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Total energies of cubic boron nitride (c-BN! ~001! surfaces are systematically studied for various recon-
structed configurations by the local density-functional approach with ultrasoft pseudopotentials. Stable phases
as a function of nitrogen chemical potential are predicted theoretically. We examine the validity of the electron
counting~EC! rule, which plays an important role for the study of the GaAs surfaces, and obtain supplemental
factors to determine stable surface structures. The results of the total-energy minimization calculation demon-
strate that the EC rule holds very well within the models that contain at most one layer with defects and no
interlayer N-N and B-B bonds, and that next to the EC rule, the electrostatic energy has the most important role
in determining stable structures. Furthermore, in the nitrogen-rich region, we found that the EC rule does not
hold, because the energy difference between the N-B and N-N bonds is larger than the energy gain from using
the EC model. We suggest that the important factors for determining stable structures of thec-BN~001! surface
are N-B bond saturation, the EC rule, and electrostatic energy, whose effect decreases in this order. The
difference betweenc-BN and GaAs surfaces is also discussed.@S0163-1829~96!01723-7#

I. INTRODUCTION

Boron nitride~BN! has a phase diagram that is similar to
that of carbon, that is, hexagonal BN (h-BN!, cubic BN
(c-BN!, and wurtzite BN (w-BN! which correspond to the
graphite, diamond, and hexagonal diamond structures of car-
bon, respectively. Among these polymorphs,c-BN, which is
also calledborazon, is an exotic material with a zinc-blende
structure, that is, the stable phase at high pressure and high
temperature, and is metastable under ordinary conditions.
Unlike diamond,c-BN does not exist in nature. Historically
c-BN was synthesized under high pressure and high tem-
perature conditions by Wentorf in 1956.1 The properties of
c-BN are very attractive from both scientific and technologi-
cal viewpoints.c-BN is the second hardest material follow-
ing diamond and is used as a protective coating material.2

For the purpose of fabricating semiconducting devices work-
ing under high temperature,c-BN shows fascinating fea-
tures, such as high thermal conductivity, semiconducting
properties with a wide energy gap, low dielectric constant,
high melting point, etc. Although it is difficult to dope stable
n-type impurities in diamond, we can make bothp and
n-type c-BN. Furthermore, since the lattice constant of
c-BN is larger than that of diamond by only 1.3%,c-BN is a
promising substrate material for the growth of heteroepi-
taxial chemical vapor deposition~CVD! films of diamond.
Thanks to these properties,c-BN can be applied to exotic
semiconducting devices.

In recent years,c-BN has attracted much interest since its
synthesis has been successfully realized by CVD~Ref. 3! and
physical vapor deposition~PVD! ~Refs. 4–11! techniques.

For a review, refer to Ref. 2. Study of heteroepitaxial growth
using c-BN as a substrate or a growth material has been a
current trend. Typical examples are diamond onc-BN~111!
by dc plasma CVD~Ref. 12! and c-BN~100! on Si~100!.13

The latter is characterized by 3:2 commensurate lattice
matching. To understand the growth ofc-BN, it is very im-
portant to determine stable structures and properties of the
c-BN surfaces. Unlike Si and GaAs, the growth ofc-BN is
performed under conditions where its phase is metastable.
Therefore the growth of the metastable phase can be attrib-
uted to the surface condition.

As for the theoretical aspects, bulkc-BN has been studied
energetically with the first-principles calculations using the
local density approximation~LDA ! and by other methods for
fifteen years. These include studies of the electronic structure
and crystal structures with LCAO~linear combination of
atomic orbitals! calculations,14 LCAO Hartree-Fock,15,16

first-principles pseudopotential~PP! calculations,17–21 full-
potential linear augmented plane-wave method,22 andab ini-
tio self-consistent orthogonalized LCAO method.23 The band
gap of the~110! diamond–c-BN superlattice has been stud-
ied with the linear augmented plane-wave method.24 Re-
cently some bulk properties were calculated with ultrasoft
pseudopotentials.25 On the other hand, since it is very diffi-
cult to prepare high-quality clean surfaces ofc-BN, there are
few experiments to characterize the surface, for example, by
low-energy electron diffraction~LEED! and scanning tunnel-
ing microscopy~STM!. Thus, as a first step toward recogni-
tion of the growth mechanism, a theoretical study of the
reconstructedc-BN surface has a fundamental significance.
However, although many interesting experiments on epitax-
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ial growth have been reported in recent years, there are few
theoretical studies of the surfaces. Furthermore, no first-
principles studies have been reported as far as we know. This
is attributed to the difficulty of first-principles calculations.
In the study of surfaces, which have a low symmetry com-
pared to the bulk crystal, it is necessary to minimize the total
energy with respect to the ionic configuration and to obtain
reconstructed surface structures.

In this work, c-BN~001! reconstructed surfaces are stud-
ied by first-principles calculations with ultrasoft pseudopo-
tentials as proposed by Vanderbilt,26 which overcome many
of the difficulties of the conventional norm-conserving PP.
As for the preliminary works, see Refs. 27 and 28. To allow
efficient optimization, conjugate gradient methods are used
for the total-energy minimization with respect to the wave
functions and the positions of the ions. Using these methods
we study the reconstructed surface structures with different
stoichiometries to clarify the properties ofc-BN~001! sur-
faces. As mentioned above, there are few experiments that
give information about the surface reconstructions. There-
fore, we have to calculate the surfaces ofc-BN with various
kinds of symmetries:(131), (231), c(232), (232), and
(234) for both boron- and nitrogen-rich surfaces.

To begin with, we optimized the structures of the
(231) andc(232) reconstructions for both B and N~001!
surfaces without vacancies. For these symmetries it is ex-
pected that the dimer structure should be favorable as is the
case of~001! surfaces of Si, Ge, and GaAs. On the other
hand, a semiempirical study29 predicts that (231) nitrogen-
terminated surfaces favor the bridge structure, which is sug-
gested as the model for the carbon-terminated SiCc(232)
surface by experiments30 and semiempirical calculations.31

Therefore, optimization was performed for these two models.
However, the result turns out to be contrary to that obtained
by the semiempirical calculation. From our calculation the
bridge structure has much higher energy than the dimer
structure. This difference is attributed to the different calcu-
lational methods. From the results for the surface without
vacancies, we construct models taking the dimer structure as
a stable constituent.

Based on the calculated results, the stability of the models
is discussed for various stoichiometries. Furthermore, the va-
lidity of the electron counting~EC! model for thec-BN sur-
face is discussed, since the EC rule has been successful in the
explanation of the reconstruction of GaAs surfaces.32,33 If its
validity is confirmed, the EC model will be an effective guid-
ing principle for experiments and theoretical studies of
c-BN~001! surfaces.

The organization of this work is as follows. In Sec. II, the
calculational method and a test of the ultrasoft pseudopoten-
tials are briefly described. Section III is devoted to the de-
scription of the models used in this study. Further, the cal-
culated results and the characteristic features of each
reconstructed structure are shown in Sec. IV. In Sec. V, the
stability of the structures for the different stoichiometries is
investigated and the validity of the EC rule inc-BN~001! is
also discussed. In the last section, the results are summa-
rized.

II. METHODS OF CALCULATION

In this section, we describe the calculational method used
to minimize the total energy with respect to the positions of

ions and the tests of the PP’s for B and N. We adopt the local
density-functional formalism34,35with the PP approximation.
The total energy and the Hellmann-Feynman forces are ob-
tained from first-principles calculations with the ultrasoft PP
~UPP! suggested by Vanderbilt.26,36 Since the UPP’s show
good transferability without norm conserving and produce
smooth pseudo-wave-functions, it is feasible to perform first-
principles calculations of materials containing first row ele-
ments such as boron and nitrogen. For the pseudo-wave-
functions, we adopt Troullier and Martins type39 functions
without the norm-conserving condition. For the exchange-
correlation term, we adopted Ceperley-Alder type37 param-
etrized by Perdew and Zunger,38 unless noted otherwise. The
total energy is minimized with respect to the positions of the
ions by the conjugate gradient method~CG!.40 The CG
method is also applied to the Kohn-Sham equation for the
electronic degrees of freedom.41 We apply the CG algorithm
of Bylander, Kleinman, and Lee42 with preconditioning43 to
the generalized eigenvalue problem. To save computational
cost, we did the optimization in two steps.44,45 In the first
step, we performed geometry optimization with a soft PP of
nitrogen withRc~core radius!51.6 a.u. andEc~cutoff energy!
520.25 Ry. In the next step, we further optimize the struc-
ture by a hard and more accurate PP withRc51.2 a.u. and
Ec536 Ry starting from the geometry determined by the first
step. The PP of boron withRc51.2 a.u. is adopted for both
steps. Furthermore, in the second step, we exclude some
models that have much higher energies than the others in the
first step calculation.

The calculational conditions are as follows: the numbers
of irreducible k points sampled in the Brillouin zone are
32~16!, 16~8!, 16~8!, 32~20!, 8~4!, 4~2!, and 4~2! for ~131!,
~231!, ~132!, c~232!, ~232!, ~234!, and~432! unit cells,
respectively, where the numbers in the parentheses are those
for the models with mirror symmetries. The criterion of con-
vergence in the geometry optimization is that the forces on
all the atoms that are allowed to move are less than 1
31023 Hartree/a.u.

Since various configurations of atoms are allowed in the
surfaces, the PP’s should be tested in various environments.
Therefore, we calculated physical quantities for several ma-
terials including boron and nitrogen. Unless otherwise noted,
the calculation is executed with the single-reference UPP’s
with a core radiusRc51.2 a.u. for boron and 1.2 and 1.6 a.u.
for nitrogen, respectively. The cutoff energy is taken as
36.00 Ry for the system using nitrogen PP (Rc51.2! and as
20.25 Ry for the other systems. These are the conditions
used in the present study and also used in the later study.

For nitrogen, tests were done on a diatomic molecule and
a-N2 . For the N2 molecule the interatomic distance and the
vibrational frequency are calculated in a 10310310 a.u.3

supercell. Thea-N2 , which is the ground state of solid ni-
trogen, has a strange structure where the centers of N2 con-
stitute an fcc lattice with a unit cell containing 4 N2, and
each N2 molecule is aligned to a different (111) direction.

46

The results are summarized in Table I. The agreement be-
tween the experiments and the present calculations is excel-
lent except for the lattice constant ofa-N2 . Although the
calculated values are improved for the nitrogen PP with
Rc51.2, the evident difference (;8%! between the experi-
ments and the present work still remains. This discrepancy
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could be attributed to the LDA, becausea-N2 is a typical
molecular crystal. Probably the generalized gradient
approximation50 and other extensions of LDA would recover
the short lattice constant.

Comparing to the structures of nitrogen, those of solid
boron are much more exotic, where the B12 icosahedron is
the unit of the structure. The calculation is done for
a-boron, which has a rhombohedral structure made of B12
icosahedra. In the present calculation, the lattice constant is
calculated asah54.83 Å, where the rhombohedral unit cell
is approximately regarded as a hexagonal unit cell and the
ratio a/c is fixed throughout the calculation. The values de-
termined by experiments51,52 areah54.927 andch512.564
Å. The relative difference between the experimental and the
theoretical values is within 2%, which is an acceptable value.

For h-BN, which has a structure similar to graphite, the
a and c axes are both optimized. The results are listed in
Table II. The lattice constant for thea axis ~intraplane! is

reproduced well. However, with the more plausible PP
(Rc51.2!, that for thec axis ~interplane! is still slightly
shorter~3%! than the experimental value. This may be attrib-
uted to the failure of the LDA when applied to the interlayer
region with a dilute electron density, as is the case of
a-N2 .

Since c-BN is the main target in this study, the bulk
modulus and its derivatives are obtained by Murnaghan
fitting53 as is the lattice constant. The results are tabulated in
Table III. As mentioned before, in this work the correlation
term is taken as Ceperley-Alder type. There is a little dis-
crepancy between the present result and that by Knittle,
Wentzcovitch, Jeanloz, and Cohen.20 This difference is at-
tributed to the different exchange-correlation functional
forms, not to the difference of PP’s, because the result with
the Wigner interpolation formula55 as the correlation term
gives an excellent correspondence to their result as well as
the experimental one. Therefore the difference is a measure
of ambiguity in the LDA. Moreover, this table contains the
results for PP’s with single and double reference energies
with Rc51.6 and it is found that little difference can be seen
in terms of the lattice constant and the bulk modulus and its
derivatives forc-BN.

III. MODELS

Since ac-BN~001! surface consists of layers containing
only B or N atoms, depending on the stacking of the B and N
layers, the electrostatic field due to charge transfer is induced

TABLE I. Calculated structures of nitrogen. The values in the
parentheses denote core radii (Rc) in atomic units. Cutoff energies
are 36.00 Ry for nitrogen PP (Rc51.2! and 20.25 Ry for
(Rc51.6!, respectively.

N2 molecule Bond length~a.u.! \v ~cm21)

Expt.a 2.07 2359
LCAO~LSDA! b 2.08 2387
Present~1.6! 2.06 2389
Present~1.2! 2.06 2441

a-N2 Lattice constant~a.u.! N2 bond length~a.u.!

Expt.c 10.68 2.02
Present~1.6! 9.55 2.09
Present~1.2! 9.77 2.04

aReference 47.
bReference 48.
cReference 49.

TABLE II. The calculated results forh-BN. As for the calcula-
tional condition, see the caption of Table I.

Lattice constant~Å! a axis c axis

Expt.a 2.5040 6.661
Present~1.6! 2.49 6.33
Present~1.2! 2.48 6.45

aReference 51.

TABLE III. The calculated results forc-BN. Unless otherwise noted, Murnaghan’s equations are used to
fit data. The values in the parentheses denote core radius (Rc) in atomic units. Cutoff energies are 36.00 Ry
for nitrogen PP (Rc51.2! and 20.25 Ry for (Rc51.6!, respectively.W and CA denote Wigner and Ceperley-
Alder type exchange-correlation term. See text.

Lattice constant~Å! B0 ~GPa! B08 Notes

Expt.a 3.615(60.002) 369(614) 4.0(60.2) Birch fit b

LCAOa,c 3.618(60.008! 370(610! 3.1(60.1! W
Present~1.2! 3.578 394 3.2 CA
Present~1.6! 3.580 399 3.1 CA
Present~1.6! d 3.580 399 3.1 CA
Present~1.2! 3.615 374 3.1 W
Present~1.6! 3.624 378 3.0 W

aReference 20.
bReference 54.
cLDA.
dWith double reference energies.
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in both the slab and the vacuum region. To avoid this artifi-
cial charge transfer, we adopt a model withvirtual hydrogen
terminators with 1.25e valence charge, which has been suc-
cessfully applied to GaAs.56 These terminators terminate the
dangling bonds on the other surface and suppress the un-
physical charge transfer between the back and front surfaces.
From calculating the Hellmann-Feynman forces, we have
found that a virtual hydrogen atom with 1.25e valence
charge is a more efficient terminator than the other candi-
dates such as virtual H with 0.75e, virtual Li with 3.25 and
2.75e, fractionally charged B and N, etc. These models fail
to reproduce the forces, which act on the B and N atoms with
large unit cells. However, the states derived from the virtual
hydrogen atoms appear in the gap region. This is not the case
for GaAs, because the band gap of GaAs is much smaller
than that ofc-BN. In spite of this difficulty, we adopt this
model for the following reason. The virtual H states are un-
occupied and only weakly hybridize with the surface states
on the other side. This is because the surfaces are spatially
well separated. The virtual hydrogen model with two BN
layers reproduces the forces of slab models with four BN
layers without the terminators, within;1.031023 Hartree/
a.u. The direction of the virtual hydrogen is assigned as it is
for the bulk silicon bond. The bond length between a virtual
hydrogen and a boron atom is determined as 1.862 a.u. by
total-energy minimization. We also tested the effect of the
thickness of the vacuum region on the Hellmann-Feynman
forces and found that the gap width corresponding to five
layers is enough to obtain the above accuracy. Therefore, we
adopt repeated slab models terminated by virtual hydrogen
atoms. This model contains six layers of B and N for
nitrogen-rich surfaces and five for boron-rich surfaces in a
supercell corresponding to 13 layers, where the thickness of
one layer is equivalent to 1.6915 a.u. The bottom two layers
containing the virtual hydrogen terminators are fixed
throughout the total-energy minimization processes.

In the present work, we used models with various kinds of
symmetries. Furthermore, sincec-BN~001! consists of layers
containing only B or N atoms, B- and N-rich surfaces have
to be investigated with different coverages. Surfaces with
u50.25, 0.50, 0.75, and 1.00 are systematically investigated,
whereu is the coverage, and some models with higher cov-
erages are also studied. It is convenient to briefly summarize
the models for thec-BN~001! surface and the terms referring
to configurations used in this work. The model for the N-rich
surface of each coverage is introduced in the following. The
correspondent structure for the B-rich surface is obtained by
a p/2 rotation.

For convenience, we defineflat models as those that con-
tain at most one layer with defects. In the present study we
investigate theflat models systematically. Unless otherwise
mentioned, we deal with flat models. In the following de-
scription, idealmeans the atomic configuration in which the
atoms are located at the position of an ideal bulk,relaxed
means the configuration where the atoms are relaxed from
the ideal configuration without a reconstruction to another
symmetry, and ahollowsite is the center of four atoms in the
second layer.

For full coverage (u51.00!, Fig. 1 illustrates schemati-
cally the top views of the models:~a! ~131! ideal, ~b!
~231! dimer, ~c! ~132! bridge, ~d! c~232! dimer, and~e!

c~232! bridge, respectively. The open, closed, and small
open circles indicate the atoms in the first, second, and third
layers, respectively. Dimer and bridge bonds are indicated
with thick solid lines. The rectangles refer to a unit cell for
each configuration. These notations are also used in Figs. 2
and 3. With these unit cells, two fundamental structures are
adopted as the models, dimer and bridge structures. The
dimer structures, whose top views are shown in Figs. 1~b!
and 1~d!, and side view in Fig. 4~a!, are widely observed in
the~001! surfaces of semiconductors with a tetrahedral struc-
ture such as Si, Ge, C, GaAs, etc. The surfaces of Si~001!
exhibit an asymmetric dimer structure and those of
GaAs~001! a symmetric one. Therefore, symmetric and
asymmetric dimer models are examined for the~231) and
the c~232! unit cells.

In the bridge structures, a diatomic molecule is inserted
into the dimer bond and makes a bridge between the two
dimer atoms in the second layer as shown in Figs. 1~c! and
1~e! ~top views!, and in Fig. 4~b! ~side view!. These struc-
tures were suggested forc-BN~001!-~132! N-rich surfaces
from semiempirical calculations,29 and were originally sug-
gested for SiC~001!-c~232! C-rich surfaces from
experiments30 and a semiempirical calculation.31 Thus we
optimized thec~232! model as well as the~132! model. In
accord with Ref. 29, we call the bridge models withd2 larger
than d3 type I, and those with the opposite relation,
(d2,d3), we call type II. The valuesd2 andd3 are defined
in Fig. 4~b!.

Besides the above-mentioned symmetries, the~232!
bridge and dimer models are investigated, since the asym-
metric p~232! structures are more favorable than the
~231!, ~132!, andc~232! structures in terms of the bond

FIG. 1. Schematic illustration of the top views of the models for
full coverage (u51.00): ~a! ~131! ideal; ~b! ~231! dimer; ~c! ~1
32! bridge;~d! c~232! dimer; ~e! ~232! bridge, respectively. The
open, closed, and small open circles indicate the atoms in the first,
second, and third layers, respectively. Dimer and bridge bonds are
indicated with thick solid lines. The rectangles refer to a unit cell
for each configuration.
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distortion. However, as will be discussed in Sec. IV, the
asymmetric structures will turn out not being favored in the
present calculations. Furthermore, the bridge structures have
much higher energy by about 1 eV than the dimer structures.
Therefore we adopted the symmetric dimer structure as the
basic unit of larger models with different coverage
(u50.25, 0.50, 0.75!.

For half coverage (u50.50!, various configurations with
small unit cells are realized for this coverage such as
~231!, ~132!, andc~232!. The calculated models are the
ideal, relaxed, and hollow structures with~231!, ~132!, and
c~232!, respectively, as well as~232!, ~234!, and ~432!
dimer structures. These models are summarized in Fig. 2,
where the relaxed structures are not shown because these
have the same schematic configurations as the ideal ones.

For u50.25 and 0.75 coverages, the smallest unit cells

with these coverages are~232!, ~431!, and ~134!. Since
the size of computation is larger than that of the case with
u50.50 and 1.00, we must select the favorable models. The
models are illustrated in Fig. 3. These models are based on
the dimer structures. Foru50.25, the~232! relaxed struc-
ture @Fig. 3~a!# is a combination of the dimer and the relaxed
structure. Further, the~234! dimer structure@Fig. 3~b!# also
consists of dimers with relaxation, since the relaxed struc-
tures are found to be as stable as dimer-based ones; see Sec.
IV. For u50.75, the~234! missing dimer structure@Fig.
3~d!# is used, which is a stable structure for As-rich surfaces
of GaAs~001!. As a standard for the energy, the~232! ideal
structure@Fig. 3~c!# is also adopted as a model.

Besides the above-mentionedflat models, some models
with higher coverages (u51.25, 1.50! and with complex
structures, which are notflatmodels, are investigated in Sec.
V.

The Brillouin zones~BZ’s! used in this work are illus-
trated in Fig. 5, whereG-J1-K11-J18-G, G-J2-K21-J18-G, G-

FIG. 2. Schematic illustration of the top views of the models for
half coverage (u50.5): ~a! ~231! ideal; ~b! ~132! ideal; ~c! c~2
32! ideal;~d! ~231! hollow; ~e! ~132! hollow; ~f! c~232! hollow;
~g! ~232! dimer; ~h! ~234! dimer, ~i! ~432! dimer, respectively.
See text.

FIG. 3. Schematic illustration of the top views of the models for
u50.25: ~a! ~232! relaxed;~b! ~234! dimer, and foru50.75: ~c!
~232! ideal; ~d! ~234! dimer. See text.

FIG. 4. Schematic illustration of the side views of dimer and
bridge models. Hatched and open circles are the atoms on the same
plane, respectively.

5590 54YAMAUCHI, TSUKADA, WATANABE, AND SUGINO



J4-K42-J28-G andG-J1-K22-J18-G correspond to the BZ’s of
~131!, ~231!, ~432!, andc~232!, and so on.

IV. RESULTS

In this section, the results of the total-energy minimiza-
tion are presented for B- and N-rich surfaces with various
stoichiometries. The stability of surfaces with the same
stoichiometry is also compared. Characteristic features of the
various surfaces are also discussed. A fundamental problem
of compound surfaces would be to determine the phases that
are stable under different experimental conditions. For ex-
ample, in an atmosphere with high N2 concentration, the
c-BN surface will be in a N-rich phase and a B-rich surface
will rarely appear. The answer to this problem is assigned to
Sec. V A. The calculations are executed in two steps to save
computational time as described in Sec. II. In this section, we
call the first step a precalculation and the second afinal cal-
culation.

For GaAs surfaces the validity of the EC rule has been
proved in many cases by theoretical and experimental
studies.33 For models of H and S adsorbed on GaAs surfaces,
its validity has been also suggested by theoretical
studies.57–59Sincec-BN is a III-V semiconductor like GaAs,
the EC rule is expected to play an important role in predict-
ing structures for thec-BN~001! surface.

The EC rule~model! is a simple rule~model! to explain
reconstructed structures of the tetrahedrally coordinated
compound semiconductor surfaces. Fundamental conditions
for the EC model are as follows. The total number of elec-
trons is given by a summation of 5/4 electrons for each tet-
rahedral bond of a negative atom~N! and 3/4 electrons for
that of a positive atom~B!. Two electrons are assigned to
each chemical bond and to each dangling bond of a negative

atom ~N! and all dangling bonds of positive atoms remain
empty. If the number of electrons available matches the
number required by the EC rule, the model is an EC model.
The EC rule means that an EC model will be semiconducting
and stable from the viewpoint of the total energy. In the case
of c-BN~001! surfaces, it is important to examine the validity
of the EC model with a first-principles study, because the EC
model provides an intuitive picture for large systems and
adsorption on surfaces without massive calculations.

For convenience, unless otherwise noted, the energies
mentioned below are those for a~131! unit cell. The results
of total-energy minimizations are summarized in Figs. 6, 10,
11, 13, 15, 18, corresponding to the stoichiometries given,
whereE andS denote that the model satisfies the EC model
and is semiconducting, respectively. In these figures the
schematic illustrations are added for convenience, where
open and closed circles denote the atoms in the first and the
second layers, respectively. The values in the parentheses
denote the absolute values of the total energy of the reference
model, which is the origin of the energies for the surfaces
with the same coverage. When the energies of the models
with rectangular cells such as~131!, ~231!, etc. are com-
pared to those for thec~232! cell, the different configuration
of meshes in real and reciprocal spaces might cause error. To
estimate such an error, some of the figures show two equiva-
lent models in the different unit cells and the total energies in
parentheses, for example, N~1.00!c~232! ideal and
N~1.00!~131! ideal. From these values we can estimate the
error as; 131024 Hartree, which has no effect on our
discussion.

A. Dimer and bridge structures

The dimer structures are popular among the~001! sur-
faces of tetrahedral coordinated semiconductors such as C,
Si, Ge, GaAs, etc. Besides the dimer structures, a semiempir-
ical study29 suggested that bridge structures are more stable
in ~231! and ~232! unit cells than the dimer structures for
c-BN~001!. The bridge structures were originally suggested

FIG. 5. Illustration of Brillouin zone~BZ! used in this study.
G-J1-K11-J18-G, G-J2-K21-J18-G, G-J4-K42-J28-G, andG-J1-K22-J18-
G correspond to BZ’s of~131!, ~231!, ~432!, andc~232!, and so
on.

FIG. 6. Result of the total-energy minimization of N-rich
(u51.00! full coverage reconstructed surfaces. The total energies
are described in units of eV/~131!. All models here do not satisfy
the EC model and show the metallic or semimetallic feature. See
text.
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as a model for the carbon-terminated SiCc~232! surface by
experiments30 and semiempirical calculations.31 Therefore,
considering the original structures of SiC, we examine the
relative stabilities of the symmetric and the asymmetric

structures both of dimer and bridge models of the~231!,
~132!, c~232!, and ~232! surfaces. Though starting from
several initial asymmetric configurations, both for the dimer
and the bridge structures, the models are finally settled to be

FIG. 10. Result of the total-energy minimization of N-rich
(u50.25 and 0.75! reconstructed surfaces. The total energies are
described in units of eV/~131!. In these modelsE andS represent
that the model satisfies the EC model and reveals a semiconducting
feature, respectively. See text.

FIG. 7. Band structures of the nitrogen symmetric dimer~a! in
~231! and ~b! in c~232!, respectively. Closed and open circles
denote the orbitals having large amplitudes at the N surfaces and
the H terminators.

FIG. 8. Contour plot of the squared amplitude of the partially
occupied state at theK21 point in the Brillouin zone for the
~231! N-terminated full converge dimer surface. It can be seen that
this state consists of the antibonding level of the dangling bonds.
The filled and open circles denote nitrogen and boron atoms, re-
spectively. The line and the top nitrogen atoms are on the cutting
plane.

FIG. 9. Band structures of the nitrogen symmetric bridge I~a! in
~231! and ~b! in c~232!, respectively. Closed and open circles
denote the orbitals having large amplitudes at the N surfaces and
the H terminators.
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the symmetric ones after the total-energy minimization. Fur-
thermore, to make sure,~232! bridge and dimer models are
investigated, because the asymmetric structures are more fa-
vorable inp~232! than ~231! and ~132! in terms of the
bond distortion. However, the asymmetric structures do not
exist as far as in the precalculation.

The energy gain of theasymmetricbuckling dimer, such
as in the Si~001! surface, is explained by a mechanism simi-
lar to the Haneman model60 for the Si~111! surface. A sym-
metric dimer consists of two equivalent atoms with threes
bonds and one dangling bond. The buckling turns the atoms
into different electronic configurations: the atom at the ob-
tuse site has threep3-like s bonds and ans-like dangling
bond, and the atom at the flatter site has threesp2-like s
bonds and ap-like dangling bond. Since an orbital with an
s component has lower energy than that with ap component,
an electron is transferred from the dangling bond of the flat-
ter site to that of the obtuse one. This is how the total energy
is lowered by the buckling. However, there are two mecha-
nisms for energy loss due to the buckling. One is the energy
loss due to the distortion of the bonds between the atoms of
the dimer and those in the second layer. The other is losing
the energy gain fromp-p* splitting. With respect to the
naive bonding picture, the latter is caused by the following
mechanism: the charge transfer by the buckling requires
breaking of thep bond, resulting in a loss of bonding energy
due top-p* splitting and an increase in the Hartree energy.
Generally, the stability of the asymmetric dimer depends on
the balance of the above-mentioned energy gain and loss.
From the above discussion, the asymmetric dimer is unstable
when the interaction between the atoms of a dimer is large
and the back bond is hard to bend. In the case of
c-BN~001!, the energy levels with bonding and antibonding
dangling bonds split for the symmetric dimers as shown in
Fig. 7~a! in ~231! and 7~b! in c~232!, where closed and
open circles denote the orbitals having large amplitudes at
the N surfaces and the H terminators, respectively. In Fig. 7,
there are four bands below the Fermi level, which have large

amplitude at the N surface. From the bottom, these bands are
characterized as thes bond between N dimer atoms, back
bonds between a dimer atom and an atom in the second
layer, and the bonding and the antibonding orbitals of the
dangling bonds, respectively. The bonding and antibonding
orbitals constitute surface states. The bonding band is found
to be well hybridized with the bulk bands. In bulkc-BN,
these states are originally in the valence band and emerge
into the gap region, because the adjacent boron atoms, which
give negative potential to the electron, are removed at a sur-
face. Moreover, as described in Sec. III, the bands derived
from the virtual hydrogens are not hybridized with the bands
from the other surface atoms. Figure 8 shows a contour map
of the upper dangling bond state, the band of which crosses
the Fermi energy of the~231! dimer structure at theK21
points in the Brillouin zone. From the figure, the state is
found to be a typical antibonding state derived from the dan-
gling bonds between the nitrogen atoms. Although the
above-mentioned bonding mechanism does not hold for the
bridge structures, the distortion energy seems large, consid-

FIG. 11. Result of the total-energy minimization of N-rich
(u50.50! half coverage reconstructed surfaces. The total energies
are described in units of eV/~131!. In these modelsE andS rep-
resent that the model satisfies the EC model and reveals a semicon-
ducting feature, respectively. See text.

FIG. 13. Result of the total-energy minimization of B-rich
(u51.00! full coverage reconstructed surfaces. The total energies
are described in units of eV/~131!. All models here do not satisfy
the EC model and show the metallic or semimetallic feature. See
text.

FIG. 12. The band structure of the N-rich~234! dimer struc-
ture. Closed and open circles denote the orbitals having large am-
plitudes at the N surfaces and the H terminators. This surface shows
semiconducting feature. The Fermi level is indicated by an arrow.
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ering the structure where a nitrogen dimer is inserted into the
boron dimer bond in the second layer. The electronic struc-
tures of the bridge I in~132! andc~232! are also presented
in Fig. 9. There are several bands having large amplitude in
the surface region, which are denoted by closed circles.
Among these bands, the two bands at the bottom are bonding
and antibonding orbitals derived froms orbitals of nitrogen
dimer atoms. At the Fermi level, there is a band with little
dispersion, which is half filled.

As described above, in the case ofc-BN~001! surfaces,
the distortion energy as well as the loss of thep-p* bonding
energy caused by taking an asymmetric structure is large,
and this indicates that the symmetric structures are favorable.
This is also justified from the total-energy minimization re-
sults. Therefore, symmetric configurations are assumed in
the following for the dimer and bridge structures. The results
of the total-energy minimization for various surface struc-
tures are summarized in Fig. 6. Dimer structures are found to
be most stable by the total-energy minimization. Among the
N dimer structures, the~231! configuration is energetically
more favorable than thec~232! configuration. This is be-
cause thec~232! symmetry prevents a relaxation of the at-
oms in the second layer, as shown in Table IV. The table
shows that in the~231! symmetry the dimer attracts atoms
in the second layer and the distance (d2) between the atoms
is reduced from the ideal value 2.53 to 2.28 Å. On the other
hand, the corresponding displacement is forbidden in the
c~232! structure because of the symmetry. This is the reason

for the enhanced stability of the~231! cell as compared with
that of thec~232! cell, though the unit cell of~231! is less
favorable than that ofc~232! in terms of the Ewald and
Hartree energies, because the negative N dimers inc~232!
are further separated than those in~231!. Thus the N dimers
are expected to be arranged regularly in the~231! structure.
On the other hand, for B dimer structures, since the relaxed
configuration of the second layer atoms of~132!
(d252.56 Å! happens to be almost the same as that of
c~232! (d252.53 Å!, the difference of distortion energies is
not significant. Thec~232! dimer is favored due to the elec-
trostatic factor.

All the bridge structures in the~132! and~232! surfaces
are energetically much less stable than the dimer. The energy
loss of the bridge structure is probably due to the distortion
of the bonds, since the N2 dimer is inserted into the dimer
bond between B atoms in the second layer@see Fig. 4~b!#.
This structure, however, may be possible for the
C-terminated SiC~001! surface because the covalent radius
(Rcov) of C ~0.77 Å! is much smaller than that of Si~1.17 Å!:
the ratioRcov~C!/Rcov~Si! is as small as 0.66 and the C2
dimer can be inserted between Si atoms without serious dis-
tortion of the atoms in the second and deeper layers. On the
other hand, the covalent radii of B and N are 0.88 and 0.70
Å,60 respectively, and the corresponding ratio,Rcov~N!/
Rcov~B!, is 0.80. Therefore the bridge structure would be
unfavorable. These geometrical differences cause the differ-
ent structures for the C-terminated SiC~001! and the
N-terminatedc-BN~001! surfaces. The discrepancy between
the results of the semiempirical calculations29 and the present
calculation can be attributed to differences between the tech-
niques used.

From the semiempirical calculation, it is suggested that
types I and II exist in the bridge structures and that both
types I and II are energetically stable to the same extent.29

The bridges I and II are distinguished by the relation be-
tweend2 andd3 in Fig. 4. In the bridge I modeld2 is larger
than d3 and the opposite relation holds for the bridge II.
However, in the present results both are energetically less
favorable than the dimer structures and type I is much more
stable than type II. Although the type II structure is a local
minimum in the precalculation, starting from the type II con-
figuration it settled to type I in the final calculation. Thus
type II probably does not exist as a local minimum, or may

FIG. 14. Band structures of the boron symmetric dimer~a! in
~231! and ~b! in c~232!, respectively. Closed and open circles
denote the orbitals having large amplitudes at the B surfaces and the
H terminators.

TABLE IV. The values determining the dimer and the bridge
structures with full coverage from the present calculation. The val-
uesd1 , d2 , d3 , h1 , andh2 ~Å! are defined in Fig. 5.Ideal corre-
sponds to the bulkc-BN.

d1 d2 d3 h1 h2

Ideal ~bulk! 2.53 2.53 0.89
B ~132! Dimer 1.62 2.56 0.65
B c~232! Dimer 1.65 2.53 0.72
N ~231! Dimer 1.39 2.28 0.72
N c~232! Dimer 1.39 2.53 0.74
N ~132! Bridge I 1.17 3.29 2.61 1.15 0.84
N c~232! Bridge I 1.18 3.23 2.53 1.23 0.83
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be a shallow local minimum. From the above results, we
adopt the symmetric dimer structure as the fundamental ele-
ment for constructing models.

B. N-rich surfaces

In this section, we show results for N-richc-BN~001!
surfaces. For N-rich full coverage (u51.0!, the results are
described in Sec. IV A and summarized in Fig. 6.

For N-rich half coverage (u50.5!, from the results of the
precalculation described in Sec. III, both the~231! relaxed
and the hollow site configurations are energetically unfavor-
able compared to the idealc~232! structure, where the at-
oms are located at ideal bulk sites. The idealc~232! struc-
ture is adopted as the origin of energy for the half coverage
case. The reason for the instability of the hollow sites is that
the hollow sites cannot make steady bonds to the surround-
ing atoms in the second layer. Further the~231! symmetry
does not allow relaxation of the second-layer atoms. Thus
final calculations are not executed for these cases. As shown
in Fig. 11, the interesting feature of these surfaces is that the
most stable structure is not that containing dimer structures
but the relaxedc~232! structure. This is explained by the
EC model. In the models with half coverage, all models ex-
cept the (232! dimer model satisfy the EC rule. The models
with the two lowest total energies satisfy the EC rule and are
semiconducting. Although~432! and ~234! cells have
many more degrees of freedom to relax than thec~232!
cells, the total energy of thec~232! relaxed model is lowest
among the present models. In the case of GaAs~001! sur-
faces, the model corresponding to the~234! dimer model is
the most stable one in some region of chemical potential.62

This is explained as follows. The EC model requires that all
nitrogen dangling bonds should be fully occupied and all
boron dangling bonds empty. This electron transfer causes an
electrostatic field. Thus the favorable configuration of the
positive and the negative dangling bonds is that which recov-

ers electroneutrality in as small a region as possible. For this
reason thec~232! relaxed model is preferable to the~2
34! dimer model.

For u50.25 and 0.75 coverages, among the present mod-
els, only the~234! dimer structure withu50.75 satisfies the
EC model and is semiconducting. The results of the total-
energy calculations are summarized in Fig. 10. As can be
seen in this figure, among the models withu50.25, the~2
32! relaxed model has a lower energy than the~234! dimer
model, though the~234! dimer model has more degrees of
freedom to relax. This may be because the~232! relaxed
model contains a small unit satisfying the EC rule, which is
the same configuration of thec~232! relaxed structure with
u50.5 in Fig. 11. As will be mentioned in Sec. V, the N-rich
models with 0.25 coverage are thermodynamically unstable
and will not be realized under equilibrium conditions. How-
ever, in some range of chemical potential the~234! dimer
model with 0.75 coverage, which satisfies the EC model,
appears as a stable phase. The band structure of this model is
shown in Fig. 12. In this figure, the Fermi level, which is
indicated by an arrow, is in the gap and the surface is semi-
conducting. Two bands just above the Fermi level are de-
rived from the B dangling bond states, which are empty, and
below the Fermi level the bands with large amplitude at the
surface region, indicated by closed circles, are derived from
the nitrogen dangling bonds, which are fully occupied. From
the band structure, it is found that the EC rule holds for this
model.

C. B-rich surfaces

For B-rich full coverage (u51.0!, the results of the total-
energy minimization are summarized in Fig. 13. For the
B-rich surfaces the bridge structures are found to be unstable
as was the case for N-rich surfaces. The most stable structure
with this stoichiometry contains dimer structures. All of the
models with full coverage violate the EC rule. An interesting
feature found in the dimer models is that the energy differ-
ence between the~132! and thec~232! dimer models is
almost zero. In the N-rich full coverage surfaces the~231!
model is more stable than thec~232! one as described in
Sec. IV A. In terms of the Ewald and Hartree terms, the

FIG. 15. Result of the total-energy minimization of B-rich
(u50.50! half coverage reconstructed surfaces. The total energies
are described in units of eV/~131!. In these modelsE andS rep-
resent that the model satisfies the EC model and reveals a semicon-
ducting feature, respectively. See text.

FIG. 16. Band structures of thec~232! B-rich reconstructed
surfaces with 0.50 coverage. Closed and open circles denote the
orbitals having large amplitudes at the N surfaces and the H termi-
nators.
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dimer structure in thec~232! surface has a lower energy
than that in the~132! surface because the positive B dimer
is more uniformly located inc~232! than ~132!. However,
the relaxation of atoms in the second layer and the band
effects of the surface states show a rather different behavior
between N and B surfaces. As can be seen from the distance
(d2) between the atoms in the second layer in Table IV, the
relaxed~132! structure in the second layer is similar to the
relaxedc~232! structure and the energy loss in thec~232!
configuration for B full coverage is much smaller than that
for N full coverage. Figure 14 shows the band structure of
the ~132! dimer surface~a! and thec~232! dimer surface
~b!. In this figure, below the Fermi level, the two bands with
closed circles correspond tos andp bonding orbitals be-
tween boron dimer atoms, respectively. As seen from the
band structure, the dispersion of thep bonding orbitals in the
c~232! surface is larger than that in the~132! surface. This
energy gain from the band dispersion contributes to the total-
energy lowering of thec~232! structure, although a relax-
ation of the second-layer atoms is forbidden by its symmetry.
Therefore, in the B dimer models, thec~232! surface tends
to be more favorable than the~132! surface owing to elec-
tronic effects.

For B-rich half coverage surfaces, from the results of the
precalculation described in Sec. III, both the~132! and the
hollow site configurations are energetically unfavorable
compared to the idealc~232! structure for the same reason
as the N-rich half coverage surfaces in Sec. IV B. Thus the
final calculations are not executed for these cases. As shown
in Fig. 15, qualitative differences in the electronic features
and the total energies among the models used in this stoichi-
ometry are the same as those of the N-rich surface with half
coverage. The characteristic feature of these surfaces is that
the most stable structure is not that containing dimer struc-
tures and satisfying the EC model but the relaxedc~232!

structure. This is explained by the EC model. In these half
coverage models, all the models except the~232! dimer
model satisfy the EC rule. Although the~432! cells have
many more degrees of freedom to relax than thec~232!
cells, the total energy of thec~232! relaxed model is the
lowest among the present models. This is explained as in the
case of nitrogen surfaces. The EC model requires that all the
nitrogen dangling bonds should be fully occupied and all the
boron dangling bonds empty. This electron transfer causes an
electrostatic field. Thus the favorable configuration for the
positive and negative dangling bonds is that which recovers
electroneutrality in a region as small as possible. For this
reason, thec~232! relaxed model is preferable to the~2
34! dimer model. As will be discussed in Sec. V, thec~2
32! B-rich relaxed structure is realized in a certain region of
the nitrogen chemical potential. Its band structure is shown
in Fig. 16. Figure 17 shows the top valence state in the
J81 point in the zone. As expected from the EC rule, the

FIG. 18. Result of the total-energy minimization of B-rich
(u50.25 and 0.75! reconstructed surfaces. The total energies are
described in units of eV/~131!. In these modelsE andS represent
that the model satisfies the EC model and reveals a semiconducting
feature, respectively. See text.

FIG. 17. Contour plot of the squared amplitude of the highest
occupied state at theJ18 point in the Brillouin zone for the
c~232! B-rich reconstructed surface with 0.50 coverage. It can be
seen that this state consists of the dangling bonds of the nitrogen
atoms in the second layer. The filled and open circles denote nitro-
gen and boron atoms, respectively. The lines and the top boron
atom and the nitrogen atoms in the second layer are on the cutting
plane.

FIG. 19. The band structure of the B-rich~432! dimer structure.
Closed and open circles denote the orbitals having large amplitudes
at the B surfaces and the H terminators. This surface shows semi-
conducting feature. The Fermi level is indicated by an arrow.
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highest level in the valence band consists of the dangling
bonds in the electronegative~N! atoms.

For B-rich u50.25 and 0.75 coverages, the results of the
total-energy calculation are summarized in Fig. 18. Among
the present models with the coverageu50.25 and 0.75, only
the ~432! dimer structure withu50.75 satisfies the EC rule
and is semiconducting, as is the case of N-rich surfaces with
u50.25 and 0.75. As can be seen in Fig. 18, among the
models withu50.25, the~232! relaxed model has almost
the same energy as the~432! dimer model, though the
~432! dimer model has more degrees of freedom to relax.
This may be because the~232! relaxed model contains a
small unit satisfying the EC model, which is the same con-
figuration as thec~232! relaxed structure withu50.5 in Fig.
15. As will be discussed in the last section, the~432! B-rich
dimer structure with 0.75 coverage is realized under the con-
dition of a low chemical potential of a nitrogen atom and its
band structures are shown in Fig. 19.

V. DISCUSSION

A. Stable structures in c-BN„001…

In this section, the change of stable surface structures is
discussed under different chemical potential environments,
based on the results of the total-energy minimization of the
models with various stoichiometries in Sec. IV. Since
c-BN is a compound of two elements, B and N, both B-rich
and N-rich surfaces can be realized with various stoichiom-
etries. The chemical potential will determine the relative sta-
bility of the models with different stoichiometries. In first-
principles studies, methods using the chemical potential were
adopted for the GaAs surface phases and gave consistent
results with experiments.63–65 In the present study, various
effects are assumed to be indirectly taken into account
through the chemical potential. Assuming the surface is in
equilibrium with the bulk, the following relation holds:
mN1mB'Ec-BN(bulk) . The allowed range formN can be de-
termined as follows. As the chemical potentialmN increases,
the nitrogen gas condenses to the bulk phase in the end. Thus

the maximum value ofmN is determined by the total energy
of a-N2 (mN<mN(bulk)), which is the ground state of bulk
nitrogen as described in Sec. II. The same relation holds for
boron (mB<mB(bulk)). From the above relations, we obtain
the following range for the chemical potential of a nitrogen
atom:mN(bulk)2Hf<mN<mN(bulk) , whereHf is the heat of
formation, calculated to be 3.2 eV, which is defined as
EB(bulk)1EN(bulk)2Ec-BN(bulk) .

As in Refs. 63–65, we approximate the surface free en-
ergy by the total energy of the surfaceEsurf. A surface for-
mation energys can be defined by a difference between
thermodynamic functions for the relevant and standard mod-
els as

s5Esurf~NB ,NN!2Esurf
0 ~NB

0 ,NN
0 !2nBmB2nNmN

5Esurf~NB ,NN!2Esurf
0 ~NB

0 ,NN
0 !2mN~bulk!~nN2nB!

2nBEcBN~bulk!2dmN~nN2nB!, ~1!

whereNB
0 and NN

0 are the numbers of boron and nitrogen
atoms contained in the standard model, which is the
B-terminated ideal~131! surface. ThenB and nN are the
number differences from the standard model defined by
NB2NB

0 andNN2NN
0 , respectively. ThedmN is a chemical

potential of a nitrogen atom measured from the bulk energy
(mN(bulk)).

For a given chemical potential, the system with the lowest
surface formation energy defined above is realized. Figure 20
shows the surface formation energys per ~131! surface for
the models with various stoichiometries (u50.25, 0.50, 0.75,
1.00! for both B- and N-rich surfaces as a function of the
nitrogen chemical potentialdmN . The upper and the lower
limits of the range are delimited by vertical lines in the fig-
ure. Although for some stoichiometries a few models have
almost the same energy, only the model with the lowest en-
ergy is represented in this figure. The origin of the formation
energies is that corresponding to the B-terminated ideal
~131! surface. For convenience, we will use the notation
‘‘A( u)~Sym!conf,’’ where A, u, Sym, and conf denote

FIG. 20. Formation energies per~131! of the
c-BN~001! surfaces as a function of a chemical
potential of N (mN). The origin ofmN is the en-
ergy per an atom ofa-N2 , and the allowable
range~3.2 eV! is delimited by vertical lines. The
formation energy of the B-terminated ideal~1
31! surface is adopted as the origin of the for-
mation energy. Numbers in parentheses of the
legend are coverage rates. In a coverage rate, the
formation energy of the model with the lowest
energy is displayed.
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atomic kind ~B or N!, coverage, unit cell symmetry, and
characteristic configuration, respectively. For example, the
N-rich full coverage~231! dimer and B-rich half coverage
c~232! relaxed structures are represented as N~1.00!
~231!dimer and B~0.50! c~232! relaxed, respectively.

From Fig. 20, we can find significant information about
the stability of the surfaces. Since the surface is in equilib-
rium with the bulk, the lines for stoichiometries that can be
changed into each other by exchanging a BN pair have the

same slope. Thus both the B-rich 0.25 coverage and the
N-rich 0.75 coverage surfaces have the same slope and the
line corresponding to the N-rich surface is under that of the
B-rich surface. Therefore the B-rich 0.25 coverage surfaces
are never realized under equilibrium conditions. Similar re-
sults can be also derived for the B-rich and the N-rich 0.50
coverage surfaces, and for the B-rich 0.75 and N-rich 0.25
coverage surfaces. For the reason mentioned above, the
N-rich 0.50 coverage surfaces and the N-rich 0.25 coverage
surfaces are unstable and never realized under equilibrium
conditions. These results can be partially understood by the
EC model, since the models with 0.25 coverage do not sat-
isfy the EC rule.

A remarkable feature over the range of the above chemi-
cal potential mN is the extraordinary stability of the
N-terminated surfaces with full coverage. Considering the
allowed range of the chemical potential, the B-terminated
surfaces with full coverage will not be realized. On the other
hand, the N-terminated surfaces are stable over a wide range
of mN asmN(bulk)21.1 eV<mN<mN(bulk) . It should be no-
ticed that this structure is metal in spite of its stability. This
difference between GaAs andc-BN can be understood by the
strong bonding between the nitrogen and boron atoms.

From Fig. 20, we can predict the transition of the surface
phases in terms of the chemical potential as

N~1.00!~231!dimer~mN~bulk!21.06 eV<mN<mN~bulk!! ~ I!

→N~0.75!~234!dimer~mN~bulk!21.70 eV<mN<mN~bulk!21.06 eV! ~ II !

→B~0.50!c~232!relaxed~mN~bulk!21.91 eV<mN<mN~bulk!21.70 eV! ~ III !

→B~0.75!~432!dimer~mN~bulk!23.20 eV<mN<mN~bulk!21.91 eV! ~ IV !.

The perspective views of the stable phases are shown in
Fig. 21. The above phases are ordered from the highest
chemical potential to the lowest. Phase~I! is the most stable
phase of the highest chemical potential for a nitrogen atom in
the present study. In the phase~II ! and ~IV ! regions, the
missing dimer structures with 0.75 coverage for N- and
B-rich surfaces are stable. The B~0.50! c~232! relaxed sur-
faces can be observed in the narrow range in phase~III !. This

region is subtle and phase~III ! competes with phases~II ! and
~IV !. Therefore around this chemical potential range, the sur-
faces may reveal a complex mixed phase.

As shown in Fig. 21, the models obeying the EC rule, that
is N~0.75! ~234) dimer, B~0.50! c~232) relaxed, and
B~0.75! ~432) dimer reveal characteristic local structures.
The structure including the threefold coordinated boron atom
tends to be flat andsp2-like, in order to increase thes com-

FIG. 21. Perspective views of the model of the stable phases.
Dark and light gray circles denote nitrogen and boron atoms, re-
spectively. White circles denote virtual hydrogen atoms. The frames
are to guide the eye.

FIG. 22. N~1.00!~234!dimer: an EC model for N~1.00!, which
has lower energy than the~231! dimer in the case of GaAs cases.
N~1.50! ~232!dimer: the top view of a N~1.50! model for adsorp-
tion and dissociation. See text.
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ponent of the occupied orbitals. In the case of the threefold
coordinated nitrogen atoms, these atoms takesp3-like struc-
tures and thes component of the dangling bond increases.

B. Validity of the electron counting rule in c-BN„001…

In order to apply the electron counting~EC! rule to the
c-BN surfaces, it is necessary to understand its limitations.
Therefore in this section we will discuss the validity and the
limits of the EC rule.

The EC rule is based on a simple tight-binding picture in
which the total energy of the system can be reduced by elec-
tron transfer from the electropositive atoms to the electro-
negative atoms, because the energy levels of dangling bonds
for an electronegative element are lower than those for an
electropositive element. According to this picture, the system
satisfying the EC rule, which is described briefly in Sec. IV,
should be semiconducting and energetically stable. It is ex-
pected that the EC model holds forc-BN more efficiently
than GaAs, because the electronegativities of B, N, Ga, and
As are 2.0, 3.0, 1.6, and 2.0, respectively,60 and the differ-
ence between B and N is 1.0, which is larger than that be-
tween Ga and As~0.4!. From the results for the flat models
in Sec. IV, it is found, as expected, that the EC rule plays a
very important role in determining the stable structure of
c-BN surfaces. The stable models, in the range of the N
chemical potential~II !–~IV ! in Sec. IV, are all semiconduct-
ing EC models. In the case of the region~I!, EC models are
not available for N~1.00! within the flat models.

Next to the EC rule, the electrostatic energy is the most
important influence for determining the stable reconstructed
structures, which is demonstrated most remarkably in the
boron half coverage case~Fig. 15!. For B~0.50!, three models
satisfy the EC rule. Although the~234! structure has more
degrees of freedom for reconstruction, it has higher energy
than thec~232! and~231! relaxed structures. This suggests
that the structure that reduces the electrostatic energy is fa-
vored. The importance of the electrostatic energy can be ex-
plained from the large difference of the electronegativity be-
tween the boron and nitrogen atoms. In other words, the
surface structure recovering electroneutrality in as small an
area as possible tends to be favored to reduce the electro-
static energy, because any surface reconstructions of EC
models will cause charge transfer. A similar trend is also
found in N~0.50!.

By means of CVD and PVD, the growth ofc-BN is per-
formed in an atmosphere containing atomic and molecular

nitrogen. Therefore we further investigate the N-rich region.
For N~1.00!, no EC models exist among our flat models.
However, getting rid of theflat condition, we can construct
EC models such as the N~1.00! ~234! dimer shown in Fig.
22, which have lower energy than the~231! dimer model
shown in Fig. 6 in the case of GaAs.65 Nevertheless, unlike
GaAs, this EC model has 0.42 eV/~131! higher energy than
the ~231! dimer model. This suggests that the energy differ-
ence between N-B and N-N bonds connecting N atoms in the
top to the second layer is much larger than the energy gain
from the EC model. To make this point clear, we investigate
adsorption of N on the N-rich full coverage surface, which
includes the N-rich surfaces with more than full coverage.

For N~1.25! coverage, the optimized stable configurations
are displayed in Fig. 23. The N~1.25! ~232! A andB models
are those with one N atom inserted between one of the two
dimers in N~1.00! c~232! and N~1.00! ~231!, respectively.
Although thec~232! N~1.00! dimer has higher energy by
0.25 eV than the~231! one, the N~1.25! ~232! Bmodel that
is based on the former has lower energy than theA model,
mainly because the constraint ofc~232! is released and the
B atoms in the second layer are relaxed. Among these N
adsorbed models, the~234! dimer is the most stable. How-
ever, the configuration with N~1.25! coverage will not appear
over the allowed range ofmN as shown in Fig. 20. The total
energies of these N adsorbed surfaces are higher by 0.15 eV
than the isolated N2 molecule and a full coverage surface, as
shown in Fig. 23, where the total energy of N2 molecule and
N~1.00! ~231! dimer in ~234! is shown.

In Fig. 24, we trace the adsorption and the dissociation
processes of a N2 molecule on the~231! dimer structure in
the ~232! unit cell, which corresponds to N~1.50! coverage.
The top view is shown as N~1.50! ~232! dimer in Fig. 22. In
Fig. 24, the squares and circles indicate the total energies for
the adsorption and dissociation processes, respectively. The
two different series of the energy surface indicate that the
adsorption and the dissociation processes of the simulation
correspond to different paths on the energy surface, which do
not cross each other. The horizontal axis (z axis! denotes the
distance from the surface, whose origin is the top N atom of
N~1.00! ~231! dimer structure. In the adsorption process, the

FIG. 23. Result of the total-energy minimization of N-rich
(u51.25! coverage reconstructed surfaces. The total energies are
described in units of eV/~131!. The origin of total energy is that of
the reconstructed~232!A model. N21~231!dimer means N2 in
the vacuum region and~231! dimer in ~432! unit cell.

FIG. 24. Energy potentials through adsorption and dissociation
paths, which are indicated by squares and circles, respectively, of
N2 on ~232! N dimer surface. See text.
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initial configuration is the N2 (z56.37 a.u.! and N~1.00!
~231! dimer in ~232! and the N2 approaches the surface
from the vacuum region. Holding the tightly bonded struc-
ture, the N2 molecule goes down to the surface and a repul-
sive force occurs between the N2 and the surface. As the
molecule approaches, the atoms in the surface are pushed
down and the energy potential increases. On the other hand,
in the dissociation process, the initial configuration is that
optimized structure (z51.15 a.u.! and the N2 goes away
from the surface. As the top N2 leaves from the surfaces, the
N atoms of the molecule are each drawn by the surface dimer
atoms with two bonds and are separated from each other.
This separation causes an increase in the energy potential. At
each step, we optimize all the degrees of freedom except the
bottom two layers of the slab and thez component of the
N2, which means that the two N atoms have the same dis-
tance from the surface. From these simulations, we found
that the adsorption state of N2 has higher energy by 1.08 eV
per molecule than the isolated state, where the N2 is 6.4 a.u.
apart from the top of the dimer, and that the reaction path has
a rather large activation barrier, which is roughly estimated
as;3 and;2 eV/molecule in the adsorption and the disso-
ciation processes, respectively. These results suggest that the
N-N bond between the full coverage N layer and N2 mol-
ecule on the layer is so weak that the system with more than
N full coverage decomposes to the full coverage layer and
N2 molecules or N2 bulk (mN→0) in equilibrium.

VI. CONCLUSION

In this work we systematically investigated the
c-BN~001! surfaces with various stoichiometries by the local
density functional approach with ultrasoft pseudopotentials.
The total energy of the models is optimized with respect to
the electronic and atomic degrees of freedom by the conju-
gate gradient method. From the calculated results, we predict
that, as the chemical potential decreases from the N2 bulk
value, the stable surface will change as follows: N~1.00!
(231) dimer, N~0.75! (234) dimer, B~0.50! c(232) re-
laxed and B~0.75! (432) dimer. Due to the difficulty of
making wide clean surfaces, diffractive measurements such
as LEED give little information on the surface symmetry.
However, the above-mentioned phases may be observed by
real-space measurements such as STM, AFM~atomic force
microscopy!, etc., which enable the observation of small
clean surface region. Further, we examined the validity of
the EC rule, which has been used successfully to determine
GaAs surface structures. In the flat models, which contain at
most one layer with defects and no interlayer N-N and B-B
bonds, the EC rule holds very well, because the stable mod-
els are all EC models in the coverage range where we can
construct EC models and are semiconducting. From the re-

sults of the flat models, we found that next to the EC rule, the
electrostatic energy has the most important role in determin-
ing the stable structures. However, from the total-energy cal-
culation of EC models, we suggest that the non-EC model
has a lower energy than an EC model made by breaking N-B
bonds in N-rich coverage, which is not the case of
GaAs~001!, because the energy difference between the N-B
and N-N bonds is larger than the energy gain obtained by
taking the EC model. To confirm this point, we further stud-
ied the adsorption and dissociation processes of N2 on the
c-BN~001! surface with full N coverage. It is found that the
N2 adsorption state has higher energy than the isolated N2

state by 1.08 eV/molecule and that the adsorption and disso-
ciation barrier can be roughly estimated as;3 and;2 eV
per molecule, respectively. The EC models mentioned above
are not stable energetically. As shown in the stability be-
tweenc~232! and~231! dimer models in the full coverage
B and N surfaces, the degrees of freedom of reconstruction
affect the stability inc-BN as well as other semiconducting
surfaces such as GaAs, Si, and Ge. Therefore, as the charac-
teristic feature ofc-BN~001! surfaces, we suggest that the
important factors to determine stable structures are N-B bond
saturation, the EC rule, and electrostatic energy, whose effect
decreases in this order.
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APPENDIX

In this appendix, we tabulate the positions of atoms in the
reconstructed structures for the stable phases, that is, N~1.00!
~231! dimer, N~0.75! ~234! dimer, B~0.50! c~232! relaxed,

TABLE V. The position of atoms in the N-rich (u51.00! ~231! dimer structure.

r 1 r 2 r 3 r 1 r 2 r 3 r 1 r 2 r 3

N 0.6371 0.5000 0.3712 N 0.3629 0.5000 0.3712 B 0.7255 0.0000 0.3089
B 0.2745 0.0000 0.3089 N 0.5000 0.0000 0.2173 N 0.0000 0.0000 0.2428
B 0.5000 0.5000 0.1466 B 0.0000 0.5000 0.1595 N 0.7547 0.5000 0.0758
N 0.2453 0.5000 0.0758 B 0.2500 0.0000 0.0000 B 0.7500 0.0000 0.0000
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TABLE VI. The position of atoms in the N-rich (u50.75! ~234! dimer structure.

r 1 r 2 r 3 r 1 r 2 r 3 r 1 r 2 r 3

N 0.6482 0.2446 0.3736 N 0.6553 0.5000 0.3792 N 0.6482 0.7554 0.3736
N 0.3518 0.2446 0.3736 N 0.3447 0.5000 0.3792 N 0.3518 0.7554 0.3736
B 0.7327 0.1493 0.2952 B 0.7260 0.3806 0.3129 B 0.7260 0.6194 0.3129
B 0.7327 0.8507 0.2952 B 0.2673 0.1493 0.2952 B 0.2740 0.3806 0.3129
B 0.2740 0.6194 0.3129 B 0.2673 0.8507 0.2952 N 0.5000 0.1159 0.2255
N 0.5000 0.3748 0.2202 N 0.5000 0.6252 0.2202 N 0.5000 0.8841 0.2255
N 0.0000 0.1267 0.2394 N 0.0000 0.3758 0.2418 N 0.0000 0.6242 0.2418
N 0.0000 0.8733 0.2394 B 0.5000 0.2555 0.1476 B 0.5000 0.5000 0.1491
B 0.5000 0.7445 0.1476 B 0.5000 0.0000 0.1475 B 0.0000 0.2564 0.1565
B 0.0000 0.5000 0.1601 B 0.0000 0.7436 0.1565 B 0.0000 0.0000 0.1572
N 0.7527 0.2498 0.0765 N 0.7536 0.5000 0.0762 N 0.7527 0.7502 0.0765
N 0.7535 0.0000 0.0765 N 0.2473 0.2498 0.0765 N 0.2464 0.5000 0.0762
N 0.2473 0.7502 0.0765 N 0.2465 0.0000 0.0765 B 0.2500 0.1250 0.0000
B 0.2500 0.3750 0.0000 B 0.2500 0.6250 0.0000 B 0.2500 0.8750 0.0000
B 0.7500 0.1250 0.0000 B 0.7500 0.3750 0.0000 B 0.7500 0.6250 0.0000
B 0.7500 0.8750 0.0000

TABLE VII. The position of atoms in the B-rich (u50.50! c~232! relaxed structure.

r 1 r 2 r 3 r 1 r 2 r 3 r 1 r 2 r 3

B 0.5000 0.5000 0.2666 N 0.2527 0.2527 0.2311 N 0.7473 0.7473 0.2311
B 0.0000 0.5000 0.1538 B 0.5000 0.0000 0.1538 N 0.2477 0.7523 0.0760
N 0.7523 0.2477 0.0760 B 0.5000 0.5000 0.0000 B 0.0000 0.0000 0.0000

TABLE VIII. The position of atoms in the B-rich (u50.75! ~432! dimer structure.

r 1 r 2 r 3 r 1 r 2 r 3 r 1 r 2 r 3

B 0.3343 0.2472 0.2830 B 0.3346 0.5000 0.2848 B 0.3343 0.7528 0.2830
B 0.6657 0.2472 0.2830 B 0.6654 0.5000 0.2848 B 0.6657 0.7528 0.2830
N 0.2485 0.1345 0.2283 N 0.2407 0.3775 0.2348 N 0.2407 0.6225 0.2348
N 0.2485 0.8655 0.2283 N 0.7515 0.1345 0.2283 N 0.7593 0.3775 0.2348
N 0.7593 0.6225 0.2348 N 0.7515 0.8655 0.2283 B 0.5000 0.1164 0.1597
B 0.5000 0.3733 0.1466 B 0.5000 0.6267 0.1466 B 0.5000 0.8836 0.1597
B 0.0000 0.1256 0.1584 B 0.0000 0.3749 0.1541 B 0.0000 0.6251 0.1541
B 0.0000 0.8744 0.1584 N 0.5000 0.2511 0.0736 N 0.5000 0.5000 0.0755
N 0.5000 0.7489 0.0736 N 0.5000 0.0000 0.0761 N 0.0000 0.2528 0.0760
N 0.0000 0.5000 0.0775 N 0.0000 0.7472 0.0760 N 0.0000 0.0000 0.0777
B 0.2500 0.2500 0.0000 B 0.2500 0.5000 0.0000 B 0.2500 0.7500 0.0000
B 0.2500 0.0000 0.0000 B 0.7500 0.2500 0.0000 B 0.7500 0.5000 0.0000
B 0.7500 0.7500 0.0000 B 0.7500 0.0000 0.0000

TABLE IX. The position of atoms in the B-rich (u51.00! c~232! dimer structure.

r 1 r 2 r 3 r 1 r 2 r 3 r 1 r 2 r 3

B 0.3367 0.6633 0.2940 B 0.6633 0.3367 0.2940 N 0.0000 0.5000 0.2319
N 0.5000 0.0000 0.2319 B 0.7560 0.7560 0.1535 B 0.2440 0.2440 0.1535
N 0.0000 0.0000 0.0753 N 0.5000 0.5000 0.0772 B 0.2500 0.7500 0.0000
B 0.7500 0.2500 0.0000
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B~0.75! ~432! dimer, B~1.00! ~132!, and c~232! dimer
structures in Tables V, VI, VII, VIII, IX, and X, respectively.

Although full coverage B-terminated surfaces are not
stable in the allowed region of the chemical potential, the
positions of the reconstructed surfaces are also tabulated be-
low for comparison. Since the two configuration,c~232!
and ~132!, dimer structures have almost the same total en-
ergy in this coverage, positions for both structures are listed.

In the tables, the positions~r ! are represented by frac-
tional coordinates, where the vectors spanning the supercell
are taken as unit vectors. The positions in the fractional co-
ordinates~r ! can be transformed into those~x! in the Carte-
sian coordinates~atomic units! asx5 l 0Ar , wherel 0 andA
are the lattice constant of the bulkc-BN and the matrix that
define the supercell in units ofl 0 (56.76140). The super-
cells are spanned the three column vectors ofA. TheA are
listed as follows.

For N~1.00! ~231! dimer ~Table V! and B~1.00! ~132!
dimer ~Table X!,

A5S A2 0 0

0 A2/2 0

0 0 3.25
D .

For N~0.75! ~234! dimer ~Table VI! and B~0.75! ~432!
dimer ~Table VIII!,

A5S A2 0 0

0 2A2 0

0 0 3.25
D .

For B~0.50! c~232! relaxed ~Table VII! and B~1.00!
c~232! dimer ~Table IX!,

A5S 1 0 0

0 1 0

0 0 3.25
D .
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