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Hydrogen catalyzed adsorption of alkenes on the diamond„001… surface
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~Received 23 September 2002; revised manuscript received 29 May 2003; published 20 November 2003!

We present first-principles density-functional calculations for the@212# cycloaddition reaction of ethylene
on the~001! surface of diamond. For comparison we also study the same reaction of ethylene on the Si~001!
surface as well as that of two ethylene molecules. Similar to the latter case, a concerted reaction on top of the
C dimer is symmetry forbidden due to the symmetric dimer configuration of C~001!. However, in both cases
the symmetry-forbidden reaction can be avoided by allowing a rotation of the CuC bond of ethylene. This
asymmetric reaction path yields an energy barrier of 2.29 and 0.90 eV for the cases of two ethylene molecules
and C2H4 /C(001), respectively. In contrast, the reaction of ethylene on Si~001! takes place via an intermediate
state, caused by the asymmetric Si dimer structure. The reaction energy barrier of C2H4 on C~001! is too high
to attain direct adsorption. Here we propose that the@212# reaction path is catalyzed by a few hydrogen
impurities.

DOI: 10.1103/PhysRevB.68.195413 PACS number~s!: 68.43.Bc, 68.43.Fg, 82.40.Np
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I. INTRODUCTION

The @212# cycloaddition reaction is of fundamental im
portance in the synthesis of organic molecules.1 A simple
example of such reaction is the formation of cyclobuta
from two ethylene molecules~see Fig. 1!. According to the
symmetry conservation rule of Woodward and Hoffmann,1 a
face-to-face concerted reaction of two ethylene molecule
symmetry forbidden because orbital symmetry characte
tics of the reactants and the product differ from each oth
As shown in Fig. 2, the symmetries of frontier orbitals, i.
the highest occupied molecular orbital~HOMO! and the low-
est unoccupied molecular orbital~LUMO! cross between two
ethylene molecules and cyclobutane, resulting in a very la
symmetry-imposed barrier. This symmetry-imposed bar
can be avoided when one of the electrons is promoted to
LUMO state of two ethylene molecules by photochemi
excitation.1

Recently the@212# cycloaddition reaction has been e
tended to the hybridization of organic molecules with t
~001! surface of Si and diamond.2–5 Here, the hybridizing
organic molecules, such as acetylene,6 ethylene,7

cyclopentene,8 cyclohexadiene,9 and cyclooctadiene10 have
the p bond of unsaturated hydrocarbons and the two~001!
surfaces exhibit a surface reconstruction in which pairs
surface atoms bond to each other, forming dimers. As a re
of the @212# cycloaddition reaction, thep bond of unsatur-
ated hydrocarbons and thep bond of a dimer interact to
produce two news bonds. The adsorption of the above o
ganic molecules on Si~001! is facile at room temperatur
with a sticking coefficient of nearly unity.7–10 Theoretically,
the reaction pathway for the@212# product predicts little or
no barrier6,11–13 through a low-symmetry intermediate sta
because of the asymmetric Si dimer structure. On the o
hand, a very low sticking coefficient (;0.001) was reported
for cyclopentene on C~001!.14 Hovis et al.14 pointed out that
this may be caused by a high reaction barrier due to
symmetric dimer configuration of C~001! including a larger
p-p* surface-state band gap and a strongerp bond com-
pared to those of Si~001!. However, Carbone15 argued that
0163-1829/2003/68~19!/195413~7!/$20.00 68 1954
e

is
s-
r.
,

e
r

he
l

f
ult

er

e

the adsorption of cyclopentene could take place on def
rather than on C dimers, analogous to oxygen on Si~001!.16,17

Thus, it is controversial whether C dimers are reactive w
unsaturated hydrocarbons or not. Note that our previous
oretical study for adsorbed cyclopentene on C~001! only
considers the binding energy and structure of the@212#
product.18 For this reason a detailed theoretical study for t
kinetics of the@212# cycloaddition reaction of unsaturate
hydrocarbons on C~001! is required.

In this paper we study the kinetics of the@212# cycload-
dition reaction of C2H4 on C~001!, and, for comparison,
those of two C2H4 molecules and C2H4 /Si(001). Here we
chose C2H4 as a representative of all the alkenes. In t
following section our computational method is described.
the third section we obtain estimates of the energy barri
concluding that the sticking coefficient of C2H4 on a per-
fectly clean C~001! surface is much less than 10215 at room
temperature. In the fourth section we propose that less t
1% of H impurities on the surface could catalyze the re
tion and account for the experimentally observed rate of
sorption and in the fifth section our conclusions are given

II. CALCULATIONAL METHOD

We performed the total-energy and force calculations
using density-functional theory19 within the generalized-
gradient approximation~GGA!. We used the exchange
correlation functional of Perdew, Burke, and Ernzerhof20 for
the GGA. The C~Si and H! atom is described by ultrasoft21

FIG. 1. ~Color online! @212# cycloaddition reaction of two
C2H4 molecules:~a! two separated C2H4 molecules and~b! cy-
clobutane.z represents the distance between two C2H4 molecules.
©2003 The American Physical Society13-1
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~norm-conserving22! pseudopotentials. The C2H4 /C(001)
and C2H4 /Si(001) systems are modeled by a periodic s
geometry. Each slab contains five C~Si! atomic layers and
the bottom C~Si! layer is passivated by two H atoms per
~Si! atom. The thickness of the vacuum region between th
slabs is about 14 Å, and C2H4 molecules are adsorbed on th
unpassivated side of the slab. We carried out most of the
calculations using a (432) unit cell where two dimer rows
are included, but a (433) unit cell was employed for the
calculations of the H-mediated@212# cycloaddition reac-
tion. The calculations for the reaction of two C2H4 molecules
were performed using 10312318 Å3 supercell with onek
point. A plane-wave basis set was used with 25 Ry cut
and thek space integration was done with two and o
points in the (432) and (433) surface Brillouin zones
respectively. Relaxation of the atoms was done using
calculated Hellmann-Feynman forces until the residual fo
components were less than 1 mRy/bohr.

III. CLEAN SURFACES

Our purpose here is not to obtain an exact value for
sticking probability of C2H4 on C~001!, but only to show
that it is completely negligible. In order to determine t
accuracy of our estimates we initially study the dimerizat
of ethylene to cyclobutane whose activation energy
known23 to be 2.71 eV. We first study a face-to-face co
certed reaction of two C2H4 molecules. In our calculation
this reaction is simulated by varying the distancez between
two C2H4 molecules@see Fig. 1~a!#. Here the positions of H
atoms as well as the length of the CuC bond are optimized
at each separation. In Fig. 3~a! the calculated energy an
CuC bond length (dCuC) are given as a function ofDz

FIG. 2. ~Color online! Calculated wave functions of the HOMO
and the LUMO for~a! two C2H4 molecules and~b! a C4H8 mol-
ecule. The plots at the separation at which two (C2H4) molecules
and C4H8 have approximately equal total energies,Dz50.65 Å, are
displayed. The first solid~dashed! line is at a positive~negative!
0.03 (e/bohr3)1/2 with spacings of a positive~negative! 0.03
(e/bohr3)1/2. The large and small circles represent C and H ato
respectively. Another H atoms lies directly below each H atom v
ible in this figure.
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5z2z0, where z0 is the equilibrium distance (1.56 Å) o
cyclobutane. We find that there are two states character
by dCuC. One state which exists aboveDz50.55 Å has a
shorter CuC bond length ofdCuC'1.34 Å compared to
that (dCuC'1.55 Å) of the other state which exists belo
Dz50.81 Å, indicating that the former~latter! has double
~single! bond character. Note that the single- and doub
bond states coexist betweenDz50.55 Å and 0.81 Å and
their energies are close to each other atDz50.65 Å. In order

s,
-

FIG. 3. ~Color online! Calculated energy and CuC bond length
along the@212# cycloaddition reaction path:~a! two C2H4 mol-
ecules,~b! C2H4 on C~001!, and ~c! C2H4 on Si~001!. The solid
~open! circles represent the energies of the single~double!-bond
state in which the two C atoms of C2H4 have an identicalDz. Dz
for each case is defined in the text. The thin solid lines in~a! and~b!
represent the energy curve obtained by allowing the rotation of
CuC bond of C2H4. The arrow in~c! indicates a local minimum.
The energy in each case is referenced from the total energy o
separated limit. The dotted lines represent the CuC bond length of
C2H4, corresponding to the single-bond and the double-bond sta
3-2
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to examine the symmetry of the two states, we plot the w
functions of the HOMO and LUMO, calculated atDz
50.65 Å. As shown in Fig. 2, the symmetry of the tw
(C2H4) HOMO ~LUMO!, i.e., the double-bond state, is th
same as that of the C4H8 LUMO ~HOMO!, i.e., the single-
bond state. Therefore, the orbital symmetry between the
actants and the product is not conserved, demonstrating
the face-to-face concerted reaction is symmetry forbidde1

The barrier height is 2.76 eV, close to the experimental a
vation energy. A lower bound to the barrier height may
obtained by allowing additional relaxation of the C atom
while keepingz between the centers of the two CuC bonds
fixed. In the double-bond state the rotation of the CuC bond
of one C2H4, relative to the other C2H4, about thez axis is

FIG. 4. ~Color online! Atomic geometries of the intermediat
and final states:~a! the buckled structure of two C2H4 at Dz
50.65 Å, ~b! the buckled structure of C2H4 /C(001) at Dz
50.9 Å, ~c! the three-atom intermediate structure
C2H4 /Si(001), ~d! the @212# product of two C2H4, ~e! the @2
12# product of C2H4 /C(001), ~f! the @212# product of
C2H4 /Si(001). The numbers denote the bond lengths in Å.
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e

e-
at
.
i-
e

more favorable than the parallel structure@Fig. 1~a!#, leading
to a minimum in energy at a rotation angle ofu590°. On
the other hand, in the single-bond state, i.e., C4H8, such a
rotated structure is not favored over the parallel structure,
rather a buckled structure is favored@Fig. 4~a!# in which the
two facing C atoms on one side are attracted to each ot
This is not the actual reaction pathway since the incom
double bonded molecule must somehow become sin
bonded and at some point get on the minimum-energy sin
bonded pathway. However the crossing energy of these
minimum-energy curves does represent a lower bound
the energy barrier. The thin solid lines in Fig. 3~a! represent
the calculated energies of the rotated and buckled struct
as a function ofDz. We obtain an energy barrier of 2.29 e
which is lower by 0.47 eV compared to the energy heig
~2.76 eV! at the crossing point of the single- and the doub
bond states along the face-to-face reaction path. It is in
esting to note that the latter value is almost a half of
energy difference~5.61 eV! between thep andp* levels of
C2H4 @see Fig. 5~a!#. Because the reaction can proceed wh
one of the molecules is photoexcited to thep* state, one
would expect the energy barrier to depend on thep-p* gap
although there is no reason to expect any particular value
the calculated barrier to gap ratio, especially since GGA
ergy gaps do not represent excitation energies. A smooth
action pathway does not appear along an energy valley
over a saddle point with thep→p* transition occurring
adiabatically as the molecules traverse the pathway. Ra
the actual reaction pathway23 seems to require the molecule
to approach one another in unstable excited states.

The C dimer bond of C~001! is composed of as bond and
a p bond, similar to the double bond of alkenes. The cal
lated dimer-bond length at a clean C~001! surface is 1.39 Å,
which is somewhat longer than the CvC bond length
(1.34 Å) of an isolated C2H4 molecule. This implies that the
p bond of the C dimer should be weaker than that of C2H4.
Since the bonding character of the C dimer is similar to t
of C2H4, the @212# cycloaddition reaction of C2H4 with
C~001! is expected to be analogous to that of two C2H4
molecules. We therefore study a concerted reaction of C2H4
on top of the C dimer. Here the position of C2H4 is displaced
upward from the equilibrium structure@Fig. 4~e!# of the @2
12# product: this displacement is denoted byDz. For a
given Dz all the atoms are fully relaxed within the (432)
unit cell, except the bottom C layer atoms and the two
atoms of C2H4 ~but the CvC bond length is optimized!. The
results of the energy anddCuC are displayed in Fig. 3~b! as
FIG. 5. ~Color online! Occu-
pied p and unoccupiedp* states
for ~a! a C2H4 molecule, ~b! a
clean C~001!-(231) surface, and
~c! a clean Si~001!-c(432) sur-
face. The inset in~b! shows the
surface Brillouin zone for the (2
31) and c(432) unit cells.
Shaded areas in~b! and~c! are the
projected bulk-band structure.
3-3
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a function ofDz. We find that the single~double!-bond state
exists below~above! Dz51.0(0.8) Å, and the energy curve
of both states cross at aboutDz50.9 Å. The general feature
of the existence of the single- and double-bond states
their energy curve crossing is similar to the case of two C2H4
molecules. However, in C2H4 /C(001) the decrease ofdCuC
(DdCuC;0.13 Å) in the single-bond state is rather steep
with increasingDz compared to the two C2H4 case where
DdCuC is less than 0.02 Å. Note that the energy height
the crossing point of the single- and the double-bond state
;1.01 eV, which is almost a half of the calculated ener
difference~2.06 eV atG point! between thep andp* sur-
face states of C~001! @see Fig. 5~b!#.

As in the case of two C2H4 molecules, we further relax
the C atoms of C2H4 from the parallel structure. In the
double-bond state the 90° rotation of the CuC bond of
C2H4, relative to the C dimer, about thez axis is more fa-
vorable than the parallel structure, whereas in the sin
bond state a buckled structure@Fig. 4~b!# is favored. The thin
solid lines in Fig. 3~b! represent the calculated energies
the rotated and buckled structures. Here we obtain an en
barrier of 0.90 eV. Note that because of the different bo
lengths and rotation angles, the atomic nuclei do not ove
so there is no possibility of a transition between the t
structures and the 0.90 eV barrier merely represents a lo
bound to the actual barrier. If we assume that the ac
barrier lies between the face-to-face barrier and the lo
bound, as was the case for ethylene to cyclobutane, we
mate the actual barrier to be;0.97 eV. If we assume tha
every molecule with enough energy to get over the bar
does, and sticks to the surface, the sticking coefficien
given bye2Eb /kT. This yields~at room temperature! an esti-
mated sticking coefficient of 5.4310217 and an upper bound
of 8.1310216. On the other hand, Hoviset al.14 observed the
adsorption of cyclopentene on C~001! with a sticking coeffi-
cient of ;0.001. This disagreement for the sticking coef
cient of alkenes between our prediction and experiment m
be reconciled by considering the so-called ‘‘stepwise’’ re
tion which involves intermediate states. As a matter of fac
has been proposed that on Si~001! the initial reaction stage o
unsaturated hydrocarbons~e.g., acetylene,6 ethylene,7

cyclopentene,8 1,4-cyclohexadiene,24 and 1,5-cyclo-
octadiene10! involves the three-atom intermediate state wh
is composed of a three-membered ring with the two C ato
and the down atom of the Si dimer shown in Fig. 4~c!. How-
ever, on C~001! we cannot find such an intermediate sta
Thus, it is likely that the adsorption of alkenes on a cle
C~001! surface is not feasible by a direct reaction.

Although our concern here is only with diamond, it is
some interest to see how diamond differs from Si. Since
energy barrier for the concerted reaction of C2H4 on C~001!
is correlated with the energy difference between thep and
p* surface states of C~001!, we calculate the surface ban
structure of Si~001! for comparison with the energy barrier i
the C2H4 /Si(001) case. Figure 5~c! shows the surface-stat
energy bands of the Si~001!-c(432) surface employed in
our p(432) unit-cell calculations for the reaction of C2H4
on top of the Si dimer. There are the two occupiedp and two
unoccupiedp* states due to the four dangling bonds in ea
19541
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c(432) unit cell. At theG point the energy differencep-p*
and valence maximum-p* band gap are 0.62 and 0.21 e
respectively. On the other hand, our calculated energy pro
@Fig. 3~c!# for the reaction path of C2H4 on top of the Si
dimer shows an energy barrier of;0.15 eV, close to the
above obtained band gap and below a half ofp-p* . Here,
the two C atoms of C2H4 are constrained to have an identic
height for a givenDz, but the CuC bond length is opti-
mized. At the crossing point (Dzc'1.1 Å) of the single- and
the double-bond states thedCuC values of both states ar
close to each other and the double-bond state no longer
ists belowDzc . Unlike C2H4 /C(001) where the energy o
the double-bond state monotonically increases asDz de-
creases, the double-bond state in C2H4 /Si(001) shows a lo-
cal minimum atDz52.6 Å, where the energy is a negativ
0.04 eV relative to the energy sum of a clean Si~001! surface
and an isolated C2H4 molecule. This result indicates the ex
istence of a weakly bound intermediate state along the re
tion path on top of the Si dimer, possibly caused by t
asymmetric Si dimer structure. It is notable that the abo
mentioned three-atom intermediate state in C2H4 /Si(001) is
attributed to the energetically favored hybridization betwe
the p bonding state of C2H4 and the empty dangling-bon
state of the down Si atom. In the present work we find
three-atom intermediate state@Fig. 4~c!# with an adsorption
energy of 0.49 eV, therefore more strongly binding than
intermediate state obtained along the on-top reaction pa25

We find that when we increase the height of the C2H4 from
its bound state, relaxing the condition that both atoms ar
the same height~i.e., only the height of the center of th
CuC bond is fixed!, the molecule follows the reaction path
way from the three-atom intermediate state to the@212#
product, but in the reversed direction, attaining the same
timized structure along each point. We26 have found an en-
ergy barrier of 0.03 eV between the three-atom intermed
state and the bound state with the electronic transition oc
ring adiabatically along the reaction pathway. Therefo
C2H4 /C(001) bears no relation to C2H4 /Si(001).

IV. HYDROGEN MEDIATED ADSORPTION

Contrary to our present prediction and Carbon
argument15 that alkenes such as ethylene and cyclopent
would not be reactive with the C dimers on C~001!, the
Fourier-transform infrared~FTIR! spectroscopy data of Ho
vis et al.14 showed that the spectrum of cyclopentene
C~001! is very similar to that obtained on Si~001! for which
STM images clearly show reaction with the Si dimers.
order to explain the evidence of adsorbed cyclopentene
C~001!, we propose an H-mediated@212# cycloaddition re-
action of alkenes on C~001!. Since Hoviset al. prepared a
clean C~001! surface from a hydrogen-capped C~001! sur-
face by heating to 1375 K, we speculate that the C~001!
surface might not be perfectly H-free. When a H atom is
attached to one C atom of the C dimer, a dangling bond
created on the other C atom as a consequence of breakin
p bond of the C dimer. Similar to the formation of the thre
atom intermediate state in C2H4 /Si(001), this dangling bond
can easily react with thep bond of C2H4, producing an
3-4
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intermediate state@Fig. 6~a!# with an adsorption energy o
1.05 eV. Thus thep bond of C2H4 opens to form one CuC
bond and one C radical. For the next step we performe
preliminary study for the transfer of Ha @in Fig. 6~a!# to the
neighboring C atom along the dimer row, accompanying f
mation of the@212# product. When the Ha atom is placed
near the center region between two adjacent dimers, the
ergy of the optimized structure~Fig. 7! is 0.61 eV above the
zero of potential in Fig. 6. Thus, we did not further consid
such a reaction path. As another@212# reaction path, the
created C radical in Fig. 6~a! can be stabilized by H abstrac
tion from the bonding C dimer. To examine the energy p

FIG. 6. ~Color online! Calculated energy profile for the
H-mediated@212# reaction path for C2H4 on C~001! and the
atomic geometries at several representative points. Energy@in
eV/(433) surface unit cell# is referenced from the total energy o
the separated limit consisting of a free C2H4 molecule and one H
attached C~001!-(433) surface. Explanation for each state is giv
in the text. For the H-donation process the reaction path I~II ! is
displayed by the solid~dashed! line.
19541
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file for this H-abstraction process, we consider the m
probable abstraction pathway by decreasing the distance
tween the abstracted hydrogen Ha and the Ca atom @see Fig.
6~a!#. We optimize the structure for each constrained value
dHauCa

~but not the angle of that bond! using the gradient-
projection method.27 The calculated energy profile is dis
played in Fig. 6, together with the atomic geometries of
transition state@Fig. 6~b!# and the H-abstracted state@Fig.
6~c!#. We obtain an energy barrier of 0.45 eV for H abstra
tion. In the H-abstracted state the attached C2H5 can easily
rotate around the axis of the diamond-ethylene bond beca
of its single-bond character. As a result, the abstracted
atom can be transferred to neighboring C dimers. For
H-donation process we consider the two reaction paths wh
the structure is again optimized for constrained values
dHuCa

. One path~I! is H donation to the nearest C atom
the adjacent dimer row and the other path~II ! is that to a
neighboring C atom in the same dimer row. After H don
tion, the Ca atom becomes the C radical again, thereby ea
reacting with the remaining dangling bond of the bonding
dimer. The optimized atomic geometries of the transition a
final states for the reaction path I~II ! are given in Fig. 6~d!
@6(d8)# and Fig. 6~e! @6(e8)#, respectively. We obtain an
energy barrier of 0.91~1.03! eV for the reaction path I~II !
and an adsorption energy of 3.26~3.11! eV for the final@2
12# product. As a result of the H-donation process, anot
dangling bond is created on the H-attached C dimer, set
off a consecutive H-mediated@212# reaction for incoming
C2H4.

Based on our calculated energy profile in Fig. 6, we co
sider thermal activation for the H-mediated@212# cycload-
dition reaction. Using an Arrhenius-type activation proce
with the usual attempt frequency of;1014 Hz,28 we estimate
the reaction rate for H abstraction as;33106 s21 at room
temperature, indicating an easy thermal activation. On
other hand, the reaction rate for the H donation along
path I is;5.5131022 s21 at room temperature, correspon
ing to a half-life time of about 13 s, whereas the H-donati
process along the path II yields a relatively small react
rate (;5.3631024 s21) and large half-life time~1293 s!.

FIG. 7. ~Color online! Transfer of Ha @in Fig. 6~a!# to the neigh-
boring dimer. The position of Ha is constrained within a~110! plane
near the center region between the two adjacent dimers. Top
side views of the optimized structure are displayed in~a! and ~b!,
respectively. The numbers in~b! denote the interatomic distance
~in Angstroms!.
3-5
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According to the FTIR spectroscopy data of cyclopentene
C~001!,14 a uniform increase in infrared absorption intens
was observed up to exposures of;5000 langmuir (1
31025 Torr for 500 s!. Assuming that the reaction rates
alkenes are similar to one another~and assuming that the 1
s half-life from reaction path I were correct!, the number of
H-mediated@212# reactions per H in the cyclopenten
C~001! system amounts to;40 during a saturation exposur
time of 500 s. Noting that cyclopentene can only bond
somewhat less than half of the C dimers,18 we find that the
clean C~001! surface used in the experiments of Hov
et al.14 would require H atoms on less than 1.5% of t
surface dimers. We suspect that our Arrhenius prefacto
too large by three or more orders of magnitude because
a small fraction of the attempts to transfer a hydrogen will
made in the direction of the neighboring dimer. We find if t
Arrhenius prefactor is reduced by five orders of magnitude
109 Hz, but we assume 4% of the energy of adsorption i
the precursor state remains undissipated, resulting in an
fective temperature in the Arrhenius formula, that the ha
life becomes 1.8 s. Thus only about 0.2% of the dim
would need a H atom to account for the observed time
quired to saturate C~001! with cyclopentene. When 10%
(40%) of the energy remains the half-life becomes
31026 (631029) s. Thus the hydrogen may be abstract
very quickly and only 0.1% of the dimers need to be occ
pied by H impurities to account for the 0.001 sticking coe
ficient.

V. CONCLUSIONS

We have studied the@212# cycloaddition reaction of
C2H4 on the C~001! surface using first-principles density
functional calculations. Unlike C2H4 /Si(001) which in-
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