA-AIM scheme [2626] (dashed red line). Note that ηLDFA−AIM
dZ = 0

since LDFA-AIM yields isotropic friction like LDFA relying on the independent atom

approximation.[1313]
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Figure 4.6: One-dimensional cut through electron densities of non-interacting hydrogen

atoms ρH−atom located at the origin (purple curve) and at the experimental bond

distance dH−H ≈ 1.4 bohr (green curve). ρH−atom has been obtained from a DFT

calculation with the PW91 exchange correlation functional [5353], i.e. using the same

computational setup as the other DFT calculations in this chapter. The second y-

axis shows the electronic friction coefficient ηH(ρH−atom(dH−H)) as calculated based

on the corresponding H-atom-in-jellium model for the background electron density

ρH−atom(dH−H).
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4.B Continuous Representation of 6× 6 Friction Tensors

4.B.1 Symmetry-Adapted Neural Network Representation

In principal, computationally efficient neural-network-based techniques as developed

for potential energy surfaces in gas-surface dynamics can be adapted [5757, 5858, 6060–6262]

– promising to accurately describe the 21 different elements of the symmetric 6 × 6

friction tensor as functions of the six molecular degrees of freedom, thus avoiding low-

dimensional analytic forms [2323, 4444]. However, these 21 tensor elements are intertwined

by symmetry of the static surface. This is not accounted for by the aforementioned

techniques. To ensure that the friction tensor also represents the correct combination

of translational and orientational symmetry and can account for molecular anisotropy,

a molecular coordinate system is first introduced that denotes the center of mass po-

sitions (X,Y, Z), bond length d and spherical orientation (θ, ϕ), as depicted in Fig.

4.14.1A. For every molecular configuration a transformation T (θ, ϕ) that transforms to

the reference orientation θ0 = ϕ0 = 90◦ is constructed, which characterizes the major-

ity of dissociation paths with the lowest barriers [3535]. The 6D electronic friction tensor

is then defines as

ηODF(R) ≈ T (θ, ϕ) η̃ODF(X,Y, Z, d)T−1(θ, ϕ) (4.9)

because the 21 independent friction coefficients η̃ODF
iαjβ (X,Y, Z, d) can now be fitted with

21 independent neural networks using the symmetry-adapted coordinates for fcc(111)

surfaces as described by Meyer et al. [5757, 5858]. Sec. 4.B.24.B.2 provides a verification that

η̃ODF is rather independent of the choice of the reference orientation and the fitting

accuracy of the neural network is discussed in Sec. 4.B.34.B.3.

4.B.2 Choice of Reference Angles ϕ0 and θ0

Fig. 4.74.7 shows the influence of the reference angle ϕ0 and θ0 as defined in the context

of Eq. 4.94.9 on ODF coefficients obtained from DFT calculations. ηdZ , ηdd and ηZZ do

not depend significantly on the choice of ϕ0, whereas θ0 has a slightly bigger effect.

However, since θ0 = ϕ0 = 90◦ characterizes the majority of dissociation paths with
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Figure 4.7: A (B) shows the influence of the reference angle ϕ0 (θ0) as defined in

the context of Eq. 4.94.9 on ODF coefficients obtained from DFT calculations. The

molecule is located at the transition state over the bridge site. Solid, long-dashed and

short-dashed lines indicate ηdZ , ηdd and ηZZ , respectively.

the lowest barriers [3535] and due to the overall small effects of electronic friction on

the dynamics, I am confident that these effects are not significant. Future work on

other systems might require to explicitly include the angular orientation in the neural

network fits.

4.B.3 Fitting Accuracy

This section details the fitting quality for the neural networks used to obtain continuous

representations of the friction coefficients for the MDEF trajectory calculations. Since

a very accurate such representation can be easily obtained for the local density friction

approximation (LDFA) [3939], only details for orbital-dependent friction (ODF) scheme

are reported here.

Fig. 4.84.8 shows the root-mean-square errors (RMSEs) of the neural network (NN)
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Figure 4.8: Root-mean-square errors (RMSEs) of the neural network fits for each of

the 21 different elements iαjβ of the symmetric 6×6 orbital-dependent friction (ODF)

tensor ηODF
iαjβ . i, j ∈ {1, 2} indicate the two hydrogen atoms and α, β ∈ {x, y, z} denote

Cartesian coordinates.

fits for each of the 21 different elements of the symmetric 6×6 ODF tensor ηODF
iαjβ , where

i, j ∈ {1, 2} indicate the two hydrogen atoms and α, β ∈ {x, y, z} denote Cartesian co-

ordinates. These fits are based on ≈ 30000 data points obtained from DFT calculations

on the same 7 lateral sites that have been used to construct the SRP48-PES [3434]. The

training sets for the NN fits also contain some configurations of H2 and D2 at distances

from the surfaces larger than 4 Å. At these distances, both the PW91-[3535] and SRP48-

PES[3434] yield negligible molecule-surface interaction and hence, consistently, also the

corresponding ODF coefficients are essentially zero. Since this “gas-phase region” is

easily fitted by the NNs, those configurations are not included in the error analysis in

order to avoid a bias of the RMSE.

The RMSEs are largest for the NN fits for the off-diagonal elements that describe

the coupling between the z and y directions, both for the the same (1y1z, 2y2z) and

even more for different (1y2z, 1z2y) hydrogen atoms. Using very similar convergence

criteria in the DFT calculations for electron phonon matrix elements as well as for

the Gaussian broadening of the δ-function for the sum over states, a very similar
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convergence of the ODF coefficients of ±10 % as reported by Maurer et al. in Refs

[2020, 2727] is expected. This systematic error in the input data that forms the training

and test sets for our NN fits is comparable to the aforementioned worst RMSEs, while

the fits for all other 17 different tensor elements are up to an order of magnitude more

accurate. Consequently, the fitting accuracy achieved here is considered more than

sufficient for the present study.

A representative overview of the accuracy of the fits in this chapter is given in Fig.

4.94.9 by comparing their values for ηdZ , ηdd and ηZZ along the minimum energy reaction

path for dissociative chemisorption over the bridge site as obtained directly from our

DFT calculations. These calculations were done separately on a dense grid of points

along the reaction path and not included in the NN fits. For all of these three elements

of the friction tensor, which are most important for the MDEF trajectory calculations

presented, the agreement is excellent.

98



“Thesis” — 2019/11/28 — 9:09 — page 99 — #109

4

4.B. CONTINUOUS REPRESENTATION OF 6× 6 FRICTION TENSORS

0

0.2

0.4

0.6

0.8

1

−2 −1 0

A B

C D

P
E

S
(eV

)
P

E
S

(eV
)

P
E

S
(eV

)

−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0

−2 −1 0
0

0.2

0.4

0.6

0.8

−2 −1 0

η
ZZ

(m
eV

ps
Å

-2
)

Reaction Coordinate (Å)
0.8 1.2 1.6 2

0

1

2

3

4

0

0.5

1

1.5

0.8 1.2 1.6 2
dHH(Å)

0

1

2

3

4

Z
(Å

)

0.8 1.2 1.6 2
0

1

2

3

4

η
dZ
=
η
Zd

(m
eV

ps
Å

-2
)

Reaction Coordinate (Å)

ODF
ODF-DFT

ODF-iso
ODF-DFT-iso

η
dd

(m
eV

ps
Å

-2
)

Reaction Coordinate (Å)

Figure 4.9: Similar to Fig. 4.24.2. A-C show ηdZ , ηdd and ηZZ in the molecular coor-

dinate system, respectively, along the minimum energy reaction path for dissociative

chemisorption over the bridge site as depicted in D together with the corresponding

two-dimensional PES cut. See Fig. 4.14.1 for the coordinate system. Blue (purple) show

tensor elements for the ODF (ODF-iso) scheme. Dashed lines are for values obtained

directly from our DFT calculations on a dense grid of points along the reaction path

and not included in the NN fits. Solid lines are from the NN fits evaluated on the same

grid.
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4.C Errors Due to Statistical Sampling

In this section the errors of the quantities shown in Fig. 4.44.4 are discussed. These

errors arise from the statistical sampling of the initial conditions (angular orientation

of the molecule, lateral impact site, bond distance and corresponding velocity according

to the classical equivalent of the vibrational state) with a finite number of molecular

dynamics trajectories N [3030, 3535].

4.C.1 Inelastic Scattering Probabilities Ptransition

The standard error of the state-to-state-specific inelastic scattering probabilities Ptransition

shown in Figures 4 C and D are given by

σSE
Ptransition

(N) =

√
Ptransition (1− Ptransition)

N
. (4.10)

Since σSE
Ptransition

(N) ≤ 0.5√
N

, the errors of Ptransition due to statistical sampling are

completely negligible on the scale of the plots for the large amount of trajectories

simulated here (N = 50000). Consequently, no error bars have been included. The

same argument holds for the dissociative sticking probabilities S0 shown in Fig. 4.24.2 as

well.

4.C.2 Average Translational Energy Gain ⟨∆Etrans⟩

Concerning the average translational energy gain ⟨∆Etrans⟩ for vibrationally inelastic

scattering from vibrational state ν = 2, J = 1(2) to ν = 1, J = 1(2) for H2 (D2)

presented in Figures 4 A and B, the standard deviation

σ⟨∆Etrans⟩ =

√√√√ 1

Nscatt

Nscatt∑
i

(
∆Ei

trans − ⟨∆Etrans⟩
)2

. (4.11)

is calculated first. ∆Ei
trans is the change in translational energy corresponding to

scattered trajectory i. Nscatt denotes the amount of scattered trajectories that undergo

the specific aforementioned transition, i.e.

Nscatt = Ptransition ·N . (4.12)
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For the results in this chapter the standard deviation is considered to be an estimator

for the error of a single trajectory i, indicating the spread of ∆Ei
trans around the average

⟨∆Etrans⟩. Then, according to the “law of large numbers”, the standard error

σSE
⟨∆Etrans⟩ =

σ⟨∆Etrans⟩√
Nscatt

=
1

Nscatt

√√√√Nscatt∑
i

(
∆Ei

trans − ⟨∆Etrans⟩
)2 (4.13)

is an estimator for the error of ⟨∆Etrans⟩ with respect to the statistical sampling. As-

suming a 95% confidence interval for a normal distribution, the error bars in Figures 4

A and B are obtained from 1.96 · σSE
⟨∆Etrans⟩. Since the corresponding scattering proba-

bilities Ptransition can be less than 1 % (see Figures 4 C and D), at least 104 trajectories

are required for those errors to become sufficiently small so that the predictions of the

different electronic friction models are clearly distinguishable.

4.D Vibrational De-Excitation for PW91-PES
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Figure 4.10: Same as Fig. 4.44.4, but trajectories calculated using a PW91 [3535] instead

of a SRP48 PES [3434]. Vibrational de-excitation probabilities Ptransition (lower row) and

concomitant average gain in translational energy ⟨∆Etrans⟩ (upper row) as a function

of normal incidence energy Ei for state-to-state scattering. Panels A,C (B,D) are for

the transition from the rovibrational state ν = 2, J = 1(2) to ν = 1, J = 1(2) for

H2 (D2). Shown are results from adiabatic calculations (filled black squares), as well

as those including electronic friction according to the LDFA (red plusses), ODF (blue

circles) or ODF-iso (purple crosses) models. The error bars indicate the error due to

statistical sampling as described in Section 4.C4.C.
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