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We have calcul ated the probability of HBr formation and energy disposal of the reaction exothermicity in HBr
produced from the reaction of gas-phase bromine with highly covered chemisorbed hydrogen atomson a S
(001)-(2 x 1) surface. Thereaction probability isabout 0.20 at gastemperature 1500 K and surface temperature
300 K. Raising theinitia vibrational state of the adsorbate(H)-surface(Si) bond from the groundtov =1, 2 and
3 states causes the vibrational, trandational and rotational energies of the product HBr to increase equally.
However, the vibrational and trandational motions of product HBr share most of the reaction energy.
Vibrational population of the HBr molecules produced from the ground state adsorbate-surface bond (vius = 0)
follows the Boltzmann distribution, but it deviates seriously from the Boltzmann distribution when the initia
vibrational energy of the adsorbate-surface bond increases. When the vibration of the adsorbate-surface bond
isin the ground state, the amount of energy dissipated into the surface is negative, while it becomes positive as
vhs increases. The energy distributions among the various modes weakly depends on surface temperature in
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the range of 0-600 K, regardless of the initia vibrational state of H(ad)-Si(s) bond.
Key Words: HBr formation, Bromine, Chemisorbed, Hydrogen, S

Introduction

In the past severad decades, most studies in gas-adatom
interaction taking place on a solid surface have been
performed on highly exothermic reactions. For example,
chemisorption energies of atoms such as hydrogen and
chlorine on a close-packed metal surface*? or nonmetallic
surface such as graphite and silicon®” lie in the range of 2-3
€V, whereas the energy of the bond formed between the gas
and surface atoms is 4-5 eV.2 Thus, the reaction exother-
micity is about 2 eV, which is to be distributed among
various motions of the product, including the solid phase.
However, if the chemisorbed atom is hydrogen and the gas-
phase atom is bromine, even though it belongs to the same
halogen group as chlorine, they don't lead to a highly
exothermic reaction but to a dightly endothermic reaction
(AE = 0.008 eV). Recently, we have studied the reaction of
gas-phase bromine atom with highly covered chemisorbed
hydrogen atoms on a silicon surface, and reported that the
reaction mechanism is the Eley-Rideal type,® even though
the reaction is endothermic.

In the same system, however, when the chemisorbed
hydrogen atom on a silicon surfaceisin vibrationally excited
states, the reaction can become exothermic. Thus, it should
be interesting to study the reaction of gas-phase bromine
aom with the vibrationally excited chemisorbed hydrogen
aoms on asilicon surface.

In the present paper, we study the reaction of gas-phase
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bromine atom with a H-saturated silicon surface with
particular emphasis on the disposa of the reaction
exothermicity for arange of initial excitation of the adatom-
surface vibration. To study the reaction, we will employ a
modified verson of the London-Eyring-Polanyi-Sato (LEPS)
procedure, which includes additional energy termsthat result
from the participation of adjacent surface sites in the
bromine-to-surface interaction,”® to construct the potential
energy surface and use it in the molecular time scale
generalized Langevin equation (MTGLE), which isdesigned
to describe the combined motions of reaction-zone atoms
and surface aoms. ™% I ncorporation of surface atom dynamics
enables us to determine the flow of energy between the
reaction zone and the solid in an accurate way. We consider
the reaction that takes place at a gas temperature of 1500K
and surface temperature of 300 K. A brief discussion of the
dependence of reaction probabilities and product energy
distribution on surface temperature will aso be presented.

Interaction Model

The interaction model and numerical procedures have
been reported aready in Ref. 9. We briefly recapitul ate the
essential aspect of the modd for the interaction of atomic
bromine with H chemisorbed on the Si(001)-(2 x 1) surface
reconstructed by forming dimers along the [110] direction.
For easy reference we display the dimer configuration and
the collison model in Figure 1 defining the pertinent
coordinates. The H atom is chemisorbed on the Si atom of
the symmetric dimer structure. This adatom site, which is
surrounded by eight adjacent Si atom, is the N = 0 member
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Figure 1. (a) Symmetric Si-Si dimer surface. (b) Interaction model
showing the H atom adsorbed on the Oth Si atom, which is coupled
to the N-atom chain. The coordinates of the (N+1) chain atoms
including the Oth atom are denoted by O, 1, ---, N. The Oth atom is
identified by Si in both (a) and (b). The Nth atom of the chain is
coupled to the heat bath. The position of H is defined by (rusi, 6, @
and the position of Br by (p, Z, ®). a isthetilt angle. The Brto H
distance is denoted by rusr, and the Br to the ith surface-layer Si
atom distance by r;.

of the (N+1)-atom chain, which links the reaction zone to the
solid heat bath [see Figure 1(b)]. We shall refer to this
adatom site as the zeroth Si atom. Thus, in addition to the
adatom, the incident atom is in interaction with all these 8+
(N+1) Si atoms, where the zeroth atom on which the
hydrogen atom is chemisorbed, is surrounded by eight
surface-layer Si atoms and the last chain (Nth) atom is bound
to the bulk phase. All these interaction energy terms are
included in the modified verson of the LEPS potentia
energy surface. Since the gas atom-to-nine surface distances
have the functional dependencer; = ri(rus, 8, @ p, Z, ®) and
the Br(g)-to-H(ad) distance ruer = ruedrus, 6, g Z), we can
obtain the potential energy U(rus, 0, @ p, Z, @, {¢&}), where
{&} is the collective notation for (&, &, ..., én) for the
vibrationa coordinates of the (N+1)-chain atoms. Here, we
have transformed the coordinate of the incident gas atom
(Xer, Yer, Z8r) into the cylindrical system (p, Z, @) and the
adatom coordinate (X4, Yu, Z4) into (rus, 6, ¢@. The adatomiis
tilted from the surface normal by o = 20.6°.

For this reaction, the activation energy is known to be only
~1.0 kcal/mole.®>*® Each Coulomb or exchange term of the
LEPS potentia function contains the Sato parameter (A). By
varying their values systematicaly, we find the Sato
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parameters which best describe the desired features of
minimizing barrier height and attractive well depth in both
the entrance and exit channels to be Angr = 0.30, Ans = 0.63
and Agrs = 0.37 for the reaction zone Si atom (i.e., the Br to
Oth Si atom) and Ags = 0.37 for the Br to the remaining eight
surface-layer Si atoms.’

To study the reactive event, we follow the time evolution
of the reaction system by integrating the equations of
dynamics, which describe the motions of the reaction-zone
atoms and N-chain atoms. An intuitive way to treat the
dynamics of the reaction involving many surface atomsisto
solve the motions of primary zone atoms governed by the
MTGLE set of the equations for the gas atom, adatom,
zeroth Si atom and N chain atoms. The equations of motion
for the gas atom and adatom are in the form of mY; (t) = -U/
0Y;,wherei=1,2,..,6forZ, p, @ rus, 6, @ with m, = mg,,
M= Lrir, Me=lHer, My=Uhs, Ms=Me=lns. Here 14 and |; are
the reduced mass and the moment of inertia of the
interaction system indicated. The potential energy contains
the effects of al surface-layer atoms. For the (N+1)-atom
chain dynamics, we have®

Mc&o(t) = -Mgawioéo(t) + Meaf; & (1)
-9U(rys, 6, @ pZ,®,{ &)/ 9, (19)

Mc&i(t) = Mg &(1) + Myahi & _y (1) + Mctf 1 &11(1),
i=14,2,...,N-1 (1b)

MEn(t) = _MsQﬁIEN(t) + MswiNEN—l(t)

_ (1c)
~MgBr+ 1En() + Mfy 1 ()

In these equations, Ms is the mass of the silicon atom,
the Einstein frequency, «w: the coupling frequency
characterizing the chain, and Qy the adiabatic frequency.
The friction coefficient By« is very close to map/6, where
w» isthe Debye frequency.!! The Debye temperature of Si is
640 K.* The quantity Mdf+1(t) is the random force on the
primary system arising from therma fluctuation in the heat
bath. This force balances, on average, the dissipative force,
MsfBn+1(t), which removes energy from the (N+1) atom chain
system in order that the equilibrium distribution of energies
in the chain can be restored after collision. The initial
conditions needed to solve these equations have aready
been given in earlier papers.’©

The numerical procedures are givenin detail in Ref. 9. We
sample 30000 sets for each ensemble. We follow each
trgjectory for 50 ps, which is a sufficiently long time for
HBr(g) to recede from the influence of surfaceinteraction, to
confirm the occurrence of a reactive event forming HBr.
Furthermore, we confirm that each trgectory can be
successfully back-integrated in the computational procedure.
We take the chain length of N=10.° The pertinent potential
and spectroscopic constants*!*?* used in the calculation are
listed in Table 1.
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Results and Discussion

Since the typical experimental condition for producing
bromine atoms is 1500 K, we considered the reaction
occurring at the gas temperature of 1500 K. At the thermal
conditions of (Tg,Ts) = (1500, 300 K), we find that the
probabilities of the Br(g) + H(ad)/S — HBr(g) + Si reaction
for the vibrational state vus = 1, 2, and 3 are 0.200, 0.202,
and 0.221, respectively. The reaction probability at the gas
and the surface temperature (Tg, Ts) is defined as the ratio of
the number of reactive trgjectories Nr to the total number of
trgjectories Nr(=30,000) sampled over the entire range of
impact parameters. These are very close to the probability
for the case in which the HSi vibration isin the ground state,
0.200.° It is interesting to note that reactions for the excited
vibrationa state of the chemisorbed hydrogen atom (vhs =
1, 2, and 3) are exothermic, whereas the reaction for the
ground vibrational state is slightly endothermic (AE = 0.008
eV). These results are very different from those for the
related system of O(g) interacting with H(D)(ad)/Si, where
the probability of OH formation increases linearly with
increasing initial excitation of the HSi vibration.®

We first consider the distribution of collision energies for
all reactive trgjectories in Figure 2 to find the reason why the
reaction probability for the HSi vibration in the ground state
is as high as those in the excited states, even though the
reaction in the ground state is endothermic and the reaction
in the excited states is exothermic. For the vibrational state
vus = 0, the reaction is dightly endothermic, and the energy
needed for the Si-H dissociation comes in part from the
kinetic energy. Thus, Si-H vibration should receive energy
from theincident atom (aT — V pathway) and retain it long
enough for the bond to dissociate. We show the distribution
of collison energies of reactive trgectories for the
vibrationa state wus = 0 in Figure 2(a) with the distribution
of total sampled trgjectories Nr(= 30,000) (the solid line).
Total sampled trgjectories, of course, follow the Maxwell
distribution with the maximum occurring at 3ksT/2 = 0.194
eV. However, the collision energy distribution of reactive
trgjectories for the vibrational state visi = 0 is skewed to the
high-energy shoulder of the Maxwell distribution. Thus,
thereisan important group of collisions, which can typicaly
be identified as strong collisions. In these collisions Br in the

Table 1. Potential and Spectroscopic Constants

interaction (i) H-Br H-S Br-surface
Dgi(eV)? 3.458 3.500 0.245
w(em™’ 2649 2093
d (A 1414 1514 4.000
a (A) 0.265 0.334 0.350

aD; = Dgyi +1/2h e (ref. 19 for H-Br; refs. 20 and 21 for H-Si ;
ref. 23 for Br— Si). °Ref. 19 for H-Br; refs. 4 and 22 for H-Si. Here
the HS value 2093 cm™ is the z-direction vibrational frequency
whs- For the x and y directions, the vibrational frequencies are
(WHsix = Whsiy = 645 cm™, °Ref. 19 for H-Br; ref. 22 for H-Si; ref.
24 for Br-Si. %; = (Di/2u4) V(1 w).
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Figure 2. Didributions of collison energies of the reactive
collisions for the HBr formation for the initial vibrational state of
the adsorbate from wyg =0 to 3. The solid line is the sampled
collision energies.

high energy region of the Maxwell distribution interacts with
the surface. For wug =1, however, the distribution of
collision energies of reactive trgjectories follows the Maxwell
distribu-tion almost as closely asthe totd sampled trgjectories
[see Figure 2(b)]. As shown in Figures 2(c) and (d), the
distribu-tions of collision energies of reactive trajectories for
Vhs = 2 and 3 show the similar distribution as for vig = 1.
Secondly, we consider the distribution of reaction times
for the HBr formation reaction in Figure 3. To determinethis
time scale, we first confirm the occurrence of a reactive
event by following the motion of HBr(g) for 50 ps. When
HBr(g) does not adsorb again on the surface and is
completely away from the influence of surface interactions,
we trace the reactive tragjectory backward to find the time at
which the H to S separation has reached ruse+5.0 A,
where rusie is the equilibrium distance of the H-S bond
(1514 A). We define the period from the start of collision to
the time a which the HS distance reaches (rusie + 5.0) as
the reaction time tr.° The reaction times for the HS
vibration in the ground state, that is, vis = 0 are much longer
than those for the excited states [see Figures 3(a)-(d)]. Thus,
Si-H vibration in the ground state receives more energy from
the incident atom and retains it long enough for the bond to
dissociate[see Figures 2(a) and 3(a)]. Therefore, the reaction
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Figure 3. Reaction time distributions for the HBr formation
reaction depending on the initial vibrational state of the adsorbate
fromvus =0to 3.

probability in the ground dtate is significantly high, even
though the reaction is endothermic. As mentioned above, the
distribution of collision energies of reactive trgectories for
vus = 1 follows the Maxwell digtribution as closely as the
sampled trajectories. Furthermore, the reaction time for vus
=1 is sgignificantly shorter than that for vug = 0. Thus, even
though the reaction for vus =1 is exothermic, the reaction
probability is as close as that for vug = 0. The same is true
for vius =2 and 3 too. On the other hand, as shown in
Figures 3(b)-(d), as the vibrational state of the adsorbed
hydrogen atom increases, the reaction time decreases dightly.
As the vibrationa state of the adsorbed hydrogen rises, the
reaction exothermicity increases. Thus, the reaction time,
that is, the time to take enough energy for the adsorbed
hydrogen atoms to dissociate is shorter. As shown in Figure
3(b), dmost dl events for vus = 1 are completed within 10
ps. Furthermore, examination of the collision trajectories
reveals that about three quarters of the total reactive
trgjectories leading to the HBr formation occur on direct-
mode collision. Remaining reactive events occur on multiple
impact collision.®® As the vibrational state of the adsorbed
hydrogen atom increases, however, the fraction of multiple
impact collision decreases because the reaction exothermicity
increases.

To discuss the reaction time shown in Figure 3 in detail,
we select atrgjectory which is representative of direct-mode
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Figure 4. Dynamics of the representative trajectory for a direct-
mode collision in HBr formation reaction. (8) Time evolution of
the Br to surface, H-Si, and H-Br distances. (b) Time evolution of
the Br to H interaction energy and the H-Si vibrational energy.

collisons of HBr formation reaction and plot the time
evolution of its gas atom-surface distance Z (i.e, the
collision trgjectory), adatom-surface distance rys;, and the Br
to H distance rygr in Figure 4(a). The time evolution of HBr
and HS vibrational energies is shown in Figure 4(b). The
oscillation of the outgoing rus is due to the rotation of HBr.
It is not possible to determine when the reaction begins from
the time evolution of Z shown in Figure 4(a). However, the
time evolution of the H-Si or H-Br interactions displayed in
Figure 4(b) clearly shows the weakening of the H-Si bond or
the formation of the H-Br bond. Near t = O, when the Br to
surface distance is 6A, the H to Br interaction energy begins
to decrease, indicating the start of reaction. (In the numerical
procedure, all reactive collisions begin at atime closeto 0.)
The Br atom reaches the turning point at t = 0.19 ps, and
then the product HBr recedes to 5 A from the surface at
t=+0.50 ps [see Figure 4(a@)]. Thus, we can say that the
collision begins (or ends) when the incident atom (or the
product molecule) reaches a distance of 5-6 A from the
surface. Our choice of 5.0 A for H-Si displacement as the
occurrence of a reactive event and the above-defined
reaction time scale are based on this time evolution.
Therefore, in the present representative collision, the
reaction time becomes 0.31 ps. Beyond t = +0.5 ps, the HBr
vibration stabilizes to a constant value of 0.194 eV [see
Figure 4(b)].
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In Figure 5, we show the time evolution of a representative
trgjectory of multiple impact collisions. These events may be
considered as hot-atom mechanism.° The Br-to-surface
interaction begins near t = 0, and the incident Br atom suffers
the first impact with the surface near t = +0.3 ps. At this
time, the Br atom comes in close range of the adatom
causing a significant disturbance in the H-Si interaction. As
shown in Figure 5(a), however, the Br atom does not pick up
the adsorbed H atom and fly away with it in thisfirst impact.
The Br atom interacts with the adatom to form aweak H-Br
bond and the interaction is not strong enough to break the H-
Si bond. This is a barely trapped trgjectory, thus forming a
loosely bound complex on the surface, Br-H-Si. The Br atom
rebounds several times until it accumul ates enough energy to
break the H-Si bond, spending a relatively long time above
the surface. Thus, the reaction time becomes longer than the
direct-mode collison. Furthermore, as the reaction exo-
thermicity becomes smaller or negative, these multiple
impact collisons occur more often [see Figure 3]. After
completing several oscillations, the Br atom is attracted back
to the surface for final impact near t = +2.7 ps, at which time
Br abstracts H and move away from the surface. The
receding molecule reaches a distance of 5 A at t = +3.8 ps.
Thus, in the present representative collision, the reaction
time becomes 3.5 ps and the product molecule deposits
0.102 eV initsvibrational motion [see Figure 5(b)].

- Br-Surface

Distance (A)

Energy (eV)

Time (ps)

Figure 5. Dynamics of the representative trgjectory for a multiple
impact collision in HBr formation reaction. (&) Time evolution of
the Br to surface, H-Si, and H-Br distances. (b) Time evolution of
the Br to H interaction energy and the H-Si vibrational energy.
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In Figure 6 we show the dependence of the opacity
function P(b) on the impact parameter for the HBr forma-
tion. This b-dependence provides useful information about
the region where HBr formation occurs. For the adatom-
surface vibration initidly in the ground state, the HBr
formation occurs toward small b collisions. The probability
P(b) is0.25in b 0O collisions and then rises to a maximum
value near b = 0.5 and then decreases to zero with increasing
b [see Figure 6(8)]. This indicates that the HBr formation
occurs mostly in the neighborhood of the adatom site. In
their quasi-classica study of Eley-Rideal recombinative
desorption of H; from Cu(111), Persson and Jackson®’ also
found that the dominant contribution to the cross section
comes from a narrow range of impact parameters. When the
vibrational state vy = 1, the maximum of the opacity func-
tion shifts generally toward larger b. The normal component
of the incident energy is Ecos’@... Therefore, when the
impact parameter is larger, the norma component of the
incident energy is small, and the available energy for the H
desorption becomes smaller. For the excited HSi vibrational
states, however, this loss of energy is more than compensated
by the exothermicity of the reaction, and the large b
collisons can lead to the HBr formation reaction. On the
other hand, for the vug =0 case, in which the reaction is
endothermic, the large b collisons can not lead to the
reactive HBr formation.

The total reaction cross section calculated using the
impact parameter-dependent probability function P(b), the
opacity function, from the expression 2rt[ ™ P(b)bdb is
2.53 A?for the HBr formation reaction when vug = 0.2 It
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Figure 6. Dependences of the HBr formation on the impact

parameter for the initia vibrationa state of the adsorbate from
Vus =0to 3.
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rises to 3.06, 3.56, and 4.34 A2 when vyg isincreased to 1,
2, and 3, respectively. This is because, as mentioned above,
the reaction events shift toward the high impact parameter
side when the Si-H vibrational state is increased, even
though the reaction probability does not significantly
increase. Thisis very similar to the reaction O(g) + H(ad)/Si
— OH(g) + Si, inwhich it is 2.54 A% for vyg = 1 but rises to
4.45 A?when vyg isincreased to 3.%

Product Energy Distribution. The energy ava|IabIe for
HBr and the surface in Br(g)+ H(ad)/S is (ADO + EHSI +E),
where EHSI is the initial energy of the adatom-surface
vibration and E is the bromine atom kinetic energy. The
quantity ADO is the difference between the HSi dissociation
energy and HBr dissociation energy.

In Table 2, we summarize the ensemble-averaged vaues
of energies deposited in the vibrational, rotational and
trandational motions of HBr as well as that propagated into
the solid for vus =0, 1, 2 and 3 at the therma conditions of
(Tg,Ts) = (1500, 300 K). For vus = 1, the energies deposited
in the vibrationa, rotational and translational motions of
HBr are <E,ix> = 0.206, <E;> = 0.037 and <Egas> = 0.191
€V. The amount of energy propagated into the solid <Es> is
0.011 eV. Thus, the gas-phase product HBr carries away the
majority of the reaction exothermicity. In particular, nearly
90% of the reaction energy is deposited in the vibrational
and trandational motions. This type of product energy
distribution with a mgjor portion depositing in trandation
and vibration is characteristic of an ER mechanism.>? The
ensemble-averaged energy transfer to the silicon surface
<Es> is 0.011 eV, that is, a part of the reaction energy is
propagated into the bulk solid phase. It is interesting to note
that <Eg> for the vibrationa state vug =0 a the same
thermal conditions is -0.027 eV, which means tha the
desorbing HBr molecule takes away energy from the surface
because the reaction is endothermic. Increasing the initia
vibrationa state of the adsorbate vibration from vy = 1t0 2
and 3 changes the surface energy <Eg> only dightly.
However, there is a large increase in the desorbing HBr
energy with increasing vus, equally in the vibrational,
trandational and rotational maotion. This result is different
from that for the related system of O(g) interacting with
H(D)(ad)/Si, where the OH trandational energy, as well as
the surface energy change only dightly whereas a large
increase in the vibrational energy occurs with increasing
initial excitation of the HSI vibration.”® Ree et al. suggested
that for the system O(g) + H(ad)/S the additiona energy
available from initial H-Si vibrational excitation preferentialy

Table 2. Distribution of the Reaction Exothermicity at 1500 and
300 K?

VHsi <Eiin> <Eo> <Egrans™> <Es>
Q° 0.133 0.020 0.091 -0.027
1 0.206 0.037 0.191 0.011
2 0.314 0.073 0.252 0.008
3 0.467 0.119 0.291 0.006

2All energies arein eV. °From Ref. 9.
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flows toward the O---H bond in the short-lived O---H-S
complex and eventually deposits in the vibration.® In the
present system, however, since Br is much more heavier than
O, the energy flow from the H-Si bond to the Br---H bond in
the system Br(g) + H(ad)/Si is less than that in the system
O(g) + H(ad)/Si. Therefore, the additional energy is equally
distributed to three motions, not preferentially to the Br—H
vibrational motion.

When theinitia vibrational state of the adsorbate is raised
from vy =0 to 1, corresponding to the increase of initia
vibrational energy by 0.256 eV, the ensemble-averaged
energy deposited in the HBr vibration increases from <E,ip>
= 0.133 eV to 0.206 eV, an increase of 0.073 eV, whereas
<Eyans> increases from 0.091 to 0.191, an increase of 0.100
eV. That is, increase in <Eyas> is more than that in <Eip>.
This is expected from Figure 3(a) and 3(b). In Figure 3(a),
the reaction time is significantly long and most reaction
events occur by multiple impacts. In this case, the Br atom
stays on the surface for a long time and the product HBr
recedes from the surface with a smaller kinetic energy. In
Figure 3(b), however, the reaction time is significantly
shorter and in this case receding HBr is accelerated with
higher kinetic energy. A similar increase is seen when g
rises from 1 to 2 and 2 to 3. There are other sources of
energy, which can contribute to the newly formed HBr bond,
but the main contributor to the vibrational energy of HBr is
the H-S bond. So, theV—V energy transfer pathway becomes
more important when vug rises. Thus, nearly haf of the
energy initidly deposited in the HSi vibration transfers to
the nascent HBr vibration. This efficient flow of energy
occurs at close range during Br(g)-to-H(ad)/Si interaction.
At this range where the incident bromine atom moves aong
the reaction coordinate, it becomes loosely bound to the
adatom forming a short-lived collision complex (Br---H-S)),
in which “quasi-intramolecular” VV coupling occurs. This
coupling promotes an asymmetric stretching vibration of the
three-atom configuration causing the Br---H bond to
strengthen as the H-Si bond weakens in a concerted
mechanism. On the other hand, we note that for the vusi =0
case the incident atom carries a significant amount of the
collison energy and its transfer to the nascent vibration is
efficient, i.e, acollison-induced T — V energy transfer process
is efficient in this endothermic reaction.

The vibrational energy-to-impact parameter relation for all
HBr forming events plotted in Figures 7(a)-(d) shows a
gradua increase of the vibrational energy of HBr as the
initial vibrational excitation of HS increases. Reactive
events become scattered to higher vibrationa energies and
wider impact parameter ranges as Wws incresses. The
scattering to larger b collisions leads to HBr rotation sharing
more amount of the reaction energy. We can recast the
results presented in Figures 5(a)-(d) in the vibrationa
population as shown in Figure 7(e)-(h), where the intensity
mimics the quantum vibrational distribution formulated by
use of a binning procedure of assigning quantum number
Vier corresponding to Vier = int[Eviv/Evib(VHer)]. Here Evip IS
the vibrationa energy caculated in the present study and
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Figure 7. Digtributions of the newly formed HBr vibrational
energy as a function of the impact parameter for the initia
vibrational states of the adsorbate from vus = 0 to 3; the left four
graphs (a—d). HBr vibrational population distribution; the right
four graphs (e-h).

Evin(vHer) is the vibrationa energy determined from the
eigenvalue expression Eyin(Vier)/he = c(Vihert1/2) — cXe(Vier
+1/2)% + wye(Vier+1/2)® with e = 2648.98 cm™, wxe =
45.217 cm™, wye = -0.003 cm™. As shown in Figure 7(€),
for the initial vibrational energy of HS corresponding to
vus =0, the binning procedure yields the relative HBr
vibrational intensities of 0.971, 0.028, and 1.62 x 10~ for
vuer =0, 1, and 2, respectively. For the initial vibrational
energy of HSi corresponding to vis = 1, the intengity of the
vibrational population for the vuer =1 level is as large as
0.194 compared with 0.783 for vuer = 0, which represents
the vibrational population seriously deviating from the
prediction of the Boltzmann distribution. At gas temperature
1500 K, the Boltzmann distribution gives the fractions
f(Vigr = 0) = 1— e ™KT = g"WkT = 0,921 and f(vher = 1) = (1-
e—hv/kT)e—hv/kT = (1_ e—hcw/kT)e—hcwlkT = 0073, 0 the ratiO f(VHBr
= D)/f(vuer = 0) is only 0.079. Therefore, the present result
shown in Figure 7(f) giving f(vuer = 1)/f(ver = 0) = 0.247
serioudly deviates from the prediction of the Boltzmann
distribution. The deviation becomes even larger when vus is

Bull. Korean Chem. Soc. 2004, Vol. 25, No. 8 1223

Table 3. Dependence of the Product Energy Distribution on the
Surface Temperature

(a) Vs =0
Ts(K) < Evib> < Erot> < Etrans> < Es>
0 0.130 0.017 0.087 0.056
300 0.133 0.020 0.001 -0.027
600 0.136 0.023 0.099 -0.070
(b) s =3
Ts(K) < Evib> < Erot> < Etrans> < Es>
0 0.444 0.104 0.302 0.064
300 0.467 0.119 0.2901 0.006
600 0.497 0.120 0.286 -0.079

raised. For example, for vus =2 shown in Figure 7(g), the
population intensity of viusr = 1 isnow 0.325 compared with
0.580 for vuer =0. For vug =3, the intensities are 0.386,
0.382. 0.230 and 0.002 for vuer =0, 1, 2 and 3, respectively
[see Figure 7(h)]. The high vibrational excitation of HBr
reported here is characteristic of the ER mechanism.

Now, we briefly comment on the dependence of reaction
probabilities and product energy distributions on surface
temperature; see Table 3. Here the gastemperatureisfixed at
1500 K as in Table 2 and the values for Ts = 300 K are
reproduced from Table 2. For vus = O, reaction probabilities
are 0.267, 0.200 and 0.185 for Ts = 0, 300 and 600 K,
respectively. This shows a significant negative temperature
dependence. For vus = 3, however, those are 0.225, 0.221
and 0.223 for Ts = 0, 300 and 600 K, respectively, showing
no temperature dependence. The principal qualitative feature
of product energy distributions is the weak temperature
dependence for al initid vibrationa energies of HS
considered. That is, the variation of surface temperature is of
little consequence in determining the energies of gas-phase
product HBr. However, the energy pattern propagated into
the bulk surface is very peculiar. For vusi =0 case, <Es> is
0.056 eV at Ts = 0 K, that is, the energy is propagated into
the bulk surface. However, at Ts= 300 and 600 K, <Eg>'sare
-0.027 eV and -0.070 &V, respectively, which means that the
energy is taken away from the solid surface. Furthermore,
the higher the surface temperature is, the more the energy is
taken away from the solid surface. The trend is generaly
similar for vus = 3 case too.

Concluding Comments

We have studied the interaction of gas phase atomic
bromine with a highly covered chemisorbed hydrogen atoms
on asilicon surface with particular emphasis on the disposal
of the reaction exothermicity for arange of initial excitation
of the adatom-surface vibration. At gas temperature 1500 K
and surface temperature 300 K, the HBr formation reaction
probability is significantly high for al the excited H(ad)-
Si(s) vibrations considered. For vus =0, less than haf of
reactive events occur on a subpicosecond time scale through
direct-mode collisons, while remaining reactive events
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occur on reaction time scae longer than one picosecond
through hot-atom collisions, which may be regarded as
precursor type mechanism. When the HSi vibrationa state
rises, however, the HBr formation reactive events occur
mostly through the direct-mode collision. When wys = 0, the
product HBr is gected from the surface on a significantly
long time scale in a smdl impact-parameter collision. As
Vus increases, however, reactive events become scattered to
wider impact parameter ranges. A mgjor portion of the
reaction exothermicity deposits in the vibrational and
trandational motions of HBr, while a much smaller amount
transfers to the rotational motion. In particular, when
vus = 0, the amount of energy propagated into the surface is
negative, but the latter becomes positive as vus increases.
The dependence of energy distributions on surface
temperature isfound to be weak in the range of 0-600 K. The
energy initidly stored in the adatom-surface vibration
equally transfersto the vibrational, trandationa and rotational
motions of HBr. Vibrational population for vug = 0 follows
the Boltzmann distribution, but it seriously deviates from the
prediction of the Boltzmann distribution when the initia
vibrationa energy of the adsorbate increases.
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