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ABSTRACT: Successful growth of diamond by chemical vapor deposition
requires that chemisorbed hydrocarbon species, most notably CH2 groups, are
able to migrate on the growing surface. Quantum mechanical and hybrid quantum
mechanical/molecular mechanical (QM/MM) cluster models are here used to
investigate the energetics of CH2 migration on the C{111}:H surface and between
C{100}:H 2 × 1 terraces separated by a region of C{111}:H surface. Many
migration pathways of this type proceeding via structures involving 3-, 4-, and 5-
membered rings are found to have relatively low barriers, so that migration should
be relatively facile at typical diamond growth temperatures. In contrast, CH2
migration via one particular C{111}:H/C{100}:H 2 × 1 step-edge geometry
results in the formation of a very stable 6-membered ring intermediate. The
energetics suggest that this process will be irreversible and should thus result in
incorporation. This type of step-edge also occurs in the limiting case of two
C{100}:H 2 × 1 terraces separated by a monolayer step, and migration of CH2 species along the lower C{100}:H 2 × 1 terrace
toward such step edges is predicted to favor incorporation. These findings offer a rationale for the deduced propensity for step-
flow growth and the observation of stepped {100} terraces in CVD diamond samples.

1. INTRODUCTION
Growth of diamond films by chemical vapor deposition (CVD)
from activated hydrocarbon/hydrogen gas mixtures is now a
well-established technique.1,2 The gas mixture is typically
activated by either hot filament or microwave plasma enhanced
techniques, and the diamond can be grown on a variety of
substrates (typically maintained at temperatures, Tsub ≈ 900−
1200 K). Activation results in H2 dissociation and formation of
H atoms. H atom addition and abstraction reactions with the
input hydrocarbon yield a variety of gas phase hydrocarbon
molecules and radicals. H atom abstraction reactions are also
important in creating radical sites on the growing diamond
surface, which is largely H-terminated under typical growth
conditions. The most likely fate of any such radical site is
retermination by another incident gas phase H atom.
Occasionally, however, a carbon-containing radical will bond
to one of these sites and, by a sequence of further reactions, be
incorporated into (and thus extend) the diamond lattice.
The diamond {100} surface has been a longstanding topic

for both theoretical and experimental studies due to the
frequent showing of this low index surface in scanning electron
microscopy images of as-grown CVD diamond samples and its
simple cubic morphology. Steric constraints ensure that the
fully H-terminated {100} surface has a 2 × 1 reconstructed
structure with rows of surface carbon atoms paired as
dimers.3−9 Henceforth, we represent this surface as
C{100}:H 2 × 1. The C{111}:H surface, in contrast, has a
simple unreconstructed structure with a hydrogen atom
terminating each surface carbon atom.10 Figure 1 shows
sections of two C{100}:H 2 × 1 terraces linked by a section

of C{111}:H surface, which serves as orientation for the
migration studies that are the focus of the current work.
CH3 radicals are now generally viewed as the primary growth

species in most diamond CVD environments, and most
theoretical studies of diamond CVD have focused on growth
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Figure 1. Overview of portions of two diamond C{100}:H 2 × 1
surfaces linked by a C{111}:H surface, illustrating the size of the slab
used in the QM/MM simulations and what we term concave and
convex step edges. Note that in this depiction the relative orientation
of the C−C dimer bonds differ on the two C{100}:H 2 × 1 terraces,
being, respectively, parallel on the upper terrace and perpendicular to
the step edge on the lower terrace.
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mechanisms initiated by CH3 addition to the C{100}:H 2 × 1
surface.1,2,11−14 In order to be incorporated, a chemisorbed
CH3 species must first be activated by H abstraction, forming a
pendant CH2 group. Incorporating this into the bulk crystal
structure requires subsequent surface rearrangement (either
ring-opening/closing, in the case that the CH2 is incorporated
into what was previously a C−C dimer bond,1,2,5−7 or trough
bridging, in the case that the insertion is between two dimer
bonds8) and further reaction with a gas phase H atom. CH3
radical addition and subsequent growth on the {111}:H surface
has also been investigated previously.15−17 The addition of
single carbon species to the {100} and {111} surfaces as
outlined above would be expected to occur at random sites.
Such additions cannot explain the locally smooth surface
morphologies that are observed experimentally, unless the CH2
groups are able to migrate, postincorporation. The energetics of
such migrations have been investigated theoretically on both
the H-terminated C{100}:H 2 × 15,12,18−20 and C{111}:H21

surfaces. Migration in both cases requires the presence of a
surface radical site adjacent to the pendant CH2 as illustrated in
Figure 2. The CH2 group and the surface radical react to form a
bridging ring structure. Subsequent ring-opening results in the
CH2 group migrating along the surface by one carbon atom, or
reversion to the original structure.
The migration and incorporation of CH2 groups at step-

edges has been suggested18 as a possible explanation for the
frequently observed stepped texture of the {100} surfaces of
CVD diamond films and of diamonds subjected to hydrogen
plasma etching, but the energetics of migration at the step-edge
between two intersecting crystal planes has received little
attention thus far. Yet the facility, or otherwise, of such
processes will be important in determining the morphology of
CVD films, as highlighted in recent kinetic Monte Carlo
modeling studies of diamond growth.22,23 The present work
employs quantum mechanical (QM) and hybrid quantum
mechanical/molecular mechanical (QM/MM) cluster models
to investigate (i) migration pathways of a CH2 group on the
C{111}:H surface further, (ii) possible migration routes
between the C{100}:H 2 × 1 and C{111}:H surfaces, and
(iii) incorporation at step-edges between such surfaces, with a
view to providing a rationale for the deduced propensity for
step-flow growth in diamond CVD,24−26 and the formation of
{100} terraces.

2. COMPUTATIONAL DETAILS
Most of the calculations described in this work are hybrid QM/
MM calculations, performed using the QoMMMa program,27,28

wherein a QM region (calculated using Jaguar 5.029) is
embedded within a much larger MM region that is modeled
with TINKER.30 As before,13 the QM/MM model is based on a
5 × 9 × 4 slab (defined in terms of numbers of C−C dimer
bonds), with an initial geometry defined by the bulk diamond
lattice points. The positions of the peripheral atoms (with
nonchemical stoichiometry) are held frozen during the
calculations. The energy of the QM region was described
using the B3LYP density functional with the 6-31G(d) basis set,
while the MM region was treated with the MM2 protocol.
Coupling between the two regions was described using
nonbonded Lennard-Jones terms as well as hydrogen link
atoms to saturate valences in the QM region. More accurate
single point QM/MM energies were then calculated for the
optimized geometries by recomputing the energy of the QM
region, still with the B3LYP density functional, but with the
larger 6-311G(d.p) basis set. This output was added to the MM
energy and the QM/MM nonbonded interaction energy to
yield the final QM/MM energies, which are reported here
without correction for zero-point energy.
The initial and final species in each of the migration

pathways investigated include a pendant CH2 group adjacent to
a surface radical site, and thus involve two unpaired electrons.
The intermediate ring-closed structure, in contrast, will have a
closed-shell electronic configuration. The energies for the
triplet and open-shell singlet electronic states of the initial and
final species were both derived using an unrestricted DFT
ansatz, while a restricted closed-shell DFT ansatz was used for
the intermediate ring closed structure. Energies of calculated
open-shell singlet states were found to lie within 10 kJ mol−1 of
the corresponding triplet state for most of the structures
studied.
As before,13,31 approximate transition states (TSs) were

identified by calculating the energy of the system at a series of
values along a chosen reaction coordinate using a harmonic
constraint to hold the system close to the required value; the
structure is allowed to relax in all other degrees of freedom. For
the migration pathways of current interest, the chosen reaction
coordinate R was defined by (R1−R2) where R1 and R2 are,
respectively, the separation of the pendant CH2 group from the
surface carbon to which it is attached and the distance between
this same CH2 group and the adjacent surface radical site as
illustrated in Figure 3. The energy of the TS was taken as the
maximum energy along a curve produced by plotting the single
point QM/MM energy against R. Unless stated otherwise, the
single point QM/MM energies reported for the intermediate,
final, and transition states are all defined (in kJ mol−1) relative

Figure 2. Summary of optimized initial (1) and selected intermediate (2, 3, and 4) structures returned by the QM/MM calculations for CH2
migration along a C−C dimer chain on the C{100}:H 2 × 1 surface. Relative energies (B3LYP, QM/MM, 6-311G(d,p):MM2), in kJ mol−1, are
quoted relative to that of structure 1 (after ref 13).
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to that of the triplet state of the initial species, which we define
as E = 0.
For one system, QM-only B3LYP calculations were carried

out on a smaller cluster model, using the 6-31G(d) basis set
and the Gaussian03 package.32 In this case, the structure of the
minimum energy crossing point between singlet and triplet
surfaces was optimized using our own code.33 Briefly, this code
creates singlet and triplet input files for Gaussian at the current
structure, runs single-point calculations, and extracts the energy
and gradient on both surfaces, combining them to yield an
effective gradient, which is then used for optimization.

3. RESULTS AND DISCUSSION
CH2 migration on an H-terminated diamond surface requires
the presence of an adjacent surface radical site.11,13,18−21 The
sequence of ring closing and opening reactions then results in
the CH2 group migrating along the surface by one carbon atom,
or it is a null event. In the present calculations, the necessary
adjacent radical site is assumed already to be present, and
attention is focused on the ring closing and opening processes,
which permit migration. Here, we first describe new
calculations for CH2 migration on the C{111}:H surface,
then explore various possible migration routes between the
C{100}:H 2 × 1 and C{111}:H surfaces. The focus of the
present study, wherein a single C1Hx (x = 3,2) species adsorbs,
is activated, and then migrates, is likely to be most applicable to
growth of high quality diamond from dilute hydrocarbon/H2
gas mixtures. Additional growth species and multiple (and
cooperative) adsorption and migration events are likely to
become increasingly important when describing growth from
gas mixtures containing higher hydrocarbon mole fractions and
at higher gas (and substrate) temperatures, such as used for
depositing (ultra)nanocrystalline diamond.34

3.1. Migration on the C{111}:H Surface. Migration of
CH2 groups on the C{111}:H surface has been investigated
previously by Larsson et al. using a cluster approach and second
order Møller−Plesset perturbation theory, as well as additional
DFT calculations using a periodic slab model.21 The energies
established in the present work are in good qualitative accord
with the results of that earlier study. We report our own
calculations here for completeness and to allow comparison

with the results obtained for the novel migration steps
discussed later. We also use this particular case to consider
carefully the role of the triplet and singlet pathways along the
reaction coordinate.
Figure 3 shows optimized initial, intermediate, and final

structures of the QM region returned by the present QM/MM
calculations for CH2 migration on the C{111}:H surface with
the energies (B3LYP, QM/MM, and 6-311G(d,p) basis set)
quoted relative to that of the starting structure. Migration
proceeds via a 4-membered ring intermediate that lies 28 kJ
mol−1 below the initial ring-open state. An approximate TS for
the ring-closing reaction was located at E = +22 kJ mol−1 (i.e.,
somewhat lower than the +52 kJ mol−1 returned in the earlier
study21). Thus, the barrier to CH2 migration on the C{111}:H
surface is appreciably lower than that for CH2 migration along
the dimer chains and rows on the C{100}:H 2 × 1 surface
(calculated at E = +145 and +105 kJ mol−1, respectively13).
Under standard CVD conditions, therefore, CH2 migration on
the C{111}:H surface is likely to be a facile process limited,
primarily, by the availability of adjacent radical sites.
It is important to note that the initial and final biradical

species in this migration process have close-lying spin singlet
and triplet states, whereas the 4-membered ring intermediate is
a closed-shell singlet. Hence, the migration process potentially
involves two changes of spin state. We have suggested
previously13 that spin-state changes should not be rate limiting
when required in reactions at the diamond surface. Separate
B3LYP/6-31G(d) calculations have now been performed on
the cluster corresponding to the QM region used in the QM/
MM study (including its capping H link atoms) to explore in
more detail the spin state changes involved in this reaction.
These calculations lead to optimized structures and relative
energies that are very similar to those obtained with the QM/
MM approach. The triplet diradical lies 10 kJ mol−1 higher in
energy than the corresponding open-shell singlet, and the 4-
membered ring intermediate lies 111 kJ mol−1 lower than the
singlet diradical. The minimum energy crossing point (MECP)
between the triplet and singlet potential energy surfaces (PESs)
in the vicinity of the triplet diradical minimum was also located
and found to lie ∼2 kJ mol−1 above the triplet minimum. This
means that the seam of intersection between singlet and triplet
surfaces will be crossed repeatedly at diamond surface
temperatures (Tsub ≈ 900−1200 K), and even the small
spin−orbit and spin−spin coupling matrix elements35 should
suffice to enable rapid interconversion between singlet and
triplet states.36 Reactive transformations may thus be assumed
to proceed on whichever PES has the lower barrier, i.e., under
Curtin−Hammett conditions.37 We have assumed that such
rapid equilibration is operative in all other cases below and do
not discuss spin-state changes further.
We note that the small QM model predicts a much greater

stability for the 4-membered ring intermediate species relative
to the initial triplet diradical (ΔE = −111 kJ mol−1 at the
B3LYP/6-31G(d) level) than the QM/MM calculations (−28
kJ mol−1, B3LYP/6-311G(d) single point energies; −40 kJ
mol−1 with 6-31G(d)). The QM system can tolerate greater
distortions than the QM/MM model, and this difference leads
to greater strain in the 4-membered ring in the latter
calculations. This is reflected by an unfavorable MM
contribution to the energy of ring formation in the QM/MM
calculations (+22 kJ mol−1) and by the longer predicted C−C
bond lengths. For example, the QM/MM model returns a value

Figure 3. Calculated minimum energy profile and optimized
geometries of initial, intermediate, and final QM structures returned
by the QM/MM calculations for CH2 migration on the C{111}:H
surface. Also shown are the respective energies (B3LYP QM/MM 6-
311G(d,p):MM2 basis set) in kJ mol−1, defined relative to that of the
initial structure in its triplet electronic state. The R1 and R2 bond
lengths used to define the reaction coordinate R are shown on the
starting structure, and the B1 bond length discussed in the text is
indicated on the intermediate structure.
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of 1.653 Å for the B1 bond length in Figure 3, whereas the
corresponding QM model calculation gives 1.610 Å.
3.2. Step-Edge Migration. As Figure 1 showed, two types

of step-edge can be envisaged at the intersection of C{111}:H
and C{100}:H 2 × 1 surfaces, which we term convex and
concave. These subdivide further, depending on the orientation
(parallel or perpendicular) of the dimer bonds on the
C{100}:H 2 × 1 surface relative to the step-edge. Thus, we
need to consider two possible pathways for migration on the
convex step-edge and three different pathways for migration on
the concave step-edge (due to two possible initial locations of
the CH2 group in the case that the dimer bonds run parallel to
the step-edge), each of which requires use of a slight variation
of the base QM/MM model. In what follows, we describe
motion of a CH2 group over these step-edges in one general
direction: starting from a top C{100}:H 2 × 1 surface, over a
convex step-edge and onto a C{111}:H surface, then from the
latter over a concave step-edge, onto a lower C{100}:H 2 × 1
surface. Most of the migration processes are roughly
thermoneutral, however, so migration of a CH2 group in the
opposite direction is generally also possible.
3.2.1. Convex Step-Edge. We first consider a CH2 group

migrating from the C{100}:H 2 × 1 surface to the C{111}:H
diamond surface when the dimer bonds on the former are
aligned perpendicular to the convex step edge, as illustrated in
Figure 4a. Migration proceeds via a 4-membered cyclic

intermediate, lying at E = +150 kJ mol−1. The high energy of
this ring-closed intermediate is likely due to the induced strain
distorting the dimer bond on the upper {100}:H 2 × 1 terrace
away from its ideal position, as can be observed in the QM
regions shown in Figure 4a. The final diradical structure, with
the CH2 group now located on the C{111}:H diamond surface,
is calculated to lie 28 kJ mol−1 above the starting structure.

Approximate TSs for the ring closing and opening steps have
also been located, at E = +167 kJ mol−1 and +153 kJ mol−1,
respectively, as shown in Figure 4a. These barrier energies are
similar to those described previously for migration on the
C{100}:H 2 × 1 surface.13 In that work, it was argued that such
barriers would lead to migration with rate constants of ∼108
s−1, at typical diamond growth temperatures, and similar rate
constants should be expected for the processes described here.
As Figure 4b shows, CH2 migration when the dimer bonds

on the C{100}:H 2 × 1 surface are parallel to the convex step-
edge involves passage via a 3-membered ring structure, lying
139 kJ mol−1 below that of the initial structure, to yield a final
diradical lying at E = +30 kJ mol−1. The predicted
exothermicity of the ring closing reaction is smaller than that
typically associated with C−C bond formation, again reflecting
the strained nature of the intermediate ring structure.
Approximate TSs for the ring-closing and ring-opening steps
in this case are found at E = +26 and +31 kJ mol−1.
The rate limiting step in the former migration pathway

(Figure 4a) will be the formation of the strained 4-membered
ring, whereas, in the latter, it is likely to be the ring-opening
step. The relative rates of the two possible migrations will
depend sensitively upon the efficiency (or otherwise) with
which the exoergicity of the ring-closing step in the latter is
dissipated into the bulk. In the least favorable scenario, the 3-
membered ring intermediate will be fully thermally equilibrated
with the bulk, and the barrier to forming the migrated diradical
structure will be comparable to that in Figure 4a. Both
endoergicities are larger than those calculated for CH2
migration on the C{100}:H 2 × 1 surface (and much larger
than for migration on the C{111}:H surface), but neither is
expected to be prohibitive at the substrate temperatures
prevailing in most diamond CVD environments.

3.2.2. Concave Step-Edge. As at the convex step-edge, we
identify different migration routes depending on the relative
alignment of the dimer bonds on the C{100}:H 2 × 1 surface
with respect to a concave step-edge. One migration pathway
from the C{111}:H to the C{100}:H 2 × 1 surface exists when
the dimer bonds on the latter are perpendicular to the step-
edge. This we, henceforth, label as P1. Two further migration
pathways can be identified for the case that the dimer bonds are
parallel to the step-edge. These are distinguished by the initial
location of the migrating CH2 group on the C{111}:H surface,
which can either be facing a trough between dimers on the
C{100}:H 2 × 1 surface or be directed toward the middle of a
dimer bond. These latter two pathways we label P2 and P3,
respectively.
Optimized geometries and energies have been calculated for

the initial structures (i.e., CH2 group on the C{111}:H surface),
intermediate ring-closed structures, and the final postmigration
structures (i.e. CH2 on the C{100}:H 2 × 1 surface) for each of
pathways P1−P3. All three pathways are found to be mildly
exothermic, with the final diradical species lying at E = −99
(P1), −34 (P2), and −60 (P3) kJ mol−1, respectively. Five-
membered ring intermediates were identified for pathways P2
and P3, with relative energies of E = −116 and E = −165 kJ
mol−1 defined relative to their respective initial diradical
structures. Pathway P1 proceeds via a more stable 6-membered
ring intermediate, with an associated energy-well E = −356 kJ
mol−1. These calculated energy profiles for pathways P1−P3 are
included in Figure 5. We were unable to locate approximate
TSs for any of the ring-closing and ring-opening steps, and we
therefore assume that these processes are barrierless (or nearly

Figure 4. Calculated minimum energy profiles for CH2 migration from
the C{100}:H 2 × 1 surface to the C{111}:H surface via a convex
step-edge with the dimer bonds on the former aligned (a)
perpendicular and (b) parallel to the step-edge, together with
depictions of the optimized initial, intermediate, and final QM
structures returned by the QM/MM calculations. Carbon atoms on
the C{100}:H 2 × 1 surface are highlighted in blue, while those on the
C{111}:H surface are green. The reported energies are from B3LYP/
6-311G(d,p):MM2 calculations, defined relative to the initial structure,
in kJ mol−1.
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so). Indeed, these migration pathways are each sufficiently
similar to the case where the dimer rows are parallel to the
convex step-edge (Figure 4b), that it is reasonable to anticipate
negligible barrier to forming the intermediate ring-closed
structures.
Given these energy profiles, we conclude that migration of a

CH2 group from the C{111}:H to the C{100}:H 2 × 1 surface,
and vice versa, via pathways P2 and P3 will be rather facile
under standard CVD conditions. The deep energy minimum
calculated for pathway P1, in contrast, implies that once a CH2
group forms the 6-membered ring structure, it is likely to be
locked in place (i.e. incorporated into the diamond lattice at the
step edge), reinforcing an earlier conclusion of Frenklach et

al.,20 based on less accurate semiempirical electronic structure
calculations.

3.2.3. Migration over a Single-Layer Step-Edge. Scanning
tunnelling microscopy7 images of macroscopic crystal facets
present on C{100}:H 2 × 1 surfaces of diamond reveal stepped
terraces when viewed on the atomic scale. Many of these
terraces are separated by just one intermediate layer of carbon
atoms, leading to two types of step-edge, often labeled SA and
SB.

23,38 These are distinguished by the orientation of the C−C
dimer bonds on the upper {100} terrace relative to the step-
edge, normal in the case of SA and parallel for SB. Migration of a
CH2 group down or up an SA step-edge is expected to occur
with energetics similar to those shown in Figures 4a and 6 and
so, as was argued above, should occur with comparable ease to
migration along a C{100}:H 2 × 1 terrace. Migration toward an
SB step-edge could lead to the formation of a 6-membered
intermediate structure capable of promoting step-flow growth
at the step-edge (recall Figure 5, P1) and is thus of more
interest. Accordingly, we have carried out additional
calculations on CH2 radical migration between two
C{100}:H 2 × 1 terraces separated by this single-layer step-
edge.
Figure 6 shows the QM/MM calculated minimum energy

profile for a CH2 group migrating down a SB step-edge. The
zero of energy is here taken as the fully H-terminated structure
1. The initial steps 1 → 2 → 3 are reminiscent of those shown
in Figure 4b for the migration of a CH2 group over the convex
step-edge. The formation of the ring-closed intermediate 2 is
exothermic, ΔE = −148 kJ mol−1, and proceeds via a TS lying
∼10−20 kJ mol−1 above the initial structure 1. The ring-
opening step 2 → 3, which has the effect of moving the CH2
down the single-layer step-edge, is more endoergic (ΔE = +250
kJ mol−1 vs +169 kJ mol−1) than the corresponding step in
Figure 4b. This presumably reflects the different level of strain
in the two 3-membered ring species, which are attached to the
diamond bulk in different ways. There may also be increased
steric hindrance from the adjacent surface H atom in species 3
in Figure 6. An energy scan suggests that there is no potential
energy barrier to the ring-opening process. After roughly
thermoneutral hydrogen atom transfer steps leading from 3,
through 4 to 5, the second stage of the migration process can

Figure 5. Calculated minimum energy profiles for CH2 migration from
the C{111}:H surface to the C{100}:H 2 × 1 surface via a concave
step-edge. P1: dimer bonds on the latter are perpendicular to the step-
edge (Structures 1−3). P2 and P3: dimer bonds are parallel to the
step-edge (Structures 4−6 and 7−9 for pathways P2 and P3,
respectively). Carbon atoms on the C{100}:H 2 × 1 surface are
highlighted in blue, while those on the C{111}:H surface are green.
The quoted energies (kJ mol−1) are from B3LYP/6-311G(d,p):MM2
calculations, defined relative to the initial structure.

Figure 6. Calculated minimum energy profiles for CH2 migration from between two C{100}:H 2 × 1 surfaces separated by a single-layer step, with
the dimer bonds on the upper surface aligned parallel to the step-edge (i.e. a type SB step-edge). The calculated energies (in kJ mol

−1) are all defined
relative to that of structure 1.
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occur. This process resembles pathway P1 on the concave step-
edge (Figure 5, P1), and the calculated energetics are rather
similar. Formation of the ring closed intermediate 6 is highly
exothermic (ΔE = −327 kJ mol−1 (relative to the structure 5))
and the CH2 group is more stable on the C{100}:H 2 × 1
surface (structure 7) than in between the two terraces
(structure 5). The energy for the ring-closing step leading
from 5 to 6 was also calculated for the same type of step edge
site in ref 23 but using a reactive molecular mechanics empirical
PES. The calculated exothermicity of 2.49 eV (ΔE = −240 kJ
mol−1) is comparable, albeit lower than the ΔE = −327 kJ
mol−1 found here using DFT QM/MM.
Unlike the processes described above, the net activation

energy for migration of a CH2 group between the two
C{100}:H 2 × 1 terraces of a single-layer SB step-edge is quite
high, at +297 kJ mol−1 starting from the upper terrace, or +381
kJ mol−1 starting from the lower terrace. Such migrations are
thus considered unlikely (though migrations across the SA step-
edge should be feasible). The most probable fate for a CH2
species migrating on the lower terrace at typical growth
temperatures and arriving at the base of the step-edge will be
incorporation (i.e., 7 → 6, constituting step-flow growth on the
atomic scale). A CH2 group approaching the step-edge on the
upper terrace (i.e. 1 →2), in contrast, will most likely be able to
escape from the ring-closed structure 2 and revert to migrating
on the upper terrace. Recalling Figures 4 and 5, it is tempting to
suggest that this blockade is a particular feature of the single-
layer step-edge and the greater steric impediment to CH2
migration that it presents (relative to the case of larger
interterrace steps).

4. CONCLUSIONS

The mechanisms and energetics of migration of a CH2 group
on the C{111}:H surface and between C{100}:H 2 × 1 terraces
separated by a region of C{111}:H surface have been explored
using QM and QM/MM cluster models. In most cases, the
barrier heights encountered in migration pathways proceeding
via 3-, 4-, or 5-membered ring closed structures are not much
greater than that calculated for migration along a dimer chain
on the C{100}:H 2 × 1 surface. Such migrations are thus
deduced to be feasible at typical diamond growth temperatures,
provided the required diradical species can be formed through
hydrogen abstraction steps with gas phase H atoms. The energy
profiles of reaction sequences that involve a 6-membered
intermediate at the step-edge exhibit much deeper potential
wells and are more likely to result in incorporation. One such
example arises when two C{100}:H 2 × 1 terraces are
separated by a single layer of carbon atoms: migration along the
lower C{100}:H 2 × 1 terrace leads to a stable 6-membered
ring species upon encountering a step-edge with the SB
configuration. Migration from an upper to a lower terrace at
an SB step-edge thus appears to be an exception to the rule
whereby migration across step-edges is relatively facile.
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