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This paper extends an ongoing computational and theoretical investigation of the vacuum
mechanosynthesis of diamond on a clean C(110) diamond surface from carbon dimer (C2) precur-
sors, using Si-, Ge-, and Sn-substituted triadamantane-based positionally-controlled DCB6 dimer
placement tools. Interactions between the dimer placement tools and the C(110) surface are inves-
tigated by means of stepwise ab initio molecular dynamics (AIMD) simulations, using Density Func-
tional Theory (DFT) with generalized gradient approximation (GGA), implemented in the VASP
software package. The Ge-based tool tip provides better functionality over a wider range of tem-
peratures and circumstances (as compared with the Si or Sn tool tips). The transfer of a single
carbon dimer from the Si-based tool tip onto C(110) is not controllable at 300 K but is workable
at 80 K; the Ge-based tool remains workable up to 300 K. Geometry optimization suggests the
Sn-based tool deposits reliably but the discharged tool is distorted after use; stepwise AIMD retrac-
tion simulations (at 300 K for the Sn tip) showed tip distortion with terminating Sn atoms prone
to being attracted towards the surface carbon atoms. Stepwise AIMD shows successful placement
of a second dimer in a 1-dimer gapped position, and successful intercalation of a third dimer into
the 1-dimer gap between two previously deposited dimers, on clean C(110) at 300 K using the Ge
tool. Maximum tolerable dimer misplacement error, investigated by stepwise AIMD quantification, is
0.5 Å in x (across trough) and 1.0 Å in y (along trough) for a positionally-correct isolated C2 depo-
sition, and 1.0 Å in x and 0.3 Å in y for C2 intercalation between two gapped ad-dimers. Rotational
misplacement tolerances for dimer placement are ±30� for the isolated dimer and −10�/+22�5�
for the intercalated dimer in the xy plane, with a maximum tolerable “in plane” tip rolling angle of
32.5� and “out-of-plane” tip rocking angle of 15� for isolated dimer. Classical molecular dynamics
(MD) analysis of a new Ge tooltip + handle system at 80 K and 300 K found that dimer positional
uncertainty is halved by adding a crossbar in the most compliant direction. We conclude that the
Si-based and Ge-based tools can operate successfully at appropriate temperatures, including up
to room temperature for the Ge-based tool.

Keywords: Adamantane, AIMD, Carbon, Density Functional Theory, Diamond, Dimer Place-
ment, Germanium, Mechanosynthesis, Nanotechnology, Positional Control, Silicon,
Tin, Tooltip, VASP.

1. INTRODUCTION

Merkle and Freitas1 have proposed the use of Si-, Ge-,
Sn-, and Pb-substituted derivatives of the hydrocarbon
cage molecule triadamantane as end effectors (placement
tools) in an AFM-based nanopositioning apparatus for the
vacuum mechanosynthesis of diamond nanostructures, via
the pick-and-place mechanochemistry of carbon dimers

∗Author to whom correspondence should be addressed.

onto an existing diamond seed cleaved along the C(110)
surface plane. With a carbon dimer covalently attached to
two terminal Si, Ge or Sn atoms and the substituted tri-
adamantane tooltip (DCB6) either attached to a scanning
probe or integrated into an extended diamond lattice, the
carbon dimer can be positioned and deposited onto a grow-
ing diamond substrate. The success of this process is based
on the premise that a typical C–Si, C–Ge or C–Sn bond
is weaker than a typical C–C bond2�3 and will dissociate
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first, leaving the carbon dimer covalently attached to the
diamond surface.

This paper (Part III) extends an ongoing computational
and theoretical investigation of the vacuum mechanosyn-
thesis of diamond on the clean C(110) surface using
positionally-constrained carbon dimer (C2) precursors.
Part I provided a detailed atomic picture of the dimer-
mediated surface chemistry during the gas-phase growth
of dehydrogenated diamond C(110) from C2 plasmas,
deducing some of the many possible stabilized defects
that can be formed early in the dimer-mediated diamond
growth process.4 Part II analyzed the chemical stability
and recharging of dimer placement tools from the view of
organo-synthesis, presented reaction path potential energy
profiles and analysis of a small number of ab initio
molecular dynamics (AIMD) simulations of tool retrac-
tion events, and established preliminary constraints on the
required positional precision needed to avoid the forma-
tion of stable defects during positional dimer placement to
achieve diamond growth.5

The present work reports new results of electronic struc-
ture geometry optimization and stepwise AIMD simula-
tions of the placement of isolated carbon dimers onto
the clean diamond C(110) surface using Si-, Ge-, and
Sn-based C2 dimer placement tools under conditions of
constant number of particles �N �, volume �V �, and tem-
perature �T � (the canonical or constant NVT ensemble),
including: (1) studies of deposition and tooltip retraction
event sequences; (2) stepwise AIMD simulations of the
placement of a second dimer in a gapped position and the
subsequent intercalation of a third dimer into the 1-dimer
gap between these two previously deposited dimers, on the
clean C(110) surface; and (3) stepwise AIMD analysis of
the maximum tolerable dimer misplacement errors, both
rotational and translational, that will yield a positionally-
correct C2 deposition onto the diamond C(110) surface.
The classical molecular dynamics (MD) analysis of tem-
perature effects on the positional uncertainty and control
of the terminal carbon dimer for representative tooltips
and extended handle structures are also performed in order
to aid future specification of experimental protocols to
achieve practical diamond mechanosynthesis.

2. COMPUTATIONAL CONSIDERATIONS

Paper II reported our studies, conducted using ab initio
electronic structure calculations and constant number of
atoms, volume, and energy ab initio molecular dynamics
(AIMD) simulations, of the positionally-controlled place-
ment of C2 carbon dimers on the clean (dehydrogenated)
diamond C(110) surface.5 From the reaction path poten-
tial energy plots for deposition and retraction of the Si/Ge
triadamantane tool, considering that there are two path-
ways for retraction and assuming the lowest energy reac-
tion pathway would be followed, it was initially concluded
that the Si/Ge dimer placement tools would not leave the

terminal carbon dimer bonded to the diamond substrate
surface during retraction. A small number of AIMD step-
wise simulations were performed to confirm this conclu-
sion and to investigate the effects of internal energy on the
tool retraction event. These AIMD simulations were run
under conditions of constant number of atoms �N �, vol-
ume �V �, and energy �E� (the microcanonical or constant
NVE ensemble) and were initiated at 300 K. The results
of the AIMD simulations generally supported the prelimi-
nary interpretation from the reaction path potential energy
plots, but one of the five AIMD simulations using the Ge
tool provided a successful dimer deposition. This left two
questions unanswered for future work: (1) whether two
pathways must always exist and be accessible during dimer
placement tool retraction, and (2) whether an assumption
of constant NVE conditions is applicable for AIMD sim-
ulations of the real process of deposition/retraction events
using a dimer placement tool. In the present work, we
address these two outstanding issues and extend previous
lines of investigation.

Regarding the first unanswered question, both path-
ways of the branched mechanosynthetic reaction (i.e., fol-
lowing one pathway the dimer remains on the surface,
while following the other pathway the dimer remains on
the tool tip) are accessible only if the probabilities of
breaking the two C(dimer)–C(surface) bonds and breaking
the two C(dimer)–Si/Ge/Sn(tip) bonds are approximately
equal during the process, such that the retraction is able
to proceed in either direction, leaving the pathway with
the lower reaction barrier to dominate. Obviously, the pic-
ture of two pathways is oversimplified. The real situation
is more complex—as will be seen in the results, the two
simplistic pathways do not capture the simulated phenom-
ena well enough. The typical failure event is not an unde-
posited dimer remaining on the tool tip, but rather is a
dimer that has rotated such that one of its carbon atoms
remains bonded to the tip with its other carbon atom still
bonded to the surface, leaving an unrecoverable situa-
tion. During dimer placement tool retraction, the carbon
dimer interacts directly with the two corresponding car-
bon atoms of the surface and the two terminal Si/Ge/Sn
atoms of the tool but also with neighboring atoms of both
surface and tool. The dimer placement tool retraction is
found to be a dynamic and complex process with all atoms
librating randomly in all directions and constantly chang-
ing relative positions, especially in the region of inter-
est (ROI)—in our discussion, the C (surface)–C (dimer)–
Si/Ge/Sn (tool) atoms—with net forces that stretch ROI
bonds changing during the retraction, and with these forces
changing more drastically at higher system temperatures.
The analysis provided from a static view of the poten-
tial energy curves and from simple theoretical models is
therefore not sufficient to predict tool retraction behavior,
which requires a dynamic approach. A properly designed
ab initio molecular dynamics (AIMD) simulation approach
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can be used to mimic the real behavior of a system at
a specific temperature. To fully simulate a process the
speed of real events must be taken into account, but a full
AIMD simulation would become an extremely time con-
suming task, making it impractical to perform complete
AIMD calculations in our study. For this reason, the step-
wise AIMD simulation was adopted. The stepwise AIMD
simulation is not designed to mimic the continuous “real”
progress of an event, but rather to check whether or not
some phenomenon of interest—say, the breakage of spe-
cific bonds—will occur during the progress of an event.
Using this method for modeling tooltip retraction, we arti-
ficially raise the tool with a reasonable step-size, then fix
the positions of some atoms on the top of the tool and
perform AIMD simulation under proper conditions for a
reasonable period of time with a suitable time-step. The
tool displacement step-size should be small enough not
to affect the phenomenon of interest, and the simulation
time should be long enough to capture the phenomenon
of interest. It is of first importance to choose the proper
conditions under which such stepwise AIMD simulations
are performed.

Regarding the second unanswered question, the choice
of using a constant NVT ensemble or a constant NVE
ensemble to sample the dimer placement tool retraction
process is determined by whether energy can diffuse away
from the ROI during the time allowed in a practicable
operation. If the practicable retraction speed is quite slow
such that any changes in internal energy can be redis-
tributed, letting the system reach equilibrium with the envi-
ronment, then a constant NVT ensemble is appropriate.
If the practicable retraction speed can be extremely fast
so that internal energy changes are confined within the
ROI, then a constant NVE ensemble should be consid-
ered. Comparing the energy transfer speed in the system to
the motional speed of a typical scanning tunneling micro-
scope (STM) tip (the closest existing laboratory device
to that which might be required to conduct this experi-
ment) provides reasonable justification for using a constant
NVT approach. The C–C stretching frequency is about
1200 cm−1, (Ref. [6]) corresponding to 3�6× 1013 Hz or
a period of vibration of 28 fs. The stretching frequency is
∼905 cm−1 for C–Si,7 a ∼37 fs period of vibration, and
708 cm−1 or a ∼47 fs period for isolated C–Ge dimers.7

The energy transfer rate in diamond may be estimated by
the acoustic speed in diamond,3 which is ∼1.75×104 m/s
or ∼5.7 fs/Å. Since in an experimental apparatus the verti-
cal movement of an STM tip is typically 1–2 microns per
second, equivalent to ∼1011 fs/Å for lifting a mechanosyn-
thetic tip up or down near the substrate surface, and in
no case faster than ∼1 mm/sec (∼108 fs/Å), then the
practical process of carbon dimer placement tool depo-
sition/retraction can be considered slow enough to keep
the system equilibrated with the environment. Therefore,
constant NVT conditions should be adopted, not constant
NVE conditions, to simulate the real process.

In order to investigate the behaviors of our dimer place-
ment tools based on the above considerations, we per-
formed constant NVT stepwise AIMD simulations on the
following systems: Si tooltip retraction at 300 K and 80 K,
Si tooltip deposition/retraction at 300 K, Ge tooltip retrac-
tion at 300 K, Ge tooltip deposition/retraction at 300 K,
and Sn tooltip deposition/retraction at 300 K, all on the
clean diamond C(110) surface slab. In the study of this ini-
tial series, tooltips were moved only along the z-coordinate
with no tooltip tilting, rotation, or forced lateral move-
ments of any kind. As in previous work,5 the clean dia-
mond C(110) surface slab was constructed of 4 layers of
carbon with the bottommost carbon layer terminated by
hydrogen atoms. The model consisted of 160 carbon atoms
and 40 hydrogen atoms and was confined to a periodic
box with supercell dimensions of 14.245 Å and 12.604 Å
along the edges surrounding the surface plane. The bot-
tommost carbon layer and terminating hydrogen atoms of
the surface slab were fixed in bulk-like positions during
the simulations, with the z-coordinate defined as perpen-
dicular to the surface.

A series of total energy minimization calculations were
carried out to model the C2 deposition process using the
Si/Ge/Sn-based dimer placement tool, a 46-atom molecule
consisting of 42 C and H atoms arranged in a fused tri-
adamantane cage, plus 2 additional C atoms in the bound
C2 dimer and 2 atoms of Si, Ge, or Sn as the dimer-
supporting atoms. Initially the toolbound carbon dimer was
aligned with the ideal position of the global minimum
(GM) of one ad-dimer on the clean C(110) surface. Sub-
sequent tooltip steps were controlled in 0.1–0.2 Å incre-
ments by fixing the positions of six hydrogen atoms on
the topmost 6 carbon atoms of the tool, a constraint used
in all later simulations. The lowest total energy configura-
tion of the deposition process was then taken as the start-
ing point for stepwise tool retraction AIMD simulations.
The combined stepwise deposition/retraction AIMD sim-
ulations were performed for most tasks in this study. All
the calculations were based on Density Functional The-
ory (DFT) with the generalized gradient approximation
(GGA) and performed using the Vienna Ab initio Simula-
tion Package (VASP).8 The present stepwise AIMD sim-
ulations employed a time step of 1 fs and a simulation
time at each step of 200 fs, which is longer by a factor of
4–6 than the stretching time per vibration of the bonds in
the ROI (vs only a 25 fs simulation time at each step in
the prior work5). The present work also used a 0.1–0.2 Å
tool movement step size (<10% stretched bond length) in
the vertical direction. Choosing these parameters allowed
completion of approximately 4 fs of AIMD simulations
per hour of elapsed computing time on 10 nodes of the
in-house cluster computer, or approximately 55 hours per
tool step.

Besides the electronic structure and stepwise AIMD
calculations described above, we conducted several
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longer-term classical molecular dynamics simulations on
extended tooltip + handle complexes to deduce the ther-
mal fluctuations in the normal modes of the attached
carbon dimer, and the resulting dimer positional uncertain-
ties as projected onto the plane of the diamond surface
and also in the out-of-plane direction. These simulations
were carried out for two representative extended tooltip
handle structures at various temperatures using the modi-
fied MM2 (MM+, HyperChem 7.0)9 molecular mechanics
force field.

3. RESULTS AND DISCUSSION

3.1. Isolated Dimer Placement on
Clean Diamond C(110) Surface

This section reports results from numerous stepwise AIMD
simulations of the deposition of carbon dimers onto
the clear diamond C(110) surface using Si- and Ge-
triadamantane dimer placement tools, and one stepwise
AIMD simulation and a brief series of electronic structure
geometry optimization calculations of dimer deposition
onto C(110) using an Sn-triadamantane dimer placement
tool.

3.1.1. Si Tool

Figure 1(A) shows the initial configuration for the step-
wise AIMD retraction simulations of the Si-triadamantane
dimer placement tool on clean diamond C(110) surface.
The tool was raised stepwise from the surface in 0.2 Å
increments to perform the retraction.

For Si tooltip operation at 300 K, Figure 1(B) shows
the tool-dimer-surface ending configuration after 200 fs of

(A) (B)

(C)

Fig. 1. Stepwise retraction simulation of Si-based tool from clean dia-
mond C(110) surface: (A) initial configuration (C in brown, H in white,
Si in orange); (B) ending configuration after 200 fs at 1.6 Å above start-
ing position, at 300 K; (C) ending configuration after 200 fs at 1.8 Å
above starting position, at 80 K.

constant NVT simulation at the step height of 1.6 Å above
the starting position. One carbon atom of the C2 ad-dimer
has pulled away from the surface when the tool was raised,
indicating an undesired tooltip reaction.

To test our assumption that a 0.2 Å tool step size is
small enough not to affect the phenomenon of interest,
we performed a Si tool stepwise AIMD retraction sim-
ulation using a tenfold smaller tool step size of 0.02 Å
with 200 fs constant NVT simulation at 300 K at each
step. The Si tool retraction was started from a position
2.0 Å above the surface plane with the tool-bound dimer
bonded to the C(110) surface. Beginning at 2.14 Å above
the surface and continuing through 2.24 Å, one end-carbon
of the ad-dimer was pulled away from the surface in the
same manner as it happened at a height of 2.4 Å above
the surface plane during the previous 0.2 Å tool step size
simulation, thus supporting the validity of our 0.2 Å tool
step size assumption.

To test possible synchronization with the maximum
bond stretching at the last moment of a retraction step
during our stepwise simulations, we performed a Si tool
stepwise AIMD retraction simulation using the same
parameters as previously employed but a longer simula-
tion time of 300 fs at each step. The Si tool retraction
was started from a position 1.8 Å above the surface plane
with the tool-bound dimer bonded to the C(110) surface.
At 2.6 Å above the surface plane, one end-carbon of the
ad-dimer was pulled away from the surface in the same
manner as it happened at a height of 2.4 Å above the
surface plane during the previous calculations of 200 fs
simulation at each step, thus supporting the validity of our
adoption of 200 fs simulation time at each step—although
the C(surface)–C(ad-dimer) bond breakage occurred at the
opposite end of the ad-dimer.

A combined stepwise deposition/retraction AIMD sim-
ulation at 300 K for the Si-triadamantane dimer placement
tool showed the same outcome as the retraction-only sim-
ulation. In the starting configuration, the carbon dimer was
bound on the tooltip and positioned 3.0 Å above the dia-
mond C(110) surface. The tool was then lowered stepwise
toward the surface using a 0.2 Å tool step size and a 200 fs
simulation at each step. When the C2 dimer reached a posi-
tion 2.2 Å above the surface, after 200 fs of constant NVT
simulation the C2 dimer formed loose connections with the
corresponding substrate surface carbon atoms. From this
moment onward we pulled the tool upward, using a 0.1 Å
tool step size and a 300 fs simulation at each step. At a
position of 2.8 Å to 2.9 Å above the diamond surface, one
carbon atom of the C2 ad-dimer was pulled away from the
surface, again indicating an uncontrollable tooltip.

For the stepwise AIMD simulation of Si tooltip at 80 K,
Figure 1(C) shows the tool-dimer-surface ending config-
uration after 200 fs constant NVT simulation at the step
of 1.8 Å above the starting position. In this case, the ad-
dimer was left bonded to the surface in the desired global
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(A) (B)

Fig. 2. Stepwise retraction simulation of Ge-based tool from clean dia-
mond C(110) surface: (A) initial configuration (C in brown, H in white,
Ge in blue); (B) ending configuration after 200 fs at 1.6 Å above starting
position, at 300 K.

minimum configuration when the tool was raised, indicat-
ing a successful and controllable carbon dimer placement
on C(110) surface with the Si tooltip at that temperature.

3.1.2. Ge Tool

Figure 2(A) shows the initial configuration for the step-
wise AIMD retraction simulation of the Ge-triadamantane
dimer placement tool on clean diamond C(110) surface.
The tool was raised stepwise from the surface, using a
0.2 Å tool step size and a 200 fs constant NVT simula-
tion at each step. Figure 2(B) shows the tool-dimer-surface
ending configuration after 200 fs constant NVT simulation
at the step of 1.6 Å above the starting position, at 300 K.
In this case, the ad-dimer was left bonded to the surface in
the desired global minimum configuration when the tool
was raised, indicating a successful and controllable carbon
dimer placement on C(110) surface.

The combined stepwise deposition/retraction AIMD
simulation at 300 K for the Ge-triadamantane dimer place-
ment tool showed the same outcome as the retraction-
only simulation. In the initial configuration, shown in
Figure 3(A), the carbon dimer was bound on the tooltip
and positioned 3.0 Å above the diamond C(110) surface.
The tool was then lowered stepwise toward the surface.
Figure 3(B) shows the starting configuration of the system
at the step of 2.4 Å above the surface, where the C2 dimer
on the tooltip had not yet significantly interacted with the
diamond surface carbon atoms. After 200 fs of constant
NVT simulation, the carbon dimer formed loose connec-
tions with the corresponding surface carbon atoms and the
original bonds between the carbon dimer and the Ge atoms
on the tooltip became weaker. This transitional configura-
tion is captured in Figure 3(C). From this moment onward
we pulled the tool upward within the usual stepwise retrac-
tion, resulting in the final separation of the carbon dimer
from the tooltip and the subsequent adsorption of the C2

ad-dimer onto the diamond surface. Figure 3(D) shows the
ending system configuration after 200 fs constant NVT
simulation when the tooltip has been raised to 0.8 Å
above the transitional configuration. The ad-dimer was left
bonded to the surface and relaxed to its global minimum

(A) (B)

(C) (D)

Fig. 3. Stepwise deposition/retraction simulation of Ge-based tool on
clean diamond C(110) surface: (A) initial configuration, toolbound dimer
positioned 3.0 Å above surface (C in brown, H in white, Ge in blue);
(B) starting configuration at 0 fs at 2.4 Å above surface, at 300 K;
(C) transitional configuration after 200 fs at 2.4 Å above surface, at
300 K; (D) ending configuration after 200 fs at 3.2 Å above surface, at
300 K.

(GM) arrangement, again indicating a successful and con-
trollable room-temperature carbon dimer placement.

Note that the arrangement of the C2 ad-dimer, which
has connected to both tooltip and C(110) surface, calcu-
lated as the minimum energy configuration using deposi-
tion stepwise electronic structure calculations and shown
in Figure 4, is similar to that of the local minimum con-
figuration calculated for an isolated ad-dimer placed on
the clean C(110) surface.4 For clarity, the tool frame was
removed in Figure 4.

Finally, an additional stepwise AIMD retraction simu-
lation of the Ge-triadamantane dimer placement tool was
conducted using a 0.1 Å tool step size and a 300 fs
constant NVT simulation at 300 K at each step, starting
from the previously-described transitional configuration at

∆x

∆y

Fig. 4. Orientation of C2 dimer (in green) in minimum energy con-
figuration on the clean C(110) surface (C in brown, H in white) after
deposition using Si- or Ge-based dimer placement tool.

J. Comput. Theor. Nanosci. 3, 28–41 , 2006 32
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a position 2.4 Å above the surface. As the stepwise retrac-
tion AIMD simulation proceeded from the step of 3.1 Å
to 3.2 Å above the surface, the carbon ad-dimer detached
from the tooltip and was left bonded to the diamond sur-
face, gradually relaxing to the GM configuration as the
tooltip lifted further, again indicating a successful and con-
trollable carbon dimer placement at room temperature.

3.1.3. Sn Tool

The Sn-triadamantane dimer tool deposition and retraction
from the clean diamond C(110) surface was modeled using
stepwise geometry optimization calculations with 4 differ-
ent sets of constraints on the top of the tooltip molecule,
including (1) fixing xyz coordinates of the topmost 6 car-
bon atoms and their terminating H atoms, (2) fixing xyz
coordinates of the topmost 2 carbon atoms, (3) fixing
only the z coordinate of the topmost 2 carbon atoms,
and (4) fixing only z coordinates of the topmost 10 car-
bon atoms, as well as varying the conditions of reducing
step size in the transitional region from 0.1 Å to 0.01 Å
for modeling the retraction and using higher convergence
criterion for optimizing the wavefunction of the system.
The results of all sets of geometry optimization scans
showed that the Sn-triadamantane dimer placement tool
successfully deposited the carbon dimer on the C(110)
surface as the tool was retracted from the surface. How-
ever, after releasing the ad-dimer the discharged tooltip did
not restore to its global minimum configuration but rather
adopted a higher energy asymmetric structure.

Extensive room-temperature AIMD simulations of the
Sn tool have not yet been done. However, one stepwise
AIMD deposition-retraction simulation of the Sn tooltip
at 300 K, using a 0.2 Å tool step size and a 200 fs con-
stant NVT simulation at each step, found that the ad-dimer
begins interacting with the surface at a height of 1.2 A
above it (Fig. 5(A)). During retraction the terminal Sn
atoms are prone to attraction towards the surface carbon
atoms. In the AIMD simulation, the Sn atoms displaced
slightly toward the surface at 1.8 Å above it, the tip dis-
torted seriously at 2.0 Å (Fig. 5(B)), and by 2.4 Å one
of the Sn atoms had detached from the tooltip to reside
on the deposition surface near the dimer (Fig. 5(C)). This
suggests that C–Sn bonds might be too weak to permit
a viable Sn-based tooltip design within the DCB6 tooltip
family.

3.2. Placement of Adjacent Second Dimer on
Clean C(110) Surface

This section reports results from two stepwise AIMD sim-
ulations of the deposition of a second carbon dimer imme-
diately adjacent to a previously-placed isolated C2 dimer
within a trough of a clean diamond C(110) surface. In the
first simulation, a combined stepwise deposition/retraction
simulation at 300 K for the Ge-triadamantane dimer

(A) (B)

(C)

Fig. 5. Stepwise deposition/retraction simulation of Sn-based tool on
clean diamond C(110) surface: (A) starting deposition configuration (to
begin retraction), toolbound dimer positioned 1.2 Å above surface (C in
brown, H in white, Sn in cyan); (B) transitional configuration after 200 fs
at 2.0 Å above surface, at 300 K; (C) ending configuration after 200 fs
at 2.4 Å above surface, at 300 K.

placement tool was begun after preparing the model struc-
tures by running geometry optimizations of the clean
C(110) surface slabs with one ad-dimer. In the starting
configuration, the carbon dimer was bound on the tooltip
and initially positioned 3.0 Å above the diamond C(110)
surface with the corresponding ideal lattice orientation,
then moved vertically using a 0.2 Å tool step size and a
200 fs constant NVT simulation at each step. Upon lower-
ing the tooltip to 2.8 Å above the surface, the second dimer
formed bonds to the first dimer and to the surface. How-
ever, the second dimer did not relax to its GM arrange-
ment even after the tooltip had retracted 4.9 Å from it,
instead leaving the far-end carbon of the ad-dimer equili-
brated about 3.1 Å away from the corresponding carbon
atom of substrate, as compared to a distance of 1.6 Å
if the GM arrangement had been reached. The second
simulation was carried out with the tooltip 0.3 Å far-
ther from the previously-placed C2 dimer along the y-axis.
The outcomes were similar, with the ad-dimer not hav-
ing relaxed to the GM arrangement even after the tip was
retracted to 5.5 Å above it. Until future research can reveal
a misplacement-free approach trajectory, adjacent dimer
placement on C(110) using the DCB6Ge tool must be
regarded as a defect-prone process.

3.3. Placement of Gapped Second Dimer on
Clean C(110) Surface

This section reports results from stepwise AIMD simula-
tions of the deposition of a second isolated carbon dimer
near a previously-placed isolated C2 dimer such that the
two ad-dimers have a one-dimer gap between them, again
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within a trough of a clean diamond C(110) surface. A com-
bined stepwise deposition/retraction simulation at 300 K
for the Ge-triadamantane dimer placement tool was begun
after preparing the model structures by running geometry
optimizations of the clean C(110) surface slabs with one
ad-dimer and two ad-dimers. In the starting configuration,
the carbon dimer was bound on the tooltip and positioned
3.0 Å above the diamond C(110) surface, whereupon the
tooltip was lowered stepwise toward the surface using a
0.2 Å tool step size and a 200 fs constant NVT simula-
tion at each step. The calculations resulted in the same
outcome for the second ad-dimer (i.e., a successful depo-
sition) as in the simulation of the first isolated dimer
deposition/retraction using the Ge tooltip (Section 3.1.2),
including the transitional configuration formed at the step
of 2.4 Å above the surface.

3.4. Dimer Intercalation Between Gapped Dimers on
Clean C(110) Surface

Previous work found that if a single carbon dimer is posi-
tionally deposited within a trough of a clean diamond
C(110) surface, the dimer easily relaxes to the global min-
imum structure.4 However, the two-dimer cluster formed
by positioning a second carbon dimer adjacent to an iso-
lated dimer in its global minimum can adopt one of 19
undesired local energy minima, five of which must traverse
barriers >0.5 eV to reach the global minimum and thus
constitute stabilized defects relative to the desired lattice
structure. That is, placing C2 dimers, one immediately next
to the other, is prone to defect formation (Section 3.2).

To avoid this difficulty, we examined possible defect
states available to a C2 dimer intercalated between two
previously-placed isolated C2 dimers having a one-dimer
gap between them, again within a trough of a clean dia-
mond C(110) surface. After optimizing the global min-
imum structure of the two initial ad-dimers, which had
the same configurations, a third C2 ad-dimer was posi-
tioned parallel to the C(110) surface (consistent with the
rigidity of the dimer placement tool) and was interca-
lated into the gap from various heights at 5 representative
rotational angles (0�, ∼ ±45�, ∼ ±90�) around the cen-
ter of the blank spot without in-plane rotational con-
straints. The energy minimization calculations showed that
the third ad-dimer relaxed from all five initial orienta-
tions to just one local minimum, a metastable state, at the
position about 1.2 Å above the two previously-placed iso-
lated C2 dimers (Fig. 6). The metastable 3-dimer cluster
then converted to the desired global minimum (Fig. 7) by
passing through a transition state with a barrier of only
+0.22 eV (about 5 kcal/mole). The barrier height was
determined using a series of partial optimization calcula-
tions in which the ad-dimer z-coordinate was restrained
to progressively decrease in 0.01 Å step size from LM
to GM. No local minima leading to defect configura-
tions were found. This suggests a possible procedure for

Metastable State

Fig. 6. Third C2 dimer, intercalated into the gap between two C2 dimers
previously deposited on C(110) at various rotational angles, converges to
a single metastable state.

positional dimer deposition that minimizes accessibility to
defect states, wherein C2 dimers are initially placed in
every other position, rather than immediately adjacent, dur-
ing the first pass, after which the blank spots between
each existing pair of ad-dimers in a row are filled with
ad-dimers during the second pass.

A stepwise AIMD simulation was conducted to test this
procedure. In the starting configuration the carbon dimer
was bound on the tooltip with the same orientation as in
the metastable state and positioned 4.0 Å above the dia-
mond C(110) surface. The tool was then lowered stepwise
toward the surface. When the C2 dimer reached a posi-
tion 3.4 Å above the surface, after 200 fs constant NVT
simulation at 300 K the C2 dimer formed loose connec-
tions with the corresponding proximal carbon atoms of the
previously deposited two ad-dimers, simultaneously weak-
ening the original bonds between the tool-bound carbon
dimer and the Ge atoms on the tooltip. After lifting the tool
upward in the usual stepwise retraction from this point,
the final separation of the carbon dimer from the tooltip
and the subsequent adsorption of the C2 ad-dimer onto the
diamond surface occurred at a height of 4.2 Å above the

Metastable
Transition

Global Minimum

+ 0.22 eV

–4.10 eV

Fig. 7. Low barrier from local minimum (metastable state) to transition
state, relaxing to global minimum, for third C2 dimer intercalated into
the gap between two C2 dimers previously deposited on C(110).
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surface after 200 fs constant NVT simulation at 300 K,
whereupon the carbon dimer relaxed to its global mini-
mum arrangement between the previously deposited 2 car-
bon ad-dimers. Thus a dimer deposition procedure directed
first to producing gapped sites, then to filling the gaps, can
successfully deposit fully populated dimer rows on C(110)
surface.

3.5. Dimer Misalignment Tolerance During Placement
on Clean C(110) Surface

To specify an experimental protocol to achieve practical
diamond mechanosynthesis it is necessary to determine
the maximum tolerable dimer misplacement error that will
still result in a positionally correct C2 deposition onto the
diamond C(110) surface, either as an isolated ad-dimer
or as an intercalation between two gapped dimers. For
these studies, the xyz coordinate directions are defined the
same as for the C(110) surface slab and do not refer to
a tool-centered coordinate frame: The x-coordinate is per-
pendicular to the C(110) surface troughs, the y-coordinate
is parallel to the troughs, and the z-coordinate is normal to
the surface plane. This set of directions is adopted because
the alignment of tools in practical operations will most
probably refer to the coordinate frame of the substrate.
Two principal classes of placement misalignment error are
identified—rotational and translational.

3.5.1. Rotational Misalignment During
Isolated Dimer Placement

In rotational placement error, the C2 dimer may approach
the target placement site rotated within the horizontal
plane parallel to the diamond surface at some angle relative
to the ideal lattice orientation for deposition. Rotational
placement error may consist of an uncertainty component
and a displacement component.

Regarding the uncertainty component, a diamond AFM
tip is torsionally stiff, so the primary source of horizon-
tal rotational uncertainty will be thermal vibrations of the
tooltip-bound dimer. A 1-ps 300 K molecular mechanics
simulation of the extended tool5 found the maximum in-
plane rotation of a tool-attached dimer to be less than
±8� with an average of ±2�. This represents a 0.04–
0.16 Å displacement in the horizontal plane which is well
within even the most conservative defect-avoidance place-
ment accuracy of 0.2–0.5 Å,4 and also within the room-
temperature tool-handle thermal uncertainties for all tools
(Section 3.6).

As for the displacement component of the horizon-
tal rotational placement error, the rotational allowance of
placing an isolated carbon dimer on the clean C(110) sur-
face was examined for the simplest case in which the rota-
tional deviation is around the center of and with respect
to the LM1 (single-dimer local minimum)4 position. The
clockwise (CW) rotation viewed from the top was defined

as “minus” and the counterclockwise (CCW) rotation as
“plus.” As in previous AIMD simulations, the 6 terminat-
ing hydrogen atoms which are bound to the topmost 2
carbon atoms and their neighboring 4 carbon atoms in the
tooltip were fixed. During the stepwise AIMD simulations
of deposition, trial CW rotations of −30�, −32.5�, and
−35� and a trial CCW rotation of +30� yielded control-
lable behavior, whereas CCW rotations of +32.5�, +35�,
+45�, and +60� resulted in defect formation. During the
stepwise AIMD simulations of retraction, a trial CW rota-
tion of −30� and a trial CCW rotation of +30� left the
carbon dimer bonded to the surface, relaxed to its global
minimum arrangement, whereas CW rotations of −32.5�

and −35� and CCW rotations of +32.5� and +35� resulted
in uncontrollable behavior. Thus stepwise AIMD predicts
the maximum horizontal rotational allowance of the Ge
tool is −30� to +30� for adding a single isolated carbon
dimer to C(110).

A related source of possible placement error might
occur when the tooltip is rolled to some intermediate angle
relative to the vertical (such that the vertical tool axis is no
longer perpendicular to the deposition plane) while main-
taining the toolbound C2 dimer parallel to LM1 in the
horizontal plane, as previously described for single-dimer
depositions on C(110). Tip rolling is likely to be required
in practical situations where a dimer must be delivered to
a side position (e.g., a vertical face) on a workpiece rather
than to a top position, or where two tooltips must oper-
ate in close proximity near a workpiece and it becomes
necessary to tilt both tools away from vertical to reduce
steric congestion. The simplest case is where the tool is
first oriented with the C2 dimer parallel to LM1 as if in
preparation for a single-dimer deposition on C(110), but
the tool is then rotated through some angle �roll around an
axis defined by the line connecting the two carbon dimer
atoms on the tip. After such tilting, the tool is subsequently
moved only in the z direction, as before. During deposi-
tion, the dimer will still approach the C(110) surface with
the dimer axis parallel to the xy surface plane, but the tool
will now be tilted to the C(110) surface, not normal to it.
Stepwise AIMD simulations of the Ge tool placed in this
tilted orientation at 300 K found that the tool still deposits
the dimer successfully on the C(110) surface at �roll = 30�

and 32.5�, but shows uncontrollable behavior at �roll = 35�,
giving a maximum tolerable “in-plane” tip rolling angle of
�roll�max = 32�5�.

Another rotational placement error is the case where the
C2 dimer which is attached to the tooltip arrives at the
diamond surface no longer parallel to the horizontal plane.
Here again, the vertical rotational placement error may
consist of an uncertainty component and a displacement
component.

Regarding the uncertainty component, a 1-ps 300 K
molecular mechanics simulation of the extended tool5

found the maximum out-of-plane rocking angle of a tool-
attached dimer due to thermal motions to be less than ±5�
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with an average of ±1�. This represents a 0.02–0.10 Å
displacement in the vertical direction which is within the
room-temperature tool-handle z-axis thermal uncertainties
for all tools (Section 3.6).

As for the displacement component, state-of-the-art
nanopositioners such as the PicoCubeTM from Physik
Instrumente typically introduce minimal off-axis
displacement-from-vertical tilts of only <1 �rad
(<0.0001�). Nevertheless, the sensitivity of dimer place-
ment to tooltip rocking (wagging) motions was investi-
gated using stepwise AIMD simulations of the Ge tool
placed in this tilted orientation at 300 K. These simulations
found that the tool still deposits the dimer successfully
on the C(110) surface at a rocking angle �rock = 15� but
shows uncontrollable behavior at �rock = 17�5� and 20�,
giving a maximum tolerable “out-of-plane” tip rocking
angle of �rock�max = 15�.

3.5.2. Translational Misalignment During
Isolated Dimer Placement

In translational placement errors, the C2 dimer may
approach the target placement site at some linear displace-
ment �x and �y (lattice directions defined in Fig. 4) from
the ideal lattice position for deposition on the diamond
C(110) surface. The uncertainty component is described in
Section 3.6. To investigate the displacement component of
the translational x- and y-coordinate dimer misplacement
tolerance using the Ge tool, a series of stepwise AIMD
deposition/retraction simulations using 0.15 Å (deposition
phase) or 0.20 Å (retraction phase) tool step sizes and a
200 fs constant NVT simulation at 300 K at each tool step
were performed with the tool displaced by various incre-
ments in x and y from the corresponding ad-dimer local
minimum energy (LM1)4 arrangement (Fig. 4).

For the translational x-coordinate dimer misplacement
tolerance using a Ge tool, during deposition phase of the
stepwise AIMD simulations, the toolbound dimer formed
the desired bonding with C(110) surface for x-coordinate
deviations of 0.5 Å, 0.7 Å, and 0.8 Å, whereas defect states
occurred at x-coordinate deviations of 0.9 Å and 1.0 Å.
During retraction phase, stepwise AIMD simulations for
x-coordinate deviations of 0.6 Å, 0.7 Å, and 0.8 Å revealed
uncontrollable behavior with one end carbon of the placed
dimer pulled away from the substrate while raising the tip.
The stepwise AIMD simulation with x-coordinate devia-
tion of 0.5 Å revealed that the ad-dimer was left bonded
on the substrate and relaxed to its GM arrangement. Thus
the maximum x-coordinate dimer misplacement tolerance
at 300 K using the Ge dimer placement tool for isolated
C2 placement on clean C(110) is 0.5 Å.

For the translational y-coordinate dimer misplacement
tolerance using a Ge tool, during deposition phase of the
simulations, the toolbound dimer formed the desired bond-
ing with C(110) surface for y-coordinate deviations of
0.5 Å, 0.7 Å, 0.9 Å, 1.0 Å, and 1.1 Å. During retraction

phase, the simulation for y-coordinate deviation of 1.1 Å
revealed uncontrollable behavior with one end carbon of
the placed dimer pulled away from the substrate while
raising the tip, but simulations for y-coordinate devia-
tions of 0.5 Å, 0.7 Å, 0.9 Å, and 1.0 Å showed success-
ful ad-dimer placement. Thus the maximum y-coordinate
dimer misplacement tolerance at 300 K using the Ge dimer
placement tool for isolated C2 placement on clean C(110)
is 1.0 Å.

3.5.3. Rotational Misalignment During Intercalated
Dimer Placement

Rotational positional placement errors may occur during
the intercalation of a dimer between two gapped dimers
previously deposited on the clean diamond C(110) surface.
Rotational placement uncertainties in the horizontal plane
and thermally-induced dimer rocking (z-axis tilt) mis-
alignments should be relatively small and well-tolerated
(Section 3.5.1). As already noted (Section 3.4), a third
free-rotating C2 ad-dimer positioned parallel to the C(110)
surface and intercalated between two gapped dimers at
5 representative rotational angles (0�, ∼ ±45�, ∼ ±90�)
relaxed from all five initial orientations to just one local
minimum, then converted to the desired global minimum
through a low energy barrier.

The displacement component of the horizontal rotational
placement error for dimer intercalation was investigated in
the same way as previously described for isolated dimer
placement in Section 3.5.1, but the rotational deviation was
around the center of, and with respect to, the metastable
state arrangement. During the stepwise AIMD simula-
tions of deposition, CW rotations of −10�, −12.5�, −15�,
−17.5�, −20�, −22.5�, −25�, and −30� and CCW rota-
tions of +20� and +22.5� yielded controllable behavior,
whereas CCW rotations of +25� and +30� resulted in
defect formation. During the stepwise AIMD simulations
of retraction, CW rotation of −10� and CCW rotations
of +20� and +22.5� yielded a carbon dimer bonded to
the surface, relaxed to its global minimum arrangement,
whereas CW rotations of −12.5�, −15�, −17.5�, −20�,
−22.5�, −25�, and −30� resulted in uncontrollable behav-
ior. Thus stepwise AIMD predicts the maximum horizon-
tal rotational allowance of the Ge tool is −10� to +22.5�

for intercalating a dimer between two gapped dimers
on C(110).

3.5.4. Translational Misalignment During Intercalated
Dimer Placement

Translational positional placement errors may also occur
during the intercalation of a dimer between two gapped
dimers previously deposited on the clean diamond C(110)
surface.

To investigate the translational x-coordinate dimer mis-
placement tolerance using the Ge tool, the tool-bound
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dimer was first aligned above the position in the interca-
lated ad-dimer metastable state structure, along the x and
y directions. Then a series of downward stepwise geom-
etry optimization calculations was performed on the sys-
tem after augmenting the x-coordinate by 1.0 Å, starting
from an initial height of 2.4 Å above the two previously-
deposited gapped ad-dimers using a 0.10 Å step size. At
the height of 2.0 Å above the gap, the tip-bound C2 dimer
interacted with the proximal carbon atoms of the two
gapped ad-dimers already on the surface. Similar down-
ward stepwise geometry optimization calculations, per-
formed after augmenting the x-coordinate by 1.5 Å and
using a 0.10 Å step size, found that at the height of 1.7 Å
above the gap, the tip-bound C2 dimer again interacted
with the desired proximal carbon atoms of the two gapped
ad-dimers on the surface.

This was followed by a series of stepwise AIMD
deposition/retraction simulations using a 200 fs simulation
time at each step and a 0.15 Å tool step size with the Ge
tool at 300 K, starting from an initial height of 2.0 Å above
the two previously-deposited gapped ad-dimers and an
x-coordinate deviation of 1.5 Å. After 200 fs simulation
at the step of 1.85 Å above the gap, one end of the
tool-bound C2 dimer left the tip and inserted between
a proximal carbon atom of one of the two ad-dimers
and the adjacent carbon atom in the substrate (breaking
the bond between them, then forming bonds with them,
respectively)—a significantly different result from the pre-
vious 0 K electronic structure calculation. Stepwise AIMD
simulation with 1.4 Å x-coordinate deviation started from
the height of 2.10 Å above the gap showed the same ten-
dency of uncontrollability. The stepwise AIMD simulation
with 1.3 Å x-coordinate deviation revealed uncontrollable
behavior in the retraction phase such that one end of the
tip-bound C2 dimer was pulled far away from the proximal
carbon atoms of the two gapped ad-dimers on the sur-
face. A 1.2 Å x-coordinate deviation yielded a controllably
surface-bonded dimer, but the dimer would not assume the
global minimum arrangement even after full tool retrac-
tion, and a 1.1 Å x-coordinate deviation likewise showed
uncontrollable behavior with one end of the placed carbon
dimer pulled away from the substrate during retraction.
Stepwise AIMD simulation with 1.0 Å x-coordinate devi-
ation confirmed the desired interaction with the gapped
ad-dimers at 2.15 Å above the gap during the deposition
phase, and after retraction to 2.95 Å above the gap the
carbon dimer relaxed to the global minimum arrangement.
Thus the maximum x-coordinate dimer misplacement tol-
erance at 300 K using the Ge dimer placement tool for
C2 intercalation between two gapped ad-dimers on clean
C(110) is 1.0 Å.

To investigate the translational y-coordinate dimer mis-
placement tolerance using the Ge tool, the tool-bound
dimer was again initially aligned to the ad-dimer posi-
tion in the intercalated metastable state structure along the

x and y directions. A downward stepwise geometry opti-
mization calculation on this system showed a tendency of
uncontrollability for y-coordinate augmentations of 1.0 Å
and 0.6 Å at a height of 2.3 Å above the gapped ad-dimers.
A similar calculation for smaller y-coordinate augmenta-
tions of 0.5 Å and 0.4 Å predicted that the tool-bound C2

dimer interacted with the desired proximal carbon atoms
of the two gapped ad-dimers on the C(110) diamond sur-
face, at a height of 2.2 Å above the gapped ad-dimers.

This was followed by a series of stepwise AIMD depo-
sition/retraction simulations using a 200 fs simulation time
at each step and 0.10 Å (deposition) or 0.15 Å (retraction)
tool step sizes with the Ge tool at 300 K, starting from an
initial height of 2.4 Å above the two previously-deposited
gapped ad-dimers and a y-coordinate deviation of 0.8 Å
and 0.7 Å, both of which showed the same tendency of
uncontrollability during the deposition phase at a height of
2.3 Å above the gapped ad-dimers. Stepwise AIMD on a
0.6 Å y-coordinate deviation showed the desired interac-
tion with the gapped ad-dimers during deposition, but the
tool retraction became uncontrollable at the step of 2.65 Å
above the gapped ad-dimers, as did the retractions on a
0.5 Å and a 0.4 Å y-coordinate deviation at the step of
2.80 Å above the gapped ad-dimers. On 0.3 Å y-deviation
during the retraction phase the dimer was deposited on the
surface in its global minimum energy position after the Ge
tip had pulled clear of the surface at the step of 3.20 Å
above the original gap. Thus the maximum y-coordinate
dimer misplacement tolerance at 300 K using the Ge dimer
placement tool for C2 intercalation between two gapped
ad-dimers on clean C(110) is 0.3 Å.

Note that for x deviations (across trough), the maximum
tolerable dimer misplacement error is 0.5 Å for an iso-
lated C2 deposition but 1.0 Å for C2 intercalation between
two gapped ad-dimers, indicating that a much larger place-
ment error is tolerable for the intercalation approach. For
y deviations (along trough), the maximum tolerable dimer
misplacement errors give the opposite results, with 1.0 Å
for an isolated C2 deposition and 0.3 Å for C2 intercala-
tion between two gapped ad-dimers. However, misplace-
ment errors for the two modes of deposition (isolated vs
intercalated) are not strictly comparable because during an
isolated C2 deposition the tooltip-bound carbon dimer is
aligned in the xy plane to the LM1 position,4 in which the
ad-dimer is parallel to neither x nor y directions, whereas
during C2 intercalation between two gapped ad-dimers the
tooltip-bound carbon dimer is aligned in the xy plane to
the metastable state position (when it starts interacting
with the targeted carbons on C(110)), in which the ad-
dimer becomes parallel to the troughs (y direction).

3.6. Thermal Uncertainty of Handle-Mounted Tooltips

Extending the exploration of temperature effects on the
positional uncertainty and control of the terminal carbon
dimer first reported in Part II,5 a series of MD simulations
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∆z

∆v∆u

front viewside view

Fig. 8. Side view (left) and front view (right) of extended Ge-
triadamantane dimer placement tool for diamond mechanosynthesis (C in
cyan, H in white, Ge in blue).

of the original Si-, Ge-, and Sn-based 430-atom extended
diamond tooltip handle structure (Fig. 8) were conducted
using simulation run times of sufficient length to compute
the phase space distribution of the positions and momenta
of the terminal carbon dimer atoms. The original tooltip
handle structure shown in Figure 8 is narrower, hence less
stiff against transverse displacements, in the u-direction
normal to the dimer axis than in the v-axis parallel to
the dimer axis. Initial independent 100 ps simulations of
the Ge tool at 80 K and 300 K, whether using 4 or 50
tooltop restraint atoms, or small or large tether forces,
all developed significant (approx. ±2 Å) u-axis ∼2 THz
oscillations, beginning after ∼20 ps into the simulation,
consistent with the estimated natural resonant frequency
of a clamped diamond rod having dimensions similar to

Table I. Molecular dynamics evaluation of carbon dimer atom maximum positional uncertainty and standard deviation of
positional uncertainty in a DCB6-X (X = Si, Ge, Sn) tooltip molecule1 bound to extended diamond tooltip handles, as a function
of temperature.

Tool Tooltip Total simulation Uncertainty �u Uncertainty �v Uncertainty �z

temperature T �K� type time (ps) and �3�u�, in Å and �3�v�, in Å and �3�z�, in Å

20 Si 10 ±0.11 (0.14) ±0.03 (0.03) ±0.05 (0.06)
Ge 70 ±0.17 (0.14) ±0.07 (0.06) ±0.05 (0.04)
Sn 30 ±0.19 (0.19) ±0.04 (0.03) ±0.05 (0.06)

80 Si 30 ±0.23 (0.26) ±0.07 (0.07) ±0.17 (0.21)
Ge (XBar) 20 ±0.14 (0.17) ±0.07 (0.07) ±0.09 (0.09)

Ge 80 ±0.36 (0.31) ±0.15 (0.11) ±0.10 (0.09)
Sn 30 ±0.35 (0.32) ±0.09 (0.08) ±0.10 (0.10)

300 Si (XBar) 50 ±0.33 (0.30) ±0.15 (0.12) ±0.17 (0.18)
Si 60 ±0.40 (0.37) ±0.16 (0.14) ±0.16 (0.14)

Si (II) 10,000 ±0.35 (0.20) ±0.21 (0.12) ±0.17 (0.10)
Ge (XBar) 40 ±0.28 (0.30) ±0.15 (0.13) ±0.17 (0.15)

Ge 90 ±0.57 (0.50) ±0.15 (0.15) ±0.20 (0.19)
Ge (II) 10,000 ±0.52 (0.31) ±0.28 (0.21) ±0.30 (0.15)

Sn (XBar) 50 ±0.48 (0.48) ±0.18 (0.16) ±0.22 (0.18)
Sn 30 ±0.61 (0.60) ±0.17 (0.15) ±0.23 (0.25)

900 Si 40 ±0.58 (0.54) ±0.33 (0.32) ±0.27 (0.26)
Ge 70 ±0.85 (0.78) ±0.43 (0.44) ±0.39 (0.30)
Sn 30 ±1.16 (1.08) ±0.32 (0.30) ±0.34 (0.32)

XBar: values from present work with u-axis crossbar added to extended tool handle to improve handle stiffness.
II: values extracted or computed from original data5 for both dimer atoms.

those of the as-modeled extended tool handle (14.58 Å
�u�, 25.68 Å �v�, 14.66 Å �z�). A simple continuum
model10 using Bernoulli-Euler theory—with the extended
tooltip handle crudely modeled as a clamped-free cylindri-
cal beam of length L= 1�4 nm, equivalent circular cross-
sectional radius R∼ 0�7 nm, Young’s modulus E = 1�05×
1012 N/m2 and density � = 3510 kg/m3 for diamond, fre-
quency mode constant �1 ∼ 1�875 for the lowest vibra-
tional frequency mode �i= 1�, and second moment of area
I = �R4/4—gives the lowest natural resonant frequency
as �1 = ��2

1/4���R/L2��E/��1/2 ∼ 1�7 THz. The artifac-
tual character of this resonance was confirmed by compar-
ing a 300 K high-resolution 1 ps simulation at 1 fs data
intervals of the Ge tool, yielding a resonance frequency
estimate of 1�797± 0�005 THz over 2 cycles, to a 300 K
high-resolution 1 ps simulation at 1 fs data intervals of a
shortened Ge tool (14.55 Å �u�, 21.53 Å �v�, 12.49 Å �z�)
having its topmost sheet of carbon atoms removed, yield-
ing a resonance frequency estimate of 2�035±0�023 THz
over 2 cycles, a 13% increase in resonance frequency com-
pared to the larger tool. A 19% decrease in cylindrical
beam width along with a 17% reduced beam length, sim-
ilar to the aforementioned size reduction in the Ge tool,
would increase the estimated Bernoulli-Euler natural res-
onant frequency by ∼ ��R/L2�−1�∼ ���0�81�/�0�83�2�−
1� ∼ 17%, comparable to the observed 13% increase for
the shortened Ge tool, confirming that the resonance is
most likely a modeling artifact.

By cumulating data from a series of independent 5 ps
or 10 ps MD simulations until the positional extremum
values and standard deviations ��� remained unchanged to
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within ±0.01 Å upon addition of new data, the spatial dis-
tribution resulting from the normal high-frequency vibra-
tional modes of each tool could be explored with minimal
contributions from the artifactual THz resonance. Simu-
lations were performed by tethering all 50 carbon atoms
in the topmost plane of the tool handle to their energy-
minimized positions using a large force restraint equal to
the MM2 force field11 C–C bond stiffness9 of 440 N/m,
or 633 kcal/mol-Å2, with different initial atomic positions
and randomized initial velocities for each independent sim-
ulation using an integration time-step of 1 fs.

Table I summarizes the thermally-driven positional
uncertainty of one of the two dimer carbon atoms, both
in the dimer uv coordinate plane parallel to the xy plane
of the diamond surface and in the out-of-plane (z-axis)
direction, relative to its equilibrium position. Maximum
positional uncertainty is conservatively defined as the
extremum values observed along each coordinate axis dur-
ing each series of simulations. These values are extracted
from data sampled at 10 fs intervals at four representative
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Fig. 9. Spatial distribution in horizontal uv-plane of one carbon in C2

dimer on Si-, Ge-, and Sn-based triadamantane dimer placement tool
mounted on original handle structure.

operating temperatures. The presumptive 3� standard
deviation of positional uncertainty (which would include
99.7% of all data if normally distributed) is given in parens
in Table I, with data for the Si, Ge, and Sn tools plot-
ted in Figure 9. For all three tools, dimer positional vari-
ance ��2� scales roughly with temperature �T � consistent
with classical engineering approximations for thermally
excited rods.3 Our results using MM+ at 300 K are quan-
titatively similar to those previously obtained by Mann
et al.5 (“II” values, Table I) who used MM3 and hundred-
fold longer simulation times. The significantly larger devi-
ations in the atomic positions of the dimer carbon atom
for the Ge tooltip as compared to the Si tooltip are due
to the differences between the C–Si and C–Ge vibrational
frequencies—stretching frequencies for isolated C–Si and
C–Ge dimers are 905 cm−1 and 708 cm−1, respectively,7

and 500–600 cm−1 for C-Sn in various organotin(IV)
complexes.12–14 A higher vibrational stretching frequency
(as in C-Si) is characteristic of a stiffer bond which is less
subject to large amplitude thermal fluctuations (and vice
versa for lower frequency molecular vibrations). A design
modification to the original extended tool handle suggested
by Freitas (personal communication, 2004), intended to
improve u-axis stiffness, is the addition of a u-axis cross-
bar structure (Fig. 10) which dramatically reduces u-axis
positional uncertainty (“XBar” values, Table I) for the Ge
tool, and to a lesser degree for the Sn and Si tools.

Data for just a single carbon dimer atom were deemed
representative of the C2 atom pair because the positional
uncertainty statistics for the two dimer atoms in the loaded

top
view

side
view

Fig. 10. Top and side views of crossbar tool handle for extended Ge-
triadamantane dimer placement tool for diamond mechanosynthesis (C in
cyan, H in white, Ge in blue).
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tooltip are almost identical: �v1 = ±0�20 Å�3�v1 =
0�13 Å� for dimer atom 1 and �v2 = ±0�21 Å�3�v2 =
0�12 Å� for dimer atom 2 in the Si tool, and �v1 =
±0�28 Å�3�v1 = 0�20 Å� for dimer atom 1 and �v2 =
±0�29 Å�3�v2 = 0�22 Å� for dimer atom 2 in the Ge tool,
at 300 K, according to raw data from Mann et al.5

4. CONCLUSIONS

The process of placing an isolated carbon dimer on dia-
mond C(110) surface via the Si-substituted triadamantane
dimer placement tool is unreliable at 300 K, but is reli-
able at 80 K. With the Ge-substituted triadamantane dimer
placement tool, the process of placing an isolated C2 dimer
on the diamond C(110) surface is reliable at temperatures
up to 300 K. The initial projected orientation on the dia-
mond surface of the C2 dimer transferred from the tooltip
should be the same as that of the local minimum (LM1) of
an isolated carbon ad-dimer placed on the same surface.
The deposition of an isolated C2 dimer on the diamond
C(110) surface via the Sn-substituted triadamantane dimer
placement tool appears unreliable.

Deposition of a second carbon dimer immediately adja-
cent to a previously-placed isolated C2 dimer on C(110) is
prone to defect formation. However, deposition on C(110)
of a second isolated carbon dimer near a previously-placed
isolated C2 dimer such that the two ad-dimers have a one-
dimer gap between them, using the Ge tool at 300 K, is
predicted by stepwise AIMD simulation to result in the
same outcome for the second ad-dimer as in the deposition
simulation of the first isolated dimer.

Stepwise geometry optimizations of a free C2 dimer,
which is oriented at 0�, ∼ ±45�, or ∼ ±90� rotations in
the horizontal plane around the center of a blank spot
between two gapped previously-placed isolated C2 ad-
dimers, showed that the dimer relaxes from all five initial
orientations to just one local minimum, a metastable state,
then easily converts to the desired global minimum. This
suggests a defect-reduced procedure for positional dimer
deposition in which C2 dimers are initially placed in every
other position during the first pass, after which the blank
spots between each existing pair of ad-dimers are filled
with ad-dimers during the second pass. Stepwise AIMD
predicts a controllable dimer intercalation between gapped
dimers on clean C(110) surface using the Ge tool at 300 K
via this procedure, yielding fully populated dimer rows.

Stepwise AIMD simulations quantify the maximum tol-
erable dimer misplacement error as 0.5 Å in x direction
(across trough) and 1.0 Å in y direction (along trough) for
a positionally-correct deposition of an isolated C2 dimer
on C(110), and 1.0 Å in x and 0.3 Å in y for C2 inter-
calation between two gapped ad-dimers. Rotational mis-
placement tolerances for the Ge tool in the horizontal
plane are −30� to +30� for adding a single isolated dimer
to C(110) and −10� to +22.5� for intercalating a sin-
gle dimer between two gapped ad-dimers, according to

stepwise AIMD simulations. For isolated dimer placement,
the tool can tolerate a maximum “in plane” tip rolling
angle of 32.5� and a maximum “out-of-plane” tip rocking
angle of 15�, at 2.5� increments.

In this study, we performed 20 constant NVT stepwise
AIMD simulations on the DCB6Ge carbon dimer place-
ment tool at 300 K within the maximum tool misalign-
ment errors. All simulations revealed successful placement
of a carbon ad-dimer on the C(110) surface with various
different initial settings. This indicates statistically that
the DCB6Ge tooltip should work virtually all of the time
to place a carbon dimer on the C(110) surface within
the allowed range of tool misalignment, up to room
temperature.

Thermal positional uncertainty of the tool-bound dimer
is calculated using classical molecular dynamics for Si-,
Ge-, and Sn-based dimer placement tools at operating
temperatures of 20 K, 80 K, 300 K, and 900 K. At
300 K, maximum dimer placement uncertainty for the Ge
tooltip+ handle system is ±0.57 Å �3� = 0�50 Å� along
the narrow handle u-axis and ±0.15 Å �3� = 0�15 Å�
along the wide handle v-axis, in the horizontal plane, and
±0.20 Å �3� = 0�19 Å� in the vertical z-axis. MD analy-
sis of a new Ge tooltip+handle system at 80 K and 300 K
finds that maximum dimer positional uncertainty is halved,
e.g., from ±0.57 Å to ±0.28 Å at 300 K, by adding a
crossbar in the most compliant u-axis direction. Total posi-
tional error is the sum of the dimer misplacement error
and the thermal uncertainty of the tip.
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