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First-principles calculations of 8-SiC(001) surfaces
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We report self-consisterdab initio calculations of structural and electronic properties for five different
configurations of polaB-SiC(0021) 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-
terminated2X 1) 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 (& 1) 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-terminatg8-SiC(001-(2X 1) surface as resulting in tH@ W approximation. We present and
discuss our results in comparison with other theoretical results and with experimental data from the literature.
[S0163-18296)04319-9

[. INTRODUCTION electron spectroscopyAES), 612 and electron energy loss
spectroscopy(EELS).%"° In addition, x-ray photoelectron
The large technological potential of SiC for electronic and ultraviolet photoelectron spectroscdpyedium-energy
deviced—3 has led to a strong current interest in its bulk andion scattering(MEIS),? and scanning tunneling microscopy
surface properties in both experiment and theory. From 4STM) studies® have been carried out. Among the structures
more fundamental point of view, SiC is an extremely intrigu-reported are (k1), (2X1), c(2X2), ¢(4X2), (3X2),
ing group-1V semiconductor since many of its properties car{5%2), and (7<2). For these reconstructions a number of
be expected to be related to those of diamond and Si i|'ﬁ“0d‘3|§3 have been proposed. Since their discovery by
interesting ways. While these elemental semiconductors eXx2ayan, Si-terminated surfaces _hal\éeisbeen modeled by or-
hibit only one stable phase at room temperature, the confi€red arrays of surface Si dimérs:'***Dayan suggested a
pound semiconductor SiC exists in very many polytypes. AC(ZXZ) staggered_array of Si d'”‘l‘g‘?f‘?r the Sl—termlnated
lot of interest in experiment and theory has been concen(2>.<1) reconstruction, Po_weei al"arrived (_)n_the bas_ls .Of
trated on the hexagonal phases and on the cubiz phase. their tensor L!EED analysis at a model conS|st|r)g _of Si dimer
Cubic B-SiC has one Si and one C atom per bulk unit ceII.rOWS W't.h a dimer bond length of 2'31é very S|m|I.ar to that
Although a group-IV semiconductor, SiC exhibits a rela-Of the S(OOI?_(ZX-l) surface. Harat al. s_tud!ed S ad_lay-
. L2 ' _ ers at the Si-terminated surface, formedibysitu cleaning,
tively large ionicity ofg=0.475 on the Garcia-Cohen scéle,
as discussed in detail, e.g., in Ref. 5. The heteropolarity o

mploying LEED and STM. They observed X2),
X ; Q&X 2), and (7xX2) reconstructions. The C-terminated sur-
the S|Q bond §tem§ from Fhe very dlﬁerent strengths of the“ ace was investigated in detail, e.g., by Bermudez and
and Si potentials giving rise to very different covalent radii Kaplanl® as well as by Powerst al 1! Both groups prepared
re=0.77 A andr$'=1.17 A, respectively. Correspondingly, C-terminated surfaces by two different methods. In one
the electronegativity of Ce-=2.5) is considerably larger method, surface Si atoms were removed from the {2
than that of Si é5=1.7). The stronger C potential, as com- surface by high-temperature annealing in ultrahigh vacuum,
pared to that of Si, leads to a charge trangieg;_. from Si while in the other C was deposited by exposing the stoichio-
to C so that the electronic charge density distribution aboutetric (2x1) surface at 800—1100 or at 1125 K, respec-
the midpoint of the Si-C bond is strongly asymmetfsee, tively, to C,H,. In both cases the authors obtained very
e.g., Figs. 4 and 5 of Ref)5In consequence, Si atoms act assimilar orderedc(2x2) structures which turned out to be
cations while C atoms act as anionsgrSiC and its(001) more uniform and well ordered when the second preparation
surfaces are polar. Si and C layers alternate with a distanamethod was employed. Bermudez and Kaflaroposed a
of ag/4 along the(001) direction, ay being the SiC bulk c¢c(2X2) structure for this surface, resembling the staggered
lattice constant. Thus there are two types of distinctly differ-dimer model suggested by Daydor the Si-terminated sur-
ent polar3-SiC(001) surfaces, namely, Si- or C-terminated face. In contrast, Powert al! favored ac(2x 2) structure
(001) surfaces. with C, groups in staggered silicon bridge sites. Their tensor
A large variety of reconstructions of these surfaces has EED calculations showed no significant differences from
been observed in experiméht® They have been investi- the conventional dynamical LEED results for the staggered
gated by low-energy electron diffractidhEED),°~*3 Auger ~ carbon dimer model suggested by Bermudez and Kalflan.
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The optimizedR factors for the latter model, however, were importance because of the presence of carbon which is a
found to be significantly larger than those for the bridgingsecond-row element. In contrast to previous calculations
C, group modef! In several of the experimental investiga- which have employed plane waves, we express the wave
tions it was observed that the spectra of one particular suffunctions in terms of linear combinations of Gaussian orbit-
face phase frequently showed weak features associated wittts with s, p, d, ands* symmetry. We have found that 30
other phases, since several of the possihi®8iC(001) recon-  Gaussians per surface-layer atom and 20 Gaussians per atom
structions can exist on the surface simultaneously, dependirfgr all other atoms in the supercell yield sufficient accuracy.
on the local atomic compositiof!:! It was concluded®*?2  The decay constants for Si are 0.2 and (a6the surface
therefore, that a full understanding of the mechanisms driv0.18, 0.5, and 1)0 For the C atoms we use 0.35 and 1a?
ing the reconstructions at the polar 8101 surfaces must the surface 0.25, 1.0, and 2)8&ll constants are given in
await detailed total-energy studies. The purpose of our conatomic units. Using these pseudopotentials and Gaussian or-
tribution is to report the results of such studies for a numbebitals yields results for bull3-SiC which are in excellent
of conceivable surface reconstructions. agreement with the results of converged plane-wave calcula-
Ab initio results for various different Si001) surfaces tions and with experimental data, as we have shown
have recently been reported by Yan, Smith, andsgon**  previously® With this approach we have successfully inves-
by Kéackell, Furthmiier, and Bechstedf and by our tigated theB-SiC(110-(1x1) surface, as wefl. The total
group!® Semiempirical structure studies ¢801) surfaces energy is calculated self-consistently using the momentum-
have been reported by Craig and Sniitth® by Mehandru  space formalism of lhm, Zunger, and Colfémll computa-
and Andersort? and by Badziag® tions are performed using sets of eight points for the
In this paper we present and discuss the results ofibur (2 1) unit cell and fourk; points for thec(2x 2) unit cell,
initio  pseudopotential calculations carried out within thein the irreducible part of the surface Brillouin zo8B2).
local-density approximatioiLDA). A preliminary account This number ok, points turned out to be important for good
of these results is included in a recent review article on struceonvergence. The total energies of the different investigated
tural and electronic properties of prototype surfaces ofgeometries of C-terminate(D01) surfaces were all calcu-
group-1V, l1-V, and I1-VI semiconductors® We have stud- lated on equal footing in a (22) unit cell with four k,
ied five different configurations of pol@-SiC(001) surfaces points in the irreducible part of the SBZ, to allow for a more
using smooth pseudopotentials and localized Gaussian omeaningful comparison of the reconstruction-induced energy
bital basis sets. The calculations have been carried out withigains.
the supercell approach. For the Si-terminated surface we The optimal surface configuration is determined within
have considered only the §1) reconstruction, while for the supercell approach. In our calculations we employ eight
the C-terminated surface, we have considered aXP a layers of SiC, one hydrogen, and seven vacuum layers in the
(1X2), and twoc(2x2) reconstructions containing dimers supercell. The lower four atomic layers were fixed in the
of C, groups in row or staggered configurations, respecbulk configuration with the theoretical lattice constant of
tively. We present optimal reconstruction configurations and+.34 A. The brokersp® bonds at the atoms on the bottom
the respective surface electronic structures. In particular, wkayer were saturated with hydrogen in fixed positions to
address the question to what extent the reconstructions of thevoid electronic states in the gap energy region that originate
SiC(00)) surfaces are similar to or distinctly different from from these bonds. The optimal surface geometry was deter-
those of the related @©01) and S{001) surfaces. mined by successive elimination of the forces using the
The paper is organized as follows. In Sec. Il we brieflyBroyden schem& In addition to the Hellmann-Feynman
summarize the framework of our calculations. In Sec. Il weforces, Pulay forces had to be taken into account because of
present and discuss our results for the Si-terminatedl(?  the use of Gaussian orbital basis S&8t¥/e move the atoms
and for four different configurations of the C-terminated of the upper four layers in the supercell until all forces van-
B-SiC(001) surface. The latter were found to be relatively ish within 102 Ry/a.u.
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. Considering Si- or C-terminated001) surfaces of
B-SIiC, one might expect that they show a reconstruction
behavior very similar to the respective(@21)-(2x1) and
C(001)-(2%x 1) surfaces, i.e., an asymmetric dimer recon-
The calculations are carried out in the framework ofstruction for the former and a symmetric dimer reconstruc-
density-functional theory(DFT) using the local-density tion for the latter(see, e.g., Refs. 16 and)3@\s a matter of
approximatiorf! For the exchange and correlation potentialfact, experimental data have been interpreted on the basis of
we employ the functional of Ceperley and Aléfeas param- this expectation, since there were ab initio total-energy
etrized by Perdew and Zung&rWe use nonlocal, norm- calculations for polag-SiC surfaces available at the time. It
conserving pseudopotentials in the separable form, as sugvas concluded that the LEED results for the Si-terminated
gested by Kleinman and Byland®&rThese pseudopotentials (2% 1) surface indicate that the surface is terminated by a
have been reported elsewhéreThey were generated fol- layer of Si atoms forming asymmetric, buckled dimer rds.
lowing the prescription given by Hamann, Sdiely and For the C-terminated surface various models based on sym-
Chiang?® Employing our very smooth pseudopotentials, themetric C dimers have been propos&d! Considering the
numerical effort is strongly reduced. This is of particular reconstruction of polap-SiC(001) surfaces in comparison

Ill. POLAR SURFACES OF B-SiC(001)

II. CALCULATIONAL FRAMEWORK
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top view (5% 2) reconstruction8-°1213we have concentrated on the
(2% 1) 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-
terminated 8-SiC(00D)-(2x 1) with those of the $D01)-

(2% 1) surface.

side view
. 1 fp—di— 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
Si Si comparison with the structure of the idg@l01) surface. In
z C c our structure optimizations we have relaxed the atoms on the
x first four layers inx andz directions(see Fig. L At the ideal
surface, the Si surface-layer atoms reside at a distance of
3.08 A. In our calculated optimal structure they move
. . . . slightly towards each other and their distamgeamounts to
(2% 1)-reconstructed (b) configurations of the Si-terminated 273 A.No Si surface dimers are formexal striking contrast
B-SiC(00)) surface. In this and in all following figures related to o the S{001)-(2x 1) surface. The observed distance of 2.73
the surface structure, Si atoms are represented by open circles whk between the Si surface-l.ayer atoms at {ReSiC(001)- '
C atoms are represented by black dots. Unit cells are shown b . .
i’gx 1) surface is much larger than the dimer bond length of

dashed lines and the labeling of characteristic structural paramete A
is introduced. The vertical distance between the two top-layer Sf-2° A at the SD01-(2x1) surface(see, e.g., Refs. 30—

atoms at the reconstructed surface is labeled 32). The energy gain due to the reconstruction is extremely
. _ _ _ small, amounting to 0.01 eV per unit cell only. In Table | we

with the respective Si and diamond surfaces, one should beabmpile our structural parameters for the optimized geom-

in mind, however, that the bulk charge densities and thetry together with previous results from the literature. Before

lattice constants of these three semiconductors are considefe discuss these results in comparison let us first address the
ably different(see, e.g., Ref.)5The valence charge isedn  glectronic structure of this surface.

both Si and diamond, while it is 3.86at the Si cations and
4.14e at the C anions irB-SiC, as we have obtained from a
Mulliken analysis. Thus a charge transfer of
dpsi_.c=0.14e results from our calculations. The experi- The surface electronic structure of the ideal and of our
mental(our theoretical lattice constants, of 3.57(3.52 A optimally reconstructed Si-terminateg-SiC(001)-(2x 1)
for diamond, 4.364.34 A for -SiC, and 5.435.389 A for  configuration is shown in the upper two panels on the left-
Si show that the lattice constant gfSiC is 22% larger than hand side of Fig. 2 together with the projected band structure
that of diamond but 20% smaller than that of Si. These dif\pBg of bulk SiC. The PBS has a direct gap of 1.28 eV
ferences in charge densities and lattice constants have sofggich is smaller than the experimental gap of 2.41 eV. This
bearing on the reconstruction behavior gfSiC(001), as s due to the well-known underestimate of the gap energy in
compared to M01) and S{001), respectively. the LDA. The surface band structure of the ideal surface has
) _ ) been backfolded onto the §21) SBZ for a more meaningful
A. The Si-terminated B-SiC(00)-(2x 1) surface comparison. At the ideal surface, we find a dangling-bond

Experimental data indicate that the Si-terminatedbandD and a bridge-bond band Br in the gap energy region

B-SiC(001) surface shows (21), c(4x2), (3x2), and (actually there are two bands in each case due to the back-

FIG. 1. Top and side views of the idedla) and the

2. Surface electronic structure

TABLE I. Calculated structure parameters for the Si-termingge8iC(001)-(2X 1) surface(for their
definition, see Fig. las 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 2)(2onfiguration.

Si-terminated This Kekell Yan Craig Mehandru Powers
(2x1) work et al.? et al.? and Smith® and Andersorf et al.®
d; (R) 2.73 2.75 2.26 2.33 2.16 231
d, (R) 0.00 0.00 0.05 0.20 0.20
ds (A) 1.89 1.78

ds (A) 1.89 1.85

8Reference 15.
bReference 14.
‘Reference 17.
dReference 19.
®Reference 12.
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folding). They are very similar, in general, to the well-known and o* result from symmetric and antisymmetric combina-
D and Br bands at the ideal (8D1) surface whose band tions of the former bridge-bond orbitals. Since fhebands
structure is shown in the upper right panel of Fig. 2 forat the ideal surface originate fromandp, wave functions
comparison, as well. The reconstruction of {€5iC(001)  and the Br bands at the ideal surface originate predominantly
surface reduces the symmetry, giving rise to correspondingtom p, orbitals, the resultingr and 7* bands at the recon-
Shif'[S and Spllttlngs Of the form@ and Br bandS. Four new structed surface are lower in energy than theand 0—*
bands r, 7*, o, ando™*) result(see middle panel of Fig. pands, amazingly enough.
2). Note that, e.g., the dispersion of theband 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 and K gives rise to the bands and o*. Very Our optimized structure for the Si-terminated
similar behavior concerning tHe bands at the ideal surface, B-SiC(001)-(2x 1) surface is in good agreement with the
splitting into a« and a#* band, is to be observed in the theoretical results of Ref. 15 but in marked contrast to the
middle panel of Fig. 2. In consequence of the reconstructiortheoretical results of Refs. 17 and 18 and the experimental
the four individual bands significantly differ from tHi2 and  results of Ref. 14see Table)l Theab initio LDA calcula-
Br bands at the ideal surface but their center of gravitytion by Kackell, Furthnilier, and Bechstedt using plane-
hardly changes. In consequence, only a very small totalwave basis sets and smooth Troullier-Martins pseudopoten-
energy gain ofE,..=10 meV results. The gap of the recon- tials yields an optimal distance of the symmetrically
structed surface is virtually the same as that of the ideatlisplaced Si surface-layer atoms @f=2.75 A and an en-
surface. ergy gain of roughly 0.01 eV per surface unit cell, in very
The nature and origin of the four new bands at the reconelose agreement with our results. On the contrary, the em-
structed surface become apparent from Fig. 3 where we shopirical calculations of Craig and Smithyield Si surface
charge densities of the related states atKheoint of the  dimers with a dimer bond length of,=2.33 A and a buck-
surface Brillouin zone. The occupied statesind7* mainly  ling of d,=0.20 A. Si surface dimers with a small bond
result from symmetric and antisymmetric combinations oflength ofd;=2.26 A and a dimer buckling ofi,=0.05 A
the former dangling-bond orbitals, while the empty states have been obtained, as well, in the very recninitio study

3. Comparison with literature data
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7 state T* state Actually, in this case we arrive at virtually the same geom-
etry as that of Yan, Smith, and dsson** 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, points probably does not allow one to take the
related charge density relaxations properly into account.
Smith and Jossori® 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)-(2x 1) surface is indeed very flat and has to be
studied with extreme care.

Powerset al!? have interpreted their tensor LEED data as
indicating that buckled dimers with a dimer bond length of
d;=2.31 A and a dimer buckling af,=0.20 A 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 ®01)-(2x1) surface.
Our optimized structure cannot be reconciled with the data,
as far as the two top layers of the surface are concerned. On

FIG. 3. Charge density contours of salient surface states at th‘i‘l1e contrary, our calculated atomic displacements on the

K point of the (2<1) SBZ of the Si-terminated3-SiC(001)- Iowgr—lying sublayers, wh?ch are less than or equ_al to 0.02 A,
(2x1) surface shown in the-z plane containing the Si surface &r€ in good agreement with the sublayer-atom displacements

atoms. All atoms are connected by solid lines also if the indicatedierived by Powerst al.'? from their tensor LEED data.
bonds do not lie in the plane of the drawing. It has been argued that an additional Si layer adsorbed on
top of the Si-terminated Si001)-(2X 1) surface could be
by Yan, Smith, and Jwssol’ carried out for a (X 2) con-  responsible for the experimentally observed dimerization. To
figuration. Actually, our calculations show that the total- confirm or disprove this conjecture we have added one
energy curve as a function of the reconstruction is very flatmonolayer of Si to our Si-terminated surface system and
Thus a correct description of the reconstruction-inducedptimized its structures anew. In this case also, we observe
charge density relaxations is very demanding. It seems thanly slight displacements of the top-layer Si atoms with a
the empirical approach employed by Craig and Shithay ~ surface bond length af;=2.68 A. In a similar calculation
not be precise enough to take such sensitive effects quantkackell, Furthmiler, and Bechstedt obtained a bond
tatively into account. At the same time, it appears that thdength ofd,=2.55 A in the added Si layer, again with no full
k,-point sampling employed by Yan and co-workér§in  dimerization. This value is smaller than ours but it is still far
their ab initio calculations is responsible for their particular away from the value ofd;=2.31 A quoted from
results. Actually, these authors carried out calculations for &xperiment? The backbond lengths increase in this case to
(2x2) unit cell using only thel',,, point of the SBZ in  2.50 A in our results and to 2.49 A in the result of Ref. 15, as
their k,-point sampling®® We think that the different optimal compared to the backbond lengths of 2.28 and 2.33 A at the
structures resulting in Ref. 14 and in our work are due toSi(00)-(2x 1) surface’’ strongly emphasizing the differ-
differentk,,-point samplings. To corroborate our conjecture,ences between the two structures, originating from the
we have carried out two additional sets of calculations. Firscharge transfer in SiC and from the smaller lattice constant
we have considered a fully buckled dimer configuration, usof 8-SiC as compared to Si.
ing a dimer bond length af; =2.27 A and a dimer buckling ) o
of d,=0.20 A (these values are close to those of Refs. 12, 4. Comparison with Si(001)-(&1)
14, and 17 and have calculated its surface electronic struc- OQur optimized structure of the Si-terminated
ture and its total energy employing our usual mesh withg-SiC(001)-(2%x 1) surface significantly differs from that of
8k, points in the irreducible part of the ¢21) SBZ. The the S{001)-(2x1) surface, which shows an asymmetric
resulting surface band structure for this configuration isdimer reconstructior(see Fig. 4 for a direct comparispn
shown in the lower left panel of Fig. 2. The surface turns outThe origins of the different reconstruction behavior of these
to be strongly metallic in this configuration. The resulting two surfaces can partly be seen in Fig. 2, in which we have
occupiedD,,, band resides much higher in energy than thealso included the surface band structure for the optimally
occupied7* band in the middle panel of Fig. 2. The total dimerized®3? Si(001)-(2x1) surface (see lower right
energy of this fully buckled dimer configuration is 0.67 eV pane).
higherthan that of our optimized geometry. This result rules  Comparing the two top panels of Fig. 2, we recognize that
out a full asymmetric dimer reconstruction of the Si- the ideal Si-terminate@-SiC(001) surface is already semi-
terminated 3-SiC(001)-(2x 1) surface. Second, we have conducting while the ideal 8101) surface is metallic. In
carried out structure optimization calculations using only theaddition, the calculated gap of SiE{=1.28 eV} is much
I',», and thed;, , points of the (1) SBZ, which corre- larger than the calculated gap of St4=0.56 eV). Both
sponds to taking only thé',., point in the (2<2) SBZ. results are related to the fact that the C potential is stronger

o state
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Si—terminated
SiC(001)-(2x1)

g 2734
1.89 A7 0'31.89 A

o’

Si(001)-(2x1)

Sig_2254
233 A7 ..2.28 A
Si

FIG. 4. Side view of the basic building block of the optimized
configuration of Si-terminate@-SiC(001)-(2X 1), as obtained in
this work. For a direct comparison the related side view of the
Si(001)-(2x 1) 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 A between surface-
layer Si atoms in our optimized-SiC(001)-(2X 1) configuration is
much larger than, e.g., the Si bulk bond length of 2.35 A, so that we
have not indicated dond between the two surface-layer atoms in
the top panel by a full line.

FIG. 5. Top views of the ideala) and four different recon-
than the Si potential. In consequence, the C potentials at th&ructed C-terminated surfacés—(e) of 8-SiC(001). All four re-
second layer of Si-terminate8-SiC(001)-(2X 1) cause the constructed configurations are local minima of the total energy. In
s,p,type dangling-bond bands D to be lower in energy withour results the (X1) dimer row reconstructiofb) is the absolute
respect to thep,-type bridge-bond bands Br at this surface minimum configuration relative to the(2X2) staggered dimer
than at the $001) surface, which has Si atoms in the secondconfiguration(c), the c(2x2) staggered & group configuration
layer, of course. Therefore a strong reconstruction is needed: and the (2) C, group row configuratiorie). The unit cells
at S{001) to make this surface semiconductifgee lower ~are indicated by dashed lines.
right panel of Fig. 2, in agreement with experiment. The
formation of fully buckled dimers at 8101)-(2x 1) leads to
an energy gain oE..=1.94 eV per unit celf° On the con- A number of structural models for the C-terminated
trary, there is no need for such a pronounced structural tran3-SiC(001) surface have been suggested on the basis of ex-
sition at the Si-terminate@-SiC(001) surface because it is perimental results. In Fig. 5 we have compiled the structures
semiconducting already in its ideal configuration. Conse-studied in this work. Ac(2X2) reconstructioh'®*has been
guently, the band structure of our optimized struct(Bee observed experimentally for the SI1) surface terminated
top panel of Fig. # remains semiconductingsee middle by a full monolayer of carbon. One model geometry for that
panel of Fig. 2. A fully buckled dimer configuration of this surface has been proposed by Bermudez and KdPtaho
surface is strongly metallicsee lower left panel of Fig.)2 suggested a staggered arrangement of C dirfeee Fig.
and the related total energy is 0.67 eV higher than that of ous(c)]. A C dimer row structure is shown in Fig(5. Another
optimized configuration. model proposed by Poweet al!! consists of G groups in

In addition, the charge transfer between Si and C inbridge positions above the Si sublayer atoms. These C
B-SiC as well as the considerably smaller lattice constant ofroups are supposed to form a staggered arrangerhast,
B-SiC as compared to Si have some influence on the differshown in Fig. %d). We have considered (21) C dimer row
ent reconstruction behavior of the two surfaces. Furthermoregnd (1xX2) C, group row as well ax(2X2) staggered
when surface dimers are to be formed@®1) surfaces, an- dimer and staggered £group reconstructions. The resulting
gular forces on the second-layer atoms are involved. Theseptimal structures obtained from our total-energy minimiza-
are considerably larger for C than for Si. It is thus easier tdion are shown in Figs.(5)—5(e). The total energies for all
form Si dimers at the ®001) surface than at the Si- these structures have been calculated in’&22 unit cell for
terminatedB-SiC(001) surface. a more meaningful comparison.

B. The C-terminated B-SiC(001) surface
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TABLE Il. Calculated structure parameters for the C-terminated
dimer row reconstruction of th@g-SiC(001)-(2Xx1) surface(for
their definition, see Fig.)6as resulting from our work in compari-

C—terminated

SiC(001)-(2x1) son with other theoretical results from the literature.
C 136 A C-terminated This Craig Mehandru
1.86 A.H._1.86 A (2x1) dimers work and Smith and Andersor?
Si d; (R) 1.36 1.36 1.74
d, (A) 1.86 1.86
ds (A) 1.86 1.86

8Reference 18.

C(001)-(2x1) bReference 19.

literature. In this case of a very strong reconstruction our

C L3TA results and those of Craig and Snifthurn out to be identi-
153 A9 @153 4 cal. It seems that the calculation of the very steep total-
C 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 Si®01)-(2x 1) surface. The dimer bond
length ofd;=1.74 A, as obtained in the empirical calcula-

FIG. 6. Side view of the optimal C-terminated dimer row recon- tions by Mehandru and Andersohjs at variance with our
struction of 3-SiC(001)-(2x 1), as determined in this work, in di- results.

rect comparison with the related structure ofoG)-(2x1), as In Fig. 7 we show the surface band structure of the ideal
reported in Ref. 30. The bonds are indicated as in Fig. 4. and the (2<1)-reconstructed dimer row configuration of the
C-terminated3-SiC(001) surface. The surface band structure
1. (2x1) dimer row structure of the ideal surface has been backfolded onto tha 12

First we have optimized the (21) dimer row reconstruc- SBZ. It also shows two dangling-bori®) and two bridge-
tion of the C-terminategB-SiC(001) surface[see Fig. B0)]. bond (Br) bands(see the top panels of F|g..2 for compari-
The atoms on the first four layers in the supercell were alSON- But now these bands strongly overlap in energy so that
lowed to move in thex-z plane. As the minimum-energy the |o!eal C-terminated S{001) surface is metallic. The en-
configuration we obtain symmetric C dimers in the surfacef'9€tic overlap of théd and Br bands is even more pro-
layer with a bond length of 1.36 A. The dimers formec ~ Nounced than for the ideal ®01) surface(see upper right
double bonds very similar to those in thel€, molecule or ~ Panel of Fig. 2. The (2x1) dimer row reconstruction leads
at the G001)-(2x 1) surface, where they have a bond Iengthto a surfacg band structure that is _weakly metdbiee r|g_ht
of 1.34 (Ref. 34 or 1.37 A% respectively. The reconstruc- panel of Fig. 7. A number of salient bands of localized
tion of this C-terminated Si@0L)-(2x 1) surface turns out surface states occur. Below the PBS we find gt_the_ recon-
to be extremely similar to that of the(@1)-(2x 1) surface  Structed surface a pronounced band, labe&edriginating
(see Fig. 6 The arguments given in Sec. Ill A4 against from s orbitals on the_ carbon surf?ce-laye,:r atoms. Fhe
dimer formation at Si-terminateg-SiC(001)-(2x 1) now andP, bands at the ideal and ttfe; and P; bands at the
work in favor of dimerization at the C-terminated reconstructed surface originate from C-Si backbonds having
B-SiC(001)-(2x 1). The charge transfer increases the charg@redominantlyp wave function character. In the gap region
at the C anions, the lattice constant®fSiC is 20% larger ~Of the reconstructed surface we findraand a=* band,
than that of diamond, and the angular forces on the secondhich are very similar to the related bands at th@@)-
layer Si atoms of this surface are comparatively smaller. Thé2x 1) surfacé® and aPg band. Thewr and 7* bands are
energy gain due to this (21) C dimer row reconstruction is Separated in energy by roughly 1 eV. They originate from
E,.c=4.88 eV per (1) unit cell. This energy gain is con- Symmetric ¢r) and antisymmetric4*) linear combinations
siderably larger than the energy gainEyf,.=3.36 eV at the of the dangling-bond orbitals at the two dimer atoms, as can
C(001)-(2x 1) surface® in spite of the fact that the-=C  be seen in Fig. 8, where we show charge densities of the
dimer double-bond length is almost identical in both casesr, 7*, andPg surface states. The; band(the Ps band at
(see Fig. 6 for the matterThis increase in energy gain at the the ideal surfaceoriginates fronp states at the surface-layer
C-terminated 8-SiC(001)-(2x 1) surface, as compared to C atoms, which are oriented perpendicular to the dimers and
C(001)-(2x% 1), should largely be due to the charge transferparallel to the surface plarieee the bottom panel of Fig).8
from Si to C in B-SiC and to the larger lattice constant of The Pg band is mostly occupied and, in particular, it closes
B-SiC as compared to diamond. We mention already at thishe gap between the and =* bands. Such #; surface
point that the (1) dimer row structure results as the state band does not occur &0021)-(2X 1) in the gap energy
minimum-energy configuration of all four structures which region It occurs at C-terminated Si{001) because the Si
we have considered. atoms at the second layer have a weaker potential than the

Table Il shows our optimal structure parameters for thiscomparable C atoms at the second layer @Q%)-(2x 1),
configuration in comparison with theoretical results from theso that this band can move up in energy relative to the PBS
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at the SiC surface. It is thiRg band that mainly differenti- figuration, therefore, as an exemplary case to identify the
ates C-terminategB-SiC(001)-(2x 1) from CQ001)-(2x1)  effects of quasiparticle corrections on the surface band struc-
and that renders the former surface metallic while the latter igure of SiC. To this end we have carried ouB&V quasipar-
semiconducting® ticle surface band structure calculation of C-terminated
The (2x 1) dimer row configuration for the C-terminated 8-SiC(001)-(2Xx1) using our formalism as described in de-
surface turns out to be the minimum-energy configuration irtail in Ref. 35. The resulting quasiparticle band structure in

our results, as mentioned already. We have chosen this cotie 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 th&W calculations has been fully
7 state evaluated within the random-phase approximati®&PA)
and has been extended to finite frequencies employing a
plasmon pole modelfor details see Ref. 35 Figure 9
clearly reveals that the quasiparticle band structure of
C-terminatedB-SiC(001)-(2x 1) is semiconducting with an
indirect surface gap of 0.9 eV. The projected bulk gap is 2.34
eV, in very close agreement with experiméaee Ref. 35
The 7w andP¢ bands are hardly changed by the quasiparticle
corrections with respect to the top of the related projected
valence bands, but the empty* band moves up in energy

\J

J

> ] ”{ T

Energy (eV)

FIG. 8. Charge density contours of salient surface states at the
C-terminatedB-SiC(001)-(2x 1) surface for the dimer row recon- FIG. 9. Section of the surface band structure of the dimer row
struction. Thewr and 7* states are shown at th€ point and the  reconstruction of the C-terminatgg+SiC(001)-(2x 1) surfacesee
P; state is shown at thE point of the SBZ(see also the caption of Fig. 5b)] as resulting from our LDAdashed lingsand our quasi-
Fig. 3. The former are shown in the-z plane containing the particle GW(full lines) calculations. All bands are referred to their
dimers while theP; state is shown in thg-z plane. respective valence band maximuBygy=0 eV.
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TABLE Ill. Calculated structure parameters for the TABLE IV. Calculated energy gaing,.. per (2<1) unit cell
C-terminated staggered dimer reconstruction BfSiC(001)- (in eV) for four different reconstructions of the C-terminated
c(2X%2) as resulting from our work in comparison with other theo- 8-SiC(001) surface in comparison with other theoretical results

retical results from the literature. The bond lengths d,, and  from the literature. The absolute energy g&jp.= E,« due to the
d; are defined analogously to those in Table Il @& (Az,) are  (2X1) dimer row reconstruction was not explicitly given in Ref. 18
the vertical distances between the first and sec@®tond and but the energy gains due to thé2 X 2) reconstructions were given

third) layers at the surface. relative toE, .
C-terminated This Yan Kekell Craig Ecc (€V) per (2X 1) unit cell
c(2x2) dimers work etal.® etal.®  and Smith’ Structure This  Kekell Yan Craig
work etal.? etal.® and Smith
d; (A) 1.36 1.39 1.38 1.37
d, (A) 1.93 1.91 1.91 (2x1)
d; (A) 1.93 1.91 1.91 Dimer rows —4.88 Eoxy
Az, (A) 0.80 0.79 0.79 0.64 (1x2)
Az, (A) 1.14 1.12 1.16 C, group rows —4.58
c(2x2)
22‘:;:2:2‘: 1‘; Staggered dimers ~ —4.73 —4.360 —3.0 Ejy;—0.79
) Staggered g groups —4.76 —4.356 —3.6 E,.;+0.97

‘Reference 18.

%Reference 15.

almost rigidly by some 1.3 eV, opening up the gap. Thez’Reference 14.
effects of the quasiparticle corrections, in general, are thugkeference 18.

very similar at this surface to those at other semiconductor
surfaces like 3D01)-(2x 1) (see, e.g., Ref. 35 ent because of the change in the SBZ. This staggered

c(2x%2) configuration also gives rise to a metallic surface

within the LDA. The charge densities of the, #*, and

P states are very similar to those in Fig. 8, and are not
Next we have investigated thxé2>< 2) Staggered C dimer shown as a separate ﬁgure, therefore.

configuration as shown in Fig(&. In this case the atoms on

the topmost four layers in the supercell were allowed to 3. ¢(2x2) staggered G group structure

move in all three Cartesian directions. The resulting local 11

bonding configuration of the C surface dimers is very similar Powers et al: . have favored_ ac(2><_2) staggered &

to that of the (2 1) dimer row configuratioficf. Figs. 5b) group configuration on the basis of their tensor LEED data.

and 5c)]. Again we end up with symmetric C dimers with a

dimer bond length of 1.36 A. Thus agair=€C double bonds ““ﬂ'. 'HIH]”

2. ¢(2x2) staggered dimer structure

are formed. Our optimal structure parameters for the 5‘_

“|IIIII|._I||| ‘ “
c(2Xx2) staggered dimer structure are compared in Table Ill — |

7‘.*

Energy (eV)

L

with other theoretical results from the literature. For this . o /-
C-terminated surface structure also the general agreement I 5
among the different results is very close in spite of some 0 /\—/“\
slight differences in detail. Again this is a case of a very ]
strong reconstruction, which is found equally well as a local 1
minimum in E,y by different ab initio and semiempirical !}
schemes. In our results the X&) dimer row reconstruction
[Fig. 5(b)] is lower in energy byAE=0.15 eV per unit cell 1
than the staggered dimer configuratitsee Table IV. It ] T~
should be noted, however, that this energy difference is very -10 _\/\/
small as compared to the energy gainEf.=4.88 eV that :
distinguishes the ideal from the ¥21)-reconstructed dimer ] “ I” ’
row configuration. In contrast to our result, Craig and ]
Smitht® find the staggered(2x 2) dimer configuration to be -154]
lower in energy byAE=0.79 eV per dimer as compared to 1
the (2<1) dimer row structure. ] %M
The surface band structure of the{2X2) staggered ; r S
dimer reconstruction is shown in Fig. 10. The irreducible -20 ;
part of thec(2X2) SBZ (one-quarter of the full zoneis T S
shown as an inset where the labeling of high-symmetry
points as used in this paper is introduced. The surface bands F|G. 10. Surface band structure of the C-terminated staggered
for this configuration are very similar, in general, to those ofdimer configuration of the3-SiC(001)-c(2x 2) surface[see Fig.
the (2x1) dimer row configuratiorisee Fig. 7, for compari- 5(c)]. The inset shows the irreducible part of the SRihe-quarter
son. The topology of the band structure, of course, is differ-of the full SB2.

II
M S T M
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FIG. 11. Side view of the basic structural unit of the staggered
C, group reconstruction of the C-terminatgdSiC(001)-c(2X2)

surface[see also Fig. @l)]. The nomenclature for the structural
parameters given in Table V is introduced. FIG. 12. Section of the surface band structure of the staggered

C, group reconstruction of the C-terminat@dSiC(001)-c(2X 2)

We have, therefore, energy-optimized such a structure, ad/rfacelsee Fig. &)]. For the labeling of high-symmetry points of
well. Our result is shown in Fig.(H). The bond length in the SBZ, see the inset of Fig. 10. Thq and m, resonances are
these G groups turns out to be 1.22 A, a value which is Pronounced at th& point of the SBZ only.

characteristic for E=C triple bonds’ The Si sublayer atoms
relax in this structure into weakly bonded dimers with a bon
length of 2.40 A. A side view of our optimized structure,
introducing the structural parameters, is shown in Fig. 11
Our optimal structure parameters are cqmpare4d in Table
with ab initio results of Yan, Smith, and”desor” and of at the surface, as well as from the Si dimers at the second

Kackell, Furthmiier, and Bechsted Again the results of layer. Them* and , states are antibonding and bonding

the different calculations are in very close general agree- !
ment. In our results this structure is lower in energy by onIyStates of the triple-bonded Qoroups and they strongly re-

AE=0.03 eV per unit cell relative to the staggered dimers’emble ther* and7 states in Fig. 8. The state originates
arrangement(see Table IV, while Yan, Smith, and from Py a_nd P, orbitals at th? Q. groups and the second_—
Janssont* obtain a larger energy gain of aboNE=0.6 eV layer Sl_ dimers. Ther, state lies in the surface plane and is
between these two configurations. In marked contrast t& bonding state _relate_d _to theZGurface_groups. Bothr,
theseab initio results, Craig and Smithfind this staggered and, states reside within the PBSee Fig. 12 becziuse of
configuration of triple-bonded £groupsless favorableby thf very strong triple t?ond In the L£groups. Ther] and
AE=1.76 eV with respect to the(2x 2) staggered dimer 72 Pands are the antibonding partners of the and
configuration(see Table IV. bonding states.

Interestingly enough, the(2Xx2) C, group configuration
gives rise to a semiconducting surface already in the LDA, as
opposed to the (1) dimer row andc(2X2) staggered To complete our systematic study, we have finally inves-
dimer configurations. A relevant section of the respectiveigated the G group row (1X2) structure as shown in Fig.
surface band structure, given in Fig. 12, exhibits a gap en-
ergy of Eg=1.28 eV. It can be expected thatV 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

—
(2]

measurements carried out fa(2X2)-reconstructed sur-
aces by Bermudez and Loffgand by Semoneét al,*® who

do not observe surface states in the gap energy region.
harge densities of characteristic surface states, presented in
ig. 13, show that these states originate from theg@®ups

4. (1x2) C, group row structure

w* state P state

TABLE V. Calculated structural parameters for the
C-terminated G group reconstruction of thg-SiC(001)-c(2x 2)
surface(for their definition, see Fig. 21in comparison with other

theoretical results from the literature. 3 state =
C-terminated This Yan Kekell
c(2x2) C, groups work etal.? et al.? )
=
d; (A) 1.22 1.22 1.23 ==
d, (&) 2.40 2.38 2.38
ds (A) 1.83 1.87 1.82 ©) &
d, (&) 1.83 1.87 1.82
Az, (B) 1.32 1.30 FIG. 13. Charge density contours of salient surface states at the
Az, (R) 1.04 1.02 S point of the SBZ of the staggered,Cgroup reconstructed
C-terminated3-SiC(001)-c(2x 2) surface. The states,, =} , and
®Reference 14. P are drawn in thg/-z plane perpendicular to the surface containing

bReference 15. the G, groups, while ther, state is shown in thg-x surface plane.
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5(e). It also leads to a local minimum of the total energy in IV. SUMMARY
configuration space. The local bonding of thg @roups in

this configuration is practically identical to that of the stag—(le)_ and ¢(2x 2)-reconstructedB-SiC(001) surfaces

gered CQ groups In F.'g' &). The bond length in thg £ Total-energy-minimization calculations have been carried
groups is 1.22 A in this case, as well. The sublayer Si atomgut to determine optimal surface atomic configurations. The
form symmetric Si dimers with a bond length of 2.39 A. As )

shown in Table IV, this configuration SE=0.18 eV higher Stterminated (1) reconstruction shows qnly slight dis-
) ) placements of the Si surface-layer atoms with a bond length
in energy than thes(2X2) staggered @ group configura-

tion. We refrain from showin Pf 2.73 A and an energy gain of 0.01 eV. This reconstruction
. g the surface band structure Ol ehavi ted in vi f the st i
this configuration since it is favored neither by experiment ehavior was Unexpected In View of the strong asymmetric
nor by theory as the optimal configuration. dlme_r r_econstruct_lo_n of the @01).'(.2X 1) _surface. We have
scrutinized the origins of this strikingly different reconstruc-
_ _ ) tion behavior and have given a number of physical reasons
5. Comparison with experimental data for its occurrence. Our surface electronic structure for this
Powerset all! have observed two quantitatively different surface is semiconducting. At the C-terminatedx(p)-
(2% 2) configurations of the C-terminated surface dependingeconstructed surface we find as optimal configuration a
sensitively on the surface preparation method used. Exposirgymmetric G=C dimer row reconstruction with an energy
the SiQ001)-(2x 1) surface to ethylene gd€,H,), they gain of 4.88 eV. The surface carbon atoms form double
arrive at a bond length of 1.25 A between the surface carbohonds with a bond length of 1.36 A very similar to that in
atoms in the G groups. In this case the Si sublayer atomsC,H, molecules and at the (Q01)-(2x 1) surface. The
seem to remain nearly in bulklike positions, not forming SiLDA band structure for this energetically optimal configura-
dimers. When the authdfsprepare the(2x 2) surface by tion is found to be metallic. The respective quasiparticle
annealing of Si@01)-(2x 1), the C atoms form €groups  band structure evaluated within tl&W approximation em-
with a bond length of 1.31 A. In this case the second-layer Sploying the full RPA dielectric matrix, however, is semicon-
atoms have a bond length of 2.71 A which is considerablyducting with an indirect gap of 0.9 eV. Since experiment
smaller than the ideal second-neighbor distance of 3.08 Afavorsc(2x2) configurations for the C-terminated surface,
These experimental results are understandable in view of owve have also energy-optimizedc§2Xx 2) staggered dimer
theoretical results which show very small energy differencesnodel and two models involving triple-bonded, @roups.
between the different (1), (1X2), andc(2X2) struc- The c(2X2) staggered dimer model yields double-bonded
tures(see Table IV but an extremely large energy difference C=C dimers with a bond length of 1.36 A, while both,C
between the ideal and all considered reconstructed configuroup models yield triple-bonded Ggroups in bridge posi-
rations. It is thus conceivable that domains of competingions above the sublayer Si atoms which form symmetric
local reconstructions of the different types discussed abovdimers themselves. The bond lengths of the geoups and
can coexist at the same sample surface depending on tlué the sublayer Si dimers are 1.22 and 2.40 A in the
particular preparation method used and on the local atomic(2x2) staggered ¢ group and 1.22 and 2.39 A in the
composition, as was observed in experim@rit. (1x2) C, group row configurations, respectively. For the
In conclusion of Sec. Ill B, we can state that our structurec(2x 2) staggered & group model the LDA surface band
optimization slightly favors the (1) C dimer row recon- structure exhibits a direct gap of 1.28 eV and it is to be
struction, while experiment seems to favor t{@ X 2) stag- expected that the related quasiparticle surface band structure
gered G group reconstruction. These structural resultsgap will be equal to the quasiparticle bulk gap. Thus also this
should be interpreted in view of the fact that the energymodel is semiconducting. The energy differences among the
differences between the different investigated structures arf@ur C-terminated surfaces investigated are very sithedls
smaller than or equal to 0.3 eV per unit cell, ofibee Table than or equal to 0.3 eMas compared to the very large energy
IV). Concerning the electronic structure, we find that thegain of more than 4.5 eV per ¢21) unit cell that is ob-
guasiparticle surface band structure of thex() dimer row  served for each reconstructed surface relative to the ideal
model is semiconducting with an indirect gap of 0.9 eV. For(1X 1) surface. On the basis of these findings, coexistence of
thec(2X 2) staggered ggroup reconstruction the LDA sur- local domains of different reconstructions at the
face band structure already shows a direct gap of 1.28 e\C-terminated surface is conceivable, a fact which might
which is the projected bulk gap, and it is to be expectedcomplicate an unequivocal surface structure determination in
therefore, that the equivalent quasiparticle surface gap wilexperiment. Our results of the C-terminated surfaces are in
be given by the quasiparticle bulk gap. Both in close general agreement with all other calculations and with
experimert® and in our theoretical results there are noexperiment, although our results favor thex(2) C=C
localized surface states in the gap of {2 X2) staggered dimer row over the experimentally preferre@2x?2) stag-
C, group reconstruction. Since the energy difference begered G group reconstruction by 0.12 eV. Our results for
tween the (1) dimer row and the(2x2) staggered € the Si-terminated surface are in close agreement with the
group models turns out to be only 0.12 eV perx(2) unit  results of a complementagb initio calculation but they are
cell in our results, and since the actual structure of thdn contradiction to experiment and to other calculations. The
C-terminated surface is sensitively dependent on the surfaadiscrepancy between the experimentally determined structure
preparation, one can expect that more detailed work ignd our optimized structure for this surface is very pro-
needed in this area to resolve the remaining small quantitaaounced. More experimental work could be helpful to re-
tive discrepancies. solve the issue. In particular, it would be most helpful if Si-

We have presentedb initio calculations for a variety of
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as well as C-terminated samples could be grown with venfor the staggered £group 3-SiG(001)-c(2X2) structure are
good lateral long-range order and studied by angle-resolveith excellent agreement with the most recent NEXAFS results
photoemission spectroscopy and scanning tunneling microsbtained by J. P. Long, V. M. Bermudez, and D. E. Ramaher
copy or spectroscopy. Certainly, this would yield a wealth of[Phys. Rev. Lett76, 991 (1996].
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  One of us(M.S.) would like to acknowledge support by
comparisons could be very revealing. We are looking for-the Bischdliche Studienfederung Cusanusweif@onn, Ger-
ward to further experimental studies of polgrSiC(001) many). In particular it is our pleasure to acknowledge a fruit-
surfaces and we hope that our results, many of which aréul exchange of ideas and unpublished results with Professor
predictions, will stimulate such future work. H. Jansson and Dr. A.P. Smith from the University of Wash-
Note added in prooffinally, we mention that our results ington at Seattle.
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