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ABSTRACT
We construct the effective Hartree potential for H2 on Cu(111) as introduced in our earlier work [Dutta et al., J. Chem. Phys. 154, 104103
(2021), and Dutta et al., J. Chem. Phys. 157, 194112 (2022)] starting from the same gas–metal interaction potential obtained for 0 K. Unlike
in that work, we now explicitly account for surface expansion at 925 K and investigate different models to describe the surface vibrational
modes: (i) a cluster model yielding harmonic normal modes at 0 K and (ii) slab models resulting in phonons at 0 and 925 K according to
the quasi-harmonic approximation—all consistently calculated at the density functional theory level with the same exchange–correlation
potential. While performing dynamical calculations for the H2(v = 0, j = 0)–Cu(111) system employing Hartree potential constructed with
925 K phonons and surface temperature, (i) the calculated chemisorption probabilities are the highest compared to the other approaches
over the energy domain and (ii) the threshold for the reaction probability is the lowest, in close agreement with the experiment. Although the
survival probabilities (v′ = 0) depict the expected trend (lower in magnitude), the excitation probabilities (v′ = 1) display a higher magnitude
since the 925 K phonons and surface temperature are more effective for the excitation process compared to the phonons/normal modes
obtained from the other approaches investigated to describe the surface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0217639

I. INTRODUCTION
With the advancement of industrial chemical processes

employing heterogeneous catalysis, dissociative chemisorp-
tion phenomena have been extensively explored through both
experimental1–11 and theoretical12–40 approaches. At the micro-
scopic level, the dissociation of H2 and D2 on Cu surfaces has been
specifically investigated as prototypes for understanding chemisorp-
tion dynamics. While comprehending complex chemisorption and
molecule–surface scattering processes, molecular beam5–8 and asso-
ciative desorption2,3,6,8,10,11 experiments have progressed extensively,
which has driven developments in chemically accurate potential
energy surface (PES) construction17,32,35,38,40–44 and exact dynamical
methodologies.13–15,18,22,24–28,30,32–38,40,45,46 State-of-the-art theoret-
ical investigations, namely, quantum dynamics (QD),29,33,40,46–50

quasi-classical trajectory (QCT),17,32,34,38,40,44,51,52 and non-
equilibrium ring polymer molecular dynamics (NE-RPMD),53–55

have been carried out on accurate PESs17,33,34,40,41,44,52,56 to under-
stand the experimental outcomes of molecule–surface scattering
phenomena. Moreover, “on-the-fly” force calculation approaches in
direct dynamics such as ab initio molecular dynamics (AIMD) or
density functional theory molecular dynamics (DFMD)28,33,40,57–59

have also been adopted to bypass PES computation and fitting.
The construction of accurate PESs is crucially important to

perform theoretical simulations of dissociative chemisorption and
scattering of molecules on and from metal surfaces. Density func-
tionals (DFs) based on the generalized gradient approximation
(GGA),31,40,60,61 combinations of GGA-exchange DFs with cor-
relation DFs,40,62,63 and meta-GGA (mGGA)40,64 have all been
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involved in developing chemically accurate PESs. While construct-
ing such surfaces, major progress has been made through the
application of the specific reaction parameter (SRP) approach to
density functional theory (DFT) (SRP-DFT),65,66 leading to SRP-
DFT-derived DFs.17,18,28,35,39,40,51,59,67,68 Moreover, approaches such
as embedded correlation wavefunction (ECW)69 and diffusion
Monte Carlo (DMC)70,71 are also being implemented.40 For dynam-
ical calculations, the interpolation of ab initio electronic structure
data is important for constructing continuous functional forms
of PESs. The Corrugation Reducing Procedure (CRP) interpola-
tion scheme41 provides chemically accurate PESs of H2/D2 on
Cu(111)18,32,35,38,39,45,60 and H2/D2 on Cu(211)33,40,72,73 facets for cal-
culating dissociative chemisorption and collision processes. On the
other hand, neural network (NN) fitted PESs (NNPs)44,52,56 and
high-dimensional NNPs (HD-NNPs) have demonstrated reliabil-
ity in describing molecule–surface interactions for various proto-
types [e.g., CO2 + Ni(100)/Pt(111)74,75 and HCl + Au(111)76] and
highly activated chemisorption reactions [N2 + Ru(0001)77 and
CHD3 + Cu(111)78]. Zhu and co-workers developed highly trans-
ferable PESs using an embedded atom neural network (EANN)
approach for H2/D2 dissociation on Cu(111)/Cu(100)/Cu(110).34

The applicability of such HD-NNPs is further explored through 6D
quantum dynamics (QD) calculations employing the reactive flux
method.34,61,79

At non-zero surface temperatures (Ts), dissociation and
state-to-state transition probabilities of colliding molecules
are (in general) influenced by surface mode vibrations and
electron–hole pair (elhp) excitations, which act as energy dissi-
pation channels.2–11,40,80,81 Electron–hole pair (elhp) excitations
influence dissociative chemisorption, inelastic scattering, and
phenomena induced by external fields such as vibrational excitation,
relaxation, dissipation, and non-adiabatic electron transfer.40,82–89

Theoretical approaches on electronic friction (EF), independent
electron surface hopping (IESH), reduced density matrix, effec-
tive Hamiltonian (phonon + elhp), and stochastic wave packet
techniques have been utilized to reveal the contributions of elhp
excitations to state-to-state vibrational transition probabilities, par-
ticularly at higher surface temperatures. AIMDEF-(GLO+ LDFA),59

MDEF-LDFA/ODF,51 and QD (TDDVR)-EH (phonon + elhp)90

simulations for H2/D2–Cu(111) have, however, shown that elhp
excitations contribute negligibly less to the broadening of reaction
probabilities compared to surface mode vibrations.

While accurately describing the recoil effect of surface atoms
at finite surface temperatures, various theoretical approaches were
attempted within the Born–Oppenheimer moving surface (BOMS)
model.81 Among such methods: (a) The ab initio molecular dynam-
ics with quantum–classical (AIMD-QC) methods28,33,40,57 and the
quantum mechanics (QM)/metal (Me) embedding approach91,92

have shown its performance to account for surface temperature
effects. (b) To avoid the computational challenges associated with
AIMD, quantum–classical trajectory with high-dimensional neural
network potential (QCT-HDNNP) calculations34,44,52,56,74–78 have
depicted their effectiveness on computing reaction probabilities.
(c) Somers and co-workers have developed the static corruga-
tion model (SCM)32,35,38 to incorporate the surface temperature
effect originating from surface atom displacements and thermal
lattice expansion, and simulated the chemisorption dynamics of
H2(v, j)/D2(v, j) on the Cu(111) surface with both classical and

quantum dynamical levels [also computing rovibrational (in-)elastic
scattering probabilities].93,94

At non-zero surface temperatures (Ts), there are effective
Hamiltonian based time-dependent dynamical calculations that
attempt to explicitly include the effects of surface mode vibra-
tions or phonon modes: (a) The single oscillator (SO) model,12,19

through an (single) Einstein oscillator with the Debye vibrational
frequency, tries to incorporate the effects of surface temperature,
whereas the modified surface oscillator (MSO) model21,95 introduces
local effects of surface atom motion. The theoretical description
of surface temperature effects by generalized Langevin oscillator
(GLO)96–98 and modified GLO (MGLO)99 models has improved to
account for the energy dissipation and thermal fluctuations aris-
ing from the coupling between the molecule and thermal bath
due to surface. These studies were often performed with reduced
dimensionality, and comparisons between computed and mea-
sured reaction probabilities were made through detailed balance
as well as fitting functions. Moreover, there are a limited number
of investigations for comparison with state-of-the-art experimental
data (and also going beyond comparing reaction probabilities). (b)
Jackson and co-workers developed a lattice reconstruction sudden
(LRS) model14,15 to explore the effects of instantaneous responses
(e.g., puckering) of lattice atoms [Ni(111)/Ni(211)/Pt(111)] on the
dissociation of CH4 molecules.49,50,58,100–102 Furthermore, Jackson
investigated trapping-mediated dissociation probability for CH4
chemisorption on Ni(111)/Ir(111)/Pt(111).103,104 (c) Adhikari and
co-workers23–27,36,90,105,106 formulated a time- and temperature-
dependent effective Hartree potential (EHP) within mean-field
approximation from linear vibration–translation (VT) molecu-
lar DOFs–surface modes couplings incorporating solutions of a
linearly forced harmonic oscillator (LFHO)107 and introducing
vibrational density of states (and their population) at a spe-
cific surface temperature through Maxwell–Boltzmann (MB) or
Bose–Einstein (BE) statistics. This specific effective Hamiltonian
approach was used to investigate the effect of surface temper-
ature on H2(v, j)/D2(v, j) dissociation due to scattering from
Cu(1nn)/Ni(100) surfaces using six-dimensional (6D) and 4D ⊗ 2D
quantum dynamics (QD) [time-dependent discrete variable rep-
resentation (TDDVR)16,24–27,46] calculations. This many-oscillator
model was also extended37 beyond the linear coupling by including
both linear (VT) and quadratic (anharmonic) vibration–vibration
(VV) couplings among molecular DOFs and surface mode vibra-
tions. It showed significant effects of BE vibrational state distribution
and anharmonic (quadratic-VV) molecular DOFs–surface modes
couplings on the reaction/transition probabilities of D2(v = 0,
j = 0, 2) dissociating on/scattering from the Cu(111) surface at high
surface temperatures (Ts = 925 K).

In a recent investigation, Adhikari and co-workers36,106 uti-
lized the first-principles-based many oscillator linear VT coupling
model within the mean-field approach24–27 using a chemically accu-
rate static corrugation model (SCM)32 to depict the effect of surface
temperature on the dissociation and scattering dynamics of H2/D2
(v = 0, j = 0) on Cu(111). When such an effective Hamiltonian is
modeled using the SRP48 functional17 within a cluster approxi-
mation, the 6D quantum dynamics (QD) using a split operator
(SPO)-DVR method29,108 displays significant contributions from
surface mode degrees of freedom (DOFs) with the inclusion of the
quantum state (BE) distribution of surface vibrational modes.24–27 It
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appears that at a high surface temperature, over the range of collision
energies, the use of a chemically accurate SCM potential and quan-
tum statistics for the surface modes (BE) were identified as crucial
factors leading to broadening of reaction probabilities.

In this present work, the effect of the quantization of the
dynamics of the surface is investigated on the reaction probability
of the H2(v = 0, j = 0)–Cu(111) system at a surface temperature of
925 K using SRP48 functional based frequencies and displacement
vectors for (a) normal modes obtained from cluster approxima-
tion and (b) phonons of slabs calculated at 0 and 925 K. In the
construction of CRP fitted BOSS PES, we have used two versions,
namely, one for a 0 K perfect lattice, which does not account for
the thermal expansion effects, and another for a 925 K thermally
expanded lattice.109 The former is employed for the cluster and the
0 K phonon based Hamiltonians, whereas the latter is utilized for
the 925 K phonons case. For all these situations, the corresponding
effective Hamiltonians formulated by using the first principles-based
many oscillator models16,23–27 relying on a mean-field approxima-
tion with a chemically accurate SCM32 potential are employed to
perform scattering calculations using the split operator (SPO)-DVR
QD code.29 It may be noted that (a) molecular (H2) degrees of free-
dom (DOFs) and surface [Cu(111)] modes interaction potential, and
its first derivatives are obtained from the SCM potential and (b)
surface temperature is incorporated by considering BE probability
factors for the initial state distribution of modes. All these calcu-
lated results will be compared to the calculations performed on the

0 K perfect crystal (RS) and the experimentally measured reaction
probability profiles obtained by Kaufmann and co-workers.11

II. THEORETICAL BACKGROUND
The time- and temperature-dependent effective Hamiltonian

includes the effects of quantization on the surface dynamics of a
diatomic molecule scattering from a metal surface under non-zero
surface temperature conditions, where the quantized states of nor-
mal modes or phonons representing the surface are distributed by
BE statistics and the interactions between molecular DOFs and sur-
face modes are included by considering chemically accurate SCM
potential. Such a formulation has a limited correlation between the
molecular degrees of freedom ({χm}) and surface vibrational modes
({Qk}), supported by the substantial mass disparity between the
diatomic molecule (H2/D2) and surface atoms (Cu), which is known
as mean-field approximation. In other words, the total system is
defined by a wavefunction of the Hartree product type,24–27,36,37,106

Ψdiatom(x, y, z, X, Y , Z, t) ⋅Φvib({Qk}, t), (1)

where the six degrees of freedom for the diatomic molecule ({χm}
≡ {x, y, z, X, Y , Z}) are denoted into two sets of Cartesian coordi-
nates: (x, y, z) representing the molecular vector [r = (x, y, z)] and
(X, Y , Z) representing the center of mass (COM) [R = (X, Y , Z)]

FIG. 1. SRP48 functional based frequency distribution spectrum of (a) cluster model computed with a cluster approximation using 31 atoms and (b) and (c) phonons of the
slab calculated at 0 and 925 K, respectively, both using 27 Cu atoms.
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positions of the molecule with respect to the top layer of the metal
(Cu) surface (located at Z = 0). We investigate different models
to describe the surface vibrational modes {Qk}: (i) a cluster con-
sisting of 31 atoms and (ii) slabs consisting of 3 × 3 multiples of
the unit cell of the Cu(111) surface, one based on the lattice con-
stant at 0 K and one accounting for the experimentally determined
lattice expansion at 925 K.42 The cluster model has already been
used in our previous work and yields harmonic normal modes as
described therein.36,106 Phonons are calculated for the slab models
according to the harmonic approximation at 0 K and the quasi-
harmonic approximation at 925 K as implemented in the phonopy
package.110,111 For both the normal mode and the phonon calcula-
tions, the SRP48 DFT functional available in an in-house version
of the VASP code17 is employed. The associated frequency spec-
tra ({ωk}) resulting from these calculations are shown in Fig. 1.
More details on the phonon calculations are going to be the sub-
ject of a forthcoming publication.112 The surface vibrational mode
coordinates ({Qk}) are provided in Sec. S1 of the supplementary
material.

When the product type wavefunction [Eq. (1)] is substituted in
TDSE and surface modes are integrated out over the configuration
space, the time- and temperature-dependent six-dimensional effec-
tive Hamiltonian (EH) for the incoming molecule arrives24–27,36,37,106

in the following form:

Ĥ({χm}, Ts) = −
h̵2

2μ
( ∂2

∂x2 +
∂2

∂y2 +
∂2

∂z2 )

− h̵2

2M
( ∂2

∂X2 +
∂2

∂Y2 +
∂2

∂Z2 )

+ V0({χm}) + Vvib
eff ({χm}, t, Ts), (2)

where the reduced mass (μ) and total mass (M) of the diatomic
molecule are explicitly incorporated in the kinetic energy (KE)
terms. The PES, V0({χm}), defines the BOSS interaction for the
RS, representing an ideal static lattice with no contribution from
surface vibrational degrees of freedom. On the contrary, the time-
and temperature-dependent EHP, Vvib

eff ({χm}, t, Ts), originates due
to the interactions between molecular DOFs and surface vibrational
modes.

It is expected that this EHP will affect the incoming diatomic
molecule throughout the scattering process, particularly under finite
surface temperature conditions (Ts ≠ 0 K). The time evolution of
molecular DOFs is carried out through 6D QD calculations employ-
ing single wavepacket propagation, which represents a pure state
description for the molecule. On the other hand, at a finite sur-
face temperature, the collective effects of molecular DOFs–surface
modes couplings on the projectile motion are incorporated by con-
structing a time- and temperature-dependent EHP, where the BE
or MB probability distributions facilitate an ensemble average over
vibrational state configurations of surface modes leading to a mixed
state. In other words, the scattering matrix (S), which is being com-
puted with the initial and final states of the H2 molecule, remains
the same (independent of pure state or density matrix based propa-
gation), since the time- and temperature-dependent effect of surface
vibrational modes on molecular DOFs–surface interaction is incor-
porated into the effective Hamiltonian by integrating out the density

of states involved with each surface vibrational mode by employ-
ing a mean field approach. If the recoil energy of surface becomes
significant, the higher order correlation between molecular- and
surface-DOFs wavefunctions could be important and the mean field
approach will collapse, but at present, the recoil effect is expected
to be minimal due to the large mass difference between the incom-
ing gas molecule (H2) and the surface atom (Cu). Such an approach
allows for an “accurate” representation of the initial conditions in
molecular beam experiments.

A. Formulated EHP (Vvib
eff )

While averaging over the initial vibrational state configuration
({n0}) of a set of surface modes or phonons ({k}), the time- and
temperature-dependent EHP can be expressed as36,37

Vvib
eff ({χm}, t, Ts) = ⟨V⟩vib(t, Ts) = ∑

{n0}

p{n0}⟨V⟩
vib
{n0}

, (3)

where p{n0} represents either the quantum (BE) or the classical (MB)
probability distribution of a particular vibrational state population
({n0}) for the set of normal or phonon modes ({k}),

p{n0} =
M

∏
k=1

pk
n0

k
, (4)

where pk
n0

k
is the normalized probability distribution correspond-

ing to the specific normal mode (k) with a particular occupation
number (n0

k).
For a particular state (vibrational) configuration ({n0}), the

Hartree potential originates from the interaction potential (Vvib
I )

between molecular DOFs and surface mode vibrations as36,37

⟨V⟩{n0} = ⟨Φvib∣Vvib
I ∣Φvib⟩. (5)

When the linear molecular DOFs–surface modes coupling
is only considered, the state dependent Hartree potential can be
defined as36 (see Sec. S2 of the supplementary material for details)

⟨V⟩VT
{n0}
= ⟨Φvib(t)∣VVT

I ∣Φvib(t)⟩

= ∑
{n′}
∑
{n}

α∗{n′}←{n0}
(t)α{n}←{n0}(t)⟨{n

′}∣VVT
I ∣{n}⟩, (6)

where α{n}←{n0}(t) defines the amplitude of a transition evolving
from an initial state configuration {n0} to a particular one {n} under
the VT evolution operator (UVT),

α{n}←{n0}(t) = ⟨{n}∣UVT ∣{n0}⟩. (7)

While evaluating the integral ⟨{n′}∣VVT
I ∣{n}⟩, the linear VT inter-

action potential (VVT
I ) is expressed in terms of normal or phonon

modes (Qks) by introducing bosonic operators (bk, b†
k) as Qk

= Ak(b†
k + bk); Ak =

√
h̵/2ωk, which leads to the following form of

interaction potential:36

VVT
I =∑

k
λkAk(bkF−k + b†

kF+k )Vk,1, (8)

where F+k = exp (iωkt), F−k = (F+k )
∗, and Vk,1 = ∂VVT

I
∂Qk
∣eq.
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In Eq. (8), the first derivative of the interaction potential (Vk,1)
with respect to normal/phonon mode (Qk) is evaluated by using
the chemically accurate SCM potential32 [VCu−H

aα , function of gas
(a)–metal (α) atom distance (raα)] with the aid of the chain rule
of differentiation with respect to the metal atom position (Xαi; α = 1,
2, . . ., N; i ≡ specific direction) as follows:36

Vk,1 = (
∂VVT

I

∂Qk
) =∑

aα

∂(VCu−H
aα (raα) − VCu−H

aα (rid
aα))

∂Qk

=∑
aαi
[∂VCu−H

aα (raα)
∂Xαi

− ∂VCu−H
aα (rid

aα)
∂Xαi

].∂Xαi

∂Qk

=∑
aαi

m−1/2
α [∂VCu−H

aα (raα)
∂Xαi

− ∂VCu−H
aα (rid

aα)
∂Xαi

]Tαi;k,

(9)

where rid
aα represents the gas–metal atom distance for an undisplaced

(ideal) metal atom. {Tαi;k} defines the transformation matrix ele-
ments between the local ({Xαi}) and normal/phonon modes ({Qk};
k = 7, 8, . . ., 3N) as Xαi − Xid

αi = m−1/2
α ∑k Tαi;kQk and mα = mass of a

metal atom. In Sec. S3 of the supplementary material, the details of
the derivative of SCM potential with respect to metal atom position
(∂VCu−H

aα (raα)

∂Xαi
) are shown.36

While inserting Eqs. (8) and (6) in Eq. (3) along with the quan-
tum (BE) or the classical (MB) vibrational state distribution, the time
and temperature 6D ({χm} ≡ {x, y, z, X, Y , Z}) EHP takes the fol-
lowing form within the linear VT molecular DOFs–surface modes
coupling model36 (see Sec. S2 of the supplementary material for
details):

VVT
eff, BE({χm}, t, Ts)

=

1
NBE

⎡
⎢
⎢
⎢
⎢
⎣

3N

∑

k=7
λk

1
ω2

k
V2

k,1({χm})[cos ωk(t − t0) − 1]
∞
∑

q=1

zq/2
k

(1 − zq
k)

⎤
⎥
⎥
⎥
⎥
⎦

, BE case,

(10a)

or

VVT
eff, MB({χm}, t, Ts)

=

1
NMB

⎡
⎢
⎢
⎢
⎢
⎣

3N

∑

k=7
λk

1
ω2

k
V2

k,1({χm})[cos ωk(t − t0) − 1]
z1/2

k

(1 − zk)

⎤
⎥
⎥
⎥
⎥
⎦

, MB case,

(10b)

where NBE (= ∑k∑∞q=1
(zk)

q
2

(1−zq
k)
) and NMB (= ∑k

z
1
2

k
(1−zk)

) denotes the

normalization factors of the BE and MB probability distributions,
respectively. Both for the BE and MB cases, the form of EHPs
is explicitly dependent on the surface mode frequencies ({ωk})
as well as on time appearing due to the cos ωk(t − t0) term,

where the factors ∑∞q=1
zq/2

k
(1−zq

k)
for the BE distribution and z1/2

k
(1−zk)

for the MB distribution, show the temperature as a parameter:
[zk = exp (− h̵ωk

kBT )].
Recently, the applicability of such a many oscillator-SCM

model combined with the BE or MB probability distribution of
vibrational states for describing the surface temperature effect

for the H2(v = 0, j = 0)-Cu(111),36 as well as the D2(v = 0, j = 0)-
Cu(111)106 dissociative scattering system, has been explored by
carrying out 6D QD calculations with the SPO-DVR code.29,108 The
EHP (VT; SCM) has enabled a considerable broadening of reaction
probabilities at moderate as well as higher surface temperatures with
respect to the RS (BOSS) (Ts = 0 K) situation.36,106

B. Mean-field approach and sudden approximation
The couplings among molecular DOFs and surface mode

vibrations are assumed to be responsible for the effect of surface
temperature on dissociative scattering processes, where theoretical
schemes such as sudden approximation and mean-field approach
are employed to describe such processes quantitatively as sudden
approximation14,15,49,50,100–103 based approaches take into account
the effect of surface atom vibrations through the MB (or even BE)
distribution of the lattice vibrational DOF (Q). While performing
dynamics within sudden approximation, it employs a unique sur-
face for the entire scattering process, but this procedure is repeated
for surfaces generated by the other configuration spaces obtained
through the BE or MB distribution functions. On the other hand,
the mean-field approximation based Hartree product-type wave-
function has been used to construct the EHP,24–27,36,37,90,105 which
includes the coupling between molecular DOFs and surface modes.
In the case of scattering dynamics with EHP, it considers time
averaged PESs since the space dependent Hartree potential is mod-
ified by the product of a time dependent expression in terms of
the frequencies of surface vibrations. As a result, both mean-field
and sudden approximations can encapsulate the correlations among
molecular DOFs and surface mode vibrations arising at a particular
surface temperature at different levels of theory. The applicability
of both methods to calculate the chemisorption as well as scatter-
ing dynamics of the specific system(s) could be verified only by
constructing models based on those approaches and carrying out
dynamics.

C. Computational details: QD-EH methodology
The EHP is defined by expressions involving derivatives

of the interaction potential with respect to normal/phonon
modes ({Vk,1}; Vk,1 = ∂VVT

I
∂Qk
), surface mode frequencies ({ωk}), a

time-dependent term ([cos ωk(t − t0) − 1]), and the temperature-
dependent terms related to the BE and MB probability factors

(∑∞q=1
zq/2

k
(1−zq

k)
for BE, z1/2

k
(1−zk)

for MB), which are presented in details
by Eqs. (10a) and (10b). The computation of derivatives of the inter-
action potential ({Vk,1}) relies on the chemically accurate SCM
potential, using a transformation matrix ({Tαi;k}) connecting local
(Xαi) and normal modes ({Qk}). In the EH framework, a 6D QD
simulation for H2 on Cu(111) is conducted, initializing the hydro-
gen molecule in its rovibrational ground state (v = 0, j = 0). At low
collision energies, both for RS (0 K perfect lattice) and non-zero sur-
face temperatures, unphysical oscillations in the reaction probability
profiles36,106 are possibly attributed to larger time steps, shorter total
propagation times, or the reflection of wavepackets due to optimal
positions of analysis points and optical potentials in the SPO-
DVR29,108 dynamics, which are required to obtain computational
efficiency. The associated dynamical parameters are optimized and
presented in Sec. S4 of the supplementary material.
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III. RESULTS AND DISCUSSION
The dynamics and analysis focus on computing the reaction

and scattering probabilities of H2(v = 0, j = 0) on the Cu(111) sys-
tem at a specific surface temperature (Ts = 925 K) using various
kinds of Hartree potentials [based on the different approaches to
model the solid] as described below. In this calculation, we intend
to carry out scattering dynamics employing Hartree potential con-
structed at 925 K surface temperature with the frequency spectrum
({ωk}) and displacement vector ({Tαi;k}) of surface atoms calcu-
lated by various levels of approximation, namely, SRP48 functional
based normal modes within cluster approximation and phonons
obtained by slab calculation at 0 and 925 K. While constructing such
Hamiltonians, we employ (a) the gas–surface interaction poten-
tial (CRP fitted BOSS PES)41 for 0 K perfect and 925 K thermally
expanded lattice metal atom coordinates and (b) the interaction
potential (SCM)32 between the gas and the metal atoms due to
the surface atom vibrations. In our present calculations, both of
these interaction potentials are brought into the same coordinate
framework to include the effect of cluster/phonon modes in the
Hamiltonian at a non-zero surface temperature. This was not done
previously.36,106

A. Reaction probability
The BE or MB probability factors are employed for the ini-

tial state distribution of surface vibrational DOFs to construct the

Hartree potentials at a non-zero surface temperature. The vibra-
tional DOFs are obtained by various approaches, namely, (i) a cluster
approximation and (ii) two slab calculations, one based on phonons
from a 0 K perfect crystal lattice and another based on phonons from
a 925 K (thermally expanded) lattice (where also a corresponding
925 K BOSS PES was constructed for the H2 on Cu interaction).109

In Fig. 2, we present the reaction probabilities at a 925 K surface
temperature for the dissociation of H2(v = 0, j = 0) on the Cu(111)
surface in comparison with the RS (0 K ideal lattice) profile. In the
case of the cluster approximation, the reaction probability profile
calculated at a surface temperature of 925 K shows negligible effects
for the MB case compared to the RS calculated probabilities. How-
ever, for the BE case, the profile shows significant broadening [see
Fig. 2(a)]. At a 925 K surface temperature, similar results can be seen
for the Hartree potential constructed with 0 K phonons, where no
broadening is observed for the MB case, but the BE reaction proba-
bility profile depicts considerable broadening [see Fig. 2(b)]. More-
over, when scattering calculations are performed at 120 and 925 K
surface temperatures on the Hartree potential constructed with the
0 K phonons and compared with each other, it appears in Fig. S1
of the supplementary material that the BE reaction probabilities at
925 K are much higher than the corresponding 120 K case over the
entire collisional energy domain. On the other hand, when the reac-
tion probabilities are computed with the 925 K phonons for a surface
temperature of 925 K, both the BE and MB profiles show significant
broadening compared to the RS case [see Fig. 2(c)], and broadening

FIG. 2. Comparison of reaction probabilities for the H2 on Cu(111) with the MB and the BE probability factors at a 925 K surface temperature calculated using the Hartree
potential constructed with (a) cluster based normal modes, (b) and (c) phonons of slab at 0 and 925 K frequencies and compared with the RS case (0 K ideal lattice).
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FIG. 3. Reaction probabilities for the H2 on Cu(111) based on the RS and EHP constructed with the VASP-SRP48 calculated normal mode frequencies for a 925 K surface
temperature, where plots (a) and (b) depict the MB and BE probability factors, respectively, with ({Vk,1}) set to zero if magnitude is ≤1.0 × 10−10.

for the BE is more compared to the MB case again. As a matter of
fact, the reaction probabilities calculated by employing various kinds
of Hartree potentials constructed with different levels of calculated
surface vibrational DOFs depict substantial differences depending
on the use of statistics (BE or MB) for the initial state distribution of
normal modes/phonons at a specific surface temperature. Such a dif-
ference is clearly predictable from the MB or BE probability factors
as a function of surface vibrational frequencies, as shown in Fig. S2 of
the supplementary material.

While summarizing the above results, in Figs. 3(a) and 3(b),
reaction probability profiles are presented for the above mentioned
three approaches that are formulated with differently calculated
surface vibrational DOFs and derived with MB or BE probability
factors, respectively, in comparison with RS (0 K perfect crystal) and
experimental data,11 whereas the thresholds of reaction probability
for those profiles are depicted in Table I. The reaction probabil-
ity profiles calculated at non-zero surface temperature depict lower
and higher collisional energy shifts of the threshold for the BE and
MB cases, respectively, compared to the RS case. Indeed, among
the reaction probability profiles obtained from the Hartree poten-
tial constructed with the MB probability factor, only the profile
computed with 925 K phonons and surface temperature depicts rea-
sonable broadening compared to the RS case, while such an effect
is negligibly small for other MB cases. On the contrary, as discussed
earlier, all the reaction probability profiles evaluated using the BE
probability factor show broadening across the entire energy domain,

where in the case of 925 K phonons and surface temperature cal-
culation, the effect is most prominent. It is interesting to note that
at the lower collisional energy regime, the BE profiles show closer
agreement, particularly near the threshold with the experimental11

data compared to the MB situations, and that is thus because of the
thermal expansion being included now correctly into the model by
using also the 925 K BOSS PES together with the 925 K phonons (see
Table I).

B. State-to-state scattering probability
At a 925 K surface temperature, Fig. 4 depicts the profiles

of vibrational state-to-state scattering probabilities of the scattered
H2(v′ = 0, 1) molecule. The chemisorption probability for the RS
(0 K BOSS) is consistently lower than in all other approaches at
non-zero surface temperatures, resulting in the highest survival
(v′ = 0) and excitation (v′ = 1) probabilities at any given collisional
energy. On the other hand, for the 925 K phonon and surface tem-
perature calculation, the magnitude of survival transition probability
[H2(v′ = 0)] is the lowest compared to other approaches for the
entire collisional energy domain. This is expected as the chemisorp-
tion reaction probabilities depict the largest magnitude for the 925 K
phonon and surface temperature calculation compared to the other
approaches [see Fig. 3(b)]. On the contrary, even though the excita-
tion probabilities (v′ = 1) for all the calculations of different cases

TABLE I. Comparative threshold energy values are obtained for the BE and MB cases, for the different approaches used for the H2 on Cu(111) systems in this work.

Method
Surface

temperature (K) CRP potential
Threshold

energy (eV) BE
Threshold

energy (eV) MB

SRP48 925 K phonons 925 925 K BOSS PES109 0.384 0.527
SRP48 cluster 925 0 K BOSS PES 0.436 0.557
SRP48 0 K phonons 925 0 K BOSS PES 0.514 0.556
QD-BOSS ⋅ ⋅ ⋅ 0 K BOSS PES 0.496
Experiment11 925 0.392
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FIG. 4. Energy-resolved state-to-state vibrationally elastic and inelastic transition
probabilities are depicted.

are very low, those for the 925 K phonons and surface tempera-
ture are generally higher than other non-zero surface temperature
calculations, and again, this is because for this case the thermal lat-
tice expansion is now included in both the phonons and in the used
925 K BOSS PES. The thermally expanded lattice lowers the barrier
to reaction.32 On the other hand, at a particular collisional energy
of 0.877 eV (with the highest collisional energy, the transfer of
energy from metal to molecular DOFs increases so that a substantial
amount of probabilities for higher rotational as well as vibrational
states are included), in Fig. 5, transition probabilities for the scat-
tered H2(v′ = 0/1, j′) molecule as a function of rotational states j′

are presented. In both cases, H2(v′ = 0, j′) and H2(v′ = 1, j′), the
rotational transition probabilities show a maximum around j′ = 2 for
all four approaches. These distributions of roto-vibrational proba-
bilities clearly demonstrate the same features and mechanisms as we
have discussed for survival and excitation probabilities.

IV. CONCLUSION
Within the mean field approximation, we derive the EHP by

considering the gas–metal atom interaction potential, where the

analytic form of the derivative of SCM potential32 with respect
to normal (cluster)/phonon (slab) modes gets into the explicit
expression through an ensemble average over the initial states
of those modes with BE or MB probability factors. Such an
effective Hamiltonian contains the following terms: {Vk,1}(Vk,1

= ∂VVT
I

∂Qk
), surface mode frequencies ({ωk}), a time-dependent term

([cos ωk(t − t0) − 1]), and the temperature-dependent terms related

to BE and MB probability factors (∑∞q=1
zq/2

k
(1−zq

k)
for BE, z1/2

k
(1−zk)

for MB).
Even though the general expression of EHPs are the same, it differs
depending on the choice of the normal/phonon modes (and which
BOSS PES is used), and thereby, there are three different approaches
to construct the effective potential, differing in how the phonons are
computed and the thermal lattice expansion is included in the calcu-
lations. With these EHPs, we perform 6D QD with SPO-DVR29,108

dynamics for H2 on Cu(111) initializing the hydrogen molecule in
its rovibrational ground state (v = 0, j = 0).

These dynamical calculations are carried out to compute the
reaction and scattering probabilities of H2(v = 0, j = 0) on the
Cu(111) system at a specific surface temperature (Ts = 925 K)
using various kinds of Hartree potentials constructed with SRP48
functional based normal modes within cluster approximation and
phonons obtained by slab calculation at 0 and 925 K. It needs to
be mentioned that in constructing the EHP, the origins of the coor-
dinate systems for gas–metal distance to define the RS interaction
potential (CRP)41 as well as the interaction potential (SCM)32 to
include the vibration of the metal atoms at a finite temperature are
taken to be the same, contrary to our earlier construction of the
EHP.36,106

The present calculations depict that for 925 K phonons and sur-
face temperature, chemisorption probabilities are higher over the
entire energy domain compared to other EHP based calculations,
whereas it has the threshold reaction probabilities at the lowest col-
lisional energy with respect to other calculations as well as the RS
(0 K perfect lattice) calculation, but it agrees quite well with experi-
mental11 threshold energy. This could be due to the inclusion of four
physical phenomena: (i) the use of 925 K phonons calculated from a
slab, (ii) the incorporation of lattice expansion through 925 K CRP
potential, (iii) engaging BE statistics over MB, and (iv) overall, the

FIG. 5. At a collisional energy of 0.877 eV, the rotational transition probabilities of the scattered (a) H2(v
′
= 0, j′) and (b) H2(v

′
= 1, j′) molecules from the Cu(111) surface

for the RS case and a 925 K surface temperature are computed as a function of the rotational state (j′).
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H2 dissociation barrier for an expanded 925 K PES might be lower
than for a 0 K BOSS PES.32,45,94,109 At the same time, for such Hartree
potential constructed with 925 K phonons as well as 925 K surface
temperature, the corresponding survival probability (v′ = 0) is the
lowest over the energy domain compared to the other approaches
employed to formulate Hartree potential. On the contrary, the exci-
tation probabilities (v′ = 1) depict the opposite trend compared to
the other approaches, presumably due to such phonons calculated at
925 K with a surface temperature of 925 K, which are more active
in the excitation process. In summary, the present approach with
“correctly” calculated phonons, including thermal lattice expan-
sion, and using the proper BE statistics can mimic the experimental
situation much better, depicting appropriate mechanistic insight.

SUPPLEMENTARY MATERIAL

See the supplementary material for details regarding (a) the
SRP48 functional based cluster and phonons of slab at 0 and 925 K
calculations of vibrational frequencies and displacement vectors
[optimized structure, normal mode frequencies, and displacement
vectors are presented in a .xyz file (displayed in a .pdf file)], (b)
the formulation of time and temperature dependent EHP for lin-
ear molecular DOFs–surface modes couplings, (c) the derivative
of SCM interaction potential with respect to metal atom position,
and (d) the SPO-DVR dynamical parameters for 6D QD-RS(BOSS)
(Ts = 0 K) and 925 K reaction probability profiles of H2(v = 0, j = 0)
scattering/dissociating on the Cu(111) surface.
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