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is better than the presant result, as time approaches to the
time limit. For an example, at the =20, the deviation of
both results from the exact value are about 2% and 8%,
respectively. From the results the Feynman method in the
Schlogl model I is more accurate then the star expansion.
However, for other systems it can not be said that the solu-
tion of the Feynman expansion is better than that of the
star expansion, since these two methods have quite different
physical meaning as follows: In the Feynman espansion the
sources distribute amongst disjointed bundles. Each of them
has 2 elements and creates a new source at a subsequent
time. This process repeats itsellf with the remaining sources
and new ones, until the time ¢ to give a contribution to the
solution. However, in star method all the sources gather in
a single stage into bundles. These bundles are jointed so
that each source can belong to different ones and the resul-
ting contribution to the solution is factorized. It should be
mentioned that we may easily obtain an almost exact solution
as possible by including the higher other terms in the star
expansion, since the star expansion is systematic and simple,
as shown in Section (C). Of course, the smaller the ratio
af/B is, the longer the time region | #(#) | is. In the long
time region the linear result deviates from the exact one.
This confirms that the multitime scaling method is very use-
ful tool to study nonlinear dynamics.*® The present results
in the cases are compared with those obtained by the Feyn-
man method? In the time region where both the approxima-
tion are satisfied they agree well each other. For examples
the comparisons are shown in Figure 2-6 by choosing a=0.
01, B=£&=01, and y=w=1.

It can be stated that for most cases the linear approxima-
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tion if quite resonable only in the short time region.! Al-
though the present method agrees well with the Feynman
method, the former is more systematic and simpler than
the latter especially in the multicomponent system.’? Thus,
it may be concluded that the star expansion method is a
very powerful tool to discuss the nonlinear phenomena in
chemical reaction dynamics.
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We present a theoretical investigation of the inelastic atom-surface phonon scattering for a model He-Si(100) system
by the classical trajectory-quantum forced oscillator(DECENT) method. Single and multi-phonon transition probabilities
of normal modes are calculated for several initial beam orientations and several initial kinetic energies. In order
to understand surface structure effects, the calculation has been done on both reconstructed and unreconstructed
surfaces of the He/Si(100) system. The origin of mode specificity for energy transfer is discussed. The contribution
of one, two, and multi-phonon events to the total energy transfer between 0 and 600 K is also given.

Introduction

The study of gas-surface collision dynamics on silicon solid
surfaces has become a topic of major interest in surface scie-

nces. There are several reasons for this study. Reactions
of gases with the silicon solid surfaces are widely used in
micro-fabrications of very-large-scale-intergrated (VLSI) cir-
cuits.! Energy transfer from atoms and molecules to surface
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phonons is fundamental to an understanding of the accom-
modation coefficient, adsorption and desorption kinetics, as
well as the sticking coefficient.?~* Collisions between atoms
or molecules and the solid surface in the thermal energy
range are important in determining the nature of gas-surface
interaction potential® These are all important elementary
steps in heterogeneous catalysis reactions.

The silicon solid has different reconstructed surfaces de-
pending upon surface symmetries and surface temperatures.
The reconstruction of the silicon surfaces has been studied
both experimentally’™® and theoretically.’®~* Although effects
of electronic structure changes by the surface reconstruction
have been studied, the information on dynamic effects of
the surface phonons in the gas-surface collision processes
is quite limited."

Several model quantum mechanical studies and semiclas-
sical approaches of the atomsurface phonon scattering have
been reported.*”% Choi and Poe'® have developed the
CCTM and the CCRM methods and have applied to reson-
ance and adsorption. Hubbard and Miller” used the semiclas-
sical perturbation theory and Billing!® reported classical en-
ergy tranfer into normal modes of a finite surface using a
semiclassical method for the CO-Pt(111) system. Several
quantum forced oscillator approaches to the gas-surface pho-
non scattering have been done. Park and Bowman' used
the DECENT method in a study of single phonon excitations
in a He-Si slab system. Smith and Raff' have used a wave
packet method to the elastic and inelastic atom-surface scat-
tering.

In this paper, we extended the previous work by Park
and Bowman' on phonon inelastic scattering using the DE-
CENT method to the effects of surface structure changes.
We calculated the energy transfer into each phonon mode
and the transition probabilities for several initial beam orien-
tations and for several initial collision energies for the recon-
structed and unreconstructed (bulk) structures of the silicon
surfaces on the phonon scattering. However, the collision
energies in this study are limited to low energy regime
where phonon energy transfer is significant. We also calcula-
ted temperature dependence of the phonon transition proba-
bility as well as the contribution of the singel and multipho-
non process in the energy transfer on both surfaces. The
collision energy dependence of the total energy transfer was
also calculated.

In Section II, a brief description of the DECENT method
for the gas-surface phonon scattering is presented. Numerical
details of the scattering calculations and interaction poten-
tials are described in section IIl. Results and discussions
are given in section IV.

Theory

The approach used here to treat gas-surface collision dy-
namics is based on the classical trajectory method which
has been discussed elsewhere.!*?!% The classical trajectory
quantum forced oscillator method (DECENT) is based on
classical-quantal correspondence of equations of motion for
the linearly forced harmonic oscillator which is subject to
a time dependent external force.®® % This method has been
shown to be surprisingly accurate in gas-phase scattering
and more accurate than other versions of quantum force
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oscillator theory?® The details of the application of the me-
thod have been discussed previously, and we will present
only a brief discussion about the key results to be used
in the present calculatons.

The main quantity of interest, E; is the energy transferred
into each phonon mode. This (E;) can be obtained as follows.

1 . 1
E=5 @+ o & o

where j represents each normal mode and @; is the normal
coordinate. The ensemble averaged energy transfer, <E)
equals the average of E; for N trajectories. The energy (E;
can then be directly used in quantum-forced oscillator expres-
sion to obtain the transition probability for the j-th phonon
to undergo a vibrational transition from 7 to f ie%
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The thermally weighted transition probability for the j-th
normal mode at T is
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The multi-mode probability for the transition (7, 7 -
ta) to (fi, fo, -+, fax) at T is given by
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Thus, the intensity of the one-phonon creation and annihil-
ation of frequency w; is given by

K+ T)=(XW,, >ﬁ QW) ®

?

And intensities of the overtone and combination bands
of two-phonon creation and annihilation are given by

I(+20;; D=( YW, )ﬁ QWE) 9

and
120+ 0D =CTWLLDEWEY [T Cwe)ao)
respectively.

Calculation

The classical trajectory calculations were performed in the
usual manner. As noted, the DECENT method treated the
solid atoms initially at their equilibrium positions with no
initial velocity. Initial target sites (X, ¥) were chosen from
an equally spaced grid, 40X 40, over the area of the slab
and the Z-coordinate was chosen to be normal to the surface.



Theory, Gas-Surface Phonon Scattering

. Table 1. The Normal Mode Frequencies for the Si (100) Bulk
and Reconstructed (2X1) Surfaces

Mode Bulk Reconstructed Mode Bulk Reconstructed

number w(cm™) w(cm™) number wicm™)  w{em™)

1 118.17 123.87 43 421.23 423.39

2 118.26 123.89 44 42158 423.56

3 118.76 123.90 45 421.83 439.82

4 119.66 123.92 46 422.09 441.11

5 126.98 127.50 47 422.17 445.69

6 127.12 12751 48 42243 446.82

7 127.14 127.51 49 460.10 460.78

8 127.86 12753 50 460.11 464.26

9 142.32 138.55 51 460.12 464.49
10 142.91 138.57 52 460.13 464.58
11 146.85 139.58 53 469.58 465.49
12 147.17 140.21 54 469.59 468.09
13 150.51 151.47 55 469.60 469.86
14 151.11 151.48 56 469.61 473.55
15 153.64 154.49 57 501.58 480.36
16 154.12 155.12 58 501.58 481.52
17 155.17 155.13 59 501.58 498.76
18 156.42 157.29 60 504.11 499.07
19 158.70 160.29 61 504.12 499.42
20 161.14 163.95 62 504.14 499.81
21 167.49 224.05 63 504.14 500.08
22 167.71 22427 64 509.13 500.18
23 173.09 242.95 65 509.13 502.06
24 174.58 243.22 66 509.13 502.14
25 175.32 24781 67 511.39 503.76
26 175.53 250.13 68 511.40 503.85
27 181.69 263.65 69 51141 506.45
28 182.73 265.19 70 511.42 506.48
29 240.61 277.28 71 516.57 507.32
30 240.80 277.54 72 516.57 508.15
31 241.06 287.69 73 516.57 539.18
32 241.21 288.24 74 516.85 543.91
33 256.63 361.94 75 516.98 546.06
M 256.94 363.77 76 517.11 550.13
35 257.36 365.87 77 517.17 550.47
36 257.58 367.51 78 517.22 552.18
37 282.44 398.99 79 517.34 554.52
38 282.58 401.37 80 51748 554.89
39 282.76 410.10 81 517.54 556.20
40 282.85 412.36 82 519.62 558.45
41 420.68 42253 83 519.62 559.30
42 421.03 422.70 84 519.62 561.31

Thus, 1600 trajectories were calculated under the initial con-
ditions that the collision energy was varied from 150 meV
to 900 meV at beam orientation angles, 0 of 30°, and ¢ of
0°, 45° and 90°.

The model potential used to describe the interaction of
He with Si (100) is the one previously given by Lucchese
and Tully.?' The slab consists of 28 Si atoms for the bilayer,
16 atoms for the first layer and 12 atoms for the second
layer. The harmonic interaction between the Si atoms inclu-
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Figure 1. Phonon density of states for the model Si (100) sur-
face, (a) reconstructed (2X1) and (b) unreconstructed (bulk).

0.0

des the bond stretching force between nearest neighbors,
Kp, with the force constants of 1.469 mdyn/A® and a harmo-
nic force between second nearest neighbors with a force con-
stant of 0.0890 mdyn/A3*% The interaction potential be-
tween the He atom and the surface atoms is a pairwise sum
of Lennard-Jones 12-6 potentials,

- - ‘2-(_1 )6
wo-geel(2 (2]
In addition to the pairwise terms, we have also included
the contribution from a solid continuum of Lennard-Jones
12-6 potential centers which is of the form,*®

=_2_ _2 fo] )9—( lo] 3

Vs(r) =g mmo’ e[12( G—2) G—2) )] 12
where #7,=0.050 atoms/A3 for the number density of Si
atoms in the bulk solid and 2z, was taken to be half way
between the third and fourth planes of the Si atoms.

Results and Discussions

First, we have calculated the 84 normal mode frequencies
and eigenvectors for the 28 atom reconstructed Si (100)-(2X
1) and unreconstructed Si (100)-bulk harmonic slabs. Table
1 gives these normal mode frequencies. The normal mode
frequencies of the reconstructed solid are higher than those
of the bulk solid. This is due to the dimer nature of the
surface atoms in the reconstructed (2X1) structure which
reveals optic mode behavior. We have obtained the density
of phonons in a straightforward manner by calculating the
number of phonon modes in a given bin of width (30 cm™),
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Figure 2. One-phonon transition probabilities versus normal
mode number for (a) the reconstructed surface and (b) the bulk
structured surface. In all cases, initial kinetic energy is 200 meV
and incident angle (8) is 30°.

and our results are shown in Figure 1. In the lower frequ-
ency region, the bulk geometry gives higher density than re-
constructed geometry, while in the higher frequency region,
the reconstructed geometry gives higher density than the
bulk geometry.

In Figure 2, one phonon transition probabilities versus the
mode number are plotted for three azimuthal incident angles
for the reconstructed and bulk structured Si (100) surface,
at the collision energy of 200 meV. In the case of the recon-
structed surface, among the modes from 1 to 22, the mode
3, 4,9, 10, 11, 16, 17, 21, and 22 have relatively high transi-
tion probabilities, and the modes 5, 6, 7, 8, 15, 18, 19, and
20 have relatively low transition probabilities. The former
are surface localizable modes in character and the latter are
similar to the bulk modes projected onto the surface.

The top and the side views of the mode 4 and the mode
16 are drawn in Figure 3. In the mode 4, the surface atom
motions are similar to the sagittal plane motion in Rayleigh
surface wave,? and their effects on the 2nd layer atom mo-
tions are reduced. The mode is surface localizable. In the
modes 9, 10 and 11, the x-and z-directional motions of the
surface atoms are associated similarly to those of the mode
4 with no motions of the subsurface atoms, hence these mo-
des are also the surface localizable modes. In the modes
16 and 17, the surface atoms vibrate in z-direction only, and
the 2nd layer atoms vibrate in y-direction in the way that
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Figure 3. Two normal modes of Si (100)-(2X1) in the xy, xz
or yz plane. Open circles (O) are the first-layer atoms and filled
circles(®) are the second-layer atoms.

73 78

s0f © -0 -0 ° 5o o ] ] o
. L L] . L > . L
-0 ) >—0 - O *—Q Ot +—0Q
Y(A) o0 . . . . Y(A) 00 . . 0 .
L -~—OC ) -— -0 — Oo—e +—O O—e
L] . » * L] - L] L]
50 -SO0L
o «0 o ° \- ° o o °
-15L 3
15 50 [ 1] S0 15 REEET ] 00 EX I X1
X(A) X(A)

Fiw 4. Two normal modes of bulk structured Si (100) surface
in the xy plane. Open circles(O) are the first-layer atoms and
filled ciycles(®) are the second-layer atoms.

the repulsive interactions between the surface and the sub-
surface atoms are reduced as shown in Figure 3. In these
modes, the surface atoms have about twice the vi-
brational amplitudes than the subsurface atoms. Thus, these
modes are thought to be the modes decaying into the bulk
and surface localization. The modes 5, 6, 7 and 8 have y-
directional vibrations of the surface and subsurface atoms
with about equal amplitudes and acoustical appearance.
These modes are similar to the bulk modes projected onto
the surface. The modes 18, 19 and 20 involve x-directional
motions of the surface and y-directional motions of the sub-
surface. These modes are also like the bulk modes rather
than the surface modes.

The He atoms are likely to excite mainly the acoustical
Rayleigh surface modes,® and this affects the mode specificity
in the transition probability. Therefore, it follows that He
atom is sensitive to the surface modes and is ideal to probe
the surface phonon, while neutron is not sensitive to the
surface, and phonon is only sensitive to surface waves of
very large wavelengths.

As ¢ changes from 0° to 90°, no significant differences
are shown in Figure 2. The transition probability is decreased
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Figure 5. One(—), two(----), and multi-phonon(—-—) contri-
butions to the total energy transfer versus surface temper-
ature. Initial kinetic energies of He atom are (a) 200 meV, (b)
400 meV, and (c) 600 meV.

in the mode 4, but increased in the modes 16 and 17. This
result is consistent with the expectation that the mode (mode
4) vibrating in x-direction transits less when He atom collides
in y-direction (¢$=90°) than in x-direction (¢$=0°).

In the case of the bulk structured surface, the modes with
high transition probabilities have mainly the surface atom
motions as in the reconstructed surface. At $=0°, the mode
4 has the highest transition probability, but at ¢=90°, the
modes 27 and 28 have, which is not seen in the reconstruc-
ted surface. This difference comes from the replacement of
the 1st nearest neighbor force constant between the recon-
structed dimer with the 2nd nearest neighbor force constant.
The dimer whose interaction is strengthened due to reconst-
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ruction in Si (100)-(2X1) surface can move freely in the
bulk structured surface, but not in the reconstructed surface.
The normal modes 4 and 28 of the bulk structured surface
are drawn in Figure 4. As in the reconstructed surface, the
mode 4, where all surface atoms vibrate in equal phase with
the x-directional symmetry, has the highest transition proba-
bility at $=0°. But at 6=90°, the modes 27 and 28, which
vibrate with the y-directional symmetry and have no net x-
directional momentum, have the highest transition probabi-
lity. In both cases of reconstructed and bulk structured sur-
faces, the modes with y-directional surface atom motions
have less transition probabilities than the modes with x-dire-
ctional surface atom motions. The y-directional motions of
the surface atoms induce the 2nd layer atom motions.”* This
fact indicates that He atom collision process is sensitive to
the surface atom motion?

Figure 5 represents the temperature dependence of one,
two and multi-phonon contributions to the total energy trans-
fer. In this system the one phonon contribution is a major
part of the energy transfer at low temperatures, but at high
temperatures, the multi-phonon contribution is dominant. In
two and multi-phonon transitions, as temperature goes up,
the possible number of cases for the processes increases
tremendously. Once excited vibrational states are populated,
the cases for the multi-phonon processes which include one
phonon creations and annihilations and two phonon over-
tones, and combinations of them, etc. increase enormously.
Therefore, even though each process in the two phonon tran-
sitions has about three orders of magnitude smaller proba-
bility than the one phonon process, the multi-phonon transi-
tions occur predominantly at high temperature. Near the zero
temperature, all modes exist significantly in their ground
state, thus, the one phonon transitions occur significantly.

We have also calculated the energy transferred to the sur-
face at incident kinetic energies of 150, 200, 300, 400, 500,
700 and 900 meV, and we have obtained the energy transfer-
red per incident kinetic energy to be 0.19, 0.20, 0.23, 0.25,
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0.26 0.28 and 0.29 respectively, which is shown in Figure
6. The energy transferred into phonons increases as the inci-
dent collision energy is increased. In the low lenergy region,
ie, less than 400 meV, the rate of energy transfer sharply
increases while in the high energy region, the rate is redu-
ced.
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Formal Synthesis of Isocomene
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A stereocontrolled synthesis of (+ )-isocomene (1) via selective monoketalization of tricyclo[6.3.0.0'5Jundeca-4,7-dione
(13) was reported. Grignard reaction of bicyclic enone 10, which was prepared from 2-methyl-1,3-cyclopentadione,
gave the 14-addition product 11. The subsequent aldol condensation product 12 was converted to mesyl derivative
13. Transformation from 13 to the desired product 19 was achieved by a series of reactions, .e., the selective monoke-
talization at C4 carbony! group, the elimination of a mesyl group, Birch alkylation, methylation at C-6, the reduction
of carbonyl group, the dehydration of alcohol 18, and hydrolysis of the ketal group.

Introduction

The tricyclic sesquiterpene isocomene (1) has the unique

framework of tricyclo[6.3.0.0"%]Jundeca-4,7-dione which com-
prises a variety of the polyquinanes. Since the first isolation

of

the tricyclic sesquiterpene isocomeme (1) in 1977 from



