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We report self-consistentab initio calculations of structural and electronic properties for five different
configurations of polarb-SiC~001! surfaces. Both Si- and C-terminated structures are investigated. We employ
our smooth norm-conserving pseudopotentials in separable form within the local-density approximation of
density-functional theory. Gaussian orbital basis sets are used in the supercell calculations. For the Si-
terminated~231! surface we do not find any significant dimerization of the surface-layer Si atoms. For various
C-terminated surfaces, on the contrary, we find strong carbon dimers as the basic building blocks of the
reconstruction. Our optimized configurations for C-terminated surfaces are in good general agreement with
structural models from the literature that have been suggested on the basis of experimental data. Our results for
the Si-terminated (231) surface, on the contrary, show significant differences from suggested models. We
discuss the physical origins of the distinctly different reconstruction behavior of Si- and C-terminated surfaces
and present a full account of surface electronic properties of these systems including the quasiparticle band
structure of the C-terminatedb-SiC~001!-~231! surface as resulting in theGWapproximation. We present and
discuss our results in comparison with other theoretical results and with experimental data from the literature.
@S0163-1829~96!04319-6#

I. INTRODUCTION

The large technological potential of SiC for electronic
devices1–3 has led to a strong current interest in its bulk and
surface properties in both experiment and theory. From a
more fundamental point of view, SiC is an extremely intrigu-
ing group-IV semiconductor since many of its properties can
be expected to be related to those of diamond and Si in
interesting ways. While these elemental semiconductors ex-
hibit only one stable phase at room temperature, the com-
pound semiconductor SiC exists in very many polytypes. A
lot of interest in experiment and theory has been concen-
trated on the hexagonala phases and on the cubicb phase.
Cubic b-SiC has one Si and one C atom per bulk unit cell.
Although a group-IV semiconductor, SiC exhibits a rela-
tively large ionicity ofg50.475 on the Garcia-Cohen scale,4

as discussed in detail, e.g., in Ref. 5. The heteropolarity of
the SiC bond stems from the very different strengths of the C
and Si potentials giving rise to very different covalent radii
r c
C50.77 Å andr c

Si51.17 Å, respectively. Correspondingly,
the electronegativity of C (eC52.5) is considerably larger
than that of Si (eSi51.7). The stronger C potential, as com-
pared to that of Si, leads to a charge transferdrSi→C from Si
to C so that the electronic charge density distribution about
the midpoint of the Si-C bond is strongly asymmetric~see,
e.g., Figs. 4 and 5 of Ref. 5!. In consequence, Si atoms act as
cations while C atoms act as anions inb-SiC and its~001!
surfaces are polar. Si and C layers alternate with a distance
of a0/4 along the~001! direction, a0 being the SiC bulk
lattice constant. Thus there are two types of distinctly differ-
ent polarb-SiC~001! surfaces, namely, Si- or C-terminated
~001! surfaces.

A large variety of reconstructions of these surfaces has
been observed in experiment.6–13 They have been investi-
gated by low-energy electron diffraction~LEED!,6–13 Auger

electron spectroscopy~AES!,6–13 and electron energy loss
spectroscopy~EELS!.6,7,9 In addition, x-ray photoelectron
and ultraviolet photoelectron spectroscopy,9 medium-energy
ion scattering~MEIS!,8 and scanning tunneling microscopy
~STM! studies13 have been carried out. Among the structures
reported are (131), (231), c(232), c(432), (332),
(532), and (732). For these reconstructions a number of
models have been proposed. Since their discovery by
Dayan,6 Si-terminated surfaces have been modeled by or-
dered arrays of surface Si dimers.6–9,12,13Dayan suggested a
c(232) staggered array of Si dimers.6 For the Si-terminated
(231) reconstruction, Powerset al.12 arrived on the basis of
their tensor LEED analysis at a model consisting of Si dimer
rows with a dimer bond length of 2.31 Å very similar to that
of the Si~001!-(231) surface. Haraet al.13 studied Si adlay-
ers at the Si-terminated surface, formed byin situ cleaning,
employing LEED and STM. They observed (332),
(532), and (732) reconstructions. The C-terminated sur-
face was investigated in detail, e.g., by Bermudez and
Kaplan,10 as well as by Powerset al.11 Both groups prepared
C-terminated surfaces by two different methods. In one
method, surface Si atoms were removed from the (231)
surface by high-temperature annealing in ultrahigh vacuum,
while in the other C was deposited by exposing the stoichio-
metric (231) surface at 800–1100 or at 1125 K, respec-
tively, to C2H4 . In both cases the authors obtained very
similar orderedc(232) structures which turned out to be
more uniform and well ordered when the second preparation
method was employed. Bermudez and Kaplan10 proposed a
c(232) structure for this surface, resembling the staggered
dimer model suggested by Dayan6 for the Si-terminated sur-
face. In contrast, Powerset al.11 favored ac(232) structure
with C2 groups in staggered silicon bridge sites. Their tensor
LEED calculations showed no significant differences from
the conventional dynamical LEED results for the staggered
carbon dimer model suggested by Bermudez and Kaplan.10
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The optimizedR factors for the latter model, however, were
found to be significantly larger than those for the bridging
C2 group model.11 In several of the experimental investiga-
tions it was observed that the spectra of one particular sur-
face phase frequently showed weak features associated with
other phases, since several of the possibleb-SiC~001! recon-
structions can exist on the surface simultaneously, depending
on the local atomic composition.10,11 It was concluded,10–12

therefore, that a full understanding of the mechanisms driv-
ing the reconstructions at the polar SiC~001! surfaces must
await detailed total-energy studies. The purpose of our con-
tribution is to report the results of such studies for a number
of conceivable surface reconstructions.

Ab initio results for various different SiC~001! surfaces
have recently been reported by Yan, Smith, and Jo´nsson,14

by Käckell, Furthmüller, and Bechstedt,15 and by our
group.16 Semiempirical structure studies of~001! surfaces
have been reported by Craig and Smith,17,18 by Mehandru
and Anderson,19 and by Badziag.20

In this paper we present and discuss the results of ourab
initio pseudopotential calculations carried out within the
local-density approximation~LDA !. A preliminary account
of these results is included in a recent review article on struc-
tural and electronic properties of prototype surfaces of
group-IV, III-V, and II-VI semiconductors.16 We have stud-
ied five different configurations of polarb-SiC~001! surfaces
using smooth pseudopotentials and localized Gaussian or-
bital basis sets. The calculations have been carried out within
the supercell approach. For the Si-terminated surface we
have considered only the (231) reconstruction, while for
the C-terminated surface, we have considered a (231), a
~132!, and twoc(232) reconstructions containing dimers
of C2 groups in row or staggered configurations, respec-
tively. We present optimal reconstruction configurations and
the respective surface electronic structures. In particular, we
address the question to what extent the reconstructions of the
SiC~001! surfaces are similar to or distinctly different from
those of the related C~001! and Si~001! surfaces.

The paper is organized as follows. In Sec. II we briefly
summarize the framework of our calculations. In Sec. III we
present and discuss our results for the Si-terminated (231)
and for four different configurations of the C-terminated
b-SiC~001! surface. The latter were found to be relatively
close local minima of the total energy in configuration space.
All our results are compared with those of other calculations
and with available experimental data. A summary concludes
the paper in Sec. IV.

II. CALCULATIONAL FRAMEWORK

The calculations are carried out in the framework of
density-functional theory~DFT! using the local-density
approximation.21 For the exchange and correlation potential
we employ the functional of Ceperley and Alder22 as param-
etrized by Perdew and Zunger.23 We use nonlocal, norm-
conserving pseudopotentials in the separable form, as sug-
gested by Kleinman and Bylander.24 These pseudopotentials
have been reported elsewhere.25 They were generated fol-
lowing the prescription given by Hamann, Schlu¨ter, and
Chiang.26 Employing our very smooth pseudopotentials, the
numerical effort is strongly reduced. This is of particular

importance because of the presence of carbon which is a
second-row element. In contrast to previous calculations
which have employed plane waves, we express the wave
functions in terms of linear combinations of Gaussian orbit-
als with s, p, d, ands* symmetry. We have found that 30
Gaussians per surface-layer atom and 20 Gaussians per atom
for all other atoms in the supercell yield sufficient accuracy.5

The decay constants for Si are 0.2 and 0.6~at the surface
0.18, 0.5, and 1.0!. For the C atoms we use 0.35 and 1.7~at
the surface 0.25, 1.0, and 2.86!. All constants are given in
atomic units. Using these pseudopotentials and Gaussian or-
bitals yields results for bulkb-SiC which are in excellent
agreement with the results of converged plane-wave calcula-
tions and with experimental data, as we have shown
previously.5 With this approach we have successfully inves-
tigated theb-SiC~110!-(131) surface, as well.5 The total
energy is calculated self-consistently using the momentum-
space formalism of Ihm, Zunger, and Cohen.27 All computa-
tions are performed using sets of eightki points for the
(231) unit cell and fourki points for thec(232) unit cell,
in the irreducible part of the surface Brillouin zone~SBZ!.
This number ofki points turned out to be important for good
convergence. The total energies of the different investigated
geometries of C-terminated~001! surfaces were all calcu-
lated on equal footing in a (232) unit cell with four ki

points in the irreducible part of the SBZ, to allow for a more
meaningful comparison of the reconstruction-induced energy
gains.

The optimal surface configuration is determined within
the supercell approach. In our calculations we employ eight
layers of SiC, one hydrogen, and seven vacuum layers in the
supercell. The lower four atomic layers were fixed in the
bulk configuration with the theoretical lattice constant of
4.34 Å. The brokensp3 bonds at the atoms on the bottom
layer were saturated with hydrogen in fixed positions to
avoid electronic states in the gap energy region that originate
from these bonds. The optimal surface geometry was deter-
mined by successive elimination of the forces using the
Broyden scheme.28 In addition to the Hellmann-Feynman
forces, Pulay forces had to be taken into account because of
the use of Gaussian orbital basis sets.29 We move the atoms
of the upper four layers in the supercell until all forces van-
ish within 1023 Ry/a.u.

III. POLAR SURFACES OF b-SiC„001…

Considering Si- or C-terminated~001! surfaces of
b-SiC, one might expect that they show a reconstruction
behavior very similar to the respective Si~001!-(231) and
C~001!-(231) surfaces, i.e., an asymmetric dimer recon-
struction for the former and a symmetric dimer reconstruc-
tion for the latter~see, e.g., Refs. 16 and 30!. As a matter of
fact, experimental data have been interpreted on the basis of
this expectation, since there were noab initio total-energy
calculations for polarb-SiC surfaces available at the time. It
was concluded that the LEED results for the Si-terminated
(231) surface indicate that the surface is terminated by a
layer of Si atoms forming asymmetric, buckled dimer rows.12

For the C-terminated surface various models based on sym-
metric C dimers have been proposed.10,11 Considering the
reconstruction of polarb-SiC~001! surfaces in comparison
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with the respective Si and diamond surfaces, one should bear
in mind, however, that the bulk charge densities and the
lattice constants of these three semiconductors are consider-
ably different~see, e.g., Ref. 5!. The valence charge is 4e in
both Si and diamond, while it is 3.86e at the Si cations and
4.14e at the C anions inb-SiC, as we have obtained from a
Mulliken analysis. Thus a charge transfer of
drSi→C50.14e results from our calculations. The experi-
mental~our theoretical! lattice constantsa0 of 3.57 ~3.52! Å
for diamond, 4.36~4.34! Å for b-SiC, and 5.43~5.38! Å for
Si show that the lattice constant ofb-SiC is 22% larger than
that of diamond but 20% smaller than that of Si. These dif-
ferences in charge densities and lattice constants have some
bearing on the reconstruction behavior ofb-SiC~001!, as
compared to C~001! and Si~001!, respectively.

A. The Si-terminated b-SiC„001…-„231… surface

Experimental data indicate that the Si-terminated
b-SiC~001! surface shows (231), c(432), (332), and

(532) reconstructions.6–9,12,13We have concentrated on the
(231) configuration to keep the numerical effort manage-
able. We first present our optimal surface structure. Next we
address the related electronic structure. In a third subsection
we compare our results with literature data. Finally, we com-
pare the structural and electronic properties of the Si-
terminatedb-SiC~001!-(231) with those of the Si~001!-
(231) surface.

1. Surface structure

The optimized geometry resulting from our self-consistent
calculations is shown by a top and a side view in Fig. 1 in
comparison with the structure of the ideal~001! surface. In
our structure optimizations we have relaxed the atoms on the
first four layers inx andz directions~see Fig. 1!. At the ideal
surface, the Si surface-layer atoms reside at a distance of
3.08 Å. In our calculated optimal structure they move
slightly towards each other and their distanced1 amounts to
2.73 Å.No Si surface dimers are formedin striking contrast
to the Si~001!-(231) surface. The observed distance of 2.73
Å between the Si surface-layer atoms at theb-SiC~001!-
(231) surface is much larger than the dimer bond length of
2.25 Å at the Si~001!-(231) surface~see, e.g., Refs. 30–
32!. The energy gain due to the reconstruction is extremely
small, amounting to 0.01 eV per unit cell only. In Table I we
compile our structural parameters for the optimized geom-
etry together with previous results from the literature. Before
we discuss these results in comparison let us first address the
electronic structure of this surface.

2. Surface electronic structure

The surface electronic structure of the ideal and of our
optimally reconstructed Si-terminatedb-SiC~001!-(231)
configuration is shown in the upper two panels on the left-
hand side of Fig. 2 together with the projected band structure
~PBS! of bulk SiC. The PBS has a direct gap of 1.28 eV
which is smaller than the experimental gap of 2.41 eV. This
is due to the well-known underestimate of the gap energy in
the LDA. The surface band structure of the ideal surface has
been backfolded onto the (231) SBZ for a more meaningful
comparison. At the ideal surface, we find a dangling-bond
bandD and a bridge-bond band Br in the gap energy region
~actually there are two bands in each case due to the back-

FIG. 1. Top and side views of the ideal~a! and the
(231)-reconstructed ~b! configurations of the Si-terminated
b-SiC~001! surface. In this and in all following figures related to
the surface structure, Si atoms are represented by open circles while
C atoms are represented by black dots. Unit cells are shown by
dashed lines and the labeling of characteristic structural parameters
is introduced. The vertical distance between the two top-layer Si
atoms at the reconstructed surface is labeledd2 .

TABLE I. Calculated structure parameters for the Si-terminatedb-SiC~001!-(231) surface~for their
definition, see Fig. 1! as resulting from our work in comparison with other theoretical results and experi-
mental data from the literature. The values of Ref. 14 were obtained employing a (232) configuration.

Si-terminated This Ka¨ckell Yan Craig Mehandru Powers
(231) work et al.a et al.b and Smithc and Andersond et al.e

d1 ~Å! 2.73 2.75 2.26 2.33 2.16 2.31
d2 ~Å! 0.00 0.00 0.05 0.20 0.20
d3 ~Å! 1.89 1.78
d4 ~Å! 1.89 1.85

aReference 15.
bReference 14.
cReference 17.
dReference 19.
eReference 12.
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folding!. They are very similar, in general, to the well-known
D and Br bands at the ideal Si~001! surface whose band
structure is shown in the upper right panel of Fig. 2 for
comparison, as well. The reconstruction of theb-SiC~001!
surface reduces the symmetry, giving rise to corresponding
shifts and splittings of the formerD and Br bands. Four new
bands (p, p* , s, ands* ) result ~see middle panel of Fig.
2!. Note that, e.g., the dispersion of thes band is very simi-
lar to that of the lower branch of the Br band at the ideal
surface. A strong splitting of the twofold-degenerate Br band
betweenJ andK gives rise to the bandss and s* . Very
similar behavior concerning theD bands at the ideal surface,
splitting into ap and ap* band, is to be observed in the
middle panel of Fig. 2. In consequence of the reconstruction,
the four individual bands significantly differ from theD and
Br bands at the ideal surface but their center of gravity
hardly changes. In consequence, only a very small total-
energy gain ofErec510 meV results. The gap of the recon-
structed surface is virtually the same as that of the ideal
surface.

The nature and origin of the four new bands at the recon-
structed surface become apparent from Fig. 3 where we show
charge densities of the related states at theK point of the
surface Brillouin zone. The occupied statesp andp* mainly
result from symmetric and antisymmetric combinations of
the former dangling-bond orbitals, while the empty statess

ands* result from symmetric and antisymmetric combina-
tions of the former bridge-bond orbitals. Since theD bands
at the ideal surface originate froms andpz wave functions
and the Br bands at the ideal surface originate predominantly
from px orbitals, the resultingp andp* bands at the recon-
structed surface are lower in energy than thes and s*
bands, amazingly enough.

3. Comparison with literature data

Our optimized structure for the Si-terminated
b-SiC~001!-(231) surface is in good agreement with the
theoretical results of Ref. 15 but in marked contrast to the
theoretical results of Refs. 17 and 18 and the experimental
results of Ref. 12~see Table I!. Theab initio LDA calcula-
tion by Käckell, Furthmüller, and Bechstedt15 using plane-
wave basis sets and smooth Troullier-Martins pseudopoten-
tials yields an optimal distance of the symmetrically
displaced Si surface-layer atoms ofd152.75 Å and an en-
ergy gain of roughly 0.01 eV per surface unit cell, in very
close agreement with our results. On the contrary, the em-
pirical calculations of Craig and Smith17 yield Si surface
dimers with a dimer bond length ofd152.33 Å and a buck-
ling of d250.20 Å. Si surface dimers with a small bond
length of d152.26 Å and a dimer buckling ofd250.05 Å
have been obtained, as well, in the very recentab initio study

FIG. 2. Sections of the electronic structure of
ideal and reconstructed Si-terminated
b-SiC~001!-(231) as well as Si~001!-(231)
surfaces for comparison. Note that the minimal-
energy structure is a buckled dimer configuration
in the case of Si~001!-(231) but not in the case
of Si-terminatedb-SiC~001!-(231). For further
comparison a corresponding section of the sur-
face band structure of the Si-terminated
SiC~001!-(231) surface in a buckled dimer con-
figuration is shown in the lower left panel~for
details, see text!. High-symmetry points are la-
beled as usual. The projected band structure of
the bulk crystal is shown by vertically shaded ar-
eas.
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by Yan, Smith, and Jo´nsson14 carried out for a (232) con-
figuration. Actually, our calculations show that the total-
energy curve as a function of the reconstruction is very flat.
Thus a correct description of the reconstruction-induced
charge density relaxations is very demanding. It seems that
the empirical approach employed by Craig and Smith17 may
not be precise enough to take such sensitive effects quanti-
tatively into account. At the same time, it appears that the
k
9
-point sampling employed by Yan and co-workers14,33 in

their ab initio calculations is responsible for their particular
results. Actually, these authors carried out calculations for a
(232) unit cell using only theG232 point of the SBZ in
their k

9
-point sampling.33We think that the different optimal

structures resulting in Ref. 14 and in our work are due to
different k

9
-point samplings. To corroborate our conjecture,

we have carried out two additional sets of calculations. First
we have considered a fully buckled dimer configuration, us-
ing a dimer bond length ofd152.27 Å and a dimer buckling
of d250.20 Å ~these values are close to those of Refs. 12,
14, and 17! and have calculated its surface electronic struc-
ture and its total energy employing our usual mesh with
8k

9
points in the irreducible part of the (231) SBZ. The

resulting surface band structure for this configuration is
shown in the lower left panel of Fig. 2. The surface turns out
to be strongly metallic in this configuration. The resulting
occupiedDup band resides much higher in energy than the
occupiedp* band in the middle panel of Fig. 2. The total
energy of this fully buckled dimer configuration is 0.67 eV
higher than that of our optimized geometry. This result rules
out a full asymmetric dimer reconstruction of the Si-
terminatedb-SiC~001!-(231) surface. Second, we have
carried out structure optimization calculations using only the
G231 and theJ2318 points of the (231) SBZ, which corre-
sponds to taking only theG232 point in the (232) SBZ.

Actually, in this case we arrive at virtually the same geom-
etry as that of Yan, Smith, and Jo´nsson.14 If only these high-
symmetry points are used, it is obvious from the surface
band structure in the lower left panel of Fig. 2 that such
calculations mimic a semiconducting surface, although it is
strongly metallic. The small number of only two high-
symmetryk

9
points probably does not allow one to take the

related charge density relaxations properly into account.
Smith and Jo´nsson33 have extended their calculations in the
meantime to a number of different configurations and have
confirmed that the total-energy curve of the Si-terminated
b-SiC~001!-~231) surface is indeed very flat and has to be
studied with extreme care.

Powerset al.12 have interpreted their tensor LEED data as
indicating that buckled dimers with a dimer bond length of
d152.31 Å and a dimer buckling ofd250.20 Å are formed.
One could imagine that the expectation of a buckled dimer-
ization has biased the analysis towards the final result in
view of the reconstruction of the Si~001!-(231) surface.
Our optimized structure cannot be reconciled with the data,
as far as the two top layers of the surface are concerned. On
the contrary, our calculated atomic displacements on the
lower-lying sublayers, which are less than or equal to 0.02 Å,
are in good agreement with the sublayer-atom displacements
derived by Powerset al.12 from their tensor LEED data.

It has been argued that an additional Si layer adsorbed on
top of the Si-terminated SiC~001!-(231) surface could be
responsible for the experimentally observed dimerization. To
confirm or disprove this conjecture we have added one
monolayer of Si to our Si-terminated surface system and
optimized its structures anew. In this case also, we observe
only slight displacements of the top-layer Si atoms with a
surface bond length ofd152.68 Å. In a similar calculation
Käckell, Furthmüller, and Bechstedt15 obtained a bond
length ofd152.55 Å in the added Si layer, again with no full
dimerization. This value is smaller than ours but it is still far
away from the value of d152.31 Å quoted from
experiment.12 The backbond lengths increase in this case to
2.50 Å in our results and to 2.49 Å in the result of Ref. 15, as
compared to the backbond lengths of 2.28 and 2.33 Å at the
Si~001!-(231) surface,30 strongly emphasizing the differ-
ences between the two structures, originating from the
charge transfer in SiC and from the smaller lattice constant
of b-SiC as compared to Si.

4. Comparison with Si(001)-(231)

Our optimized structure of the Si-terminated
b-SiC~001!-(231) surface significantly differs from that of
the Si~001!-(231) surface, which shows an asymmetric
dimer reconstruction~see Fig. 4 for a direct comparison!.
The origins of the different reconstruction behavior of these
two surfaces can partly be seen in Fig. 2, in which we have
also included the surface band structure for the optimally
dimerized30–32 Si~001!-(231) surface ~see lower right
panel!.

Comparing the two top panels of Fig. 2, we recognize that
the ideal Si-terminatedb-SiC~001! surface is already semi-
conducting while the ideal Si~001! surface is metallic. In
addition, the calculated gap of SiC (Eg51.28 eV! is much
larger than the calculated gap of Si (Eg50.56 eV!. Both
results are related to the fact that the C potential is stronger

FIG. 3. Charge density contours of salient surface states at the
K point of the (231) SBZ of the Si-terminatedb-SiC~001!-
(231) surface shown in thex-z plane containing the Si surface
atoms. All atoms are connected by solid lines also if the indicated
bonds do not lie in the plane of the drawing.
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than the Si potential. In consequence, the C potentials at the
second layer of Si-terminatedb-SiC~001!-(231) cause the
s,pz-type dangling-bond bands D to be lower in energy with
respect to thepx-type bridge-bond bands Br at this surface
than at the Si~001! surface, which has Si atoms in the second
layer, of course. Therefore a strong reconstruction is needed
at Si~001! to make this surface semiconducting~see lower
right panel of Fig. 2!, in agreement with experiment. The
formation of fully buckled dimers at Si~001!-(231) leads to
an energy gain ofErec51.94 eV per unit cell.30 On the con-
trary, there is no need for such a pronounced structural tran-
sition at the Si-terminatedb-SiC~001! surface because it is
semiconducting already in its ideal configuration. Conse-
quently, the band structure of our optimized structure~see
top panel of Fig. 4! remains semiconducting~see middle
panel of Fig. 2!. A fully buckled dimer configuration of this
surface is strongly metallic~see lower left panel of Fig. 2!
and the related total energy is 0.67 eV higher than that of our
optimized configuration.

In addition, the charge transfer between Si and C in
b-SiC as well as the considerably smaller lattice constant of
b-SiC as compared to Si have some influence on the differ-
ent reconstruction behavior of the two surfaces. Furthermore,
when surface dimers are to be formed at~001! surfaces, an-
gular forces on the second-layer atoms are involved. These
are considerably larger for C than for Si. It is thus easier to
form Si dimers at the Si~001! surface than at the Si-
terminatedb-SiC~001! surface.

B. The C-terminated b-SiC„001… surface

A number of structural models for the C-terminated
b-SiC~001! surface have been suggested on the basis of ex-
perimental results. In Fig. 5 we have compiled the structures
studied in this work. Ac(232) reconstruction8,10,11has been
observed experimentally for the SiC~001! surface terminated
by a full monolayer of carbon. One model geometry for that
surface has been proposed by Bermudez and Kaplan,10 who
suggested a staggered arrangement of C dimers@see Fig.
5~c!#. A C dimer row structure is shown in Fig. 5~b!. Another
model proposed by Powerset al.11 consists of C2 groups in
bridge positions above the Si sublayer atoms. These C2
groups are supposed to form a staggered arrangement,11 as
shown in Fig. 5~d!. We have considered (231) C dimer row
and (132) C2 group row as well asc(232) staggered
dimer and staggered C2 group reconstructions. The resulting
optimal structures obtained from our total-energy minimiza-
tion are shown in Figs. 5~b!–5~e!. The total energies for all
these structures have been calculated in a (232) unit cell for
a more meaningful comparison.

FIG. 4. Side view of the basic building block of the optimized
configuration of Si-terminatedb-SiC~001!-(231), as obtained in
this work. For a direct comparison the related side view of the
Si~001!-(231) surface, as reported in Ref. 30, is given as well.
Bonds lying in or parallel to the plane of drawing are indicated by
full lines. Bonds which form an angle with the plane of drawing are
shown by dotted lines. The distance of 2.73 Å between surface-
layer Si atoms in our optimizedb-SiC~001!-(231) configuration is
much larger than, e.g., the Si bulk bond length of 2.35 Å, so that we
have not indicated abondbetween the two surface-layer atoms in
the top panel by a full line.

FIG. 5. Top views of the ideal~a! and four different recon-
structed C-terminated surfaces~b!–~e! of b-SiC~001!. All four re-
constructed configurations are local minima of the total energy. In
our results the (231) dimer row reconstruction~b! is the absolute
minimum configuration relative to thec(232) staggered dimer
configuration~c!, the c(232) staggered C2 group configuration
~d!, and the (132) C2 group row configuration~e!. The unit cells
are indicated by dashed lines.
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1. (231) dimer row structure

First we have optimized the (231) dimer row reconstruc-
tion of the C-terminatedb-SiC~001! surface@see Fig. 5~b!#.
The atoms on the first four layers in the supercell were al-
lowed to move in thex-z plane. As the minimum-energy
configuration we obtain symmetric C dimers in the surface
layer with a bond length of 1.36 Å. The dimers form CvC
double bonds very similar to those in the C2H4 molecule or
at the C~001!-(231) surface, where they have a bond length
of 1.34 ~Ref. 34! or 1.37 Å,30 respectively. The reconstruc-
tion of this C-terminated SiC~001!-(231) surface turns out
to be extremely similar to that of the C~001!-(231) surface
~see Fig. 6!. The arguments given in Sec. III A 4 against
dimer formation at Si-terminatedb-SiC~001!-(231) now
work in favor of dimerization at the C-terminated
b-SiC~001!-(231). The charge transfer increases the charge
at the C anions, the lattice constant ofb-SiC is 20% larger
than that of diamond, and the angular forces on the second-
layer Si atoms of this surface are comparatively smaller. The
energy gain due to this (231) C dimer row reconstruction is
Erec54.88 eV per (231) unit cell. This energy gain is con-
siderably larger than the energy gain ofErec53.36 eV at the
C~001!-(231) surface,30 in spite of the fact that the CvC
dimer double-bond length is almost identical in both cases
~see Fig. 6 for the matter!. This increase in energy gain at the
C-terminatedb-SiC~001!-(231) surface, as compared to
C~001!-(231), should largely be due to the charge transfer
from Si to C inb-SiC and to the larger lattice constant of
b-SiC as compared to diamond. We mention already at this
point that the (231) dimer row structure results as the
minimum-energy configuration of all four structures which
we have considered.

Table II shows our optimal structure parameters for this
configuration in comparison with theoretical results from the

literature. In this case of a very strong reconstruction our
results and those of Craig and Smith18 turn out to be identi-
cal. It seems that the calculation of the very steep total-
energy minimum that characterizes this reconstruction is
computationally much less demanding than for the flat mini-
mum in the case of the extremely weak reconstruction of the
Si-terminated SiC~001!-(231) surface. The dimer bond
length ofd151.74 Å, as obtained in the empirical calcula-
tions by Mehandru and Anderson,19 is at variance with our
results.

In Fig. 7 we show the surface band structure of the ideal
and the (231)-reconstructed dimer row configuration of the
C-terminatedb-SiC~001! surface. The surface band structure
of the ideal surface has been backfolded onto the (231)
SBZ. It also shows two dangling-bond~D! and two bridge-
bond ~Br! bands~see the top panels of Fig. 2 for compari-
son!. But now these bands strongly overlap in energy so that
the ideal C-terminated SiC~001! surface is metallic. The en-
ergetic overlap of theD and Br bands is even more pro-
nounced than for the ideal Si~001! surface~see upper right
panel of Fig. 2!. The (231) dimer row reconstruction leads
to a surface band structure that is weakly metallic~see right
panel of Fig. 7!. A number of salient bands of localized
surface states occur. Below the PBS we find at the recon-
structed surface a pronounced band, labeledS, originating
from s orbitals on the carbon surface-layer atoms. TheP1

andP2 bands at the ideal and theP18 andP28 bands at the
reconstructed surface originate from C-Si backbonds having
predominantlyp wave function character. In the gap region
of the reconstructed surface we find ap and ap* band,
which are very similar to the related bands at the C~001!-
(231) surface30 and aP58 band. Thep andp* bands are
separated in energy by roughly 1 eV. They originate from
symmetric (p) and antisymmetric (p* ) linear combinations
of the dangling-bond orbitals at the two dimer atoms, as can
be seen in Fig. 8, where we show charge densities of the
p, p* , andP58 surface states. TheP58 band~theP5 band at
the ideal surface! originates fromp states at the surface-layer
C atoms, which are oriented perpendicular to the dimers and
parallel to the surface plane~see the bottom panel of Fig. 8!.
TheP58 band is mostly occupied and, in particular, it closes
the gap between thep and p* bands. Such aP58 surface
state band does not occur at C~001!-(231) in the gap energy
region.30 It occurs at C-terminated SiC~001! because the Si
atoms at the second layer have a weaker potential than the
comparable C atoms at the second layer of C~001!-(231),
so that this band can move up in energy relative to the PBS

FIG. 6. Side view of the optimal C-terminated dimer row recon-
struction ofb-SiC~001!-(231), as determined in this work, in di-
rect comparison with the related structure of C~001!-(231), as
reported in Ref. 30. The bonds are indicated as in Fig. 4.

TABLE II. Calculated structure parameters for the C-terminated
dimer row reconstruction of theb-SiC~001!-(231) surface~for
their definition, see Fig. 6! as resulting from our work in compari-
son with other theoretical results from the literature.

C-terminated This Craig Mehandru
(231) dimers work and Smitha and Andersonb

d1 ~Å! 1.36 1.36 1.74
d2 ~Å! 1.86 1.86
d3 ~Å! 1.86 1.86

aReference 18.
bReference 19.
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at the SiC surface. It is thisP58 band that mainly differenti-
ates C-terminatedb-SiC~001!-(231) from C~001!-(231)
and that renders the former surface metallic while the latter is
semiconducting.30

The (231) dimer row configuration for the C-terminated
surface turns out to be the minimum-energy configuration in
our results, as mentioned already. We have chosen this con-

figuration, therefore, as an exemplary case to identify the
effects of quasiparticle corrections on the surface band struc-
ture of SiC. To this end we have carried out aGW quasipar-
ticle surface band structure calculation of C-terminated
b-SiC~001!-(231) using our formalism as described in de-
tail in Ref. 35. The resulting quasiparticle band structure in
the gap energy region is compared in Fig. 9 with the LDA
band structure from the right panel of Fig. 7. The static di-
electric matrix entering theGW calculations has been fully
evaluated within the random-phase approximation~RPA!
and has been extended to finite frequencies employing a
plasmon pole model~for details see Ref. 35!. Figure 9
clearly reveals that the quasiparticle band structure of
C-terminatedb-SiC~001!-(231) is semiconducting with an
indirect surface gap of 0.9 eV. The projected bulk gap is 2.34
eV, in very close agreement with experiment~see Ref. 36!.
Thep andP58 bands are hardly changed by the quasiparticle
corrections with respect to the top of the related projected
valence bands, but the emptyp* band moves up in energy

FIG. 7. Surface band structures for the ideal
~left panel! and the (231) dimer row recon-
structed C-terminated surface ofb-SiC~001! ~see
also the caption of Fig. 2!.

FIG. 8. Charge density contours of salient surface states at the
C-terminatedb-SiC~001!-(231) surface for the dimer row recon-
struction. Thep andp* states are shown at theK point and the
P58 state is shown at theG point of the SBZ~see also the caption of
Fig. 3!. The former are shown in thex-z plane containing the
dimers while theP58 state is shown in they-z plane.

FIG. 9. Section of the surface band structure of the dimer row
reconstruction of the C-terminatedb-SiC~001!-(231) surface@see
Fig. 5~b!# as resulting from our LDA~dashed lines! and our quasi-
particle GW~full lines! calculations. All bands are referred to their
respective valence band maximum,EVBM50 eV.
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almost rigidly by some 1.3 eV, opening up the gap. The
effects of the quasiparticle corrections, in general, are thus
very similar at this surface to those at other semiconductor
surfaces like Si~001!-(231) ~see, e.g., Ref. 35!.

2. c(232) staggered dimer structure

Next we have investigated thec(232) staggered C dimer
configuration as shown in Fig. 5~c!. In this case the atoms on
the topmost four layers in the supercell were allowed to
move in all three Cartesian directions. The resulting local
bonding configuration of the C surface dimers is very similar
to that of the (231) dimer row configuration@cf. Figs. 5~b!
and 5~c!#. Again we end up with symmetric C dimers with a
dimer bond length of 1.36 Å. Thus again CvC double bonds
are formed. Our optimal structure parameters for the
c(232) staggered dimer structure are compared in Table III
with other theoretical results from the literature. For this
C-terminated surface structure also the general agreement
among the different results is very close in spite of some
slight differences in detail. Again this is a case of a very
strong reconstruction, which is found equally well as a local
minimum in Etot by different ab initio and semiempirical
schemes. In our results the (231) dimer row reconstruction
@Fig. 5~b!# is lower in energy byDE50.15 eV per unit cell
than the staggered dimer configuration~see Table IV!. It
should be noted, however, that this energy difference is very
small as compared to the energy gain ofErec54.88 eV that
distinguishes the ideal from the (231)-reconstructed dimer
row configuration. In contrast to our result, Craig and
Smith18 find the staggeredc(232) dimer configuration to be
lower in energy byDE50.79 eV per dimer as compared to
the (231) dimer row structure.

The surface band structure of thec(232) staggered
dimer reconstruction is shown in Fig. 10. The irreducible
part of thec(232) SBZ ~one-quarter of the full zone! is
shown as an inset where the labeling of high-symmetry
points as used in this paper is introduced. The surface bands
for this configuration are very similar, in general, to those of
the (231) dimer row configuration~see Fig. 7, for compari-
son!. The topology of the band structure, of course, is differ-

ent because of the change in the SBZ. This staggered
c(232) configuration also gives rise to a metallic surface
within the LDA. The charge densities of thep, p* , and
P58 states are very similar to those in Fig. 8, and are not
shown as a separate figure, therefore.

3. c(232) staggered C2 group structure

Powerset al.11 have favored ac(232) staggered C2
group configuration on the basis of their tensor LEED data.

FIG. 10. Surface band structure of the C-terminated staggered
dimer configuration of theb-SiC~001!-c(232) surface@see Fig.
5~c!#. The inset shows the irreducible part of the SBZ~one-quarter
of the full SBZ!.

TABLE III. Calculated structure parameters for the
C-terminated staggered dimer reconstruction ofb-SiC~001!-
c(232) as resulting from our work in comparison with other theo-
retical results from the literature. The bond lengthsd1 , d2 , and
d3 are defined analogously to those in Table II andDz1 (Dz2) are
the vertical distances between the first and second~second and
third! layers at the surface.

C-terminated This Yan Ka¨ckell Craig
c(232) dimers work et al.a et al.b and Smithc

d1 ~Å! 1.36 1.39 1.38 1.37
d2 ~Å! 1.93 1.91 1.91
d3 ~Å! 1.93 1.91 1.91

Dz1 ~Å! 0.80 0.79 0.79 0.64
Dz2 ~Å! 1.14 1.12 1.16

aReference 14.
bReference 15.
cReference 18.

TABLE IV. Calculated energy gainsErec per (231) unit cell
~in eV! for four different reconstructions of the C-terminated
b-SiC~001! surface in comparison with other theoretical results
from the literature. The absolute energy gainErec5E231 due to the
(231) dimer row reconstruction was not explicitly given in Ref. 18
but the energy gains due to thec(232) reconstructions were given
relative toE231 .

Erec ~eV! per (231) unit cell
Structure This Ka¨ckell Yan Craig

work et al.a et al. b and Smithc

(231)
Dimer rows 24.88 E231

(132)
C2 group rows 24.58

c(232)
Staggered dimers 24.73 24.360 23.0 E23120.79
Staggered C2 groups 24.76 24.356 23.6 E23110.97

aReference 15.
bReference 14.
cReference 18.
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We have, therefore, energy-optimized such a structure, as
well. Our result is shown in Fig. 5~d!. The bond length in
these C2 groups turns out to be 1.22 Å, a value which is
characteristic for CwC triple bonds.37 The Si sublayer atoms
relax in this structure into weakly bonded dimers with a bond
length of 2.40 Å. A side view of our optimized structure,
introducing the structural parameters, is shown in Fig. 11.
Our optimal structure parameters are compared in Table V
with ab initio results of Yan, Smith, and Jo´nsson14 and of
Käckell, Furthmüller, and Bechstedt.15 Again the results of
the different calculations are in very close general agree-
ment. In our results this structure is lower in energy by only
DE50.03 eV per unit cell relative to the staggered dimer
arrangement ~see Table IV!, while Yan, Smith, and
Jónsson14 obtain a larger energy gain of aboutDE50.6 eV
between these two configurations. In marked contrast to
theseab initio results, Craig and Smith18 find this staggered
configuration of triple-bonded C2 groupsless favorableby
DE51.76 eV with respect to thec(232) staggered dimer
configuration~see Table IV!.

Interestingly enough, thec(232) C2 group configuration
gives rise to a semiconducting surface already in the LDA, as
opposed to the (231) dimer row andc(232) staggered
dimer configurations. A relevant section of the respective
surface band structure, given in Fig. 12, exhibits a gap en-
ergy ofEg51.28 eV. It can be expected that aGW calcula-
tion for this configuration would simply open up the surface
gap even further. The band structure shows only a few bands
of localized surface states which are close to the PBS. These
findings are in good general agreement with photoemission

measurements carried out forc(232)-reconstructed sur-
faces by Bermudez and Long38 and by Semondet al.,39 who
do not observe surface states in the gap energy region.
Charge densities of characteristic surface states, presented in
Fig. 13, show that these states originate from the C2 groups
at the surface, as well as from the Si dimers at the second
layer. Thep1* and p1 states are antibonding and bonding
states of the triple-bonded C2 groups and they strongly re-
semble thep* andp states in Fig. 8. TheP state originates
from py and pz orbitals at the C2 groups and the second-
layer Si dimers. Thep2 state lies in the surface plane and is
a bonding state related to the C2 surface groups. Bothp1
andp2 states reside within the PBS~see Fig. 12! because of
the very strong triple bond in the C2 groups. Thep1* and
p2* bands are the antibonding partners of thep1 and p2

bonding states.

4. (132) C2 group row structure

To complete our systematic study, we have finally inves-
tigated the C2 group row (132) structure as shown in Fig.

FIG. 11. Side view of the basic structural unit of the staggered
C2 group reconstruction of the C-terminatedb-SiC~001!-c(232)
surface@see also Fig. 5~d!#. The nomenclature for the structural
parameters given in Table V is introduced. FIG. 12. Section of the surface band structure of the staggered

C2 group reconstruction of the C-terminatedb-SiC~001!-c(232)
surface@see Fig. 5~d!#. For the labeling of high-symmetry points of
the SBZ, see the inset of Fig. 10. Thep1 andp2 resonances are
pronounced at theS point of the SBZ only.

FIG. 13. Charge density contours of salient surface states at the
S point of the SBZ of the staggered C2 group reconstructed
C-terminatedb-SiC~001!-c(232) surface. The statesp1 , p1* , and
P are drawn in they-z plane perpendicular to the surface containing
the C2 groups, while thep2 state is shown in they-x surface plane.

TABLE V. Calculated structural parameters for the
C-terminated C2 group reconstruction of theb-SiC~001!-c(232)
surface~for their definition, see Fig. 11! in comparison with other
theoretical results from the literature.

C-terminated This Yan Ka¨ckell
c(232) C2 groups work et al. a et al.b

d1 ~Å! 1.22 1.22 1.23
d2 ~Å! 2.40 2.38 2.38
d3 ~Å! 1.83 1.87 1.82
d4 ~Å! 1.83 1.87 1.82

Dz1 ~Å! 1.32 1.30
Dz2 ~Å! 1.04 1.02

aReference 14.
bReference 15.

13 130 53SABISCH, KRÜGER, MAZUR, ROHLFING, AND POLLMANN



5~e!. It also leads to a local minimum of the total energy in
configuration space. The local bonding of the C2 groups in
this configuration is practically identical to that of the stag-
gered C2 groups in Fig. 5~d!. The bond length in the C2
groups is 1.22 Å in this case, as well. The sublayer Si atoms
form symmetric Si dimers with a bond length of 2.39 Å. As
shown in Table IV, this configuration isDE50.18 eV higher
in energy than thec(232) staggered C2 group configura-
tion. We refrain from showing the surface band structure of
this configuration since it is favored neither by experiment
nor by theory as the optimal configuration.

5. Comparison with experimental data

Powerset al.11 have observed two quantitatively different
(232) configurations of the C-terminated surface depending
sensitively on the surface preparation method used. Exposing
the SiC~001!-(231) surface to ethylene gas~C2H4), they
arrive at a bond length of 1.25 Å between the surface carbon
atoms in the C2 groups. In this case the Si sublayer atoms
seem to remain nearly in bulklike positions, not forming Si
dimers. When the authors11 prepare thec(232) surface by
annealing of SiC~001!-(231), the C atoms form C2 groups
with a bond length of 1.31 Å. In this case the second-layer Si
atoms have a bond length of 2.71 Å which is considerably
smaller than the ideal second-neighbor distance of 3.08 Å.
These experimental results are understandable in view of our
theoretical results which show very small energy differences
between the different (231), (132), andc(232) struc-
tures~see Table IV! but an extremely large energy difference
between the ideal and all considered reconstructed configu-
rations. It is thus conceivable that domains of competing
local reconstructions of the different types discussed above
can coexist at the same sample surface depending on the
particular preparation method used and on the local atomic
composition, as was observed in experiment.10,11

In conclusion of Sec. III B, we can state that our structure
optimization slightly favors the (231) C dimer row recon-
struction, while experiment seems to favor thec(232) stag-
gered C2 group reconstruction. These structural results
should be interpreted in view of the fact that the energy
differences between the different investigated structures are
smaller than or equal to 0.3 eV per unit cell, only~see Table
IV !. Concerning the electronic structure, we find that the
quasiparticle surface band structure of the (231) dimer row
model is semiconducting with an indirect gap of 0.9 eV. For
thec(232) staggered C2 group reconstruction the LDA sur-
face band structure already shows a direct gap of 1.28 eV,
which is the projected bulk gap, and it is to be expected,
therefore, that the equivalent quasiparticle surface gap will
be given by the quasiparticle bulk gap. Both in
experiment38,39 and in our theoretical results there are no
localized surface states in the gap of thec(232) staggered
C2 group reconstruction. Since the energy difference be-
tween the (231) dimer row and thec(232) staggered C2
group models turns out to be only 0.12 eV per (231) unit
cell in our results, and since the actual structure of the
C-terminated surface is sensitively dependent on the surface
preparation, one can expect that more detailed work is
needed in this area to resolve the remaining small quantita-
tive discrepancies.

IV. SUMMARY

We have presentedab initio calculations for a variety of
(231)- and c(232)-reconstructedb-SiC~001! surfaces.
Total-energy-minimization calculations have been carried
out to determine optimal surface atomic configurations. The
Si-terminated (231) reconstruction shows only slight dis-
placements of the Si surface-layer atoms with a bond length
of 2.73 Å and an energy gain of 0.01 eV. This reconstruction
behavior was unexpected in view of the strong asymmetric
dimer reconstruction of the Si~001!-(231) surface. We have
scrutinized the origins of this strikingly different reconstruc-
tion behavior and have given a number of physical reasons
for its occurrence. Our surface electronic structure for this
surface is semiconducting. At the C-terminated (231)-
reconstructed surface we find as optimal configuration a
symmetric CvC dimer row reconstruction with an energy
gain of 4.88 eV. The surface carbon atoms form double
bonds with a bond length of 1.36 Å very similar to that in
C2H4 molecules and at the C~001!-(231) surface. The
LDA band structure for this energetically optimal configura-
tion is found to be metallic. The respective quasiparticle
band structure evaluated within theGW approximation em-
ploying the full RPA dielectric matrix, however, is semicon-
ducting with an indirect gap of 0.9 eV. Since experiment
favorsc(232) configurations for the C-terminated surface,
we have also energy-optimized ac(232) staggered dimer
model and two models involving triple-bonded C2 groups.
The c(232) staggered dimer model yields double-bonded
CvC dimers with a bond length of 1.36 Å, while both C2
group models yield triple-bonded C2 groups in bridge posi-
tions above the sublayer Si atoms which form symmetric
dimers themselves. The bond lengths of the C2 groups and
of the sublayer Si dimers are 1.22 and 2.40 Å in the
c(232) staggered C2 group and 1.22 and 2.39 Å in the
(132) C2 group row configurations, respectively. For the
c(232) staggered C2 group model the LDA surface band
structure exhibits a direct gap of 1.28 eV and it is to be
expected that the related quasiparticle surface band structure
gap will be equal to the quasiparticle bulk gap. Thus also this
model is semiconducting. The energy differences among the
four C-terminated surfaces investigated are very small~less
than or equal to 0.3 eV! as compared to the very large energy
gain of more than 4.5 eV per (231) unit cell that is ob-
served for each reconstructed surface relative to the ideal
(131) surface. On the basis of these findings, coexistence of
local domains of different reconstructions at the
C-terminated surface is conceivable, a fact which might
complicate an unequivocal surface structure determination in
experiment. Our results of the C-terminated surfaces are in
close general agreement with all other calculations and with
experiment, although our results favor the (231) CvC
dimer row over the experimentally preferredc(232) stag-
gered C2 group reconstruction by 0.12 eV. Our results for
the Si-terminated surface are in close agreement with the
results of a complementaryab initio calculation but they are
in contradiction to experiment and to other calculations. The
discrepancy between the experimentally determined structure
and our optimized structure for this surface is very pro-
nounced. More experimental work could be helpful to re-
solve the issue. In particular, it would be most helpful if Si-
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as well as C-terminated samples could be grown with very
good lateral long-range order and studied by angle-resolved
photoemission spectroscopy and scanning tunneling micros-
copy or spectroscopy. Certainly, this would yield a wealth of
information not only on structural but also on electronic
properties, which could be compared with our results. Since
the electronic properties of the different structural models
optimized in our calculations are distinctly different, such
comparisons could be very revealing. We are looking for-
ward to further experimental studies of polarb-SiC~001!
surfaces and we hope that our results, many of which are
predictions, will stimulate such future work.

Note added in proof.Finally, we mention that our results

for the staggered C2 groupb-SiG~001!-c~232! structure are
in excellent agreement with the most recent NEXAFS results
obtained by J. P. Long, V. M. Bermudez, and D. E. Ramaher
@Phys. Rev. Lett.76, 991 ~1996!#.
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