JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 17 1 MAY 1999

Quantum effects in the dissociative adsorption of hydrogen
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Three-dimensional quantum and classical dynamical calculations of the dissociative adsorption
of hydrogen have been performed, in which, besides one reaction path coordinate, the lateral
degrees of freedom of the hydrogen center of mass were taken into account. These calculations
were compared to results obtained by classical and quantum sudden approximations, which assessed
the importance of tunneling, zero-point effects, and also steering in the dissociative adsorption
of hydrogen. For energies below the minimum barrier height, tunneling is of course the rele-
vant mechanism for dissociation, but above the minimum barrier height quantization and zero-point
effects become more prominent. Zero-point effects suppress the dissociation probability; however,
for energies slightly above the minimum barrier height, steering of the particles is only operative
in the quantum dynamics and can thereby almost compensate the suppression of the quantum
sticking probabilities due to =zero-point effects, compared to the classical -calcula-
tions. The consequences of these findings with respect to the concept of zero-point corrections in
order to obtain effective quantum barrier heights are discussed. The results presented in this
study should be relevant for the reaction and propagation dynamics in all systems containing
hydrogen. ©1999 American Institute of Physids$0021-960809)70117-0

I. INTRODUCTION the difference between quantum and classical calculations in
realistic system8:13

The dynamics of hydrogen moving on multidimensional Of particular importance are those quantum effects on
potential energy surface®ES plays an important role in reaction probabilities that cannot be explained by classical
many research fields: in organic chemistry, in growth pro-mechanics because they detect quantum effects experimen-
cesses and the passivation of semiconductor devices, in thally. Six-dimensional dynamical quantum studies of the dis-
hydrogen gas storage in metals, in reactions involving watergociation of B under normal incidence on the reactive sur-
in biological systems, just to name a few. Although recentlyface Pd100), for example, yielded large oscillations in the
it has become possible to perform six-dimensional quantursticking probability as a function of the kinetic energy.
studies of reactions involving hydrogéft, these quantum These oscillations have been shown to be due to threshold
dynamical methods are far away from being able to handi€ffects, namely the opening up of new diffraction and rota-
systems involving tens or hundreds of atoms in the foresedional excitation channels in the scattering of hydrogen on

able future. In order to perform dynamical studies on thosdn€ periodic Sug?(#'ls Although these oscillations have
systems, one still has to use classical molecular dynamid€en searched fof;”"they have not yet been found since the
methods. coherence of the scattering event is very sensitive to the ini-

The shortcomings in using classical mechanics to simu'Elal conditions. They can very easily be suppressed by sur-

late dynamical processes have of course been known forfgCe imperfections which on a reactive surface are causeq,
. ; €.g., by the adatoms created during the course of the experi-
very long time, namely the problem of tunneling and zero-

oint effects. and there have been attemots to incor Oratment; in addition, in non-normal incidence as used in the
b " _ P POTaiEy neriment®!” the quantum oscillations are much smaller
these effects into classical mechanisge, e.g., Refs. 6,7

caused by the reduced symmetry of the scattering é¥ent.
But these attempts have, at least to my knowledge, not found In this study focus is not on quantum effects due to the
wide recognition. Due to the development of efficient first- o i gicity of the surface, but on more local effects occurring
principles total-energy methods the determination of reliablgyiihin the surface unit cell. This particular investigation was
potential energy surfaces and high-dimensi@t®initio mo-  mqtivated by the results of a recent six-dimensional qguantum
lecular dynamics simulations have become pos$ifilaere  ang classicakb initio molecular dynamics study of the dis-
will be a growing number ofb initio molecular dynamics  sqciative adsorption of hydrogen at t{&x 2) sulfur-covered
studies where systems involving hydrogen will be treated. Inrp100) surfacé in which the differences between quantum
these molecular dynamics studies the dynamics of hydrogesnd classical results for the sticking probability were aston-
is treated classically. Hence there is a need for assessing tighingly small for kinetic energies close to the minimum bar-
importance of quantum effects in dynamical processes. Berier height. The complexity of the six-dimensional dynamics
sides, the study of quantum effects if of course of fundamenmakes it rather difficult to disentangle the different contribu-
tal interest. Only the recent progress in performing high-tions like tunneling, zero-point effects, or diffraction that
dimensional quantum studies has made it possible to addrek=ad to the differences between classical and quantum dy-

0021-9606/99/110(17)/8696/7/$15.00 8696 © 1999 American Institute of Physics

Downloaded 06 Mar 2003 to 129.187.254.46. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Axel GroR3 8697

namics. Therefore, three-dimensional classical and quantumr 1.0
dynamical calculations have been performed on a model po-

tential which has, however, features that are rather similar to .z 0.8
the .I—b/S(2>< 2)/Ed100) PES. Pgrforming restricted dy- TD’ 0.64
namical calculations and changing the parameters of the

model potential make it possible to analyze the classical and i@ 0.4
quantum dynamics in a well-defined manner. Quantum and .S
classical dynamical calculations have been carefully com- ° O'Zj
pared with results obtained by quantum and classical sudder @ ¢.o/
approximations which assess the importance of tunneling, _(CJ 1
zero-point effects, and also steering in the dissociative ad- 3 -0.21 0.3
sorption of hydrogen. It turns out that tunneling is of course Q—_O 4] 0.5
important for energies below and close to the minimum bar- g )
rier height, whereas quantization and zero-point effects are 5 -0.6 0.7
more prominent for energies above the minimum barrier @
height. However, steering of the particles in the quantum o -0.81

e

calculations, which is almost absent in the classical dynamics  _ . . . °.' ° .
for energies close to the barrier height, compensates for the 0.0 1.0 2.0 3.0 4.0 5.0
suppression of the quantum sticking probabilities due to Surface coordinate X (A)

zero-point effects, in particular if the zero-point energies as-
sociated with the single frustrated modes are below 25 me\f£IG. 1. Contour plot of the PES along a two-dimensional cut with the

. i : rrugation amplitud& ;=2 eV (see text The PES is shown as a function
This means that th,e con(;ept (_)f zero-point correct|ons that, alrg?the reaction path coordinageand the surface coordinake The reaction
add?d to _the barrier height in order.to obtain an effeCt'V_epath coordinates corresponds fos— to H, in the gas phase, and fer
barrier height does not necessarily give the correct descrip-» —« to the two H atoms adsorbed dissociatively on the surface. The other
tion of the quantum effects. Furthermore, isotope effectsurface coordinat® is chosen to b&y=2.75 A so that aX=2.75 A the
were examined in the quantum dynamics. The results prélw:ﬂnimum barrier position is located. Energies are in eV pgmtblecule.

. . ) . he contour spacing is 0.2 eV.

sented in this study should be relevant for the reaction and

propagation dynamics in all systems containing hydrogen.

Il. COMPUTATIONAL DETAILS corrugation amplitude is similar. All the length scales are

. . . . also derived from the §S(2x 2)/Pd100) PES. The 3D-PES
In this three-dimensional study the following hydrogen ;g given by

degrees of freedom are considered: One reaction path coor-

dinates that, fors—o corresponds to the hydrogen center-  V(S,X,Y)=Vq(S) +V¢or( S, X,Y). (1)
of-mass distance from the surface and for— to the  y/ (s) s the potential along the minimum energy path:
interatomic distance between the two hydrogen atomthe 72

surface, i.e., a movement along the reaction path coordinate Vo(S)=EcoshAs) “+F[tanh(As)—1]. 2

from « to — 0, describes a dissociative adsorption event.The parameteF is related to the adsorption energy Ny
The other degrees of freedom taken into account are the twa 1 _, andE is chosen in such a way as to give a minimum

lateral degrees of freedoi andY of the hydrogen center- parrier of heighE""=0.09 eV. The length scale of the mini-
of-mass. The vibrational and rotational modes of the molywum energy path is determined hy=0.45 A~!. The posi-

ecule have been neglected. That means that in this study Wgyn of the minimum barrier along the reaction path can be
focus on modes—the lateral modes of the hydrogen center gferived from Eq.(2) and is given by
mass—that are associated with rather low quantization ener-

gies(see below Traditionally in dissociation studies the hy- s _E i 3

. . . barr— arct . ( )
drogen vibrational motion has been at the center of A 2E

. 18—-20 . . . . . .
attention. However, since the wprauqngl motion is in Voo X,Y) determines the variation of the height of the
general the fastest mode in the dissociation process, this, riar-
mode follows the process almost adiabatically, both quantum 5
mechanically* as well as classically.Therefore the vibra- Veord$,X,Y) = EGCOSH y(S— Spar))
tional motion can be treated as an adiabatic invariant and its 1
. o X z[2+cog GyX) +cogGyY)], 4

actual dynamics be neglected. Another motivation for con- ! 16xX) 1G] @
centrating on the hydrogen center-of-mass degrees of fregvhere
dom is the fact that this study also becomes relevant for any 20
molecular dynamics calculation involviragomic hydrogen. GX=GY=?, 5)

The PES has been chosen to have similar features as the
PES for the hydrogen dissociation on tt#x 2) sulfur cov-  are the basis vectors of the two-dimensional reciprocal lat-
ered P@100 surface?” The minimum barrier has a height of tice. The length parameter=1.25 A~ controls the thick-
0.09 eV, the adsorption energyks~1 eV, the square sur- ness of the additional barriers due to the corrugation. Figure
face unit cell has a lattice constant a=5.5 A , and the 1 shows a contour plot of the PES along the reaction path
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0.06 ' ' gated surface it is the barrier distribution and not the barrier
, W/ width that determines the slope of the sticking cui¥e.

classical sudden approx. . . S . .

_____ classical dynamics Y The integrated barrier distributioR,(E) is shown by

——— quantum dynamics 47, the full line in Fig. 2. It is the fraction of the configuration

0.04 I 10 1D quantum b ] space for which the barrier towards dissociative adsorption is

s | less tharE; it corresponds to the sticking probability in the

classical sudden approximation because it determines the

fraction of classical particles that can cross the barrier region

if these particles are not diverted by the PES. This approxi-

mation is also the basis of the so-called “hole modél'in

Fig. 2 the integrated barrier distribution is denoted by “clas-

sical sudden approximation;” it is given by

0.6
04
0.02 oz}

0.0

Sticking probability

0.0 0.1

0.00

1
Pu(E)= 7 | O(E—Ey(x.v)aXaY, ©
0.0 A
Kinetic energy (eV) whereE,(X,Y) is the barrier height for fixeXX andY coor-
FIG. 2. Sticking probability versus kinetic energy for g Heam under dmates_'A is the aref’i of the surfa_ce un_lt (_:e” aitdl th_e_ .
normal incidence obtained by three-dimensional calculations @ik 2 Heaviside step function. The C|a5_5|ca| sticking pr_Obab"'t'eS
eV (see text Full line: barrier distribution, which corresponds to the stick- are larger than the results according to the classical sudden
ing probability in the classical sudden approximation; dashed line: C'aSSiCBéipproximation. This is due to Steering of particles to lower

sticking probability; long-dashed line: quantum sticking probability. The . . :
inset shows the 1D quantum sticking probability which corresponds to thebarrIer sites caused by the corrugation of the pOtEﬁﬁ%l'

sticking probability at a noncorrugated surface with just the minimum bar- 1 N€ quantum sticking probability shows a steplike structure.
rier. This is a well-known quantum effect caused by quantized

states at the transition stafe>! This phenomenon is closely
related to the zero-point energies. At the minimum barrier

coordinate s and the surface coordinatX. This two-  position the wave function has to pass through a narrow
dimensional cut through the three-dimensional PES includesgalley of the corrugated PES. This leads to a localization of
the minimum barrier position. As Fig. 1 illustrates, the PESthe wave function and thereby to a quantization of the al-
is parametrized in such a way that only the barrier heightowed states that can pass through this valley. In the har-
varies within the surface unit cell, but not the barrier posi-monic approximation the energy levels correspond to har-
tion, i.e., only the so-called energetic corrugation ismonic oscillator eigenstates which are equidistant in energy.
considered®2* The size of this variation is given big . Their spacingf w, is determined by the curvature of the PES

The quantum dynamical calculations are performed byin the coordinates perpendicular to the reaction path. For our
solving the time-independent Schiinger equation in a model potential these energies can be determined analyti-
coupled-channel scheme using the concept ofltleal re-  cally; at the minimum barrier position they are
flection matrix(LORE).?>?% The classical trajectory calcula-
tions are carried out oexactlythe same PES as the quantum o= /E
dynamical calculations. The equations of motions are nu- 2m
merically integrated with the Bulirsch—Stoer method with a
variable time-step’ The energy conservation per molecular
dynamics run was fulfilled to 0.1 meV. The sticking prob-
ability is determined by averaging over a sufficient numbe
of trajectories, which is typically 5000 in this study.

For H, andEg=2 eV we obtain an energy défwg=37 meV

for any of the two modes itiX andY direction. For normal

Ijncidence the incident wave function is even with respect to
the minimum barrier position. The symmetry of the surface
unit cell then only allows transitions between quantized
states with the same symmetry, i.e., only transitions with
IIl. RESULTS AND DISCUSSION AE=2hwg=74 meV. Indeed the steplike structure of the
quantum sticking probability in Fig. 2 has a step width of

‘I?he' sticking probability of a hydrogen beam under r‘Or'approximately 75 meV confirming the influence of these
mal incidence has been determined in two sets of calcula-

. . . ) . uantized states at the barrier position.
tions with different values of the energetic corrugation am-q b

. . . From a theoretical point of view it is very interesting and
plitude Eg . The particular values have been chosen in order . o L :
. instructive to study the limiting case of an infinitely thick
to make the corrugation comparable to the,/$2

X 2)/PA100 system. The first set of calculations have been‘ti)g;nsrrc.)bgg)?lrigf?wr;st;es otlr::r_]dér;; rr]rsr:?nnea:jl f((})t:znltaugs zliisezcg
done withEg=2 eV and is shown in Fig. 2. In addition, the

guantum mechanical sticking probability for the noncorru- ( ) Vo(8)+Veor(S,X,Y)  S=Span

gated surface with just the minimum barrier is shown in the ~ V(s,X,Y)=

inset and is denoted by 1D quantum results. The 1D sticking Vol Soard) * Veor Sparr X Y)
curve rises much more rapidly than the 3D curves. Indeed, ate., for s=s,,, the potential corresponds to the situation
E=0.09 eV this curve has its point of inflection at a sticking shown in Fig. 1, but fos<<s,,, the potential along the reac-
probability of 0.5. Figure 2 confirms the fact that at a corru-tion path coordinate and also the corrugation are constant.

)

s< Sparr
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0.08 T ' v ; for this lies in the quantum reflection for energies larger than
classical dynamics g the barrier height. At thin barriers this quantum reflection is
——~ quantum dynamics / stronger than at thick barriers. Apparently the hindering in-

----- QD, infinitely thick barrier R !
fluence of the quantum reflection is stronger than the promot-
ing effect of additional tunneling for the propagation on the
corrugated PES. Hence for the comparison of two quantum
results the consideration of quantum reflection is important.
However, the overall promoting effect of tunneling at the
corrugated PES at these particular energies with respect to
the classical results is still stronger than the hindering effect
of the quantum reflection. This becomes evident from the
fact that the classical sticking probability is smaller than the
quantum ones for energies at which new quantized states at
. the transition state become accessible.
0.3 The question arises whether some kind of a steplike
Kinetic energy (eV) structure in the dissociation probability might be observable
in the experiment. The calculations presented here are per-
FIG. 3. Sticking probability versus kinetic energy for 3 Heam under  formed in a restricted geometry. In six dimensions the frus-
normal incidence obtained by three-dimensional quantum dyna@l 04 hydrogen rotations at the transition state also lead to a
calculations withEg=2 eV for an infinitely thick barrier according to Eqg. . .
(8) (thin dashed linecompared to the classicaiolid ling) and the quantum ~ duantized structur€. Together with the frustrated parallel
dynamical calculatiorflong-dashed lingfor the barrier situation of Fig. 1.  translation this causes a manifold of possible quantized lev-
els which might smear out the steplike structure. However,
the 6D quantum sticking probability of #5(2x 2)/Pd100
The quantum results for this infinitely thick barrier are com- /S0 gxh|b|ts some étepllke structure which is absent in the
pared to the classical and quantum results for the regulqcrlass'cal calculationsin contrast, in ‘h? 6D quantum caécu-
barrier in Fig. 3. At the infinitely thick barrier the quantum atlon_s for I-b/Cu(lQO) sucha s_truct_ure 'S hardly_ resolvable.
dissociation probability now exhibits almost a “real” stair- Certal_nly an expenme_ntal verification of the existence of the
case structure. The infinitely thick barrier acts as a Wavequantlzgd states requires a rather monoenergetlc beam and a
guide where only quantized portions of particles can bewgll-defmgd, perfectly ordered sgrface which should be
transmitted. The separation of the steps can be accurateig'rly cold in order t.o suppress the mfluencg of thermal fluc-
determined; it turns out that the separation=ig2 meV, t at|0ns..Th|s certainly represent.s an expepmen';all challenge.
Coming back to the zero-point corrections, it is a com-

which is a little bit less than 2og=74 meV, and becomes t that the effecti - barriers f
smaller with increasing energy. This is a consequence of thB'0" CONcept that the etlective minimum barriers for quan-
um particles should be modified by the zero-point correc-

anharmonicity of the cosine corrugation potential. The fact.

that the sticking probability slightly decreases on the pla_tlons in order to incorporate quantum effects. However, a

teaus can be explained by the steering effect: with increasing:Oser look at Fig. 2 reveals that for energies slightly larger

energy less intensity of the incoming particles can be focuse an the minimum nartier helght, mde_ed _the quantum St'(.:k'
into the quantized states. ing probability at the regular thin barrier is suppressed with

Another effect of the quantization of the levels becomegd &SPect to the_ c!assical sticking probability, but the shift on
very clear. The frustrated translational modes parallel to théhe.energy axis 1 muc.h Ie.ss than the ZPC. of 37 meV. Int_er-
surfaces are also associated with zero-point vibrations. |ﬁSF'”9'y _enough, the kinetic energy as_souated \.Nlth.the f.IrSt
order to propagate, the kinetic energy of the incident wavdoint of inflection of thg .quantum S.t'Ckmg curve in Fig. 2 is
function has to be larger than the minimum barrier heighlrather close to the minimum barrier heighlus the ZPC.

plus the sum of zero-point energies in the modes perpendic&Iose to th|s.p0|nt the q“a”‘“”_‘ qnd the clas_§|cal sticking
lar to the reaction path. For the potential wi,=2 eV curves cross; the quantum sticking probability becomes

each frustrated translational motion results in a zero-poinkarger than the cla§5|cal one. . .
energy at the minimum barrier position & wg=18.5 meV In order to clarify the nature of the dissociation dynam-
G— .

which means that the effective minimum barrier is increasecﬁcs _in this energy r_egime, in Fig. 4 the region arqund the
by 2X 4 wg =237 meV. This additional barrier height is said minimum barrier height has been enlarged. In addition to the

to be due to the so-called zero-point correctia@®C) classical and quantum sticking probabilities and the classical
These ZPC result in an effective minimum barrier height offSUdden approximation, results have also been plotted accora-

0.127 eV, and indeed, at exactly this energy the dissociatiowgdtoI a quantunlwq sfudozl?n tﬁpproxima_tiont_or ?huaniyr. hole
probability at the infinitely thick barrier rises abruptly. model(see, e.g., Ref. 32In this approximation the sticking

One further interesting phenomenon is the fact that at thQrObab'l'ty Is given by
thresholds the sticking probability at the infinitely thick bar-
rier becomes even larger than the sticking probability at the SgTo(Ekm):J’ S'™®(Exin ,Ep) Po(Ep)dEy, 9
thin barrier. Naively, one would expect that due to additional
tunneling the sticking probability at the thin barrier is for all i.e., SIT, corresponds to an integral over 1D sticking prob-
energies larger than at the infinitely thick barrier. The reasombilities with different barrier height€,, weighted by

0.06 |

0.04 |

Sticking probability

0.02

0.00

0.0
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0.02 v T T p suppression of the quantum sticking probability due to zero-
classical sudden approx. / 7, point effects for energies close to the minimum barrier
e /A7 et
> - guamum sudden approx. /// There is only one promoting mechanism left that can
S / counterbalance the zero-point effects, namely, dynamical
3 steering?®° particles with unfavorable impact points are
g_ 0.01 steered to lower barrier sites by the corrugated potential thus
o increasing the sticking probability. The promoting effect of
¥ steering leads to a shift of the quantum sticking curve that is
= smaller by 25 meV than expected. But steering is a general
dynamical concept that is not restricted to quantum or clas-
sical dynamics. So why has steering not a similar promoting
0.00 e effect in the classical dynamics for energies slightly above

0.06 0.08 0_'10 0_'12 0.14 the minimum barrier height, and why are the classical and
quantum sticking probabilities rather close at these energies
in spite of the zero-point effects?
FIG. 4. Sticking probability versus kinetic energy for 3 Heam under The answer lies in the fact that in the classical dynamics,
normal incidence obtained by three-dimensional calculations @ik 2 steering actua”y cannot be operative for energies slightly
eV (see text _The notation corresponds to Fig. 2 except for the fact' tha.t theabove the minimum barrier height. The reason is the follow-
dot-dashed line shows the results of the quantum sudden approximation. . . . . .
ing. Steering means that the particles are moved in a direc-
tion perpendicular to the reaction path. This also means that
the particles acquire some kinetic energy perpendicular to
pu(Ep). Herep,(E) corresponds to the probability of finding the minimum energy path and this energy is then missing for
a barrier with a height betwedhandE+dE, i.e., it can be the propagation across the minimum barrier position. This

Kinetic energy (eV)

derived from the integrated barrier distributi®q(E) via fact is evident in Figs. 2 and 4. For kinetic energies slightly
above the minimum barrier height the sticking probabilities

dPy(E) according to the classical sudden approximation and the clas-

Po(E) = dE (10 sical dynamics calculations are almost the same. Steering

becomes effective classically only at higher kinetic energies.

In practice, the integral over the barrier distribution in Eq.!n quantum dynamics in the tunneling regime, on the other
(9) has been replaced by a sum for which 75 sticking curve$and, the traversing particles follow effectively the lowest
for 1D barriers with heights ranging from 90 to 390 meV energy propagation path because all other pathways are ex-
have been determined. This quantum sudden approximatigdenentially suppressed, as was shown in Ref. 24. This
corresponds to the quantum sticking probability at the corrumechanism leads to efficient steering. Thus in contrast to the
gated surface without any ZPC and steering effects. classical dynamics, in the quantum dynamics steering is also

Due to the ZPC one expects the effective barrier in theoperative for energies below and at the minimum barrier
quantum calculations to be higher by 37 meV compared tdieight, i.e., also in the tunneling regime.
the classical calculations. This causes a suppression of the In conclusion, for energies close to the minimum barrier
sticking probability. One compensating mechanism is tunnelheight the suppression of the quantum sticking probability
ing because it enhances the quantum transmission probabiliiue to zero-point effects compared to the classical sticking
with respect to the classical one. However, the comparisoprobability is counterbalanced by two promoting effects,
between quantum and sudden approximation in Fig. 4 yieldsamely tunnelingplus steering The consequences of all
that tunneling alone cannot account for a promoting effecthese quantum effects can almost cancel resulting in rather
that cancels the hindering effect of the ZPC. For energiesimilar quantum and classical sticking probabilities for ener-
above the minimum barrier height the sticking curve in thegies slightly above the minimum barrier height, as was for
guantum sudden approximation is shifted by less than 5 me¥xample found in the six-dimensional calculations of the
to smaller energies compared to the classical sudden agticking probability of H at the (2X2) sulfur-covered
proximation. Pd100) surface®

Furthermore, if one compares the quantum sudden ap- In order to check these findings discussed above, the
proximation and the actual 3D quantum dynamics, one noealculations have been repeated for a different corrugation
tices that for kinetic energies below approximately 0.11 eVamplitude, namely foEg=4 eV. The results are plotted in
the actual 3D quantum dynamical sticking probability is be-Fig. 5 where the notation corresponds to Fig. 4. Now the
low the quantum sudden approximation. This indicates thguantum sticking probability shows a rather pronounced
influence of the zero-point effects. However, again the twosteplike structure. FdEg=4 eV the frequency related to the
sticking curves are not shifted on the energy axis by a valuéwo frustrated translation modes #svg=52 meV, so that
corresponding to the ZPC of 37 meV, but by only approxi-the quantized states at the transition state should be separated
mately 10 meV, although in both methods tunneling is takerby 104 meV. And indeed, the first two equivalent points of
into account. Thus there has to be another promoting mechaaflection of the quantum sticking curve in Fig. 5 are sepa-
nism except for tunnelinglonethat can compensate for the rated by a little bit more than 0.1 eV.

Downloaded 06 Mar 2003 to 129.187.254.46. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Axel GroR3 8701

0.04 : ; 0.06
classical sudden approx. /f;/' A classical dynamics
----- classical dynamics /',’ y ----- H, quantum dynamics
——— quantum dynamics /," === D, quantum dynamics
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FIG. 5. Sticking probability versus kinetic energy for g Heam under  FIG. 6. Sticking probability versus kinetic energy for a hydrogen beam
normal incidence obtained by three-dimensional calculations ®ifh- 4 under normal incidence obtained by three-dimensional calculations with
eV (see text The notation corresponds to Fig. 4. Eg=4 eV (see text Full line: classical sticking probability which is inde-

pendent of the mass as a function of the kinetic enéfglgshed line: Kl

guantum sticking probability; long-dashed line; Quantum sticking prob-

ability.

The onset of the quantum sticking probability with re-
spect to the classical sticking probability is now in factthe zero-point effects is also reflected by the fact that for
clearly shifted to higher energies. At this surface with thelarger kinetic energies the quantum sticking probabilities fall
larger zero-point energies 6fiwg=26 meV in the single below the classical sticking probabilities in spite of tunnel-
frustrated modes the hindering effect of the ZPC becomemng.
obvious. Still, the shift is only approximately 20 meV which A technical note of caution should be added. In a
is much less than the ZPC of 52 meV for this PES withcoupled-channel scheme the wave-functions are expanded in
Ec=4 eV. And again, the first point of inflection of the a necessarily finite basis set. It is my experience that if this
sticking curve approximately coincides with the effective expansion is not converged as far as the basis set is con-
minimum barrier height of 0.142 eV including ZPC. Thus cerned, then an additional artificial steplike structure in the
these results confirm the findings of the calculations withquantum sticking probability results. Hence one has to be
Eg=2 eV. very cautious that a calculated steplike reaction probability is
Finally also looked at is the isotope effect in the quan-indeed caused by quantized states at the transition state and

tum sticking probability of a K and a  beam. Note that not an artifact of an insufficient expansion of the wave func-
classically there can be no isotope effect because as a funtien.
tion of the kinetic energy different isotopes follow exactly
the same trajectories in configuration space for the samg/- CONCLUSIONS
PES! As a consequence, steering on a particular PES does Three-dimensional quantum and classical dynamical cal-
not depend on the mass, just on the kinetic energy of theulations of the dissociative adsorption of hydrogen have
particles. In Fig. 6 the quantum sticking probabilities for abeen performed, in which besides one reaction path coordi-
H, and D, beam moving on the PES witEg=4 eV are nate the lateral degrees of freedom of the hydrogen center of
shown. The classical sticking probability has been added asmass were taken into account. The results of these calcula-
guide to the eye. For Pthe energetic separation between thetions were analyzed with the help of classical and quantum
quantized states at the transition state is smaller by a fact@udden approximations. The corrugation of the potential en-
1/\2 compared to K which is reflected in Fig. 6 by the ergy surface leads to the existence of quantized states at the
smaller separation of the steps in the quantum sticking probminimum barrier position which are reflected by a steplike
ability. Furthermore, for B the suppression of the quantum structure in the quantum sticking probabilities.
sticking probability due to the zero-point effects should be  Due to zero-point effects the quantum sticking probabil-
less than for H because the zero-point energies are smallerity is suppressed compared to the classical sticking probabil-
On the other hand, for Pthe promoting effect of tunneling ity. However, in addition to tunneling for energies slightly
should be smaller than for Hlue to the higher mass. Since above the minimum barrier height, steering of the particles to
these two quantum effects have opposing consequences, tlwsver barrier sites leads to a promoting effect in the quantum
sign of the isotope effect is not obvioaspriori and depends dynamics, compared to the classical dynamics, because
on the actual dynamics on a particular PES. The fact that fosteering cannot be effective in this energy regime in the clas-
energies slightly above the minimum barrier height the quansical dynamics. Depending on the particular shape of the
tum sticking probability of D is larger than of H shows that  potential energy surface, these promoting effects can almost
in this energy regime the zero-point effects are more promicancel the suppression of the sticking probability due to
nent than the effects of tunneling. The stronger influence ofero-point effects, in particular if the zero-point energies as-
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sociated with the single frustrated modes are below 25 me\A2A

Axel Grof3

. D. Kinnersley, G. R. Darling, S. Holloway, and B. Hammer, Surf. Sci.

This shows that the concept of adding zero-point corrections, 364 219 (1996.

to the minimum barrier height in order to incorporate quan- M

tum effects has to be applied with caution and might overesrs,

timate the quantum effects. 15
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