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First-principles study on energetics ofc-BN(001) reconstructed surfaces
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Total energies of cubic boron nitride-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-&N\t@€01) surface
are N-B bond saturation, the EC rule, and electrostatic energy, whose effect decreases in this order. The
difference betweer-BN and GaAs surfaces is also discus4&0163-18206)01723-7

[. INTRODUCTION For a review, refer to Ref. 2. Study of heteroepitaxial growth
using c-BN as a substrate or a growth material has been a
Boron nitride(BN) has a phase diagram that is similar to current trend. Typical examples are diamondoBN(111)
that of carbon, that is, hexagonal BNi-BN), cubic BN by dc plasma CVD(Ref. 12 and c-BN(100) on S(100.:
(c-BN), and wurtzite BN (-BN) which correspond to the The latter is characterized by 3:2 commensurate lattice
graphite, diamond, and hexagonal diamond structures of camatching. To understand the growth@BN, it is very im-
bon, respectively. Among these polymorpbsBN, which is  portant to determine stable structures and properties of the
also calledborazon is an exotic material with a zinc-blende c-BN surfaces. Unlike Si and GaAs, the growth@BN is
structure, that is, the stable phase at high pressure and higlerformed under conditions where its phase is metastable.
temperature, and is metastable under ordinary conditionS.herefore the growth of the metastable phase can be attrib-
Unlike diamond,c-BN does not exist in nature. Historically uted to the surface condition.
c-BN was synthesized under high pressure and high tem- As for the theoretical aspects, budkBN has been studied
perature conditions by Wentorf in 19%56The properties of energetically with the first-principles calculations using the
c-BN are very attractive from both scientific and technologi-local density approximatiofLDA) and by other methods for
cal viewpoints.c-BN is the second hardest material follow- fifteen years. These include studies of the electronic structure
ing diamond and is used as a protective coating materialand crystal structures with LCAQlinear combination of
For the purpose of fabricating semiconducting devices workatomic orbital$ calculations?* LCAO Hartree-Fock>
ing under high temperature-BN shows fascinating fea- first-principles pseudopotentidPP calculations.’~2* full-
tures, such as high thermal conductivity, semiconductingotential linear augmented plane-wave metffoandab ini-
properties with a wide energy gap, low dielectric constanttio self-consistent orthogonalized LCAO methddrhe band
high melting point, etc. Although it is difficult to dope stable gap of the(110 diamond-e-BN superlattice has been stud-
n-type impurities in diamond, we can make bgthand ied with the linear augmented plane-wave metfbdRe-
n-type c-BN. Furthermore, since the lattice constant ofcently some bulk properties were calculated with ultrasoft
c-BN is larger than that of diamond by only 1.3%BN isa  pseudopotential® On the other hand, since it is very diffi-
promising substrate material for the growth of heteroepi-cult to prepare high-quality clean surfacesceBN, there are
taxial chemical vapor depositiofCVD) films of diamond. few experiments to characterize the surface, for example, by
Thanks to these properties;BN can be applied to exotic low-energy electron diffractiofLEED) and scanning tunnel-
semiconducting devices. ing microscopy(STM). Thus, as a first step toward recogni-
In recent years;-BN has attracted much interest since itstion of the growth mechanism, a theoretical study of the
synthesis has been successfully realized by GREf. 3 and  reconstructect-BN surface has a fundamental significance.
physical vapor depositiofiPVD) (Refs. 4—1] techniques. However, although many interesting experiments on epitax-
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ial growth have been reported in recent years, there are fewons and the tests of the PP’s for B and N. We adopt the local
theoretical studies of the surfaces. Furthermore, no firstdensity-functional formalisit*®*with the PP approximation.
principles studies have been reported as far as we know. Thighe total energy and the Hellmann-Feynman forces are ob-
is attributed to the difficulty of first-principles calculations. tained from first-principles calculations with the ultrasoft PP
In the study of surfaces, which have a low symmetry com- UPP suggested by Vanderbfit=® Since the UPP’s show
pared to the bulk crystal, it is necessary to minimize the tOtaE;ood transferability without norm conserving and produce

energy with respect to the ionic configuration and to ObtalnSmooth pseudo-wave-functions, it is feasible to perform first-

reconstructed surface structures. o ; ! o '
d- principles calculations of materials containing first row ele-

In this work, c-BN(001) reconstructed surfaces are stu ;
ied by first-principles calculations with ultrasoft pseudopo-ment.s such as boron anq nitrogen. F.Or the pseudo-wave-
tentials as proposed by VanderBfitwhich overcome many functions, we adopt Troullier and Martins tyBefunctions
of the difficulties of the conventional norm-conserving Pp.Without the norm-conserving condition. For the exchange-

As for the preliminary works, see Refs. 27 and 28. To allowcorrelation term, we adopted Ceperley-Alder ﬁ]pp_aram-
efficient optimization, conjugate gradient methods are use@trized by Perdew and Zung&unless noted otherwise. The
for the total-energy minimization with respect to the wavetotal energy is minimized with respect to the positions of the
functions and the positions of the ions. Using these methodi®ns by the conjugate gradient meth¢@G).*> The CG
we study the reconstructed surface structures with differennethod is also applied to the Kohn-Sham equation for the
stoichiometries to clarify the properties ofBN(001) sur-  electronic degrees of freedothWe apply the CG algorithm
faces. As mentioned above, there are few experiments thaf Bylander, Kleinman, and Lé&with preconditioning® to
give information about the surface reconstructions. Therethe generalized eigenvalue problem. To save computational
fore, we have to calculate the surfacexdBN with various  cost, we did the optimization in two steffs?® In the first
kinds of symmetries:(X1), (2X1), c(2X2), (2X2), and step, we performed geometry optimization with a soft PP of
(2x4) for both boron- and nitrogen-rich surfaces. nitrogen withR.(core radiug=1.6 a.u. and(cutoff energy

To begin with, we optimized the structures of the =20.25 Ry. In the next step, we further optimize the struc-
(2x1) andc(2x2) reconstructions for both B and (001)  ture by a hard and more accurate PP wi=1.2 a.u. and
surfaces without _VacanC|eS. For these Symmetnes it |_S e>1§(2236 Ry Starting from the geometry determined by the first
pected that the dimer structure should be favorable as is thgep. The PP of boron witR,=1.2 a.u. is adopted for both
case of(001) surfaces of Si, Ge, and GaAs. On the othersteps. Furthermore, in the second step, we exclude some

hand, a semiempirical stutipredicts that (1) nitrogen-  models that have much higher energies than the others in the
terminated surfaces favor the bridge structure, which is suggst step calculation.

gested as the model for the carbon-terminated G&x< 2) The calculational conditions are as follows: the numbers
surface by expe.rlmgrf’&and semiempirical calculation.  of irreducible k points sampled in the Brillouin zone are
Therefore, optimization was performed for these two modelsgo(16), 16(8), 16(8), 32(20), 8(4), 4(2), and 42) for (1x 1),
However, the result turns out to be contrary to that obtainedox 1) (1x2), ¢(2x2), (2x 2), (2x4), and(4x 2) unit cells,

by the semiempirical calculation. From our calculation therespectively, where the numbers in the parentheses are those

bridge structure has much higher energy than the dimefor the models with mirror symmetries. The criterion of con-
structure. This difference is attributed to the different Ca|cu'vergence in the geometry optimization is that the forces on

lational methods. From the results for the surface withouly the atoms that are allowed to move are less than 1
vacancies, we construct models taking the dimer structure as 10-3 Hartree/a.u.

a stable constituent. Since various configurations of atoms are allowed in the

~ Based on the calculated results, the stability of the modelg faces, the PP’s should be tested in various environments.
is discussed for various stoichiometries. Furthermore, the Varherefore. we calculated physical quantities for several ma-

lidity of the electron countingEC) model for thec-BN sur-  terials including boron and nitrogen. Unless otherwise noted,
face is discussed, since the EC rule has been successful in the, calculation is executed with the single-reference UPP’s

explanation of the reconstruction of GaAs surfate¥lfits  \ith a core radiuR.=1.2 a.u. for boron and 1.2 and 1.6 a.u.
validity is confirmed, the EC model will be an effective guid- 5, nitrogen respéctively. The cutoff energy is taken as

ing principle for experiments and theoretical studies ofgg g Ry for the system using nitrogen PR.£1.2) and as

c-BN(00D) surfaces. _ 20.25 Ry for the other systems. These are the conditions
The organization of this work is as follows. In Sec. Il, the \;sed in the present study and also used in the later study.

calculational method and a test of the ultrasoft pseudopoten- g4, nitrogen, tests were done on a diatomic molecule and

tials are briefly described. Section Il is devoted to the de-a_Nz_ For the N, molecule the interatomic distance and the

scription of the models used in this study. Further, the caly;pational frequency are calculated in aX00x 10 a.u?

culated results and the characteristic features of eac@upercell. Thea-N,, which is the ground state of solid ni-
reconstructed structure are shown in Sec. IV. In Sec. V, th‘?rogen has a straniqe structure where the centers,afdX-
stability of the structures for the different stoichiometries is ’

) X - ) ) stitute an fcc lattice with a unit cell containing 4,N and
investigated and the validity of the EC rule@aBN(00D) is  o,.h N, molecule is aligned to a different (111) directi®h.

glso discussed. In the last section, the results are SUMM&ta results are summarized in Table I. The agreement be-

rized. tween the experiments and the present calculations is excel-

lent except for the lattice constant e-N,. Although the

calculated values are improved for the nitrogen PP with
In this section, we describe the calculational method usefR.=1.2, the evident difference~8%) between the experi-

to minimize the total energy with respect to the positions ofments and the present work still remains. This discrepancy

IIl. METHODS OF CALCULATION
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TABLE |. Calculated structures of nitrogen. The values in the  TABLE Il. The calculated results fdn-BN. As for the calcula-
parentheses denote core rad®.) in atomic units. Cutoff energies tional condition, see the caption of Table I.
are 36.00 Ry for nitrogen PPR(=1.2 and 20.25 Ry for

(R.=1.6), respectively. Lattice constantA) a axis C axis
Expt.2 2.5040 6.661

N, molecule Bond lengtfa.u) fiw (cm™Y) Presentl.6) 2.49 6.33
Presen(l.2) 2.48 6.45

Expt.@ 2.07 2359

LCAO(LSDA)® 2.08 2387 °Reference 51.

Presen(tl.6) 2.06 2389

Presen(il.2) 2.06 2441

reproduced well. However, with the more plausible PP

(R;=1.2), that for thec axis (interplane is still slightly
a-N; Lattice constanfa.u) N, bond length(a.u) shorter(3%) than the experimental value. This may be attrib-
uted to the failure of the LDA when applied to the interlayer

Expt.© 10.68 2.02 _ ) : . )
Present(1.6) 955 209 region with a dilute electron density, as is the case of
Present1.2) 9.77 2.04 a'N?' ) . . .

Since ¢c-BN is the main target in this study, the bulk
aReference 47. modulus and its derivatives are obtained by Murnaghan
bReference 48. fitting® as is the lattice constant. The results are tabulated in
‘Reference 49. Table Ill. 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,
could be attributed to the LDA, becauseN, is a typical  wentzcovitch, Jeanloz, and Coh@hThis difference is at-
molecular crystal. Probably the generalized gradientriputed to the different exchange-correlation functional
approximatiofi’ and other extensions of LDA would recover forms, not to the difference of PP’s, because the result with
the short lattice constant. _ _ the Wigner interpolation formufd as the correlation term
Comparing to the structures of nitrogen, those of solidyjyes an excellent correspondence to their result as well as
boron are much more exotic, where thg,Bcosahedron is  the experimental one. Therefore the difference is a measure
the unit of the structure. The calculation is done forsf ampiguity in the LDA. Moreover, this table contains the
a-boron, which has a rhombohedral structure made of B results for PP’s with single and double reference energies
icosahedra. In the present calculation, the lattice constant igjtp, R.=1.6 and it is found that little difference can be seen

calculated as,=4.83 A, where the rhombohedral unit cell i terms of the lattice constant and the bulk modulus and its
is approximately regarded as a hexagonal unit cell and thggrivatives forc-BN.

ratio a/c is fixed throughout the calculation. The values de-

termined by experimem$® are a,=4.927 andc,=12.564

A. 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  Since ac-BN(001) surface consists of layers containing

a andc axes are both optimized. The results are listed inonly B or N atoms, depending on the stacking of the B and N

Table Il. The lattice constant for the axis (intraplane is  layers, the electrostatic field due to charge transfer is induced

I1l. MODELS

TABLE lll. The calculated results foc-BN. Unless otherwise noted, Murnaghan’s equations are used to
fit data. The values in the parentheses denote core ra@jggr{ atomic units. Cutoff energies are 36.00 Ry
for nitrogen PP R;=1.2) and 20.25 Ry for R.=1.6), respectivelyW and CA denote Wigner and Ceperley-
Alder type exchange-correlation term. See text.

Lattice constantA) B, (GP3 B Notes
Expt.2 3.615(+0.002) 369(- 14) 4.0(+0.2) Birch fit®
LCAOQ®® 3.618(+0.008 370(x 10 3.1(+=0.)) w
Presentl.2) 3.578 394 3.2 CA
Presentl.6) 3.580 399 3.1 CA
Presentl.6) ¢ 3.580 399 3.1 CA
Presentl.2) 3.615 374 3.1 W
Presen(tl.6) 3.624 378 3.0 W

aReference 20.

bReference 54.

°LDA.

dwith double reference energies.
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in both the slab and the vacuum region. To avoid this artifi- 0=1.00

cial charge transfer, we adopt a model wiirtual hydrogen )
terminators with 1.26 valence charge, which has been suc- (a) (1x1) ideal (b) (2x1) dimer
cessfully applied to GaA¥. These terminators terminate the 2 Q.9 'm‘ eceo
dangling bonds on the other surface and suppress the un- o a g S & @ .OO_O. °
physical charge transfer between the back and front surfaces. esele o0  0=0
From calculating the Hellmann-Feynman forces, we have © O O C0CO®0eC @O
found that a virtual hydrogen atom with 1£25alence

charge is a more efficient terminator than the other candi- {c) (1x2) bridge (d) c(2x2) dimer

dates such as virtual H with 0.&@5virtual Li with 3.25 and

2.7%, fractionally charged B and N, etc. These models fall ®0 @0
to reproduce the forces, which act on the B and N atoms with o—0
large unit cells. However, the states derived from the virtual o—o. © .Oo_
hydrogen atoms appear in the gap region. This is not the case 000000 @ C@0@O0®O0 @O0
for GaAs, because the band gap of GaAs is much smaller
than that ofc-BN. In spite of this difficulty, we adopt this (e) c(2x2) bridge
model for the following reason. The virtual H states are un- PR A NP
occupied and only weakly hybridize with the surface states g
on the other side. This is because the surfaces are spatially o
well separated. The virtual hydrogen model with two BN é . % o

o} o o

layers reproduces the forces of slab models with four BN
layers without the terminators, withirr 1.0x 10”2 Hartree/
a.u. The direction of the virtual hydrogen is assigned as it i
for the bulk silicon bond. The bogd Iegrj\gth betweg(]an a virtual uII2 CSV_gra?ed@: 1.00) :d('a) (1% 1) |deal;épzj (2x1) dimer, (IC) (1h
hydrogen and a boron atom is determined as 1.862 a.u. b§</ ) rllge,é ) c(sx 2) “'mer’ (e). (2|>< 2? dr.' g, LeSpeCt'Ve.y'E ef.
total-energy minimization. We also tested the effect of the pen,gosed 'r?nd lsma open cire e‘T’ |nD|_catet %itc.’;ns 'Et g irst,
thickness of the vacuum region on the HeIImann-Feynmars}fc.on » and third fayers, respectively. Dimer and bridge bonds are
- . .“"indicated with thick solid lines. The rectangles refer to a unit cell
forces and found that the gap width corresponding to fivg, o,ch configuration.
layers is enough to obtain the above accuracy. Therefore, we
adopt repeated slab models terminated by virtual hydrogen(2X 2) bridge, respectively. The open, closed, and small
atoms. This model contains six layers of B and N foropen circles indicate the atoms in the first, second, and third
nitrogen-rich surfaces and five for boron-rich surfaces in dayers, respectively. Dimer and bridge bonds are indicated
supercell corresponding to 13 layers, where the thickness ofith thick solid lines. The rectangles refer to a unit cell for
one layer is equivalent to 1.6915 a.u. The bottom two layergach configuration. These notations are also used in Figs. 2
containing the virtual hydrogen terminators are fixedand 3. With these unit cells, two fundamental structures are
throughout the total-energy minimization processes. adopted as the models, dimer and bridge structures. The
In the present work, we used models with various kinds ofdimer structures, whose top views are shown in Figb) 1
symmetries. Furthermore, sinceBN(001) consists of layers and Xd), and side view in Fig. @), are widely observed in
containing only B or N atoms, B- and N-rich surfaces havethe (001 surfaces of semiconductors with a tetrahedral struc-
to be investigated with different coverages. Surfaces witliure such as Si, Ge, C, GaAs, etc. The surfaces @03)
0#=0.25, 0.50, 0.75, and 1.00 are systematically investigatedgxhibit an asymmetric dimer structure and those of
where 4 is the coverage, and some models with higher cov:GaA4001) a symmetric one. Therefore, symmetric and
erages are also studied. It is convenient to briefly summarizesymmetric dimer models are examined for & 1) and
the models for the-BN(001) surface and the terms referring the c(2X 2) unit cells.
to configurations used in this work. The model for the N-rich  In the bridge structures, a diatomic molecule is inserted
surface of each coverage is introduced in the following. Thento the dimer bond and makes a bridge between the two
correspondent structure for the B-rich surface is obtained bglimer atoms in the second layer as shown in Fige) &nd
a 7/2 rotation. 1(e) (top views, and in Fig. 4b) (side view. These struc-
For convenience, we defirflat models as those that con- tures were suggested farBN(001)-(1X 2) N-rich surfaces
tain at most one layer with defects. In the present study wérom semiempirical calculatiorfS,and were originally sug-
investigate theflat models systematically. Unless otherwise gested for Si@01)-c(2x2) C-rich surfaces from
mentioned, we deal with flat models. In the following de- experiment¥ and a semiempirical calculatich.Thus we
scription,ideal means the atomic configuration in which the optimized thec(2X 2) model as well as thélx 2) model. In
atoms are located at the position of an ideal buaxed accord with Ref. 29, we call the bridge models wathlarger
means the configuration where the atoms are relaxed frorthan d; type I, and those with the opposite relation,
the ideal configuration without a reconstruction to anotheqd,<dj), we call type Il. The values, andd; are defined
symmetry, and &ollow site is the center of four atoms in the in Fig. 4(b).
second layer. Besides the above-mentioned symmetries, {B&2)
For full coverage §=1.00, Fig. 1 illustrates schemati- bridge and dimer models are investigated, since the asym-
cally the top views of the modelsa) (1x1) ideal, (b) metric p(2x2) structures are more favorable than the
(2% 1) dimer, (c) (1X2) bridge, (d) c(2x2) dimer, and(e) (2% 1), (1x2), andc(2X 2) structures in terms of the bond

FIG. 1. Schematic illustration of the top views of the models for
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0=0.50 0=0.25

(a) (2x1) ideal (a) (2x2) relaxed (b) (2x4) dimer

OOOO PR NN Xe
O
o O O o@oO o o @O0
O O O
o} NN JoN JNeN Ne [ JNeN JNoN JoN J o) o @o
e X Xelhdiel Yol
(c) c(2x2) ideal (d) (2x1) hollow

°. .
M
Iy Xe o 5@ o 0=0.75
O O O
CeC®O0O®OC @O (€) (2x2) ideal
(e) (1x2) hollow () c(2x2) hollow cCeo0®0®O0 8 o
® 0 o@ e} [el Nel Nel ® 0
O O O
[ Mo ol } o] [l Nel o) ® 0
O O O O
[ JoN Nl o ol JNeN NeN Nol Nel ® o
(9) (2x2) dimer {h) (2x4) dimer FIG. 3. Schematic illustration of the top views of the models for

0=0.25:(a) (2X2) relaxed;(b) (2x4) dimer, and ford=0.75:(c)
(2% 2) ideal; (d) (2x4) dimer. See text.

el NoN NeoN Nel XNe]

with these coverages af@x2), (4x1), and (1x4). Since
the size of computation is larger than that of the case with
#=0.50 and 1.00, we must select the favorable models. The
models are illustrated in Fig. 3. These models are based on
the dimer structures. Fa#=0.25, the(2X 2) relaxed struc-
ture[Fig. 3(a)] is a combination of the dimer and the relaxed
structure. Further, th€X 4) dimer structurdFig. 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 6=0.75, the(2X4) missing dimer structuré¢Fig.
3(d)] is used, which is a stable structure for As-rich surfaces
of GaAq00)). As a standard for the energy, tt@x 2) ideal

FIG. 2. Schematic illustration of the top views of the models for Structure[Fig. 3(c)] is also adopted as a model.
half coverage §=0.5): (a) (2x 1) ideal; (b) (1x2) ideal; (c) c(2 Besides the above-mentiondidt models, some models
% 2) ideal; (d) (2x 1) hollow; () (1 2) hollow; (f) c(2x 2) hollow; ~ with higher coverages 4=1.25, 1.50 and with complex
(g) (2x2) dimer; (h) (2x4) dimer, (i) (4x2) dimer, respectively.  structures, which are ndat models, are investigated in Sec.
See text. V.

. . . . _ The Brillouin zones(BZ's) used in this work are illus-
dlstortlon.'However, as 'WI|| be dlscusset_:i in Sec. IV, thetrated in Fig. 5, wherd -J;-K1-J}-T, T-3,-K,-J;-T', T-
asymmetric structures will turn out not being favored in the
present calculations. Furthermore, the bridge structures have

ol NeoX JNoN Nel Ne

(i) (4x2) dimer

much higher energy by about 1 eV than .the dimer structures. (a) DIVER (o) BRIDGE
Therefore we adopted the symmetric dimer structure as the

basic unit of larger models with different coverage d:

(0=0.25, 0.50, 0.7p d

For half coverage §=0.50, various configurations with
small unit cells are realized for this coverage such as
(2%x 1), (1x2), andc(2x2). The calculated models are the
ideal, relaxed, and hollow structures withx 1), (1X 2), and
c(2X 2), respectively, as well a2x 2), (2X4), and (4X 2)
dimer structures. These models are summarized in Fig. 2,
where the relaxed structures are not shown because theseFIG. 4. Schematic illustration of the side views of dimer and
have the same schematic configurations as the ideal ones.bridge models. Hatched and open circles are the atoms on the same

For #=0.25 and 0.75 coverages, the smallest unit cellplane, respectively.
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N-rich 0=1.0
J'1 Kz Ki

(1x1) ideal (1x1) relaxed

0.00 eV -0.20 eV
(-40.33847 Ht)

t1

A Ke Kee (2x1) dimer (1x2) bridge |
J -1.39 eV -0.24 eV

i

Kas c(2x2) ideal ‘| c(2x2) dimer
0.00 eV -1.14 eV
- (-40.33840 HY)

&
& =13

r N Ji

¢(2x2) bridge | c(2x2) bridge Il

-0.13 eV )
To bridge |

©
©

Brillouin Zone for (1x1)

FIG. 6. Result of the total-energy minimization of N-rich
(#=1.00 full coverage reconstructed surfaces. The total energies
are described in units of e@/x 1). All models here do not satisfy
the EC model and show the metallic or semimetallic feature. See
text.

FIG. 5. lllustration of Brillouin zoneg(BZ) used in this study.
F-Jl-Kll-J:'L-F, F'Jz‘sz_'JJ’_'F, F'J4‘K42'Jé'r, andr'Jl'Kzz'Ji‘
I" correspond to BZ's of1x 1), (2X 1), (4% 2), andc(2X 2), and so
on.

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

34Kz 3yl andI'-J;-Kp-J3-I' correspond to the BZ's of ¢ ¢ BN(001) surfaces, it is important to examine the validity

(1X1), (2X1), (4X2), andc(2x2), and so on. of the EC model with a first-principles study, because the EC
model provides an intuitive picture for large systems and
IV. RESULTS adsorption on surfaces without massive calculations.

For convenience, unless otherwise noted, the energies

In this section, the results of the total-energy minimiza-mentioned below are those for(ax 1) unit cell. The results
tion are presented for B- and N-rich surfaces with variousof total-energy minimizations are summarized in Figs. 6, 10,
stoichiometries. The stability of surfaces with the samej1, 13, 15, 18, corresponding to the stoichiometries given,
stoichiometry is also compared. Characteristic features of th@hereE andS denote that the model satisfies the EC model
various surfaces are also discussed. A fundamental probleghd is semiconducting, respectively. In these figures the
of compound surfaces would be to determine the phases thgthematic illustrations are added for convenience, where
are stable under different experimental conditions. For exppen and closed circles denote the atoms in the first and the
ample, in an atmosphere with high,Nconcentration, the second layers, respectively. The values in the parentheses
c-BN surface will be in a N-rich phase and a B-rich surfacedenote the absolute values of the total energy of the reference
will rarely appear. The answer to this problem is assigned tenodel, which is the origin of the energies for the surfaces
Sec. V A. The calculations are executed in two steps to sav@ith the same coverage. When the energies of the models
computational time as described in Sec. II. In this section, Weyith rectangular cells such g&x 1), (2x 1), etc. are com-
call the first step a precalculation and the secoffidial cal-  pared to those for the(2x 2) cell, the different configuration
culation. of meshes in real and reciprocal spaces might cause error. To

For GaAs surfaces the validity of the EC rule has beernestimate such an error, some of the figures show two equiva-
proved in many cases by theoretical and experimentalent models in the different unit cells and the total energies in
studies’ For models of H and S adsorbed on GaAs surfacesparentheses, for example, (NOOc(2x2) ideal and
its validity has been also suggested by theoreticaN(1.00(1x 1) ideal. From these values we can estimate the
Studi655.7_598inceC-BN is a lll-V semiconductor like GaAS, error as~ 1X 1074 Hartree’ which has no effect on our
the EC rule is expected to play an important role in predictjscussion.
ing structures for the-BN(001) surface.

The EC rule(mode) is a simple rule(mode) to explain
reconstructed structures of the tetrahedrally coordinated
compound semiconductor surfaces. Fundamental conditions The dimer structures are popular among tB81) sur-
for the EC model are as follows. The total number of elec-faces of tetrahedral coordinated semiconductors such as C,
trons is given by a summation of 5/4 electrons for each tetSi, Ge, GaAs, etc. Besides the dimer structures, a semiempir-
rahedral bond of a negative atofN) and 3/4 electrons for ical study® suggested that bridge structures are more stable
that of a positive aton{B). Two electrons are assigned to in (2X1) and(2X2) unit cells than the dimer structures for
each chemical bond and to each dangling bond of a negativeBN(001). The bridge structures were originally suggested

A. Dimer and bridge structures
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(a) (2x1) N DIMER (a) (1x2) N BRIDGE |
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FIG. 7. Band structures of the nitrogen symmetric dir@rin FIG. 9. Band structures of the nitrogen symmetric brid¢s In
(2x1) and (b) in c(2x2), respectively. Closed and open circles (2x1) and (b) |_n c(2x 2_), respectlvely._ Closed and open circles
denote the orbitals having large amplitudes at the N surfaces arféenote the orbitals having large amplitudes at the N surfaces and
the H terminators. the H terminators.

as a model for the carbon-terminated $i@Xx 2) surface by  stryctures both of dimer and bridge models of e 1),
experiment®’ and semiempirical calculatiori$. Therefore, (1x2) c(2x2), and (2x 2) surfaces. Though starting from
considering the original structures of SiC, we examine theseyeral initial asymmetric configurations, both for the dimer
relative stabilities of the symmetric and the asymmetricang the bridge structures, the models are finally settled to be

104 N-rich  8=0.25
(2x2) ideal (2x2) relaxed
8 0.00eV ¢ e| -0.88eV
(-32.84470Ht) § §
L o
(2x4) dimer
6 073V |y
4
24
N-rich  6=0.75
0 (2x2) ideal (2x4) dimer
' ' ' ‘ 0.00eV -1.23eV
0 2 4 6 8. _ (-37.84849Ht)
FIG. 8. Contour plot of the squared amplitude of the partially ES

occupied state at th&,; point in the Brillouin zone for the

(2X 1) N-terminated full converge dimer surface. It can be seen that FIG. 10. Result of the total-energy minimization of N-rich
this state consists of the antibonding level of the dangling bonds(#=0.25 and 0.75reconstructed surfaces. The total energies are
The filled and open circles denote nitrogen and boron atoms, redescribed in units of e¥1X 1). In these model& andS represent
spectively. The line and the top nitrogen atoms are on the cuttinghat the model satisfies the EC model and reveals a semiconducting
plane. feature, respectively. See text.
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N-rich 0=0.5
c(2x2) ideal c(2x2) relaxed <
0.00 eV @ -0.82 eV o
{(-35.35798 Ht) _
E ES W
c(2x2) in (2x2) (2x2) dimer 4
N >
R BN e B S 9
ES = S % === = ==
(1x2) ideal (1x2) relaxed we =
-0.01 eV -0.59 eV I =
E E P — | —
E E r J2 K24 Ja T
(2x4) dimer (4x2) dimer
-0.76eV -0.67eV o FIG. 12. The band structure of the N-ri¢@x 4) dimer struc-
ES ES 3 ! ﬂ ture. Closed and open circles denote the orbitals having large am-

plitudes at the N surfaces and the H terminators. This surface shows

FIG. 11. Result of the total-energy minimization of N-rich semiconducting feature. The Fermi level is indicated by an arrow.

#=0.50 half coverage reconstructed surfaces. The total energies .
gre des?;ribed in unitg of eMIx 1). In these model€ and S rep- g amplitude at the N surface. From the bottom, these bands are

resent that the model satisfies the EC model and reveals asemicoﬁr-]"’lra(:te”Z(Ed as the_ bond between N dimer a_ltoms, back
ducting feature, respectively. See text. bonds between a dimer atom and an atom in the second
layer, and the bonding and the antibonding orbitals of the
) L dangling bonds, respectively. The bonding and antibonding
the symmetric ones after the total-energy minimization. Furyrpitals constitute surface states. The bonding band is found
thermore, to make sur€2x 2) bridge and dimer models are 5 pe well hybridized with the bulk bands. In butkBN,
investiggted, because the asymmetric strgctures are more fgyese states are originally in the valence band and emerge
vorable inp(2x2) than (2x1) and (1X2) in terms of the  jnto the gap region, because the adjacent boron atoms, which
bond distortion. However, the asymmetric structures do no}jive negative potential to the electron, are removed at a sur-
exist as far as in the precalculation. o face. Moreover, as described in Sec. lII, the bands derived
The energy gain of thasymmetricbuckling dimer, such  from the virtual hydrogens are not hybridized with the bands
as in the SI00D) surface, is explained by a mechanism simi- o the other surface atoms. Figure 8 shows a contour map
lar to the Haneman mod@lifor the ST111) surface. A sym-  of the upper dangling bond state, the band of which crosses
metric dimer Consists_ of two equivalent a_toms with theee  the Fermi energy of thé2x 1) dimer structure at thé,,
bonds and one dangling bond. The buckling turns the atomggints in the Brillouin zone. From the figure, the state is
into different electronic configurations: the atom at the ob-fond to be a typical antibonding state derived from the dan-
tuse site has threp®-like o bonds and ars-like dangling  gling bonds between the nitrogen atoms. Although the
bond, and the atom at the flatter site has ths@élike o apove-mentioned bonding mechanism does not hold for the

bonds and g-like dangling bond. Since an orbital with an pridge structures, the distortion energy seems large, consid-
s component has lower energy than that with eomponent,

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 B-rich  6=1.0
is lowered by the buckling. However, there are two mecha- -

. . . (1x1) ideal (1x1) relaxed
nisms for energy loss due to the buckling. One is the energy 0.00 eV 0.06

. . . -0.06 eV

loss due to the distortion of the bonds between the atoms of (-30.33378Ht) m B:]
the dimer and those in the second layer. The other is losing
the energy gain fromm-7* splitting. With respect to the (1x2) dimer (2x1) bridge |
naive bonding picture, the latter is caused by the following -0.97 eV +0.36 eV B
mechanism: the charge transfer by the buckling requires [E:I
breaking oitha-( t_)ond, resulti_ng ina Io_ss of bonding energy c(2x2) ideal c(2x2) dimer
due to-7* splitting and an increase in the Hartree energy. 0.00 eV .0.98 eV
Generally, the stability of the asymmetric dimer depends on (-30.33368Ht)
the balance of the above-mentioned energy gain and loss.
From the above discussion, the asymmetric dimer is unstable c(2x2) bridge |
when the interaction between the atoms of a dimer is large +0.45 eV
and the back bond is hard to bend. In the case of

c-BN(002), the energy levels with bonding and antibonding
dangling bonds split for the symmetric dimers as shown in  FiG, 13. Result of the total-energy minimization of B-rich
Fig. 7(@ in (2X1) and qb) in c(2X2), where closed and (9=1.00 full coverage reconstructed surfaces. The total energies
open circles denote the orbitals having large amplitudes aire described in units of ef@/x 1). All models here do not satisfy
the N surfaces and the H terminators, respectively. In Fig. 7the EC model and show the metallic or semimetallic feature. See
there are four bands below the Fermi level, which have largeext.
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TABLE IV. The values determining the dimer and the bridge

(a) (1x2) B DIMER structures with full coverage from the present calculation. The val-

15

uesd,, d,, ds, h;, andh, (A) are defined in Fig. Sldeal corre-
10 E% sponds to the bulic-BN.
3 s e
hr EF d, d, ds h, h,
> 0
u , Ideal (bulk) 253 253 0.89
5 5 — B (1x2) Dimer 1.62 2.56 0.65
9 =
; 10 /_/\Em/\ B c(2x2) Dimer 1.65 253 0.72
oo T % N (2x 1) Dimer 139 2.28 0.72
_%? ~ N c(2x2 Dimer 139 253 0.74
20 ; N (A% 2) Bridge | 1.17 329 261 115 0.84
r
J2 K12 J1 r N c(2x2) Bridgel 1.18 323 253 123 0.83
(b) c(2x2) B DIMER
15 for the enhanced stability of th@Xx 1) cell as compared with
10 that of thec(2x 2) cell, though the unit cell of2x 1) is less
s 5 e R favorable than that o£(2X2) in terms of the Ewald and
5 %EF Hartree energies, because the negative N dimergdx 2)
o 9 % are further separated than thos€2ix 1). Thus the N dimers
- .
5 oS are expected to be arranged regularly in (& 1) structure.
g el 7 On the other hand, for B dimer structures, since the relaxed
g e T B it configuration of the second layer atoms dflx2)
-15 <7< (d,=2.56 A) happens to be almost the same as that of
20 c(2x2) (d,=2.53 A), the difference of distortion energies is

r Ji Kzt r not significant. The(2X 2) dimer is favored due to the elec-

o trostatic factor.

FIG. 14. Band structures of the boron symmetric dir@rin Al the bridge structures in thel X 2) and(2x 2) surfaces
(2x1) and (b) in c(2x2), respectively. Closed and open circles are energetically much less stable than the dimer. The energy
denote the orbitals having large amplitudes at the B surfaces and trie . . o .
H terminators. oss of the bridge structure is probably due to the distortion

of the bonds, since the Ndimer is inserted into the dimer

ering the structure where a nitrogen dimer is inserted into th%).z?sd b;:\g:tﬁ?eB fgxs\/; tht:n:l(;cogg Iaﬁ;;f’ gg?]' the

boron dimer bond in the second layer. The electronic struc- . ! .
tures of the bridge | if1x 2) andc(2x 2) are also presented C-terminated Si(®M01) surface because the covalent radius

in Fig. 9. There are several bands having large amplitude ifyReov) Of C (0.7 A)is much smaller than that of &1.17 A):

the surface region, which are denoted by closed circled® ratio Reo(C)/Reo(Si) is as small as 0.66 and the,C
Among these bands, the two bands at the bottom are bondirfﬁm_er can be mserted between Si atoms without serious dis-
and antibonding orbitals derived fromorbitals of nitrogen tortion of the atoms in the second and deeper layers. On the
dimer atoms. At the Fermi level, there is a band with little Other hand, the covalent radii of B and N are 0.88 and 0.70
dispersion, which is half filled. A% respectively, and the corresponding ratiBgq,(N)/

As described above, in the case ®BN(001) surfaces, RcoB), is 0.80. Therefore the bridge structure would be
the distortion energy as well as the loss of ther* bonding  unfavorable. These geometrical differences cause the differ-
energy caused by taking an asymmetric structure is largent structures for the C-terminated $001) and the
and this indicates that the symmetric structures are favorablé&-terminatedc-BN(001) surfaces. The discrepancy between
This is also justified from the total-energy minimization re- the results of the semiempirical calculatiGhand the present
sults. Therefore, symmetric configurations are assumed ipalculation can be attributed to differences between the tech-
the following for the dimer and bridge structures. The resultmiques used.
of the total-energy minimization for various surface struc- From the semiempirical calculation, it is suggested that
tures are summarized in Fig. 6. Dimer structures are found teypes | and Il exist in the bridge structures and that both
be most stable by the total-energy minimization. Among thetypes | and Il are energetically stable to the same exfent.
N dimer structures, th€2X 1) configuration is energetically The bridges | and Il are distinguished by the relation be-
more favorable than the(2X 2) configuration. This is be- tweend, andd; in Fig. 4. In the bridge | moded, is larger
cause the(2X 2) symmetry prevents a relaxation of the at- than d; and the opposite relation holds for the bridge II.
oms in the second layer, as shown in Table IV. The tableHowever, in the present results both are energetically less
shows that in thé2Xx 1) symmetry the dimer attracts atoms favorable than the dimer structures and type | is much more
in the second layer and the distanak)( between the atoms stable than type II. Although the type Il structure is a local
is reduced from the ideal value 2.53 to 2.28 A. On the otheminimum in the precalculation, starting from the type Il con-
hand, the corresponding displacement is forbidden in théiguration it settled to type | in the final calculation. Thus
c(2x 2) structure because of the symmetry. This is the reasotype Il probably does not exist as a local minimum, or may
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B-rich 0=0.5
c(2x2) ideal c(2x2) relaxed _
0.00 eV @ -1.03 eV >
(-28.89426 Ht) :
E ES L§
c(2x2) in (2x2) |(2x2) dimer W
0.00 eV . -0.96 eV }_{ .
(-28.89440 Ht) ° 0]
E * 3 w
(2x1) ideal (2x1) relaxed Z
-0.06 eV E -0.83 eV %
E ES -
(4x2) dimer  [e o|| (2x4) dimer r J'1 K22 J1 T
-0.71eV -0.74eV 8}
s ﬁ ES ! 11 1 FIG. 16. Band structures of the(2x?2) B-rich reconstructed
surfaces with 0.50 coverage. Closed and open circles denote the

L . orbitals having large amplitudes at the N surfaces and the H termi-
FIG. 15. Result of the total-energy minimization of B-rich nators

(0=0.50 half coverage reconstructed surfaces. The total energies

are described in units of ef/x1). In these model& and S rep-

resent that the model satisfies the EC model and reveals a semico%ts electroneutrality in as small a rgglon as possible. For this
ducting feature, respectively. See text. reason thec(2xX2) relaxed model is preferable to th@

X 4) dimer model.
o For 6=0.25 and 0.75 coverages, among the present mod-
be a shallow local minimum. From the above results, Weg|s, only the(2x 4) dimer structure with9=0.75 satisfies the
adopt the symmetric dimer structure as the fundamental ele&eC model and is semiconducting. The results of the total-
ment for constructing models. energy calculations are summarized in Fig. 10. As can be
seen in this figure, among the models with-0.25, the(2
X 2) relaxed model has a lower energy than (&= 4) dimer
B. N-rich surfaces model, though thé2x 4) dimer model has more degrees of
In this section, we show results for N-riatrBN(001)  freedom to relax. This may be because t@&?2) relaxed
surfaces. For N-rich full coveragef€1.0), the results are Model contains a small unit satisfying the EC rule, which is
described in Sec. IV A and summarized in Fig. 6. the same gonﬂguratlorj of thz(2><_2) rela}xed structure Wlt'h
For N-rich half coveraged=0.5), from the results of the 6=0.5 in Fig. 11. As will be mentioned in Sec. V, the N-rich

precalculation described in Sec. Ill, both t@x 1) relaxed models with 0.25 coverage are thermodynamically unstable

and the hollow site configurations are energetically unfavor—and will not be realized under equilibrium conditions. How-

. ever, in some range of chemical potential {2 4) dimer
able compared to the ideal2X 2) structure, where the at- . ; L
. ) Y | with 0.7
oms are located at ideal bulk sites. The ide@Xx 2) struc- model with 0.75 coverage, which satisfies the EC model,

. . appears as a stable phase. The band structure of this model is
ture is adopted as the origin of energy for the half coveragenown in Fig. 12. In this figure, the Fermi level, which is

case. The reason for the instability of the hollow sites is thajjicated by an arrow, is in the gap and the surface is semi-
the hollow sites cannot make steady bonds to the Surroun%'onducting. Two bands just above the Fermi level are de-
ing atoms in the second layer. Further {2 1) symmetry  rjved from the B dangling bond states, which are empty, and
does not allow relaxation of the second-layer atoms. Thugelow the Fermi level the bands with large amplitude at the
final calculations are not executed for these cases. As show§yrface region, indicated by closed circles, are derived from
in Fig. 11, the interesting feature of these surfaces is that thgye nitrogen dangling bonds, which are fully occupied. From

most stable structure is not that containing dimer structureghe band structure, it is found that the EC rule holds for this
but the relaxedc(2Xx 2) structure. This is explained by the model.

EC model. In the models with half coverage, all models ex-
cept the (2<2) dimer model satisfy the EC rule. The models
with the two lowest total energies satisfy the EC rule and are
semiconducting. Although(4x2) and (2x4) cells have For B-rich full coverage §=1.0), the results of the total-
many more degrees of freedom to relax than ¢i2x 2) energy minimization are summarized in Fig. 13. For the
cells, the total energy of the(2x 2) relaxed model is lowest B-rich surfaces the bridge structures are found to be unstable
among the present models. In the case of Ga@®d sur- as was the case for N-rich surfaces. The most stable structure
faces, the model corresponding to it2x 4) dimer model is  with this stoichiometry contains dimer structures. All of the
the most stable one in some region of chemical potefttial. models with full coverage violate the EC rule. An interesting
This is explained as follows. The EC model requires that alfeature found in the dimer models is that the energy differ-
nitrogen dangling bonds should be fully occupied and allence between thélx?2) and thec(2X2) dimer models is
boron dangling bonds empty. This electron transfer causes aimost zero. In the N-rich full coverage surfaces (A& 1)
electrostatic field. Thus the favorable configuration of themodel is more stable than the#2Xx 2) one as described in
positive and the negative dangling bonds is that which recovSec. IV A. In terms of the Ewald and Hartree terms, the

C. B-rich surfaces
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B-rich  6=0.25
10
(2x2) ideal (2x2) relaxed
0.00eV o § o| -0.86eV §
8 (-28.16499Ht) ° . |
(4x2) dimer
6 -0.86eV }_{
4]
2+ B-rich  6=0.75

(2x2) ideal (4x2) dimer
0 I | | T 0.00eV -1.35eV
0 2 4 6 8 (-29.60898Ht) Es

FIG. 17. Contour plot of the squared amplitude of the highest FIG. 18. Result of the total-energy minimization of B-rich

occupied ;tate at thd; point in the. Brillouin zone for the (#=0.25 and 0.7breconstructed surfaces. The total energies are
¢(2x2) B-rich reconstructed surface with 0.50 coverage. It can bedescribed in units of eV1x 1). In these model§ andS represent

seen that this state consists of t_he dangling bor_lds of the nltrqge[rplat the model satisfies the EC model and reveals a semiconducting
atoms in the second layer. The filled and open circles denote Nitre 4 ture respectively. See text

gen and boron atoms, respectively. The lines and the top boron

atom and the nitrogen atoms in the second layer are on the Cumr@tructure. This is explained by the EC model. In these half
plane. coverage models, all the models except tB&2) dimer
model satisfy the EC rule. Although thdx2) cells have
many more degrees of freedom to relax than tii2Xx 2)
cells, the total energy of the(2X2) relaxed model is the

dimer structure in the(2X2) surface has a lower energy
than that in thg1Xx 2) surface because the positive B dimer

is more uniformly located i(2x2) than (1 2). However, Eowest among the present models. This is explained as in the

the relaxation of atoms in the second layer and the bancase of nitrogen surfaces. The EC model requires that all the
effects of the surface states show a rather different behavior. 9 : q

between N and B surfaces. As can be seen from the distan étrogen dangling bonds should pe fully occupied and all the
(d,) between the atoms in the second layer in Table IV, the oron dangling bonds empty. This electron transfer causes an

. L electrostatic field. Thus the favorable configuration for the
relaxed(1X 2) structure in the second layer is similar to the o . . . .
relaxedc(2x 2) structure and the energy 10ss in X 2) positive and negative dangling bonds is that which recovers

) . ; electroneutrality in a region as small as possible. For this
configuration for B full coverage is much smaller than that .
. eason, thec(2X2) relaxed model is preferable to th@
for N full coverage. Figure 14 shows the band structure of . . . .
. i X 4) dimer model. As will be discussed in Sec. V, th&
the (1Xx 2) dimer surface@ and thec(2x 2) dimer surface : . ! . . ;
- : .. X 2) B-rich relaxed structure is realized in a certain region of
(b). In this figure, below the Fermi level, the two bands with - . ; .
closed circles correspond i@ and «r bonding orbitals be- _the nitrogen (_:hem|cal potential. Its band structure is ;hown
; . in Fig. 16. Figure 17 shows the top valence state in the
tween boron dimer atoms, respectively. As seen from th%,1 oint in the zone. As expected from the EC rule. the
band structure, the dispersion of thebonding orbitals in the P ' P '
c(2X 2) surface is larger than that in ttigXx 2) surface. This
energy gain from the band dispersion contributes to the total- 15
energy lowering of thec(2X 2) structure, although a relax- 10
ation of the second-layer atoms is forbidden by its symmetry.
Therefore, in the B dimer models, tli€2x 2) surface tends
to be more favorable than tH&x 2) surface owing to elec-
tronic effects.

For B-rich half coverage surfaces, from the results of the
precalculation described in Sec. I, both tfle< 2) and the
hollow site configurations are energetically unfavorable
compared to the idea(2Xx 2) 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 T J2 K42 Ja r
and the total energies among the models used in this stoichi-
ometry are the same as those of the N-rich surface with half FiG. 19. The band structure of the B-rihx 2) dimer structure.
coverage. The characteristic feature of these surfaces is thelosed and open circles denote the orbitals having large amplitudes
the most stable structure is not that containing dimer strucat the B surfaces and the H terminators. This surface shows semi-
tures and satisfying the EC model but the relaxgax 2) conducting feature. The Fermi level is indicated by an arrow.

: EF

e 4

4
e

ENERGY LEVEL (eV)
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highest level in the valence band consists of the danglinghe maximum value ofe, is determined by the total energy
bonds in the electronegativ®l) atoms. of @-Ny (un=<mn@uiy), Which is the ground state of bulk
For B-rich #=0.25 and 0.75 coverages, the results of thenitrogen as described in Sec. Il. The same relation holds for
total-energy calculation are summarized in Fig. 18. Amongyoron (4B=p@ulky)- From the above relations, we obtain
the present models with the coverage0.25 and 0.75, only  the following range for the chemical potential of a nitrogen
the (4x2) dimer structure with9=0.75 satisfies the EC rule atom: sy puiy— H< un=< snpuky» WhereHy is the heat of
and is semiconducting, as is the case of N-rich surfaces witformation, calculated to be 3.2 eV, which is defined as
6=0.25 and 0.75. As can be seen in Fig. 18, among the g, .+ Enbuiy— Ecanibulk) -
models with §=0.25, the(2X2) relaxed model has almost  As in Refs. 63—-65, we approximate the surface free en-
the same energy as th@x2) dimer model, though the ergy by the total energy of the surfakg,. A surface for-
(4x2) dimer model has more degrees of freedom to relaxmation energyo can be defined by a difference between
This may be because th@x2) relaxed model contains a thermodynamic functions for the relevant and standard mod-
small unit satisfying the EC model, which is the same cone|s as

figuration as the(2X 2) relaxed structure witl#=0.5 in Fig.

15. As will be disqussed in the last §ectior_1, th 2) B-rich 0=EquiNg ,Nn) —EZ (NS, NS) — ngueg— N
dimer structure with 0.75 coverage is realized under the con-
dition of a low chemical potential of a nitrogen atom and its = Esurf Na,Ny) — ESurd N3 NR) — nouig (N —Ng)
band structures are shown in Fig. 19.
—NgEcan(buly — Sun(NN—Ng), (@]
V. DISCUSSION where NS and N$ are the numbers of boron and nitrogen
, atoms contained in the standard model, which is the
A. Stable structures in c-BN(001) B-terminated ideal1x 1) surface. Theng and ny are the

In this section, the change of stable surface structures iBumber differences from the standard model defined by
discussed under different chemical potential environmentd,\IB—NE3 and NN—NR,, respectively. TheSu, is a chemical
based on the results of the total-energy minimization of thegpotential of a nitrogen atom measured from the bulk energy
models with various stoichiometries in Sec. IV. Since (&npui) -
c-BN is a compound of two elements, B and N, both B-rich  For a given chemical potential, the system with the lowest
and N-rich surfaces can be realized with various stoichiomsurface formation energy defined above is realized. Figure 20
etries. The chemical potential will determine the relative stashows the surface formation energyper (1X 1) surface for
bility of the models with different stoichiometries. In first- the models with various stoichiometrieg= 0.25, 0.50, 0.75,
principles studies, methods using the chemical potential wer&.00 for both B- and N-rich surfaces as a function of the
adopted for the GaAs surface phases and gave consistamtrogen chemical potentiaduy. The upper and the lower
results with experimenf$=% In the present study, various limits of the range are delimited by vertical lines in the fig-
effects are assumed to be indirectly taken into accountire. Although for some stoichiometries a few models have
through the chemical potential. Assuming the surface is iralmost the same energy, only the model with the lowest en-
equilibrium with the bulk, the following relation holds: ergy is represented in this figure. The origin of the formation
unt ue~Ecenpuk - The allowed range fony can be de- energies is that corresponding to the B-terminated ideal
termined as follows. As the chemical potentig} increases, (1X1) surface. For convenience, we will use the notation
the nitrogen gas condenses to the bulk phase in the end. Thta( 6)(Sym)conf,” where A, 6, Sym, and conf denote

15 T R T | I I I I
B(0.25) (4x2) DIMER
10K, —-— B(0.50) c(2x2) RELAXED |-
SN ---- B(0.75) (4x2) DIMER
05 ™\ — —— B(1.00) ¢(2x2) DIMER .
N N(0.25) c(2x2) RELAXED . .
. Moo S~ —_—— N£0.50; 2E2§2; RELAXED FIG. 20. Formation energies p€rx 1) of the
% 0.0 - ‘\\ N ==== N(0.75) (2x4) DIMER -1  c¢-BN(00)) surfaces as a function of a chemical
g Riso TN -- Eﬂggi gﬂ; g:mgg potential of N (uy). The origin of uy is the en-
= -0.5 \\‘:.. ------------- N(1.50) (2x2) DIMER N ergy per an atom ofx-N,, and the allowable
hat P~ R range(3.2 eV) is delimited by vertical lines. The
< 10 —~= & = = : . .
>- S-—- .y formation energy of the B-terminated ideél
g:) 15 X 1) surface is adopted as the origin of the for-
1T} N mation energy. Numbers in parentheses of the
LZu -20 - . legend are coverage rates. In a coverage rate, the
formation energy of the model with the lowest
-25 - energy is displayed.
-30 -
_35 ] 1 1 | ] ] ]

40 35 -30 25 -20 -15 -10 -05 00 6.5 ;Ao
CHEMICAL POTENTIAL of N (eV)



5598 YAMAUCHI, TSUKADA, WATANABE, AND SUGINO 54

N(1.00)
(2x4)
DIMER

N(1.50)
(2x2)
DIMER

FIG. 22. N1.00(2X 4)dimer: an EC model for N..00, which
has lower energy than tH2X 1) dimer in the case of GaAs cases.
N(1.50 (2% 2)dimer: the top view of a KL.50 model for adsorp-

B(0.75)(4x2)DIMER tion and dissociation. See text.

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
FIG. 21. Perspective views of the model of the stable phased=C model, since the models with 0.25 coverage do not sat-
Dark and light gray circles denote nitrogen and boron atoms, reisfy the EC rule.
spectively. White circles denote virtual hydrogen atoms. The frames A remarkable feature over the range of the above chemi-
are to guide the eye. cal potential uy is the extraordinary stability of the
N-terminated surfaces with full coverage. Considering the
atomic kind (B or N), coverage, unit cell symmetry, and allowed range of the chemical potential, the B-terminated
characteristic configuration, respectively. For example, thaurfaces with full coverage will not be realized. On the other
N-rich full coverage(2x 1) dimer and B-rich half coverage hand, the N-terminated surfaces are stable over a wide range
c(2x2) relaxed structures are represented agl.00 of un as unpuiy— 1.1 eV < uN<un@puk - It should be no-
(2x 1)dimer and B0.50 c(2x 2) relaxed, respectively. ticed that this structure is metal in spite of its stability. This
From Fig. 20, we can find significant information about difference between GaAs ameBN can be understood by the
the stability of the surfaces. Since the surface is in equilibstrong bonding between the nitrogen and boron atoms.
rium with the bulk, the lines for stoichiometries that can be From Fig. 20, we can predict the transition of the surface
changed into each other by exchanging a BN pair have thphases in terms of the chemical potential as

N(0.75)(2x4)DIMER

N(1.00(2X1)dimer uypuk —1.06 Vs un<unpuk) (1)
—N(0.79(2X4)dimer by — 1.70 eV= un< tnpu—1.06 eV (Il)
—B(0.50 c(2X 2)relaxed unpu — 1.91 €Vs un< inpuy—1.70 ey (lll)
—B(0.79(4X 2)dimen wnpuy — 3-20 Vs un< unpuy —1.91 eV)  (1V).

The perspective views of the stable phases are shown iregion is subtle and phaskl ) competes with phaséH) and
Fig. 21. The above phases are ordered from the highestV). Therefore around this chemical potential range, the sur-
chemical potential to the lowest. Phasgis the most stable faces may reveal a complex mixed phase.
phase of the highest chemical potential for a nitrogen atom in  As shown in Fig. 21, the models obeying the EC rule, that
the present study. In the pha¢k) and (IV) regions, the is N(0.795 (2x4) dimer, B0.50 c(2x2) relaxed, and
missing dimer structures with 0.75 coverage for N- andB(0.75 (4x2) dimer reveal characteristic local structures.
B-rich surfaces are stable. Thé@®50 c(2x 2) relaxed sur- The structure including the threefold coordinated boron atom
faces can be observed in the narrow range in ptiise This  tends to be flat andp?-like, in order to increase the com-
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N-rich  6=1.25 60 ' ! ! ' ' ) |
2x2) A
(2x2) oo 1|@2 B 53 "
0.00eV 0 -0.07 eV 0 _50F u -
(-42.86388Ht) > .
S 40t g
(2x4)DIMER No+(2x1)DIMER o
W
- - 30 .
O.11eV8©@8 0.26 eV 8@@8 E e .
o |
g 20t L4 .
FIG. 23. Result of the total-energy minimization of N-rich 9 b
(#=1.25 coverage reconstructed surfaces. The total energies are 1.0 [ % -
described in units of e¥1X 1). The origin of total energy is that of L]
the reconstructed2x2)A model. N,+(2X 1)dimer means N in 00 — = -
the vacuum region an@x 1) dimer in (4X2) unit cell. e 1f0 2{0 3?0 4fo 570 o -

ponent of the occupied orbitals. In the case of the threefold DISTANCE FROM SURFACE(A.U.)

coordinated nitrogen atoms, these atoms takebke struc-

. . FIG. 24. Ener otentials through adsorption and dissociation
tures and thes component of the dangling bond increases. b g ’

paths, which are indicated by squares and circles, respectively, of
o . . N, on (2X2) N dimer surface. See text.
B. Validity of the electron counting rule in c-BN(00D)

In order to apply the electron countif§C) rule to the nitrogen. Therefore we further investigate the N-rich region.
c-BN surfaces, it is necessary to understand its limitationsFor N(1.00, no EC models exist among our flat models.
Therefore in this section we will discuss the validity and theHowever, getting rid of thelat condition, we can construct
limits of the EC rule. EC models such as the(NOO (2x4) dimer shown in Fig.

The EC rule is based on a simple tight-binding picture in22, which have lower energy than ti2x 1) dimer model
which the total energy of the system can be reduced by ele@¢hown in Fig. 6 in the case of GaASNevertheless, unlike
tron transfer from the electropositive atoms to the electroGaAs, this EC model has 0.42 ¥k 1) higher energy than
negative atoms, because the energy levels of dangling bonde (2x 1) dimer model. This suggests that the energy differ-
for an electronegative element are lower than those for agnce between N-B and N-N bonds connecting N atoms in the
electropositive element. According to this picture, the systeniop to the second layer is much larger than the energy gain
satisfying the EC rule, which is described briefly in Sec. IV, from the EC model. To make this point clear, we investigate
should be semiconducting and energetically stable. It is exadsorption of N on the N-rich full coverage surface, which
pected that the EC model holds forBN more efficiently  includes the N-rich surfaces with more than full coverage.
than GaAs, because the electronegativities of B, N, Ga, and For N(1.29 coverage, the optimized stable configurations
As are 2.0, 3.0, 1.6, and 2.0, respectiv¥yand the differ- ~ are displayed in Fig. 23. The(ll.25 (2X2) A andB models
ence between B and N is 1.0, which is larger than that beare those with one N atom inserted between one of the two
tween Ga and Ag0.4). From the results for the flat models dimers in N1.00 c(2X2) and N1.00 (2x 1), respectively.
in Sec. IV, it is found, as expected, that the EC rule plays &Although thec(2x2) N(1.00 dimer has higher energy by
very important role in determining the stable structure 0f0.25 eV than th¢2x 1) one, the N1.25 (2X 2) B model that
c-BN surfaces. The stable models, in the range of the Ns based on the former has lower energy thanAheodel,
chemical potentialll)—(IV) in Sec. IV, are all semiconduct- mainly because the constraint of2x 2) is released and the
ing EC models. In the case of the regih, EC models are B atoms in the second layer are relaxed. Among these N
not available for N1.00 within the flat models. adsorbed models, th2x4) dimer is the most stable. How-

Next to the EC rule, the electrostatic energy is the mosever, the configuration with (4.25 coverage will not appear
important influence for determining the stable reconstructe@ver the allowed range qiy as shown in Fig. 20. The total
structures, which is demonstrated most remarkably in thenergies of these N adsorbed surfaces are higher by 0.15 eV
boron half coverage ca¢Big. 15. For B(0.50, three models than the isolated Bimolecule and a full coverage surface, as
satisfy the EC rule. Although th€x 4) structure has more shown in Fig. 23, where the total energy of Molecule and
degrees of freedom for reconstruction, it has higher energi(1.00 (2x 1) dimer in (2X4) is shown.
than thec(2x 2) and(2x 1) relaxed structures. This suggests  In Fig. 24, we trace the adsorption and the dissociation
that the structure that reduces the electrostatic energy is f@rocesses of a Nmolecule on thé2x 1) dimer structure in
vored. The importance of the electrostatic energy can be exhe (2X 2) unit cell, which corresponds to(ll.50 coverage.
plained from the large difference of the electronegativity be-The top view is shown as (4.50 (2X 2) dimer in Fig. 22. In
tween the boron and nitrogen atoms. In other words, théig. 24, the squares and circles indicate the total energies for
surface structure recovering electroneutrality in as small athe adsorption and dissociation processes, respectively. The
area as possible tends to be favored to reduce the electrtwo different series of the energy surface indicate that the
static energy, because any surface reconstructions of E&dsorption and the dissociation processes of the simulation
models will cause charge transfer. A similar trend is alsocorrespond to different paths on the energy surface, which do
found in N(0.50). not cross each other. The horizontal axisakis) denotes the

By means of CVD and PVD, the growth ofBN is per-  distance from the surface, whose origin is the top N atom of
formed in an atmosphere containing atomic and moleculaN(1.00 (2X 1) dimer structure. In the adsorption process, the
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initial configuration is the N (z=6.37 a.u. and N1.00 sults of the flat models, we found that next to the EC rule, the
(2x 1) dimer in (2X2) and the N, approaches the surface electrostatic energy has the most important role in determin-
from the vacuum region. Holding the tightly bonded struc-ing the stable structures. However, from the total-energy cal-
ture, the N, molecule goes down to the surface and a repulculation of EC models, we suggest that the non-EC model
sive force occurs between the,Nand the surface. As the has a lower energy than an EC model made by breaking N-B
molecule approaches, the atoms in the surface are pushe@dnds in N-rich coverage, which is not the case of
down and the energy potential increases. On the other hangbaaq4001), because the energy difference between the N-B
in the dissociation process, the initial configuration is thatang N-N bonds is larger than the energy gain obtained by
optimized structure 1=1.15 a.u} and the N, goes away taking the EC model. To confirm this point, we further stud-

from the surface. As the top Neaves from the surfaces, the ied the adsorption and dissociation processes gfoN the

N atoms of the molecule are each drawn by the surface dmetf—BN(OOl) surface with full N coverage. It is found that the

ato_ms with t.WO bonds anc_j are sep_arated from each qthe , adsorption state has higher energy than the isolated N
This separation causes an increase in the energy potential. élt

each step, we optimize all the degrees of freedom except theat.e by 1'0.8 eV/molecule and thgt the adsorption and disso-
bottom two layers of the slab and tzecomponent of the ciation barrier can be_roughly estimated a8 and_~2 eV
N, which means that the two N atoms have the same dis”e’ molecule, respectlv_ely. The EC mode_ls mentlone_ql above
tance from the surface. From these simulations, we foun§'® not stable energehca}ly. As ShOW_n in the stability be-
that the adsorption state of has higher energy by 1.08 eV tweenc(2x 2) and(2x 1) dimer models in the full coverage
per molecule than the isolated state, where thed\6.4 a.u. B and N surfaces, the degrees of freedom of reconstruction
apart from the top of the dimer, and that the reaction path hadffect the stability inc-BN as well as other semiconducting
a rather large activation barrier, which is roughly estimatecsurfaces such as GaAs, Si, and Ge. Therefore, as the charac-
as~3 and~2 eV/molecule in the adsorption and the disso-teristic feature ofc-BN(001) surfaces, we suggest that the
ciation processes, respectively. These results suggest that tfi@portant factors to determine stable structures are N-B bond
N-N bond between the full coverage N layer ang hol-  saturation, the EC rule, and electrostatic energy, whose effect
ecule on the layer is so weak that the system with more thagdecreases in this order.
N full coverage decomposes to the full coverage layer and
N, molecules or N bulk («n—0) in equilibrium.
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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- In this appendix, we tabulate the positions of atoms in the
els are all EC models in the coverage range where we careconstructed structures for the stable phases, that1sQ0l
construct EC models and are semiconducting. From the rg2X 1) dimer, N0.75 (2X 4) dimer, B(0.50 c(2X 2) relaxed,

APPENDIX

TABLE V. The position of atoms in the N-rich@=1.00 (2Xx 1) dimer structure.

fi o s r ) 3 ri ) s

0.6371 0.5000 0.3712 0.3629 0.5000 0.3712 0.7255 0.0000 0.3089
0.2745 0.0000 0.3089 0.5000 0.0000 0.2173 0.0000 0.0000 0.2428
0.5000 0.5000 0.1466 0.0000 0.5000 0.1595 0.7547 0.5000 0.0758
0.2453 0.5000 0.0758 0.2500 0.0000 0.0000 0.7500 0.0000 0.0000

Z T2
o w=Zz=Z2
oZzz2w




FIRST-PRINCIPLES STUDY ON ENERGETICS O¢ ...

TABLE VI. The position of atoms in the N-richd=0.75 (2X4) dimer structure.

ry 2 Is ry 2 s ry 2 s
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-richd=0.50 c(2X 2) relaxed structure.

i ) s ri ) s i ) 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-richd=0.75 (4X 2) dimer structure.

ri 2 K] i ) K] r 2 K]
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-richd=1.00 c(2X 2) dimer structure.

ry 2 Is ry 2 Is ry 2 s
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

5601
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TABLE X. The position of atoms in the B-richd=1.00 (1X 2) dimer structure.

ry ry rs ry ry rs ry ry rs
B 0.3399 0.5000 0.2901 B 0.6601 0.5000 0.2901 N 0.2468 0.0000 0.2341
N 0.7532 0.0000 0.2341 B 05000 0.0000 0.1506 B 0.0000 0.0000 0.1577
N 0.5000 0.5000 0.0738 N 0.0000 0.5000 0.0787 B 0.2500 0.5000 0.0000
B 0.7500 0.5000 0.0000
B(0.75 (4%x2) dimer, B(1.00 (1x2), and c(2x2) dimer \/E 0 0
structures in Tables V, VI, VII, VIII, IX, and X, respectively.
Although full coverage B-terminated surfaces are not A= 0 212 0
stable in the allowed region of the chemical potential, the 0 0 3.2
positions of the reconstructed surfaces are also tabulated be-
low for comparison. Since the two configuration(2X 2) For N(0.79 (2x4) dimer (Table VI) and B0.79 (4X2)
and (1x 2), dimer structures have almost the same total endimer (Table VIII),
ergy in this coverage, positions for both structures are listed.
In the tables, the position§) are represented by frac- V2. 0 0
tional coordinates, where the vectors spanning the supercell A=l 0 22 o0
are taken as unit vectors. The positions in the fractional co-
ordinates(r) can be transformed into tho$g) in the Carte- 0 0 32

sian coordinatesatomic unitg asx=I,Ar, wherel, andA
are the lattice constant of the butkBN and the matrix that
define the supercell in units ¢f (=6.76140). The super-
cells are spanned the three column vector&\ofThe A are 1
listed as follows.

For N(1.00 (2x 1) dimer (Table V) and B1.00 (1X2) A=|0
dimer (Table X), 0

For B(0.50 c(2X2) relaxed (Table VIl) and B1.00
c(2x 2) dimer (Table 1X),

o —» O

0
0
3.2
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