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Quantum effects in the scattering and desorption process of a water molecule from a graphite surface are
investigated using the linearized path integral model. The graphite surface is quantized rigorously using the
fully quantum many-body Wigner transform of the surface Boltzmann operator, while the water molecule is
treated as rigid. Classical dynamics with these quantized initial conditions show that quantizing the surface
at 100 and 300 K results in markedly different results, compared to a fully classical analysis. The trapping
probability (defined as the probability of multiple encounters with the surface) is not sensitive to the choice
of dynamical treatment, but the residence time on the surface is much shorter in the quantum case. At 300
K the transiently trapped molecules desorb from the surface with a rate constant which78%0arger

than the corresponding classical value. Lowering the surface temperature to 100 K decreases the quantum
rate constant by approximately a factor of 3 while all trapped molecules stick to the surface in the classical
case. The stability of the quantum initial state for the highly anisotropic graphite crystal is discussed in detalil
as well as the dynamical consequences of energy redistribution during the scattering process. The graphite
surface application demonstrates that the Boltzmann operator Wigner transform for a system with 900 degrees

of freedom can be obtained by the so-called gradient implementation [Poulsed.a€aém. Theory Comput.

20086 2, 1482] of the underlying FeynmaiKleinert effective frequency theory, an implementation that only
requires a force and potential routine for the system at hand, and hence is applicable to any molecule
surface collision problem.

1. Introduction have been observed experimenttlyand have also been
accounted for approximately in quantum dynamical stuHfies.

Many important chemical processes in the environment and i )
To rigorously include the effect of the phonons and allow

in industrial applications occur at surfaces. Examples include >y HMIVRE .
reactions on ice particles in the atmosphere and the interstellarfOr €nergy dissipation in a quantum dynamical study of a
medium, heterogeneous catalysis, epitaxial growth and corro- realistic surche scatter!ng problem is a very demandlng.task
sion. Theoretical studies of the dynamics of such processes arg/Sually requiring approximatiort$.In one approach the density
very important in order to obtain a detailed understanding of Matrix is propagated using the Liouvittyon Neumann equa-
the chemistry and physics involved. Dissociative adsorption of tion-** Usually one considers open systems (and the reduced
molecules on surfaces is a key step in heterogeneous catalysisdensity matrix) where the Liouvillian is written as a sum of a
The dissociative adsorption of;dn metals can be considered Hamiltonian and a dissipative part. The dissipative part may
as a prototype reaction and has been studied extensively. OveP€describedusingthe so-calleddynamical semi-group form&fidn

the past decade advances in computer technology and, in®' USing a perturbative approach (‘Redfield theory*)z> A
particular, the development of efficient computational techniques coupled wave vector description of the density matrix has been
have made quantum dynamical studies of hydrogen scatteringdeve|°ped r(_alaxmg the requirements of weak coupling and rapid
from metal surfaces possiblel! These impressive calculations, Path relaxatiort>2”Surface scattering problems have also been
which include all six molecular kHdegrees of freedom, have treated using quantum mechanical mean field metfbefs,
provided detailed information regarding sticking and dissociation classical® and semi-classic#ll generalized Langevin schemes
probabilities and how these quantities depend on the magnitude©! Other mixed quanturclassical approaché3:** Estimates
and direction of the incident velocity and the vibrational and ©f trapping and sticking probabilities can also be obtained using
rotational excitation of the impinging Hnolecule. The studies ~ Nondissipative low-dimensional quantéfor classical modeR
mentioned above all assume a rigid surface, i.e., there is no Our previous surface scattering work has been focused on
energy transfer to the substrate. This approximation is motivatedscattering of atom¥, polyatomic molecule$3® and large

by the large mass difference between the hydrogen moleculeclusterd®42 from graphite surfaces. The simulations were
and the metal aton?= Although not dominant, thermal effects  carried out in cooperation with experimentalists in order to
interpret results from molecular beam studies. In these calcula-
* Corresponding author. E-mail: nikola@chalmers.se. tions we used a stochastic trajectory method. All surface atoms
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were treated classically. The first (bottom) layer of the graphite decay to zero typically after a few picoseconds and hence the
crystal was held fixed. For atoms in the second layer the LPI method is then only required to be a reasonable short time
equations of motion were modified by adding stochastic and theory.

friction forces related to the Debye temperatur@s,(= 0oy In this paper we apply FK-LPI to collision processes where
= 2400 K, 0p . = 1200 K) relevant for our graphite potentfafs molecules are trapped on a surface for up to several tens of
The model has performed well, and we have been able to picoseconds. The application of a short-time theory to this type
simulate experimental results over a wide range of initial of problem is obviously problematic. In particular the residence
conditions. The choice of a classical description was rather time of transiently trapped molecules is sensitive to the precise
natural for these studies where many different sets of initial energy distribution of the surface atoms, but as we shall see, a
conditions had to be considered and a large crystal was requireddesorption-like rate constant may still be extracted from the
since the collision energy was quite high in some cases. In short-time behavior of the trapping probability.

addition, it turned out that multiple collisions were important ~ The FK-LPI method is in the present paper implemented in
leading to long propagation times. two ways, which differ in the way the surface Wigner transform
The scattering studies mentioned above have been carried® calgula}ed. First, we ad‘?pt the gengral so-called gradient
out at surface temperatures in the rafige= 300—1400 K, but sampling implementatid@which only requires a standard force
routine to work. The results of this method are compared to a

most of the calculations have been for rather hot surfaces. For .
low surface temperatures quantum effects may be significant more approximate, but faster method, and we show that the latter

due to the high Debye temperatures for graphite. The purposeIS ind.eed accurate enough for thg present application..The system
of the present work is to investigate the importance of quantum g?gs:??cr:ie\?vgt]etrhﬁwglr:csljgtsvggﬂ(elr?na ;?g:qogabrg’ ﬁ?;lsst:fﬁgcoedel
effects when the graphite surface is at low or intermediate ng ) - g fro grap )
temperatures. For this purpose the classical Wigner (CW) previously treated classically in connection with an experimental

348 ; study.
modef Is used. ) ) The LPI and FeynmanKleinert effective frequency theory
The CW model is conceptually very simple.

‘e | : It utilizes 516 presented in section 2. In section 3 we then proceed and
Wigner's celebrated phase-space formulation of quantum me-cnsider the graphite model, the sampling of the initial phase-

chanics’® Quantum dynamical problems are dealt with by CW  gpace conditions and the dynamical calculations. Our results

in @ manner that strongly resembles that of ordinary classical 5re presented and discussed in section 4. The main conclusions
mechanics. A CW calculation can be divided into a two-step are finally summarized in Section 5.

procedure: (i) sample position and momentgp)s, from the
quantum phase-space Wigner transform of the relevant systemp, Theory

density operator; (ii) then, using theq,)’s, perform classical o . . ) .
dynamics and compute the relevant dynamical quantities. Hence, The basic idea behind the classical Wigner (CW) approxima-

CW differs from a pure classical treatment only by the initial E|OTI toﬂqaantum dy?admtlﬁs \_/(\;as e:;,sentlally I.'rSt pres?ntt_ed by
conditions. In the present problem, the appropriate quantum ' c ¢!~ M€ Suggested e dea of propagaling nonstationary

initial conditions for the surface atoms are sampled from Wigner phase-space distributions by running a swarm of

i i i 2,53 i
Wgnes phase space duion o e paphe sutace S, TAEOe, Nore i i same e s
Boltzmann operator. <

) . o (CF’s), A(0)B(t)[] where the CW approximation reads
The CW method can be derived from a linearization of a

Feynman path integral representatioof the quantity of interest. A0)B() T~

Hence, the method is therefore also referred to as the linearized 1 dad . .

path integral (LPI) approximation. In the following, the two ) qz PlexpAr)A)N[apl(B)wla.p] (1)
acronyms CW and LPI will be used interchangeably, as they (27h)

are formally equivalent. _ _ _

The classical dynamical treatment is obviously a great Which follows directly from the exact path integral (Pl)
simplification, leading to the exclusion of dynamical quantum EXPression by carrying out the linearization proceddigqua-
effects. The implication of this is the well-known fact that LpI  tion 1 may be interpreted/implemented as follows: Phase-space
is only accurate for short times (see, e.g., ref 50 for a classic P2iNts G,p) are sampled from the Wigner transform of exp(
example). It is, however, exact for harmonic systems and in A)A the transform €)w[x,p] being defined for an arbitrary
the high-temperature limit. An efficient method to generate the operatorC by
initial conditions (given by the Boltzmann operator) is still . 1 1
required if the scheme should be practical. _In ref 43 Ppulsgn (C)W[X,p] = f_:dﬁ exp(—ipn/h)BH— En’é‘x — 5’7D (2)
and co-workers demonstrated that an approximate but still quite
accurate Boltzmann operator Wigner transform could be ob- ) ) o
tained, by applying the effective frequency variational theory ned1 @.p) are evqlved classically according to the Hamiltonian
due to Feynman and Kleinert (FK). The resulting method, which H(a.P) to (q.p) which serve as the phase-space arguments of

combines the FK Boltzmann Wigner transform with LPI (B)wldwp]. 3N is the dimensionality of the problem.
dynamics, is referred to as FK-LPI. In the present study, we will not be interested in CF’s, but

instead, for instance, we want to know the fraction of water

The FK-LPI r_nethodology has r_ecently t?een applied for molecules that stay on the surface after a tim€he quantity
computing velocity correlation functions (CF)’s and Van Hove . . - I
of interest still follows from eq 1, if we make the substitutions

CFs for a number of nontrivial condensed phase problems (see
ref 47 and references therein). The results have been very ~ ~ ~ A
encouraging and show that the FK-LPI method is able to A—1, exp{-pH)— exp(-fHc) x Pr,0
compute the early time-dynamics of the CF’s with a reasonable

accuracy. One should note that, in condensed phase, the CF'sand
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1 g is on surface
0 otherwise

Bwld.pl = { 3
whereHc andpn,o are the graphite Hamiltonian and free water
molecule density operator, respectively.

2.1. Feynman-Kleinert Approximation to the Wigner
Transform. A practical route to the Wigner transform of the
operator exptSH)A for complex systems is required to
implement LPI2 The approach we use is based on combining
the effective frequency variational theory of Feynman and
Kleinert (FK)* with the quasi-density operator formalism of
Jang and VotiR® The approach exploits the classical centroid
phase-space variableg,f.), where

- ﬁih [ de x(2) )

andpc is a similarly defined centroid momentum. Presented in
formal terms, in one dimension, one may approximate the
Boltzmann operator Ky

exp(-pH) ~ ffdxc dp; Pr (%P Srk(XP) ()

whereprk(Xe,pc) is the FK approximation to the centroid phase-
space density,

2
pecliepy) = iexp( p;,,) exPAW () (6)

and Wi(x.) is the corresponding FK approximation to the
centroid potential. Equation 5 is very practical, since the
operator®)rk(X:,pc) have a simple Wigner transform, see below.
The Wigner transform of exp{fH) may then be obtained by
sampling Wigner transforms of operatays(x.,pc). Hence the
computational scheme involves a Monte Carlo walk in the
variables %,pc) with weight functionpr(X.,pc), thereby gen-
erating a sequence ofx operators. The operatoeg(X.,pc) is

the so-called effective frequency quasi-density operator (QDO):

Sk (XePo) fodx dx ﬂh(XC)|X x| x
MQX)x+x |2
p{h(x_)_ Ao ( 2 XC)_
MQ4(hXC) X)} @)

wherea is a function of theeffectve frequency Q(xc), through

the relation
B k(Q(Xc)ﬁﬁ)
o= cot > —

2
Qxhp

8)

and the quantityn is related to thesmearing width #(x;)>*
through

a’(x) = ha/2MQ(x,) (9)

This width measures the thermal quantum “smearing” around
the classical-like positior.. To close the equations, the effective

frequency is given by the mass-weighted classical Hessian

averaged over the lengt#(x.):
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Q) = . &Y =V (6 + ) ex— 1)

v 27a’(x) (10)

This FK prescription gives the best local harmonic description
of the potential surface, based on a system free energy
criterion>* To obtain Q?(x;) and a%(x), eqs 8-10 are solved
iteratively#” Wi (x;) can then be calculated on€¥(x.) anda?-

(x;) are converged! and the only remaining effort is an
evaluation of the smeared potentisi(Xc),

Vel = fdy ==V +y) e~ YIa00) (1)

y 278 (x)

which is needed in the expression for the centroid potefitial:

 [hee)

sm?‘( 2kBT
W00 = kT In| 5 5+ Vo) = Malt) 270
2k, T w2

Wigner-transforming eq 5 then amounts to transformigg,
eq 7, which can be done analytically:

[{ (Xc)

As is evident from eqs 57, the variablgy. may be integrated
out analytically from these equations. This leads to the following
overall Wigner transform of the Boltzmann operator:

(exp(BH))[a.p] ~

Ok PIwlap] == ex x)* =

—s (P~ p)’| (13)

Mg(xgah

dx, Mout
57 EXpPAWi(X) x
IZﬂh ' E cothi2(x)5/2)
2 MQ(x.) tanth(xc)ﬁIZ)
a ex"(_ T i VTe ()

Equation 14 constitutes our basic Wigner transform implemen-
tation to be used in this work. For the multidimensional version
of these equations, we refer to ref 47.

2.2. Gradient Sampling: The General Boltzmann Opera-
tor Wigner Transform Implementation. For a realistic model
of a graphite surface, we cannot expect the potential function
to be simple (e.g., pairwise). Equations 10 and 11 must then be
evaluated numerically. We have recently put forth a method
for doing this#’

This procedure only requires a routine that provides the
potential and its gradient. These are available in any molecular
dynamics code. To derive this method, we first consider eq 10
in the multidimensional case:

1 M_llzﬂ(i)M_llz %

VI2ZTAZ)I
exp(— %(7 —2)AZ) Nz - 2)) (15)

Q%(z) = [dz



1704 J. Phys. Chem. A, Vol. 112, No. 8, 2008 Markovic and Poulsen

whereH(2) is the Hessian matrix. We start by integrating eq 15 quadrupoles centered on the carbon atoms. The potential is

by parts, which leads immediately to smoothly switched off as the watecarbon separation ap-
proaches 10 A. The water molecule is treated as rigid with
QZQC) = fd_z' 1 Mfl/ZA(—Z'jJMfl/Z x geometry and charge distribution taken from the RWK2 mégtiel.
- JI2ZTAZ)l - The classical binding energy to a zero Kelvin graphite surface
1 e e L is 125 meV using this model.
exp(— E(Z —ZJ) A(Z) (z—72)| (16) 3.2. Construction of Graphite FK Wigner Transform. We
have in sections 2.1 and 2.2 described how to calculate the
where centroid potential defined for the multidimensional positign

As already describedz: is sampled from the classical-like
N 9 centroid density, expfSWi(Z)), by Metropolis Monte Carl&8
Ai(Z,2) ={ Z {A @~ 20} x —V(2) (17) and one thus needs a way of generating trial configurations.
k= 9z We adopt a trial step scheme formulated in terms of the classical
graphite normal modes evaluated at the classical equilibrium

Hence, the scheme for calculating the smeared Hessian require eometry. Then, trial displacements are obtained as

sampling vectorg aroundZ,, and averaging to obtain theN}
quant|t|es 677| — ninew_ T]i0|d — 5(25 _ 1)/9“ | — 1' 3\1 (22)

;= - - Z) aiV(i)D (18) wherey; is theith classical normal modé,is a random number
4 between zero and on&; is the frequency of normal mode
ands is an overall scaling factor which is adjusted to ensure a
reasonable overall acceptance ratio of the generated trial steps.
3N Once a new trial normal mode vector is computed, the
Qi'jz("z’c) = m_llzrq_”2 Z {(A™ kil ki (19) corresponding change in centroid geomedi, is determined
k= by a standard linear transformatiodZ. = Uo7, whereU is
. _ . o ) fixed and defined via the classical normal modes at the
In practice, due to .statlst|cal errors in any flnltg sampling equilibrium geometry of the graphite surface.
sequence ;%(Z) will not be symmetric, and this can be  The numbper of iterations of the FK equations was 5 and 4
enforced by a “symmetrization” procedure: for T= 100 K andT = 300 K, respectively. To converge the
- - - smeared Hessian and potential, given by egs 10 and 11,
giviz(zc) - @i,iz(zc) + glliz(zc))/ 2 (20) respectively, 30000 vectg?swere sagmpled grou?ﬂ in both
equations. The averaging over these vectors was distributed over
16 processors using a parallel implementation of the gradient
sampling routine.

1 1 o Trre e = At T =300 K, the surface was considered to be equilibrated
— exp(— 2= 2) A2Z) (Z—2)) (21) after approximately 6600 centroid MC steps, see Figure 1. Then,
VII2TA(Z )| a further 6000 centroid MC steps were performed and, for each
30th centroid position, ten phase-space points were sampled
from eq 14 as initial conditions for classical dynamics. InThe
= 100 K case, equilibration was achieved after some 9000 MC

3.1. Water—Graphite System.Both the graphite and water steps and afterward 3600 steps were performed and, again, for
graphite potentials are taken from our previous study of water each 30th centroid position, ten phase-space points were
scattering from graphité&. The interaction within the graphene  sampled.
layers was described using Brenner’s empirical potefftiahd The rather small number of MC steps are sufficient since the
the interplanar forces were modeled using Morse funct#éns. colliding water molecule hits the surface at random positions.
A detailed discussion of the properties of the graphite model is Hence, locally, the graphite surface atoms need not explore all
given in ref 37. Three graphene layers with 150 carbon atoms possible phase-space configurations. Also, the lower temperature
in each were used to model the graphite crystal. In ref 39 five one considers, the less does the classical-like centroid coordinate
layers was used, but after repeating some of the calculations itzz. move, and eventually, al = 0 K, only one centroid
was found that three layers was sufficient for the collision coordinate contributes to eq 14.
energies considered in the present study. Another difference is 3.3. An Approximate FK Sampling. A more approximate
that stochastic and friction forces were not included in the but significantly faster implementation of the FK Wigner
present study. A detailed comparison of results from classical transform theory is to (i) replace the smeared Hessian, eq 10,
calculations with and without stochastic and friction forces by its classical counterpart, and (ii) replace the centroid potential
showed only insignificant deviations. These tests were carried in eq 12 by the classical potential. Then only a subroutine
out for a surface temperature of 300 K, an incident angle of providing the surface Hessian is required and iterations are no
30° and collision energies in the range 0.02 to 0.20 eV, i.e., the longer necessary. From eq 10, it is obvious that approximation
same initial conditions considered in the present study. By not (i) is valid if the smearing width matrix is small. For an atom
including stochastic and friction forces the classical results can in the top layer, its 3x 3 dimensional “self-part” of the total
be compared directly to the results obtained using the FK-LPI 3N x 3N dimensional smearing width matriXz) is found to
method. be approximately diagonal, with entries of siag? = 0.005

The water-graphite potential used in the present study is the boh?, a,? = 0.005 boht and a7 = 0.009 bohf. These
potential denoted “Potential 1” in ref 39. The potential consists smearing values are quite small: in fact they are more than an
of Lennard-Jones contributions (€ and H-C) and electro- order of magnitude smaller than the values found in typical
static contributions between point charges igOHand point liguid applications!” which may be ascribed to the rather high

The (,j)'th element of the smeared Hessian is then given by

Equation 11 is evaluated by direct sampling of vectomsound
Z. as determined by the Gaussian weight function

3. The Water—Graphite System and Details of the
Simulation
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Figure 1. Equilibration of 300 K graphite surface. Centroid energy, of total graphite surface as a function of number of Monte Carlo steps.

surface frequencies which malké(x) small, see eq 9. One 0.004 ' ' ' FK ——

should therefore expect that approximation (i) is well justified 100 K approx. FK. --------
in the graphite case. Approximation (ii) is valid for high
temperatures and for harmonic systems. In the latter case, the
centroid potential and classical potential are identical except
for an immaterial additive constant. In the following we will
denote the simpler method, based on simplifications (i) and (ii),
by approximate FK-LPI (AFK-LPI).

The AFK-LPI method is implemented by running classical
dynamics for the surface and, for a given sampling interval,
one calculates the instantaneous Hessian of the surface and
construct the local QDO Wigner transform.

3.4. Dynamical Calculations.Molecular dynamics calcula-
tions have been carried out for rigid water molecules scattering
off a graphite (0001) surface with a temperature of 100 or 300
K. Periodic boundary conditions were imposed in thandy
directions (the surface plane). The molecule was initially located
outside the range of the gas-surface potential with its orientation
and ,y) position chosen at random. The parallel and perpen-
dicular velocity components were chosen such that the molecule
would hit the surface with an angle of 3With respect to the
surface normal and with the parallel velocity component in the
(1120) direction. Fixed translational energies in the range6.02
0.20 eV were considered. The rotational energy of the molecule
was sampled from a Boltzmann distribution at 200 K. The initial
conditions for the surface atoms were in the classical case
sampled from an equilibrated graphite crystal. In the FK-LPI/ 0 i
AFK-LPI cases the initial carbon positions and momenta were -200 500 1000 1500 2000
read from a file generated as described in sections 3.2 Frequency (cm™")

The equations of motion for the surface atoms were integrated Figure 2. Frequency distribution for the graphite crystal at 100 and
using the velocity Verlet method, and the twelve equations of 300 K. Solid line, accurate FK; dashed line, approximate FK.
motion for the molecular degrees of freedom were solved using
the Gear fourth order predictor-corrector scheme. The time step
used was\t = 0.50 fs. The trajectory was propagated until the
water molecule was again outside the range of the potential or
until the maximum time-limit (100 ps) was reached. For more
details on the molecular dynamics calculations the reader is
referred to ref 39.

0.0038 - E

0.002 ~

Density of normal modes

0.001

0.003 -

0.002 ~

Density of normal modes

0.001

0

distribution of normal-mode frequencies obtained using the FK
and AFK methods are compared. The AFK results at 100 and
300 K are based on 1000 and 4000 centroids, respectively. The
accurate FK frequency distributions, obtained from single
centroids, show considerably less structure due to the smearing
of the potential in this case. Averaging over several centroids
would make the FK distributions even smoother. Imaginary
frequencies (shown as negative in the figure) appear for both
the FK and AFK methods at 300 K, but the contribution from
Before discussing the scattering results, the properties of theimaginary frequencies is much larger in the accurate FK case.
FK-sampled graphite crystal will be considered. In Figure 2 the At 100 K the AFK method yields only real frequencies. Overall

4. Results and Discussion
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Figure 3. The time-dependence of the total kinetic energy (a) and the Figure 4. Angular distributions for HO scattering from graphite and

x-, y- and z-components (b) for atoms in the top layer. Solid lines,
accurate FK-LPI; dashed lines, approximate FK-LPJ.= 100 K.
Average over 10 trajectories.

average final kinetic energy as a function of the scattering angle. Initial
conditions: Ts = 300 K, E;, = 0.20 eV. Solid lines, accurate FK-LPI,
dashed lines, approximate FK-LPI; dotted lines, classical.

the contribution to the spectra from imaginary frequencies is distributions are very similar. The classical distribution is
small compared to what has been observed previously for somewhat broader, and the corresponding final kinetic energy
fluids 43 is lower. The differences between classical and quantum results
A general concern when using the classical Wigner method become much more pronounced at lower translational energy,
is the stability of the sampled quantum initial state (“conserva- as shown in Figure 5 corresponding to 0.02 eV. Going from
tion of ensemble”). In the present case the kinetic energy of 0.20 to 0.02 eV increases the trapping probability (i.e., the
the atoms in the top layer is of particular interest since they probability of a molecule to experience multiple collisions with
interact directly with the scattering molecule. In Figure 3 results the surface) from about 0.54 to 0.85 irrespective of the
are shown from a thermalized graphite surfate=€ 100 K) dynamical treatment. The average residence time on the surface
propagated during 100 ps. No water molecule collides with the is, however, almost 2.5 times as long in the classical case
surface, i.e., the effects observed are only due to internal energycompared to the quantum case, which explains the broader
redistribution in the crystal. The large zero-point energy for angular distribution. The results at a surface temperature of 100
graphite results in an average kinetic energy of 84 meV per K are very different, as is shown in Figure 6 for a collision
atom compared to the classical value of 13 meV. This value is energy of 0.20 eV. In this case the classical sticking probability
constant during the simulation which indicates that the kinetic is 0.54, i.e., 54% of the classically sampled trajectories are
energy is in equilibrium with the potential energy. The motion trapped at the surface for at least 100 ps. Of the remaining
in the planeX.y) is, however, not in equilibrium with the motion  trajectories 85% correspond to direct scattering, i.e., they have
perpendicularg) to the graphene layers. A considerable transfer only experienced a single collision with the surface, which
of energy between parallel and the perpendicular motion occursexplains the narrow angular distribution. An alternative com-
during the first 25 ps of the simulation. The deterioration of parison between classical and quantum angular distributions is
the initial quantum distribution will affect long-lived molectite shown in Figure 7 where the classical distribution now is a
surface interactions. The growing kinetic energy in the perpen- superposition of the inelastic distribution from Figure 6 with
dicular direction (from 15 to 28 meV) will increase the weight 0.46 and an equilibrium cosine law distribution with
difference between the classical and quantum dynamics, inweight 0.54. In this way all trajectories are accounted for but
particular for long-lasting interactions. The difference between with the assumption of complete thermalization of trajectories
the classical and quantum kinetic energies inzokrection is, that are trapped for more than 100 ps. This type of two-
however, large already &t= 0 (4.3 and 15 meV, respectively), component angular distribution has been observed experimen-
implying that the effect of the changing energy distribution is tally for other system&?®
guantitative and not qualitative. No difference is observed The expected effect on the angular distribution from an
between the accurate and approximate FK sampling schemesincreased motion of the surface atoms due to inclusion of zero-
Figure 4 shows results for @ molecules at 0.20 eV  point energy is a broadening. For the present system where a
scattering from a graphite surface at 300 K. The angular large fraction of the molecules experience multiple collisions
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Figure 5. Angular distributions for HO scattering from graphite and  Figure 6. Angular distributions for HO scattering from graphite and
average final kinetic energy as a function of the scattering angle. Initial average final kinetic energy as a function of the scattering angle. Initial
conditions: Ts = 300 K, E, = 0.02 eV. Solid lines, accurate FK-LPI;  conditions: Ts = 100 K, E; = 0.20 eV. Solid lines, accurate FK-LPI;
dashed lines, approximate FK-LPI; dotted lines, classical. dashed lines, approximate FK-LPI; dotted lines, classical.

with the surface a difference in residence time also becomes anfollowing simple rate kinetics. Why? Since the LPI model
important factor, which explains why the FK-LPI distributions employs classical dynamics, we expect the FK-LPI desorption
in Figures 4 and 5 are more narrow than the classical rate at some timéto (just as in a normal classical simulation)
distributions. The residence time is much longer in the classical increase with growing instantaneous kinetic energy in the normal
case, leading to a more complete thermalizatfoAt 100 K, direction. However, from Figure 3b we have already seen that
however, most of the trapped molecules stick to the surface in this kinetic energy increases (a similar behavior is seefor
the classical case leading to a narrow distribution corresponding= 300 K).
essentially to direct scattering. From Figure 8 it is clear that The extraction of a rate constant from the FK-LPI results
classical or quantum mechanical sampling of the surface initial may be done in two ways. First we consider a polynomial fit
conditions does not affect the probability of direct scattering procedure. Since FK-LPI is accurate for short times, one may
but has a large effect on the time the transiently trapped fit the early FK-LPI curve in Figure 9a to a polynomial in
molecules spend on the surface. and extract the linear slope whér~ 0. The curve should be
We have previously observed that the number of molecules linear at early times if the rate obeys simple kinetics. By fitting
remaining on the surface as a function of time follows first- the data between 2.5 and 10 ps in Figure 9a to a polynomial of
order kinetic$”-39The molecules are only partially equiliborated second degree, a rate coefficient equal to §.4.0° st is
to the surface temperatuf®,but the equilibration for the obtained when extrapolating ta= 0. Hence, the slope at short
translational motion in the surface normal direction is fast, times reflects the (correct) desorption rate coefficient before the
leading to a desorption-like process. This behavior is observedWigner distribution has degraded significantly.
in Figure 9a for a surface temperature of 300 K and a collision  Next, we try extracting the rate coefficient from a rate
energy of 0.02 eV when classical sampling is used. Molecules equation analysis. Thecomponent of the kinetic energy is in
with a surface residence time longer than 2.5 ps (and more thanclassical terms proportional to tzecomponent of the temper-
three collisions with the surface) have been included in the ature. From a graph similar to Figure 3b, but representing the
analysis. A desorption rate coefficient equal to 3.8.010s™1 T = 300 K case, the time-dependence of the kinetic energy in
is obtained from a linear fit to the data. This value differs the normal direction can rather accurately be described using
somewhat from the result presented in ref 39. The main reasonthe equation
is the much better statistics in the present case (7814 trajectories
compared to 794), but the different crystal size and initial T(t) =T,(1— be™® (23)
conditions probably also contribute.
The difference between the classical and the FK-LPI results with T, = 710 K, b = 0.3183 andc = 0.1349 ps?. If the
is striking. In Figure 9a, we observe that the FK-LPI trapping instantaneous desorption raké), follows a phenomenological
probability is a nonexponential function of time, i.e., not type of Arrhenius equation, thek(t) should depend on the
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Figure 7. Angular distribution for HO scattering from graphite. Initial condition3s = 100 K, E; = 0.20 eV. Solid line, accurate FK-LPI (from
Figure 6); dotted line, classical. The classical distribution is a superposition of the inelastic distribution from Figure 6 and a thermaindesorptio
cosine distribution.
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Figure 8. The probability of multiple HO—surface encounters and Figure 9. (a) The Ioga_lrithm o_f the fraction of molecules trapped on
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of collision energy. Surface temperature: 300 K. Solid lines, accurate 1he Same data plotted on a linear scale together with results from the
FK-LPI; dashed lines, approximate FK-LP!I; dotted lines, classical. ~ Simple desorption model described in the text (dotted curves).

whereD = 0.125 eV is the binding energy (section 3.1), and
kinetic energy in the normal direction in the following classical T(t) is the instantaneous kinetic energy rephrased in terms of
manner: temperature. The desorption kinetics may now be simulated
using the equation

1 1
w=koed - -0 e - kN 25)
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TABLE 1: Desorption-like Rate Coefficients for Scattering The effect on the distributions in Figures 4 and 6 is expected
at 0.02 eV from Graphite at 100 and 300 K to be small due to the rather high collision energy (0.20 eV).
k(T)/100s1 Energy transfer is from molecular translation and rotation to

TJK classical FK-LPI the surface degrees of freedom in these cases. The average de-

excitation is about 100 meV using classical sampling aned 10
20 meV lower in the quantum case. At 300 K and 0.02 eV,
Figure 5, the water molecule (rotation plus translation) is excited
aThe rate coefficients are estimated using the rate equation approachoy 27 meV when classical sampling is used and by 53 meV in
described in the text. the FK-LPI case. At this temperature the thermal energy is 183
meV per surface atom (13 meV larger than the zero-point

which can easily be integrated from given initial conditioNs (  €N€rgy), i.e., the observed excitation is not unreasonable. If only
Np atto = 2.5 ps) provided(0) is known. The results shown as trajectories with one collision with the surface are con§|dered,
dotted curves in Figure 9b have been obtained by finding the the FK-LPI result is reduced by 50% to 26 meV while the
k(0)-values that minimize the difference between the original Classical resultis reduced by only 30% to 20 meV. It turns out
data and the solution to eq 25. In the classical case (for which that the average excitation increases approximately _Ilnearly with
kis time-independent) we obtak= 3.8 x 101°s~1. The small _the numb_er of surface co_II|S|ons up kb~ 10 but the increase
difference compared with the linear fit reflects the sensitivity 1S @bout five times faster in the FK-LPI case. Increased kinetic
to the initial condition. In the FK-LPI case the best fit is obtained €N€rgy in the normal direction due to energy redistribution
for k(0) = 6.2 x 10'°s~L, This rate equation analysis yields an W|th|r_1 the graphite crystal is likely part of the explanation for
estimate which agrees quite well with the polynomial fit the_ dn‘fefence observed between classical and FK-LPI sampled
procedure. It shows that the nonlinear Arrhenius plot can be trajectories. It should be noted, however, that the erroneous
explained with the increase in surface kinetic energy in the Kinetic energy increase is much smaller at 300 K (47%)
normal direction. compared to the 100 K case shown in Figure 3b (81%).

For a surface temperature of 100 K and using classical The most critical case regarding zero-point energy leakage
sampling almost all trapped molecules stick to the surface andis the result at 100 K and 0.02 eV. Results using these initial
a desorption rate coefficient cannot be determined. This is conditions are presented in Table 1 in the form of desorption
expected since the half-life in this case is increased from lessrate coefficients corrected for energy redistribution within the
than 20 ps to approximately O:&. The rate coefficient in the ~ crystal. Under these conditions the energy transfer must be from
FK-LPI case obtained as described above is approximately athe molecule to the surface since essentially no thermal surface
factor of 3 smaller at 100 K compared to 300 K, see Table energy is available. As mentioned above we cannot obtain
1.The redistribution of zero-point energy from in-plane to out- classical results in this case due to almost complete sticking.
of-plane motion will also affect the angular distributions, in Using the approximate FK-LPI method the average excitation
particular for low collision energies where the available energy after one collision was indeed found to be very close to zero (2
is small and the trapping probability large. We expect the effect meV), i.e., the zero point energy (ca. 170 meV per surface atom)
on the intensity to be rather small: more surface kinetic energy is essentially conserved. Most trajectories are transiently trapped
broadens the distribution but simultaneously reduces the resi-under these conditions (92%) and the trapped trajectories stay
dence time which narrows the distribution. The average final on the surface for 16 ps on average, resulting in a broad angular
kinetic energy will increase due to the energy redistribution, distribution. The average energy transfer for all trajectories was
and the increasing energy in the surface normal direction may 47 meV.
also manifest itself as zero-point energy leakage from the surface In order to obtain a crude estimate of the effect of energy

100 1.7
300 3.8 6.2
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Figure 10. Angular distribution for HO scattering from graphite. Initial conditiongs = 100 K, E; = 0.02 eV. Solid line, FK-LPI; dashed line,
velocity-scaled FK-LPI (see text); dotted line, a cosine distribution.
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of the surface atom velocities after each integration step in orderredistribution even in cases where the effect on the average final
to conserve the kinetic energies in tke, y- andz-directions. speed is significant.

The angular distribution does not change qualitatively but  The largest problem with the LPI approximation was in the
becomes broader, Figure 10. The peak is still at roughfy 20 present application the drift in kinetic energy in the direction
and both the “scaled” and the FK-LPI distribution clearly normal to the surface. This is due to the well-known fact that
deviate from the cosine form expected in the purely classical the LPI dynamics does not “conserve the ensemble”. The drift
case if thermal desorption is assumed. is in the case of graphite particularly pronounced since the force

The final average speed decreases, in particular for scatteringconstants of the graphite surfarethe planeare much larger
in the normal direction. The total energy transfer from the than the constants characterizing the of planemovements.
surface to molecular translation plus rotation decreases fromHence, more zero point motion is added in plane and, when
47 to 27 meV despite the fact that the residence time on the doing the approximate classical dynamics, energy will then flow
surface for trapped trajectories increases to 39 ps. Only a smallffom in plane to out of plane movements. In surfaces where
fraction of the collisions are direct (5%) but these are essentially the force constants in plane and out of plane are similar, e.g.,
elastic (average molecular de-excitation: 0.3 meV). metals or”diamond, this drift problem will be expected to be
very small.

No quantitative conclusions can be drawn from the crude . Lo .
We end by noting that the gradient implementation of the

“velocity-scaled” calculations described above, but the results . ) )
indicate that a large part of the zero-point energy leakage Feynman-Kleinert Wigner transfoffihdepends on the parucular
observed for the lowest temperature and collision energy is system at hand only through a standard MD force routine. Hence

caused by the energy redistribution within the graphite crystal. n€ may easily simulate other surfaces by just replacing the
This increases the final average speed but has a rather smaliPlack-box” force routine by another.

effect on the angular intensity distribution. Acknowledgment. This research is supported by the Swed-

. ish Research Council (VR).
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