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Ab Initio Based Tight-Binding Hamiltonian for the Dissociation of Molecules at Surfaces
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A tight-binding total-energy (TBTE) method has been developed to interpolate between first-
principles results describing the dissociation of molecules at surfaces. The TBTE scheme requires
only a relatively small number ofab initio energies as input and gives a reliable global representation
of the ab initio potential energy surface to within 0.1 eV accuracy compared to theab initio
results. This approach will open the way to theab initio molecular dynamics description of reactions
invoking many atoms and long time scales that are currently not accessible by first-principles methods.
[S0031-9007(99)08464-1]
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The theoretical study of reactions at surfaces is of stro
current interest. In recent years it has become possible
map out the potential energy surfaces (PES) describing
actions at surfaces in great detail byab initio methods [1–
5]. However, in order to obtain reaction rates that can b
compared with experiment it is neccessary to calculate t
dynamics of the nuclei which move according toab initio
forces. It is by now well known that the complexity of
the high-dimensional PES is significant and even in th
simplest case the phase space is twelve dimensional.
fact, the number of crucial coordinates of the configura
tion space might easily exceed 12 or 20 or even more,
particular if surface degrees of freedom are involved in th
reaction [6]. The determination of reaction probabilitie
for such processes requires the calculation of103 106 tra-
jectories to ensure reliable statistics [7]. We note that th
proper treatment of the statistics is indeedas important asa
good-quality electronic structure calculation for determin
ing the PES. Since theab initio total-energy calculations
require a considerable computational effort, it is therefo
necessary to have a method that gives a reliable interpo
tion between the calculatedab initio points. In this paper
we will show that a tight-binding (TB) method [8–10] is
a good candidate for fulfilling these requirements.

There are several approaches to fit potential energy s
faces. All methods have advantages and disadvantag
It is therefore fair to say that the issue of the best fittin
scheme for a particular problem is not settled yet. A com
mon interpolation scheme is to fit theab initio data to some
analytical representation, which has, for example, succe
fully been used for theab initio description of the hydro-
gen dissociation on metal surfaces using a six-dimension
PES [7,11–13]. Once a reliable analytical fit is found,
is computationally inexpensive to calculate the potenti
gradients at arbitrary configuration which is needed, e.g
to perform molecular dynamics simulations of reaction
However, if more degrees of freedom are involved in
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particular reaction, then it is very cumbersome to find
appropriate analytical form. As an alternative, the interp
lation ofab initio points by a neural network has been pro
posed [14–16]. Neural networks require no assumptio
about the functional form of the underlying problem, but
relatively large number ofab initio input points is needed
for an accurate description. Recently, a genetic progra
ming scheme which searches for both the best functio
form and the best set of parameters has been investig
[17]. This method has so far been used only for thre
dimensional potentials so that a proof of its applicabili
for higher-dimensional problems is still missing.

The common denominator of all the methods mention
so far is that they allow a fast determination of the fitte
PES at arbitrary configurations. However, these metho
can provide a reliable description of potential energy su
faces of multidimensional reactions only if based on a s
ficiently high number ofab initio points. Assuming that
for each degree of freedom at least three points are ne
sary, we estimate that in six dimensions103 and in twelve
106 ab initio total energy calculations are required. Con
sequently, an intermediate step is needed. In this pa
we use a nonorthogonal tight-binding total-energy (TBT
method for fitting anab initio PES of the dissociation of
molecules at surfaces. To our knowledge, TB metho
have hardly been used for the treatment of reactions
surfaces [18]. Hence it has not been clear whether a
scheme is capable of describing the complex multidime
sional PES of such a reaction which is caused by the vari
of covalent interactions, charge transfer, and bond bre
ing and making at various geometries and orientations w
respect to the surface. In this paper we show that our
method is not only able to accurately reproduce anab initio
PES, but also needs only a moderate number of input to
energies for a reliable global description of the PES. Th
is due to the fact that the quantum mechanical nature
bonding is taken into account properly [18], and that th
© 1999 The American Physical Society 1209
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parameters of the TBTE method, the Slater-Koster in
grals [19], have a physical meaning.

The computational effort to determine total energi
with a TBTE method is larger by 2 to 3 orders of magnitud
compared to an analytical representation since it requi
the diagonalization of matrices. Still it is faster by a
least 2 to 3 orders of magnitude thanab initio total-energy
methods (since the different methods scale differently wi
e.g., the number of atoms considered, these estima
are only approximate and depend on the actual syste
Because of its accuracy and speed, our TB method is w
suited to extend the application ofab initio molecular
dynamics to systems which are currently not accessible
first-principles methods.

The NRL TBTE method we use in this study has be
described in detail before [8–10]. Therefore we will onl
briefly summarize its essentials and the modificatio
we have introduced for the particular problem of fittin
an ab initio PES of molecular dissociation at surface
Unlike other tight-binding methods [18,20–22], this TBT
scheme does not include a pair-potential term. Instead,
method takes advantage of the fact that the total energy
system is independent of the choice of zero of the potent
In the TBTE method this shift, which depends on th
structure and volume, is determined by the requireme
that the total energy of the system be just the sum of
shifted eigenvaluese0

i:

Etot 
X
occ

e0
i . (1)

Thee
0
i are the eigenvalues of the generalized Schrödin

equation

sĤ 2 e0
iŜdci  0 , (2)

whereĤ andŜ are the Hamiltonian and overlap matrice
respectively, in an atomic basis representationhfaj. The
Hamiltonian and overlap parameters are assumed to h
the two-center, nonorthogonal Slater-Koster form [19
Their dependence on the distancer between two atoms
is parametrized according to

Pi 

√
k

sid
maxX

k0

a
sid
k rk

!
exps2g2

i rdfisrd , (3)

where

fisrd 
1

1 1 expfsr 2 r0
i dylg

(4)

is a cutoff function. The indexi is a multicomponent
index that labels the interacting orbitals. The metho
also contains environment-dependent on-site terms t
account for the effects of the local neighborhood on ea
atom [8–10].

In the first applications of the NRL method the TB pa
rameters were chosen to simultaneously fit the band str
tures and total energies from a set of density-function
theory (DFT) calculations in the local density approxim
1210
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tion (LDA) for transition and noble metal crystals [8,9]
These TB parameters are available via the WWW [23
This method is able to predict elastic constants, vacan
formation, and surface energies in very good agreem
with both DFT-LDA calculations and experiment. In th
meantime the method has been extended to the com
catedaMn structure [24], group-III elements [25], and bi
nary compounds, e.g., PdH [26].

In this paper we apply the binary version of the NR
tight-binding scheme to the calculation of the PES
molecular dissociation on surfaces. The particular syst
we have chosen is the dissociation of hydrogen on t
Pd(100) surface. This is a well-studied system, bo
experimentally [27–29] and theoretically [3,7,11,30]. Th
PES of H2yPds100d has been determined in great deta
[3] using density-functional theory (DFT) together with
the generalized gradient approximation (GGA) [31]. A
analytical representation of this six-dimensionalab initio
PES has been used for quantum and classical dynam
calculations in which all hydrogen degrees of freedo
were treated dynamically [7,11]. We have used the mo
than 250 calculated points of theab initio PES as a data
base to find out whether the TBTE method is capable
reproducing the PES.

In the tight-binding scheme Pd is described by nin
orbitals (s, p, and d) while for hydrogen we use the1s
orbital. In fitting the PES we have used only total energie
i.e., no band structures. Still for a H2 molecule far away
from the Pd surface, i.e., in a situation where the H2 and the
Pd surface are not coupled, the vacuum levele` for both
subsystems (hydrogen molecule and Pd surface) should
aligned. This leads to the relation

e`  eF 1 F  esg 1 I . (5)

HereeF is the Fermi energy of Pd,F is the work function
of the Pd(100) surface,esg is the energy of thesg level of
the hydrogen molecule, andI is the ionization energy of the
hydrogen molecule. In our fitting scheme we vary only th
hydrogen on-site terms and the H-H and Pd-H Hamiltoni
and overlap parameters. The Pd on-site terms and Pd
parameters are kept fixed; they have been determined
Refs. [9,23]. However, while the polynomial appearin
in the functional form of the Pd-Pd parameters in Eq. (
is expanded only up to the first order term, i.e.,kPd-Pd

max  1,
we realized that for the H-H and Pd-H parameters th
expansion is not flexible enough to accurately reprodu
the H2yPds100d ab initio PES. This is due to the fact tha
in order to describe the process of bond breaking and bo
making at surfaces, the Slater-Koster parameters have
be appropriately determined for a wide range of distanc
For that reason we expand the polynomial in Eq. (3) for t
H-H and Pd-H parameters up to fourth order. In additio
we have changed the cutoff lengthr0

i , which is14aB for the
Pd-Pd parameters (aB denotes the Bohr radius), to8.5aB
for the H-H and H-Pd parameters.
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In total we have 53 parameters to be adjusted in order
reproduce theab initio PES. This adjustment is done by
a nonlinear least-squares fit [9]. We always adjust the T
parameters to simultaneously reproduce the H-H vibrati
in the gas phase and the H2yPds100d PES. This ensures
that we obtain the right asymptotic behavior for the H2
molecule far away from the surface. The H2yPds100d PES
is determined within acs2 3 2d unit cell, as in the DFT-
GGA calculations [3].

An important issue for the fitting procedure is the fac
that not all configurations are equally important for th
determination of reaction probabilities. For example, th
dissociation dynamics at lower kinetic energies depe
crucially on whether there is a low minimum barrier o
height 0.1 eV hindering the dissociation in the entranc
channel or not [32]. On the other hand, a deviation o
the potential by 0.2 eV in a region where the potential
already elevated might have almost no influence on t
reaction probabilities. As a consequence, the root-mea
squared (rms) error, which is usually used as an indic
tor for the quality of a fit, is of only limited value. The
nonlinear least-square fitting routine implemented in th
tight-binding code allows a weighting factor to be asso
ciated with every input energy. We use these weightin
factors in order to ensure a most accurate reproduction
the most relevant region of the PES. For activated sy
tems with a nonvanishing minimum energy barrierEb this
will be the region where the potential energy differs from
Eb by less than, say, 0.5 eV. For a nonactivated syste
like H2yPds100d a criterion for the importance of a particu-
lar region is not that obvious to establish. We associat
the points with potential energies close to zero and poin
along the minimum energy path in Fig. 1(a) with weight
which were up to 10 times larger than the weights asso
ated with the rest of the points. The points that have be
used to obtain the fit are marked by the dots. In total w
needed only 55 input points for fitting the TB-PES.

Figure 2 illustrates that our TB scheme also reproduc
the ab initio energies for a fixed lateral H2 center of mass
above the fourfold hollow site, but different molecula
orientations. In Figs. 2(a) and 2(b) the molecular ax
is parallel to the surface, but the azimuthal orientatio
is different. Molecules dissociating towards the bridg
site between two Pd atoms do not encounter any ene
barrier (Fig. 2a), while molecules dissociating towards P
atoms (Fig. 2b) eventually are repelled by the Pd atom
Figure 2c finally demonstrates that hydrogen molecul
oriented perpendicularly to the surface cannot dissociat

The contour plots shown in Figs. 1 and 2 should b
compared with theab initio input data in Ref. [3]. The
comparison reveals that the fit reproduces the minimu
energy paths and also the general shape of the elbow p
very well. The overall rms error, including all theab initio
values that were not fitted, is only 0.1 eV, a value that
usually considered to be within the accuracy of theab initio
total energies.
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FIG. 1. Contour plots of the TB-PES along two two
dimensional cuts through the six-dimensional coordinate spa
of H2yPds100d. The coordinates in the figure are the H2 center-
of-mass distance from the surfaceZ and the H-H interatomic
distancedH-H. The lateral H2 center-of-mass coordinates in
the surface unit cell and the orientation of the molecular ax
i.e., the coordinatesX, Y , u, and f are kept fixed for each
2D cut and depicted in the insets. The molecular axis is ke
parallel to the surface; (a) corresponds to the dissociation at
bridge site, (b) to dissociation at the top site. The dots den
the points that have been used to obtain the fit. Energies
in eV per H2 molecule. The contour spacing is 0.1 eV.

The agreement betweenab initio input energies and
the TB energies can be further improved if the Pd-P
parameters are also varied (the rms error drops to 0.07 e
However, purposely we have presented only the results
the adjusted H-H and H-Pd parameters. The Pd parame
are already fitted toab initio calculations for Pd bulk.
They already reproduce bulk properties such as elas
constants and surface properties, e.g., surface energies
different low-index surfaces [9]. In previous dynamica
simulations of the H2 dissociation on Pd(100) the substrat
has been kept rigid [7,11]. In order to assess the influen
of the surface motion on the dissociation the PES in t
six molecular degrees of freedom has to be determin
as a function of the coordinates of the substrate atom
This necessitates the calculation of total energies for
enormous number of different configurations, and th
represents an ideal application of theab initio TB method.
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FIG. 2. Contour plots of the TB-PES along three two
dimensional cuts through the six-dimensional coordinate spa
of H2yPds100d for the H2 center of mass above the fourfold
hollow site. The representation is analogous to Fig. 1. Th
insets illustrate the orientation of the molecule. (a) Molecul
parallel to the surface dissociating towards the bridge sit
between two Pd atoms; (b) molecule parallel to the surfa
dissociating towards the Pd atoms; (c) molecule perpendicu
to the surface.

Either one can use the TB method directly to perform tigh
binding molecular dynamics simulations, or one can us
the information obtained by the TB total energies to adju
the parameters of a flexible interpolation scheme like, e.
a neural network [16] which allows a fast evaluation o
total energies, but needs a large number of input points f
adjusting the parameters. We plan to perform calculatio
along these lines in the future.

In conclusion, we have shown that a tight-binding tota
energy scheme is able to reproduce theab initio PES of
the dissociation of molecules at surface. Since in the tigh
binding method the quantum mechanical nature of bondi
is taken into account, only a limited set ofab initio input
points is needed in order to give a reliable representati
of the global PES. Thus theab initio TB scheme is
well suited to extend the results ofab initio calculations.
Possible applications are tight-binding molecular dynami
calculations involving many atoms and trajectories or th
extension ofab initio calculations for fitting schemes that
need many input points.

A. G. would like to thank the Naval Research Labora
tory for its hospitality during a stay where this work was
initiated. Work at NRL is sponsored by the U.S. Office
of Naval Research.
1212
-
ce

e
e
es
ce
lar

t-
e

st
g.,
f
or
ns

l-

t-
ng

on

cs
e

-

*New address: Physik-Department T30, Technische U
versität München, D-85747 Garching, Germany.

[1] B. Hammer, M. Scheffler, K. W. Jacobsen, and J.
Nørskov, Phys. Rev. Lett.73, 1400 (1994).

[2] J. A. White, D. M. Bird, M. C. Payne, and I. Stich, Phys
Rev. Lett.73, 1404 (1994).

[3] S. Wilke and M. Scheffler, Phys. Rev. B53, 4926 (1996).
[4] A. Eichler, G. Kresse, and J. Hafner, Phys. Rev. Lett.77,

1119 (1996).
[5] C. Stampfl and M. Scheffler, Phys. Rev. Lett.78, 1500

(1997).
[6] A. Gross, M. Bockstedte, and M. Scheffler, Phys. Re

Lett. 79, 701 (1997).
[7] A. Gross and M. Scheffler, Phys. Rev. B57, 2493 (1998).
[8] R. E. Cohen, M. J. Mehl, and D. A. Papaconstantopoul

Phys. Rev. B50, 14 694 (1994).
[9] M. J. Mehl and D. A. Papaconstantopoulos, Phys. Rev.

54, 4519 (1996).
[10] M. J. Mehl and D. A. Papaconstantopoulos, inTopics in

Computational Materials Science,edited by C. Y. Fong,
(World Scientific, Singapore, 1998), Ch. 5.

[11] A. Gross, S. Wilke, and M. Scheffler, Phys. Rev. Lett.75,
2718 (1995).

[12] G. Wiesenekker, G. J. Kroes, and E. J. Baerends, J. Ch
Phys.104, 7344 (1996).

[13] C. M. Wei, A. Gross, and M. Scheffler, Phys. Rev. B57,
15 572 (1998).

[14] T. B. Blank, S. D. Brown, A. W. Calhoun, and D. J. Doren
J. Chem. Phys.103, 4129 (1995).

[15] K. T. No, B. H. Chang, S. Y. Kim, M. S. Jhon, and H. A
Scheraga, Chem. Phys. Lett.271, 152 (1997).

[16] S. Lorenz, A. Gross, and M. Scheffler, APS Bull.43, 235
(1998).

[17] D. E. Makarov and H. Metiu, J. Chem. Phys.108, 590
(1998).

[18] G. M. Goringe, D. R. Bowler, and E. Hernández, Re
Prog. Phys.60, 1447 (1997).

[19] J. C. Slater and G. F. Koster, Phys. Rev.94, 1498 (1954).
[20] M. M. Sigalas and D. A. Papaconstantopoulos, Phys. R

B 49, 1574 (1994).
[21] M. Menon, J. Connolly, N. Lathiotakis, and A. Andriotis

Phys. Rev. B50, 8903 (1994).
[22] A. E. Carlsson, Phys. Rev. B44, 6590 (1991).
[23] WWW address: http://cst-www.nrl.navy.mil/bind
[24] M. J. Mehl and D. A. Papaconstantopoulos, Europhy

Lett. 31, 537 (1995).
[25] S. H. Yang, M. J. Mehl, and D. A. Papaconstantopoulo

Phys. Rev. B57, R2013 (1998).
[26] D. A. Papaconstantopoulos and M. J. Mehl, Mater. R

Soc. Symp. Proc.408, 31 (1996).
[27] G. Comsa, R. David, and B.-J. Schumacher, Surf. Sci.95,

L210 (1980).
[28] K. D. Rendulic, G. Anger, and A. Winkler, Surf. Sci.208,

404 (1989).
[29] L. Schröter, H. Zacharias, and R. David, Phys. Rev. Le

62, 571 (1989); Surf. Sci.258, 259 (1991).
[30] A. Eichler, G. Kresse, and J. Hafner, Surf. Sci.397, 116

(1998).
[31] J. P. Perdewet al., Phys. Rev. B46, 6671 (1992).
[32] A. Gross, C. M. Wei, and M. Scheffler, Surf. Sci.416,

L1095 (1998).


