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„Meta…stable reconstructions of the diamond„111… surface: Interplay between diamond
and graphitelike bonding
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Off-lattice grand canonical Monte Carlo simulations of the clean diamond~111! surface, based on the
effective many-body Brenner potential, yield the (231) Pandey reconstruction in agreement withab initio
calculations and predict the existence of metastable states, very near in energy, with all surface atoms in
threefold graphitelike bonding. We believe that the long-standing debate on the structural and electronic
properties of this surface could be solved by considering this type of carbon-specific configuration.
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The discovery of fullerene has awakened an increas
interest in carbon based nanostructures as well as in
cesses, such as diamond graphitization1 or the graphite-to-
diamond transformation2 leading to structures, which prom
ise to have desirable properties of both graphite a
diamond. It is important to develop predictive schemes
treat diamond, graphite, and mixed bonding with approac
able to deal with large structures, often beyond the poss
ity of ab initio calculations. The effective many-body empir
cal potentials due to Tersoff3 for group IV elements are very
accurate for Si and Ge, but less reliable for C. In particu
for C the Tersoff potential yields the unreconstructed~111!
(131) surface as the most stable against the experime
evidence4–7 of a (231) Pandey reconstruction.8,9 For the
~001! face it predicts dimerization with a strong asymmet
displacement of the third-layer atoms.10 Here, we use the
potential proposed by Brenner11 ~parametrization I! and
show that it is reliable also at the surface.12

We perform off-lattice grand canonical Monte Car
~GCMC! simulations13 of the ~111! surface of diamond. We
find the unbuckled undimerized (231) Pandey chain recon
struction as the minimum energy structure and three n
metastable states, close in energy, with all surface atoms
threefold graphitelike bonding. Two of them are obtained
a strong dimerization of thelower ~fourfold coordinated!
chain, inducing a small dimerization of the upp
(p-bonded! chain as well. The third metastable (A3
3A3)R30o reconstruction is formed by a regular array
vacancies.

Surprisingly, the reconstruction of clean diamond~111! is
not yet established in detail, although there is a consen
that the p-bonded Pandey (231) reconstruction8,9 is the
most stable. One important issue is whether this surfac
metallic or semiconducting. In most calculations14–17 the
band of surface states is metallic whereas experimentally
highest occupied state is at least 0.5 eV below the Fe
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level.18,19Dimerization along thep-bonded chain could open
the surface gap20,21 but only one total-energy calculation ob
tains slightly dimerized chains yielding a 0.3 eV gap20 in the
surface band. Experimentally, recent x-ray data6 and
medium-energy ion scattering7 do not show any dimerization
but favor the (231) reconstruction accompanied by a stro
tilt of the p-bonded chains, similar to the (231) reconstruc-
tion of Si~111! and Ge~111!. The tilt is however not con-
firmed by theoretical studies.14–17,20 Also, relaxations in
deeper layers are debated. The bonds between first and
ond bilayers are found to be elongated by an amount wh
varies between 1%~Refs. 6 and 7! and 8%.4,14,20Bonds be-
tween the second and third bilayers are slightly shifte
(&1%) in theoretical studies while x-ray data sugges
5–6 % relaxation.6,7

Experimentally, uncertainties can be caused by variati
of surface preparation. A partial graphitization1,19,22 and
other structural phases23,24 can coexist at the real surface.
is noteworthy that most structural models were first su
gested for Si and Ge8,25,26and then extended to diamond.9,14

However, the former always favors tetrahedral fourfold c
ordination whereas C favors also the graphitelike threef
bonding, the latter being in fact energetically stable in t
bulk at normal conditions. One can therefore expect diam
to have additional low-energy surface structures, such as
metastable reconstructions presented here.

Empirical potentials, although less accurate thanab initio
calculations, allow us to explore larger portions of pha
space and can lead to unexpected structures, which can
be tested in more accurate calculations and taken into
count in the experimental data analysis. We exploit the M
simulated annealing scheme to overcome potential ene
barriers and identify low-energy surface structures. Atoms
the bottom layers are kept fixed at their ideal bulk positio
while the others~usually, four bilayers of 128 atoms each!
are mobile. We consider either aVNT, PNT, or PmT en-
sembles for different tasks. The canonicalVNT ensemble is
R10 590 ©2000 The American Physical Society
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used to minimize ordered structures. During the simula
annealing we allow for volume fluctuations (PNT). We con-
sider also a grand canonicalPmT ensemble13 to access struc
tures with different number of atoms than in the bulk term
nated structure. Each atom creation/destruction is ena
only in the near-surface region~2–3 top bilayers! and fol-
lowed by 1000 MC equilibration moves. We have optimiz
the implementation of the potential by use of neighbor li
which allow us to calculate energy variations on a finite p
tion of the sample. The one-dimensional functions defin
the potential are stored in tables with a fine grid and cal
lated by linear interpolation. The attractiveVA , repulsive
VR , and the cutofff c terms are stored as a function of th
square of interatomic distances to avoid square root op
tions. The three-dimensionalF function is stored on a fine
grid and the tricubic interpolation11 is replaced by a linea
one, reducing the terms to be evaluated from 64 to 8.
note that, in a strongly covalent system like diamond, c
ation and destruction are very improbable events, also
cause immediately after creation or destruction the neigh
ing atoms have not yet adjusted to the new lo

FIG. 1. Left: relaxed 131, right: Pandeyp-bonded chain. The

top ~111! and side (11̄0) views are presented in the top and botto
images, respectively. The relative changes of the bond lengths
the atom labeling schemes used in Table I are indicated.
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environment; after a destruction the system can gain up
eV by relaxation. This energy has been added as
umbrella27 in the acceptance rule for creation/destruction.

Throughout, we give energy gainsDE per 131 unit cell,
relative to the bulk-terminated surface. We find the relax
(131) and Pandey (231) structures shown in Fig. 1 to
haveDE50.244 and 1.102 eV, respectively. Apart from
4% elongation of the bond between first and second bila
against 8%~Refs. 4, 14, and 20! for the Pandey structure, ou
results agree remarkably well with ab initio
calculations.14,17,20,28

nd

FIG. 2. Top view of a reconstructed diamond~111! sample after
a spontaneous transition from the bulk-terminated (131) structure.
The fourfold coordinated atoms in the first bilayer~atoms 13 and 14
in Fig. 1! are shown as dark balls and connected by dark solid lin
Periodic boundary conditions within the surface plane are used
ively. The

FIG. 3. Metastable structures of the diamond~111! surface arranged as in Fig. 1. Left and central structures are the (231) and (4

31) dimerized reconstructions. Short and long distances in the dimerized chain are indicated by solid and broken lines, respect
structure on the right displays the vacancy (A33A3)R30o reconstruction.
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TABLE I. Coordinates of atoms~in Å! within top three bilayers for the Pandey model, (231) and (431) dimerized reconstructions
~Ref. 30!. The Brenner potential gives the diamond bulk bond length of 1.541 Å and the 231 unit cell has in-plane dimensions 4.35
32.517 Å2. The numbers in parentheses for the (431) dimerized reconstruction are coordinates of atoms in the second half of the un
~denoted with primes in Fig. 3!.

Pandey Dimer 231 Dimer 431
Atom x y z x y z x y z

11 3.064 -0.943 5.525 3.071 -0.942 5.638 3.072~7.435! -0.532~-1.355! 5.648~5.645!
12 2.370 0.315 5.519 2.353 0.332 5.625 2.379~6.742! 0.728~-0.095! 5.646~5.641!
13 1.007 0.313 4.792 1.177 0.594 4.804 1.210~5.591! 0.714~-0.081! 4.802~4.793!
14 0.076 -0.941 4.804 -0.112 -1.188 4.820 -0.151~4.228! -1.325~-0.561! 4.813~4.806!
21 3.816 -0.942 3.325 3.835 -0.965 3.331 3.838~8.202! -0.911~-0.989! 3.330~3.325!
22 3.041 0.316 2.880 3.065 0.299 2.872 3.072~7.436! 0.350~0.275! 2.866~2.862!
23 1.557 0.314 3.290 1.573 0.341 3.297 1.589~5.967! 0.378~0.250! 3.313~3.302!
24 0.895 -0.943 2.737 0.896 -0.910 2.759 0.898~5.272! -0.878~-1.015! 2.774~2.767!
31 3.065 0.316 1.300 3.075 0.318 1.295 3.084~7.449! 0.322~0.306! 1.299~1.291!
32 2.346 -0.942 0.760 2.251 -0.946 0.770 2.361~6.727! -0.938~-0.955! 0.769~0.765!
33 0.883 -0.944 1.227 0.889 -0.930 1.240 0.895~5.265! -0.918~-0.974! 1.252~1.246!
34 0.152 0.315 0.739 0.156 0.328 0.752 0.162~4.533! 0.342~0.293! 0.756~0.756!
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To the best of our knowledge, no one has succeeded
fore in simulating a spontaneous transition from the id
(131) to the (231) reconstructed diamond~111! surface.
The (231) reconstruction of both diamond~111! and
Si~111! is associated with a large coherent displacemen
the first bilayer by more than 0.5 Å , accompanied by
rebonding in which one atom in the 231 surface unit cell
changes coordination from four to three while another d
the opposite.Ab initio molecular dynamics simulation29 of
the spontaneous (231) reconstruction of Si~111! shows that
breaking and formation of a new bond occurs at the sa
time. We find that for diamond, instead, the bond break
leading to an increase of threefold~graphitelike! atoms pre-
cedes the bond formation.30 In such a situation, competition
between the (231) reconstruction and~partial! surface
graphitization becomes very important,22 especially if the an-
nealing is performed at high temperatures. Conversely, a
annealing temperature makes it very difficult to overco
the potential barrier between the two ordered structures
Fig. 2 we show the top view of a diamond~111! sample,
obtained from the ideal relaxed (131) structure after an
annealing cycle~about 0.53106 MC steps! at T5750 K.
The efficiency of phase space exploring is improved by
creasing the step size27 as to reduce the acceptance rate fro
the usual 50% down to 20–25 %. In Fig. 2 we emphas
pieces of the lower, fourfold coordinated Pandey cha
which represent the final stage of the (131)→(231) tran-
sition. Only one rotational domain is present and the rela
position of the formed chains is somewhat disordered.

At higher temperatures, apart from a tendency towa
graphitelike structures, we observe also other ordered pha
similar to the Pandey reconstruction but accompanied b
strong dimerization of thelower atomic chain.30 This dimer-
ization can be performed in two ways, leading to the
31) and (431) structures shown in Fig. 3. The atom coo
dinates are given30 in Table I along with those for the Pande
reconstruction. The energy gainDE is 0.883 and 1.023 eV
for the metastable (231) and (431), respectively. In the
dimerized chains the short/long distances between atom
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FIG. 4. Top and side views of the sample at 2350 K show
coexistence of the original Pandey chain~lower chains connected
by solid lines! and the dimerized~alternating solid-dashed lines!
reconstructions. The four atoms in the first bilayer connected b
dotted line in the top view and given as dark balls in the side vi
are lifted off~a precursor of surface graphitization!. The dark atoms
underneath in the second bilayer have changed their coordina
from four to three to form a newp-bonded chain.
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and 14 are 1.459/2.215 and 1.444/2.455 Å for the (231)
and (431) instead of 1.562 Å in the Pandey reconstructio
This dimerization induces dimerization of thep-bonded
chain as well, albeit small (,1%), which might be of im-
portance for surface electronic properties. The (431) dimer-
ized structure is only 160 meV ('2000 K) per broken bond
higher than the Pandey structure, i.e., these phases can
ist at the surface at high temperatures. Indeed, by heating
ordered Pandey structure to 2350 K we observe a pa
transformation to the dimerized state as shown in Fig.
Note also a precursor of surface graphitization.

Lastly, in GCMC runs we find the (A33A3)R30o recon-
struction formed by an ordered array of vacancies as sh
on the right hand side in Fig. 3. The bond lengths betw
the atoms in the first bilayer are reduced to 1.390 Å , slightly
less than the equilibrium bond length in graphite~1.42 Å!.
The bonds between the first and second layer are elong
by ;1% while the other bond lengths are close to the b
value. Taking the bulk binding energy 7.346 eV as t
chemical potential, the energy gain is estimated to beDE
50.6145 eV. Once formed, this structure is found to be v
stable and remains unaltered after long GCMC annea
cycles atT52350 K.30 Similar structures have been di
cussed for Si.31,32For diamond~111! a (232) vacancy struc-
ture was shown to be energetically unfavorable compare
the relaxed (131) structure.33 However, contrary to the (2
32) vacancy structure,33 our (A33A3) structure has only
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threefold coordinated surface atoms and might thus be m
favorable.

In conclusion, we have performed off-lattice GCM
simulations of the clean diamond~111! surface structure
based on the Brenner potential. A spontaneous transi
from the ideal (131) to the stable Pandey (231) recon-
struction is obtained. We also find metastable reconstruct
very close in energy with strong dimerization of the low
atomic chain, which are shown to coexist with the Pand
chain reconstruction at temperatures;2000 K. Besides, we
find a deep local minimum for the vacancy stabilized (A3
3A3) structure. These metastable structures have a la
number of threefold coordinated atoms at the surface.
absence of consensus on the structural details and elect
structure of the clean~111! surface might be related to thes
surface structures, which are peculiar of carbon and h
never been considered so far.

Note added in proof.After completion of the manuscript
we have found that a spontaneous transition to the~231!
reconstruction has been also obtained inab initio molecular
dynamics simulations by G. Kernet al.,34 which show that
the bond breaking precedes the bond formation in agreem
with our results.
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