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We calculate the interaction between a H» molecule and a metal surface, represented by rg = 2 jellium, using the
Gordon—Kim method. The adsorption cunves for Hy parallel and perpendicular to the surface are presented, and analyzed
using an independent-atom effective potential. The molecular potential curve for H, near the surface is also analyzed.

1. Introduction

The interaction of molecules with a metal surface
has been studied theoretically by a number of authors
in a variety of models. There have been semi-empirical
quantum mechanical calculations of small molecules
near a cluster of metal atoms [1], ab initio studies of
a small number of metal atoms and a diatom [2], cal-
culations with model hamiltonians [3], and calcula-
tions of the large intermolecular or interatomic dis-
tance portion of the potential curve for diatomic mol-
ecules near a metal surface modelled as a continuum
[4—7]. These studies are concerned mainly with the
breaking of the molecular bond as the diatom ap-
proaches the surface, that is, the dissociative adsorp-
tion of a diatomic molecule. However, since the exact
solution of this problem is unfeasible, the various
methods are used for that part of the problem (or for
that model) for which they are most suited. For exam-
ple. the calculations by Sinanoglu and Pitzer [4].
MacLachlan [5], and Mahanty and March [6] are con-
cerned with the attractive part of the molecular po-
tential curve when the molecule is reasonably near the
surface but outside the spill-out region of the metallic
electrons. Using image theory or second order pertur-
bation theory, these authors compute the additional
interaction between the atoms in a diatomic for large
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interatomic distance, R, due to the presence of the
metal surface. This additional term can be considered
as due to the interaction of the fluctuating charge den-
sity on one atom with the image of the fluctuating
charge density of the other atom. These authors found
that when the diatomic bond is perpendicular to the
metal surface, this additional term is attractive, while
when the bond is parallel to the surface, this term is
repulsive. This result led these authors to speculate

(by extrapoiation to values of R close to the equilib-
rium distance) that the diatomic bond is weakened if
the molecule is parallel to the surface and strengthened
when it is perpendicular to the surface. It is clear that
because this result refers only to the large R part of the
curve, other effects at small R may overwhelm it. A
more careful study of the molecular potential curve
near Req, the equilibrium bond distance, when the
molecule is near the surface is clearly necessary. Other
work [6.7] on the diatomic potential for the molecule
very close to the metal has been done, but it is also for
large R.

In this paper. we present a calculation of the inter-
action of a hydrogen molecule near a2 metal surface as
a function of the distance, d. , , of the center of mass
of the molecule to the metal surface, the interatomic
distance (i.e. bond distance), R, and the orientation of
the molecule to the surface (parallel or perpendicular).
Since H, is a closed shell system, the interaction of it
with a metal surface, at fixed R, should resemble that
of an inert gas atom with the metal. The latter problem
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has been treated by Landman and Kleiman [8],
Zaremba and Kohn [9] and van Himbergen and Silbey
{20]. The last-named paper uses the Gordon~Kim {11}
procedure which has proved to be so useful in atom—
atom interaction calculations [12].

The paper is laid out as follows: in section 2, we
present the model used and discuss the notation:in
section 3. the results for the adsorption curves for
fixed R and orientation are presented and compared
to an alternative model based on effective atom sur-
face interactions. In section 4 the molecular potential
(i.e. the interaction for fixedd_ ,, and varying R)
curves for a few valuesof d_ , are presented and dis-
cussed. Section 5 is a summary of the results.

2. The model and Gordon—Kim method

We consider the interaction between Hy and a me-
tal, represented by a jellium model [13] as was done
in treating the inert gas atom—metal interactions [10].
The Gordon—Kim (GK)} methaod uses the density
functional theorem of Hohenberg and Kohn [14] in
an approximate form. The first approximation is that
the electron density of the combined molecule—metal
system is assumed to be the sum of the densities of the
free molecule and the free metal. This approximation
should be accurate for systems not forming a chemi-
cal bond (as in this case) where there is little rearrange-
ment of the density. The second is the use of the
homogeneous electron gas density functional in the
calculation. This approximation is more problematical;
the recent article by Clugston [12] discusses accuracy
and the various revisions of the basic model which
have been proposed in recent years.

in order to perform the GK calculation we need as
the input the densities of the free H, molecule and the
jeltium surface. For the former, we took the densities
found by Liv [15] which are as good as those com-
puted by Kofos and Wolniewicz {16] and thus are the
most accurate available densities. For the jelliuvm sur-
face, we took the self-consistent densities of Kohn and
Lang [13], or since there is virtually no difference for
the results of this calculation for r, = 2 [10], the den-
sities of Smith [17], which have a particularly simple
analvtic form.
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3. Adsorption curves
3.1. Gordon—Kim results

The GK calculation gives potential curves at fixed
internuclear separation for the parallel configuration,
U(R.d) — UY(R, =) and the perpendicular configura-
tion, U2(R,d) — UL(R,==). In table 1, the numerical
values of these calculations are given. In fig. 1. these
curves are plotted for R = 1.4 au (the equilibrium
bond distance). There are a number of important
points to be made. First, at large distances from the
metal where attractive forces dominate, the hydrogen
molecule has lower energy when perpendicular to the
surface, while at small distances when repulsive forces

Table 1
Adsorption energies [ H(R.d) — LR, =}} (in em™}) caleu-
fated by Gordon-Kim method

R(A) d=1.5A d=204 d=25A d=5A
parallel configuration

042 +268 -152 —164 -4.7
0.53 +206 =202 —-195 -5.7
663 +136 —-255 —228 —-6.7
0.73 +59 —309 —361 -7.8
0.85 17 -366 —296 -9.0
1.06 —162 472 —364 ~11.4
1.59 —-465 —689 —-496 —164
212 —630 792 -553 —-18
perpendicular configuration

042 28970 —100 —149 —~4.9
0.53 30730 —121 -176 -6.0
063 32262 -142 =205 -7.3
0.74 33360 -159 —235 -9.0
0.85 34457 -169 -266 —-11
1.06 36432 —160 -320 -15
1.59 38846 +79 -413 -29
212 39724 +825 —353 —-47

parallel and perpendicular configurations for R = 0.74 A,
selected valuesof d

d (A) parallel perpendicular
1.7 —185 134

1.9 —-292 -103

21 —-316 -208

23 -298 -241

30 —159 -164

35 -83 ~91.3
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Fig. 1. H, adsorption energies for R = 0.74 A asa function of
d. Solid curve: Gordon—Kim (GK) calculation for perpendic-
ular orientation Dashed curve: GK calculation for parallel
arientation. Dot-dash curve: independent atom (IA) calcula-
tion for perpendicular orientation. Dotted curve: IA calcula-
tion for parallel orfentation.

dominate, the energy is lower when the molecule is
paralle] 1o the surface. We point out in the next sec-
tion that this is a general characteristic of a Iarge class
of potentials. Second, the well depth is found to be
approximately 300 cm~1. An ry = 2 jellium model
approximates Al; however, there are no reliable exper-
imental well depths for Al-H, in the literature. The
scattering of H, from Ag surfaces (r, == 3.0) has re-
cently [18] been interpreted to lead to a well depth
of between 50 and 300 em~!. Our (preliminary) cal-
culations for r, = 3 lead to a well of == 300 em— 1 as
in the case of rg = 2. The large error bar in the experi-
mental results is characteristic {19} of these measure-
ments.

3.2. Independent effective atoms

If we consider H, as being made up of two indepen-
dent effective atoms each interacting with the metal
surface by a 9—3 potential, then we have
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U(R.dy.dy)=cofd] +afd} —Bfd} —6/d3, (1)

where we have labelled the perpendicular distance of
atom { to the surface as d;, the repulsive parameter as
«, and the attractive parameter as f{a,8 > 0). For
muolecules parallel to the surface. we find

UVNR,d)=2(efd? — B/d3), @
while for the perpendicular configuration

UtR,d)=al(d +3 Ry ? +(d - 3 RY 9]

~Bd+3R)3+(d~-3R)3], )

where d is the center of mass distance of the surface.
Note that in the attractive region. i/* < U® and in the
repulsive region Ut > U1, as in the GK results, and in-
dependent of the values of @ and f§ (as long as both are
greater than zero). Values of & and f8 consistent with
the GK calculation can be found by fitting the mini-
mum of the parallel configuration potential energy
found by the GK using the form of eq. {2). Thus,

Ul in=—316cm—latd=2.1 A (for R =0.74 R).
This leads to

a=63X10*cm—1 A9=885au, (4a)
B=220X103 cm~! 83 =00683u. (4b)

The potential curves found using these values are also
plotted in fig. 1. Note that the well depths found in
both methods agree very well although the repulsive
wall is harder in the effective atom method than in the
GK calculation. In addition, the GK method fails to
give the van der Waals tail (& 4—3) for large d, although
it does give a d—3 part for a small range of d. Table 2
gives a summary of the results of the GK and indepen-
dent atom calculations.

3.3 Calculation of the van der Waals attraction
parameter

A simple variational calculation of the van der Waals
parameter £ can be made following the work of Karplus
et al. [20]. If the frequency dependent tensor polar-
izability of the molecule, (), and the response
function of the metal surface, B(w), are known, then
an exact calculation of the van der Waals coefficient
can be made, since [5,9]
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Comparison of GK and independent atom resuits 3}
{R = 0.74 A) for adsorptior: energies [U(R.d) — U(R, )]

s —E.
{incm )

d(X) Parallel Perpendicular
GK IA GK IA
1.5 39 1974 33360 19936
1.7 —185 167 134 3745
1.9 -292 -251 -103 608
20 —-369 -303 —-159 129
21 =316 -316 —~198 -99
22 —20g —293 241 —242
25 —-261 —249 -235 ~246
3.0 —159 —156 —~164 —167
35 -33 —-101 B H ~107
50 -7.8 -~35 -9 —36
2) See text for values of & and §-
r 1 - )
= "L? J dxa()- B(i.t)J . )]
-— ) 0

The metal is modelled by a plasma continuum, so [9]
with the z direction perpendicular to the surface

00\

Te(w)—1] ( i

B{w)= 1 6 1 O (6)
8 Le(w)+1 J t / 7
o 0 2

where

oY= T _ esZle 2 (N
[1£5)] wp, &3 N

2

and cop, is the plasma frequency, w 3(?— t{z)/ 2.
Thus the frequency dependent term I.ll multiplying the

uc
matrix is given by

=§ wZl(w? + ), (

™
N
\
[
v
’
]

where w_ =2~ Ifzwp is the surface plasmon frequen-
cv. To calculate the approximate frequency depen-
dent polarizability of H,, we have used (i) a one-term

Rt i ee Sractoa s o..‘b-—«. *ha nasnconres svanteie al

Yaiiation FUBLLIION, LARINE 10 LICLTNIAL Y tHALEIA cie~

ments from the work of Kolos and Wolniewicz [16]:

(x% +xX1x5)Kw = 0.70659 au, (9a)

rZa¥eonnr = 0 8730 ax (9h)
- WeRS sV = N7

i
and (ii) a two-term form for o and «,, using the mo-
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The form of &, () and a, () (ie. perpendicular
and paraliel to the molecular axis) for H, is. in the

one-term approiximation,

2 2
o (W) = = = = au
* (4(‘(. +x;x ¥y w2 042~ w2 (10a)
2 2
ay(w) = = —-Te - au.

(4{zy +zle‘))~) 1_w? 031 -w? (10b)
This implies ef fective excitation frequencies of H, of
), =0.65 auand wg = 0.56 au. The two term form
for &, and ay are (in au)

265 -

o (= 09295 10705 (113)
* 0.2581 —w?  1.0539 — w?>

e 1.2086 0.7914 ) (11b)

0.2296 — w2 06713 —w

-1
for the two orientations of the H,. For H, p.uallel to

the surface,

o 2
1 “s
cl= e J dxleg(x)+ 3e () s (12a)
16w 2 =
“o X< g
and for H, perpendicular to the surface.
-
L -—
ci=L f dx [2ay (ix) + 2, (ix)] s {i2b)
> 2oy 2y 5- U2
167 J x?— + >

Forr, =2, w, =0.61 au, wg = 0.44 au, giving C* =
0.17 au, using egs. (10) and C® = 0.16 au using eqs.

(11IY and r'.!._.n 1€ 2 ncing eae {IMand ™ =
N2 1LJyalitx s IO Gl udiih CYS 1y ana

0.17 au using eqs. (11). For the molecule parallel to
the surface, C* should be equal to 28 [see eq. (2)].
The agreement between the calculated C? and the fit
of the independent effective atoms approach to the
Gordon—Kim calculation is good, since 26 = 0.14 au.

4. Molecular potential curves

Using the results of the Gordon—Kim procedure,
which lead to values of U(R,d) — U(R, ), we add
the values of U(R, ) — U(ee, =), the molecular poten-
tial curve in the absence of the metal. This gives us

wrnliva, es ~ETICD Fifon oo} 32 4ha nma-os s ~F 2l
Vaiucs o1 U\l\,“} — Y\ T T ) 1.C. lllb Cucipy Ul lllb
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Table 3 s
Molecular potential curves [U(R,d) ~ G(w=, »)] (inem™)
R(A) d=1.5A d=204A d=25A d=5A
parallel configuration
0.42 ~3133 ~4543 -4565 —-44035
0.53 27127 -27533 —~27526 ~27338
0.63 —36062 36452 —~36426 ~36204
074 ~38232 -38601 ~38533 ~38300
0.85 —-37016 -37365 —-37295 37008
1.06 -30476 ~30786 —36678 -30327
1.59 —13032 —-13256 ~13063 —12385
perpendicular configuration
042 34581 ~4499 —4543 3405
0.53 3380 27456 27300 ~27338
0.63 —~3929 —36341 —~36402 -~3620:1
0.74 —4931 —~38452 ~383526 ~38300
0.85 —2542 ~37168 -37264 ~37010
1.08 6119 ~30474 ~30634 -~30329
1.59 26280 ~12646 —~12980 ~125986

molecule at internuclear separation X, a distance d
from the surface relative to the atoms infinitely far
from the surface. and each other. These results are
given in table 3 for various values of R and 4. The re-
sults indicate that the effect of the surface is to make
the molecudar repulsive wall slightly more repulsive
and the attractive part slightly softer for both the par-
altel and perpendicular orientations.

We believe that the energies found by the GK meth-
od for large R and small J are not trustworthy, since
as R gets larger. H, becomes more like two H atoms
and the GK method does not give accurate values of
open shell systems. However, for small R (i.e. near the
molecular equilibrium position). we believe the results
are semi-quantitative. We may then calculate the new
equilibrium separation of H, near the metal by fitting
(R, d) — Uleo,00), d fixed, near Ry = 1 4autoa
parabola whose minimur is displaced from Rj. These
rather small values of AR (d)=Rey (d)— Rg are
given in table 4. We see that in the parallel configura-
tion, the bond length Increases for all  examineqd,
while in the perpendicular configuration, the bond
length gets smaller for small d and larger for large d.
This is consistent with a recent calculation of Nérskov
et al. {21], and indicates that as the molecule in the
perpendicular configuration is pushed into the metal,
the bond tends to contract.
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Table 4
Approsvimate changes in the equilibrium molecalar bond dis-
tance {(in au) asa function of &

d (3) ARgq AReq
{paralich) (perpcnd:cular}
is +0.003 -0.06
20 +0.003 +0.001
23 +0.002 +0.002

§. Conclusions and summary

In the present work, 2 Gordon—Kim calculation of
the adsorption potential curves for H, nearanr; =2
jellium surface was done and analyzed. In this way. it
has been possibie to study the regime of small inter-
atomic distances, close to the equilibrium bond dis-
tance, as well as close proximity to the surface. which
is outside the range of validity of previous approaches
to this problem [4—7]. The adsorption curves them-
selves have predicted well depths of 200—300 cm™?
depending on the orientation of the molecule. which
is consistent with the limited experimental data. In
addition, an effective atom potential was constructed,
using the well region of these curves to fit the param-
eters, and it was shown that the van der Waals constant
was predicted surprisingly well by this method, even
though the GK method itself cannot predict this. Pre-
liminary calculations of potential energy surfages for
H,—jellium for larger r, values indicate that the ad-
sorption well is not very sensitive to r_ value near rg= 2.
A more detailed discussion of this will be published
in a later paper. Finally, the molecular potential curves
near the minimum (R = 1.4 au) were calculated and
it appears that, although these curves are only slightly
changed by adsorption, the molecular bond length in-
creases for the parallel configuration for small . and
decreases for the perpendicular configuration for small
d.
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