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Atomic and electronic structure of B-SiC(001)-(3x 2)

Wenchang Lu, Peter Kger, and Johannes Pollmann
Institut fur Theoretische Physik II-Festkperphysik, UniversitaMunster, Wilhelm-Klemm-StraRe 10, D-48149 dter, Germany
(Received 15 October 1998; revised manuscript received 12 February 1999

A reconstruction model for the cubic SiC(001)X%2) surface, which we call two adlayer asymmetric-
dimer modelTAADM ), is suggested on the basisaif initio pseudopotential total energy and grand canonical
potential calculations. Within this modelyo Si adlayers with a nominal total coverage of one monolayer are
adsorbed on the clean Si-terminated surface. Asymmetric dimers are formed in the top adlayer with a dimer-
bond length of 2.24 A. This reconstruction model overcomes all shortcomings of previous models, such as the
single-dimer-row, alternate-dimer-row, and double-dimer-row models, and it is the most stable structure among
all configurations which we have considered. The calculated surface-band structure, as well as the filled- and
empty-state scanning tunneling microscope images for our TAADM, are in very good agreement with experi-
mental observation$S0163-18209)11227-X

[. INTRODUCTION DDRM cannot explain the observed core-level shifts.
A (3X2) reconstruction pattern can also be explained by
The polar3-SiC(001) surface has attracted much atten-a Si adatom coverag® =1/3. Similar to the DDRM, a
tion both in experimentand theory because of its funda- singlzz—dimer-row model(SDRM) was proposed by Hara
mental interest and technological importance. In experimen€t &l However, this model failed to explain the STM im-

a number of reconstructions has been observed by low29€S discussed by the same authors in a later publi€ation
) . 34 and by Semonet al.” On the basis o&b initio calculations,
energy electron diffractiodLEED),>* Auger electron spec-

35 ha Yan, Smith, and Jussort* proposed a different model, the
troscopy (AES),”™ soft x-ray photoemission SPectroSCOpY gternate-dimer-row modefADRM), for the coverage®

(XP9),”" and scanning tunneling microscoBTM).™  _1/3 |y their results, the ADRM tums out to be energeti-
Many ab '”'“01"’2‘”% emp|r|call7c?glculat|ons have been carriedcq|ly more favorable than the SDRM. We note already at this
out for (2x1),77¢c(4x2),""and (3x2) (Refs. 14 and  point that our calculations yield a significantly different con-
20) structures. In the present paper, we focus on(8%2)  clusion for the relative stability of these two modédee Sec.
reconstruction. l1). The ADRM was adopted by Semored al® to explain
The (3x2) reconstruction is the most widely studied their STM images and height profiles. Their results seem to
member of the fx2) family for the Si-rich 8-SiC(001) support the ADRM in which the asymmetric dimers are ori-
surface. It was confirmed that this reconstruction is formedented along the 3 direction and are tilted in the very same
by adsorption of additional Si atoms on the Si-terminateddirection. This is, however, in conflict with the LEED data.
surface. Haraet al,* using medium-energy ion scattering The 3x direction in the ADRM should be perpendicular to
(MEIS), have shown that the Si coverage decreases in thée 2X direction in the (1) surface, while the LEED
order (3x2)>(5%X2)>(7x2)>c(4X2)~(2x1). In or- pattern shows it to be parallel to the latter direction.
der to explain the (%2) reconstruction, Dayarfirst pro- Here we report results of an extensive study of structural
posed a double-dimer-row modddDRM) in which the Si  and electronic properties of the ¥&)-reconstructed
adlayer atoms form dimer rows with every third dimer row SiC(001) surface. The results of our calculations show that a
missing. This model leads to a Si adatom coverag@of structural model with a coverage @f=1 is energetically
=2/3. Kaplan applied this model to explain his experimen- most favorable. In this structure, however, the adatoms do
tal results and found that the asymmetric dimers may accouritot form a complete monolayer but they are rather distrib-
for the streaking in the LEED pattern along #HeL0] direc-  Uted within two adlayers, as discussed below. Our calculated
tion. He also pointed out that the 8" direction in the ~ OPtmal configuration is in grafifying agreement with a
(3x2) phase is parallel to the “2” direction in the (2x1) ~ Whole body of recent experimental data.

phase. Harat al® adopted the DDRM to explain their STM In Sec. Il, the calculatipnal methpd is.briefly outlined. In
images and arrived at a structure which exhibits an interS€cS: Il IV, and V, we discuss various investigated models

dimer buckling. Molecular-dynamics simulations by Ki- With ©=1/3, 2/3, and 1, respectively. The grand canonical
tabatake and GreeR& employing an empirical Si potential potent|_al for models with these different coverages is com-
as suggested by Tersdff,arrived at the result that the pared in sec. VI and an assessment of the most staple con-
DDRM has the lowest energy. Yeoet al?2 have studied the figuration is made. A summary concludes the paper in Sec.
(3%2) surface using high-resolution core-level photoemis-V”'
sion. Three different Si @ surface components have been
identified with binding-energy shifts of 0.58, —0.92, and
—1.27 eV. The DDRM was adopted by these authors to Ab initio pseudopotential calculations have been carried
explain their results qualitatively. We will show later that the out within local-density approximatidh (LDA) of density-

Il. CALCULATIONAL METHOD
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TABLE |. Decay constant$in atomic unit$ used in our calcu- 9=1/3
lations. SDRM ADRM

Atom Decay constants :;12 o :l: :LZ :ZZ
Surface Si atoms 0.18, 0.5, 1.0 o § e ° odo o

. = dgo = dg
pulk S aoms vl T A A 1A s

Bulk C atoms
Saturating H atoms 0.35 [110]

FIG. 1. Top views of the optimized structures for thex(3)

. . SDRM (left pane) and the (23) ADRM (right pane). Open
functional theoryDFT). Nonlocal, norm-conserving pseudo- circles represent Si substrate-surface layer atoms, solid and shaded

potentials in separable form, as suggested by Kleinman andcjes represent up and down atoms in the adatom dimers, respec-

Bylander?* and ghe exchange-correlation functional of Cep-tiyely. The (3x2) and (2<3) unit cells are indicated by dashed
erley and Alder® as parametrized by Perdew and Zunger, jines.

are employed in our calculations. For the carbon atoms, a

very smooth pseudopotential is used to reduce the numericgiree SiC substrate-surface layers are relaxed to eliminate the
effort.’” The supercell technique with six atomic layers andforces. The structure optimization is stopped when each
six vacuum layers is used to describe the surface system. F@drce is less than I0° Ry/a.u. The modified Broyden
one of the models considered, the most stable TAADM, Wescheme is used in this optimization.

have also calculated, with a supercell including ten atomic STM images are calculated in the framework of the
layers and eight vacuum layers, the results on the structurgersoff-Hamann approaéﬁA p|ane at 1.5 A above the top-
parameters, as well as surface bands which are very similgfost adatoms is selected to represent the charge density
to those with the supercell including six atomic layers andwhich simulates the STM image. We have also calculated
six vacuum layers. The dangling bonds at the bottom of thghe image with a plane at 2.5 A above the topmost adatoms.
slabs in each supercell are saturated by hydrogen atoms fthere is no significant difference between both STM images.
avoid artificial electronic states originating from the ideal Our calculations show that the V0|tage p|ays On|y a minor
surface within the fundamental gap. The wave functions argole in the interpretation of filled- or empty-state STM im-
expanded in terms of linear combinations of Gaussian orbitages for the systems with asymmetric dimers in the top layer.
als withs, p, d, ands* symmetry. For thes,p,d symme-  For example, when the voltage changes from 0.5-2.5 eV, we

try, the Gaussian orbitals are defined as did not find any significant change in the images. We also
, find that the highest occupied surface state and the lowest
Oim(N=NinYim(6,d)r'e ", 1=0,1,2, m=—1I,...| empty surface state dominate the filled- and empty-state im-

(1) ages, respectively. In the following therefore the STM im-
. . ages are simulated with the charge density of a plane at 1.5 A
Whe_reY|m are the spherical harmonics ahtl, are the N0~ above the topmost adatoms and the voltage is chosen such
malized factors. For the* symmetry, the Gaussian orbital is ¢ only the highest occupied or the lowest unoccupied sur-
defined as face state is included.

_ 2,— r2
@sx(r)=Ngr’e™ ", 2 Ill. S| COVERAGE ©=1/3

These ten orbitals form one shell with the decay constant In this section we address models which are based on the
«. Two decay constants, i.e., 20 orbitals per atom, are usea@ssumption that a low coverage of Si atoms is responsible for
for the bulk Si and C atoms. In order to take the spatialthe observed (32) reconstruction of the Si001) surface.
extent of the wave functions into vacuum better into accountWe label the case of 1/3 monolayeffelL) of Si adatoms
three decay constants, i.e., 30 orbitals per atom, are used fadsorbed on the Si-terminateg-SiC(001) surface as®
the substrate-surface Si atoms and Si adatoms. One decayl/3. Top views of the optimized structures as resulting
constant, i.e., 10 orbitals per atom, is used for the saturatinffom our calculations for two different reconstruction models
H atoms. The decay constants are listed in Table I. In ordewith ® =1/3 are shown in Fig. 1. One of these structures
to check if the above basis set is accurate enough, we haw®rresponds to the SDRM eft panel of Fig. 1, as proposed
computed the total-energy difference between the variouby Hara et al,* which is also called added dimer-row
structural models by using larger basis seis to 40 Gauss- model® In this model, the adlayer contains one row of Si
ian orbitals per atom It is found that the error in total en- adatoms for every three possible rows of bulk spacings along
ergy difference is less than 0.1 eV perX2) unit cell. By  the X2 direction(see left panel of Fig.)L The other is the
comparing this error with the large formation energy differ- ADRM (right panel of Fig. 1, which was first proposed by
ence(see Sec. | we can safely conclude that the above Yan, Smith, and Jusson* on the basis of theiab initio
basis set is accurate enough for the present investigation. calculations and was used by Semaal® to explain their

Integrals over the Brillouin zone are performed using theSTM data. In this model, the dimers in the adlayer are ar-
specialkj-point approach. For the (82) unit cell, 16k ranged in an alternate way to form aX3) reconstruction
points in the surface Brillouin zone turn out to be sufficient(i.e., the unit cell is merely turned around by 90° with re-
for good convergence. To obtain the most stable geometrispect to the SDRMand the dimer direction is now parallel
structure, all atoms in the adsorbed Si layers and in the firdo the X 3 direction(see right panel of Fig.)1



PRB 60 ATOMIC AND ELECTRONIC STRUCTURE OFg-. .. 2497

TABLE II. Bond lengths(in A) for the single-dimer-row model 4 2%
(SDRM) and alternate-dimer-row mod¢éADRM). The structure g_DlméI %
parameters are defined in Fig. Az, which is not indicated in Fig. 34, / <
| —

1, is the height difference between up and down atoms in the asym-
metric dimers.

Structure d, d, ds dy Az

Energy (eV)

SDRM: present work 228 270 284 0.54
SDRM: Yanet al. (Ref. 14 ~ 2.65 2.43 2.43 0.00

ADRM: present work 226 248 260 277 0.52
ADRM: Yanet al. (Ref. 149 2.28 2.60 2.75 229 0.52

FIG. 2. Section of electronic surface-band structure of the
SDRM. The projected band structure of the bulk crystal is shown by

The geometric structure for both the SDRM and the . ;
ADRM is optimized by relaxing all atoms in the adlayer andthe shaded areas. The squares, triangles, and circles represent ex-
erimental ARPES data of Lindnet al. (Refs. 28 and 29and of

thos‘? in the topmost three 'substrgte-surface layers. Ol.“lr Ca@'eom et al. (Ref. 30, respectively. The experimental bands have
culations _show that the dimers in the adlayer are hlghlybeen aligned with the calculaté®,, state af” to ease the compari-
asymmetric for_both r_nodels. The structure parameters_for theon between theory and the different experiments.
optimized configurations are listed in Table II. The dimer-
bond length of 2.28 A in the SDRM is characteristic for the  Our calculations show that there is only a slight difference
Si-Si bulk-bond length. The dimer-tilt height of 0.54 A be- in the total energies of these two models with the SDRM
tween up and down atoms in the asymmetric dimers resultbeing 68 meV per & 2 unit celllowerthan the ADRM. This
in a buckling angle of 13.7°. The distances between neighis in conflict with the results obtained by Yan, Smith, and
boring substrate-surface Si atoms=2.70 A andd;=2.84  Jmsson-* They find the ADRM to be much more favorable
A are in the order of the surface-layer bond length at thehan the SDRM with a large difference in total enefgy58
clean Si-terminated Si001) surface? In the ADRM, the eV per (3<2) unit celll. This large deviation results mainly
dimer-bond length of 2.26 A, the dimer-tilt angle of 13.2° from the different optimized structures obtained in the two
and the dimer-tilt height of 0.52 A are very similar to those calculations.
in the SDRM. The distanced, andd; decrease due to the Semondet al® have adopted the ADRM to explain their
adsorption of Si atoms. Finallyl, is very close to the dis- measured height profile of empty-state STM data along the
tance between neighboring Si surface-layer atoms at th& 3 direction. To be in accord with the experimental obser-
clean SiC(001)-(X 1) surfacé? since the two atoms do not vations, the following conditions for the ¢23) reconstruc-
bond to any adatom. The above results indicate that th&on should be satisfied by an appropriate structural model.
dimerization of the adatoms in both models is very similar.First, the dimer direction should be parallel to tk& direc-
The only difference is the lateratrangemenof the dimers.  tion. Second, the dimers should be asymmetric and all
The structure parameters obtained by Yan, Smith, andimers should be tilted in the same direction. The ADRM
Jmnsson* are also listed in Table Il. There are many signifi- satisfies the above mentioned conditions, but is in conflict
cant differences between the results of those authors and wfith LEED dat& and the results of other experimeAt&n
our present calculations. First, for the SDRM symmetricthe one hand, the<3 direction of the (Z3) ADRM is
dimerization was found to be energetically more favorableperpendicular to the  direction of the (2X1) reconstruc-
than asymmetric dimerization in Ref. 14. Their dimer-bondtion [which is formed after annealing the ¥3) surfacé
length of 2.65 A is much larger than the one resulting fromalthough these two directions should be parallel according to
our calculations. Nevertheless, the distance between neigthe LEED data for a single domain surfac®n the other
boring substrate-surface Si atoms is only 2.43 A which ishand, Dayahhas found that adsorption of hydrogen or oxy-
even smaller than the dimer-bond length in their adlayergen on the (X 3) surface will result in a (X 3) reconstruc-
Second, for the ADRM an asymmetric dimer is found in bothtion. The ADRM is in conflict with these observations, as
calculations, but in the results of Yan, Smith, andiskori*  well, since the surface will keep the ¥2) reconstruction
the distanced, is much smallex2.29 A) than in our results after breaking the dimer bond in the adlayer due to adsor-
(2.77 A. In the case of the (21) reconstruction of bates.
the clean Si-terminated S{@01) surface, the dimer- Now we address the electronic properties of the low-
bond length of 2.26 A reported in their publication is signifi- coverage cas® = 1/3. Since the ADRM can be excluded on
cantly different from respective values reported from otherthe basis of experimental resilfsand since it is energeti-
ab initio calculationst®® This deviation is due to differ- cally less favorable than the SDRM in the results of our
ent k|-point samplings employed by the different authors.calculations, we only discuss the band structure of the
While Yan, Smith, and Jwsson* used only one point of  SDRM at this point. A section of the surface-band structure
the surface Brillouin zone, which has been sh&wo be  of the SDRM of SiC(00)-(3x 2) is shown in Fig. 2. The
insufficient for good convergence, we have usedlpoints  projected band structure of the bulk crystal is shown by the
of the surface Brillouin zone. The same reason may accourghaded areas. In the projected band gap, there are several
for the differences between their optimized configuration ofsurface-state bands. The highest occupied surface Bigte
the 3xX 2 surface and ours. and the lowest empty surface stddg,,,, are mainly local-
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ized at the up and down atoms of the dimers in the adlayer, Filled D,,-state image
respectively. The other states in the gap mainly result from
an interaction of the substrate-surface Si orbitals with Si ad-
atom orbitals. There is no overlap in energy betweerlxhe

and Dgyown bands. Therefore the ¢382) surface of the
SDRM is semiconducting with a band gap of roughly 1 eV.
The occurrence of such a large band gap is related to the
strong asymmetry of the dimers as we have pointed out in
our previous work on the missing-row asymmetric-dimer
model of the SiC(001)(4x2) surface® Since there is
only one dimer per (&2) unit cell, the distances between
neighboring dimers are 9.21 A in the3and 6.14 A in the

X 2 direction. These large distances give rise to a relatively
weak dispersion of the surface-state babBdg and D gown,

only. The small dispersion of these bands is the second rea-
son for the large gap. The third reason is, of course, the large
bulk-band gap of cubic SiC. We remind the reader at this
point that the experimental gap is considerably larger than
the theoretical LDA gap, a well-known shortcoming of LDA
calculations.

Experimental results for the surface-band structure as re-
sulting from angle-resolved photoemissiGARPES mea-
surements are also displayed in Fig. 2 by squétes,
triangles?® and circles® We have aligned our calculated
band structure at thE point with the measured band struc-
ture, i.e., with the experimental energy position of g,
state atl". Along theT'-J direction, the calculated surface-

state bandD,;, is in agreement with experiment. The reso-  por the low-coverage case with=1/3 we can draw the
nance band within the projected bulk-band structure reBr  fo|j0wing conclusions:(1) the ADRM can be excluded on
eV, however, is con'_5|derably lower in energy in _the eXperi-the pasis of the LEED(Ref. 5 and other experimental
mental results than in the results of our calculations. Alongesits® as well as on the basis of our total-energy calcula-
theI'-J" direction, there is some agreement between theoryons which reveal that the ADRM is less favorable than the

and experiment but there are also significant deviations bespry, (2) the (3x2) SDRM has not been observed in
tween the calculated and measured bands. The measured digry experiments, an¢B) the dimer direction in the SDRM

persion of theD, band is of the order of 0.5 eV in Ref. 29 s iy conflict with experimental observations in STM

and 0.2 eV in Ref. 30 while our calculations yield an ex-ygfiled. Based on the above conclusions it seems that the

tremely small bandwidth only. We note in passing that thezase@ = 1/3 does not correspond to the systems investigated
band structure of the ADRMhot explicitly shown for short- experiment, at least in the STM measureméntashi-
ness sakeshows even considerably stronger deviations from,gpy et al33 concluded from their RHEED data that they

the data. . . _ were studying back to this point.
Another powerful way to confirm or disprove a certain

model is to address calculated filled- and empty-state STM
images in relation to experimental evidence. For example,
we show in Fig. 3 calculated filleD, state(top panel and Another model compatible with the ¢82) reconstruction
empty Dgyown State (bottom panel STM images for the is the double-dimer-row modéDDRM) with a Si adatom
SDRM. The top view of the structure is also displayed forcoverage of® = 2/3. For every three bulk spacings, there are
clarity sake(see Fig. 1 for referengeSince the surface state two adatom rows and one missing row. This model was first
D, is mainly localized at the up atoms which reside 0.52 Aproposed by Dayarand later adopted by Kaplaand Hara
above the down atoms, only the up atoms are visible in thet al® Within the DDRM there are many possibilities to ar-
filled-state image. Therefore the X&) reconstruction can range the dimers in the adlayer. In order to explain their
clearly be resolved in the filled-state image. In the empty-measured STM images, Haet al® suggested a structure
state image, both the up and down atoms are visible since thgith symmetriadimers of different height, which we label as
empty Dyon State is mainly localized at the down atoms symmetric double-dimer-row modéSDDRM). As configu-
which reside in a lower position than the up atoms. Alongrations with asymmetric dimers are concerned, we show top
the X2 direction, the empty-state image shows twice asviews of four different optimized structures in Fig. 4. In
many spots as the filled-state image. In experinfiéripth  these structures, the asymmetric dimers are arranged in
filled- and empty-state images clearly resolve thx@ re-  layered-antiferromagnetic. AFM) or layered-ferromagnetic
construction. In addition, the experimental empty-state im{LFM) configurations, as proposed by Kapfaor, in zigzag-

age shows two spots with different intensity along the 3 ferromagnetic (ZZFM) or  zigzag-antiferromagnetic
direction. The SDRM fails to explain this finding since the (ZZAFM) configurations, as considered, in addition, in the
dimer direction in the SDRM is along the 2 direction. present paper. Our total-energy calculations show that the

FIG. 3. Calculated filledD,,-state (top panel and empty
D gowrrState(bottom panel STM images for the SDRM. The geom-
etry of the surface is shown by the top vié€see also left panel of
Fig. 1) and the rectangular unit cell is indicated by dashed lines, as
well.

IV. SI COVERAGE 0=2/3
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LAFM-DDRM LFM—-DDRM band in the case of the SDRM fér=1/3 (see Fig. 2 In the
present case o8 =2/3, the highest occupied surface-state
bands are thes; and theS, bands which originate from
interacting orbitals at the Si adatoms and the Si substrate-
surface layer atoms. The strong interaction between neigh-
boring dimers within the unit cells gives rise to a strong
dispersion of thes; band along thd’J andMJ’ directions.
These results are in conflict with recent photoemission data
which show a very flat highest occupied surface-state Band.

The surface-band structures of the other three DDRM'’s
(see Fig. 4 are very similar to that of the ZZFM-DDRM
except for the loss of the twofold degeneracy of the bands
along theM J’ direction.

FIG. 4. Top views of the LAFM, LFM, ZZFM, and ZZAFM We have also calculated filled- and empty-state STM im-
double-dimer-row models witd =2/3. The open circles represent ages for the four DDRM'’s. Since only the up atoms are
Si substrate-surface layer atoms, the solid and shaded circles repwgisible in the filled-state images, zigzag configurations of
sent up and down atoms of the asymmetric dimers in the adlayespots are to be seen in the ZZFM-DDRM and the LAFM-
respectively. DDRM. In the empty-state images, four spots peix(®)

unit cell are obtained for all the investigated DDRM'’s and
SDDRM is not a stable structure since its total energy is 0.9he images seem to show X3) reconstructions. Such a
eV higher than that of the models with asymmetric dimers. reconstruction has never been observed in experiment. From
The total-energy differences between the LAFM, LFM,the above analysis, we can conclude that the discussed
ZZFM, and ZZAFM models in Fig. 4 are less than 0.1 eV DDRM's lack experimental support sin¢g) the band struc-
with the ZZFM configuration constituting the most stable ture of the DDRM’s is not in agreement with the ARPES
structure. In the four configurations, the asymmetric dimerslat&®2°and(2) the calculated STM images are not in accord
have nearly identical structural parameters. Their dimemith the available STM dat&?
length of about 2.3 A, their vertical spacing between up and Yeomet al?* have used a DDRM to explain the three Si
down atoms of about 0.5 A, and their tilt angle of about 13°2p core-level shifts which they have observed. We have cal-
are very similar to the respective values for the asymmetriculated these core-level shifts for SiC(001)x3) as total-
dimers in the SDRM fo® = 1/3, discussed in Sec. lll, and to energy differences between the ground state and the excited
those which we have found for the SiC(00d(4x2)  state with one core electron excited to be a free electron. This
reconstructiort? has been accomplished by construction of appropriate

Let us now discuss the electronic structure of the mospseudopotentials according to the method of Pehlke and
stable ® =2/3 configuration, which is the ZZFM-DDRM Scheffler’ A uniform background of opposite charge is
(see lower left panel of Fig.)4A section of its surface-band added to maintain the charge neutrality. Our results for the
structure is shown in Fig. 5 together with the projected band>DRM are in conflict with the experimental observations.
structure(PBS of the bulk crystal. There are two asymmet- First, asymmetric dimers are found in our optimized configu-
ric dimers per (3 2) unit cell, not arranged in a row within ration and the core-level shifts from the dimer up atoms are
the unit cell but in a staggered configuration, with the samevery different from those of the dimer down atoms. The
tilts in the same direction. Their down atoms give rise to theformer are about-0.7 eV and the latter are abott0.1 eV.
two lowest empty surface-state banﬂéown and Dczjown and In their paper, Yeomet al?? relate one of their observed
their up atoms give rise to the two occupied surface-statghifts (which they labeledS1 and S2, not to be mixed up
bandsD, and D . Interestingly enough, these latter two With our calculated bandS, or S) to the four adatoms in

are not the highest occupied bands, unlike the respebijye the unit cell. Second, our calculations show that the core-
level shifts from all the Si substrate-surface-layer atoms are

very close, and the respective value 0.3 eV is much

4 ZZF‘I\//{{DDRM smaller than the shift§2 (—0.92 e\) andS3 (—1.27 eV}

3 observed in experiment.
— In a molecular-dynamics simulation by Kitabatake and
> Greené? it turned out that the DDRM has the lowest energy
~ 2] but they did not mention how the asymmetric addimers are
> . . . . .
o ar_ranged and_ the authors did not investigate cqnflgurathns
v 11 i with higher Si-adatom coverage. In the next section, we dis-
= S, i cuss the case dd=1, and we will show that it is a very

0 S, — 12 _ 3 important case for the (82)-reconstructed Si001) sur-

oA 7. face.
! r Mo r

V. SI COVERAGE =1
FIG. 5. Section of the surface-band structure of the ZZFM-

DDRM. The projected band structure of the bulk crystal is shown In the present section, we considemadelfor the (3X2)
by the shaded areas. reconstruction with a Si adatom coverage®@& 1. In the
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TAADM(6=1) 4 TAnDA
top view 34,2
%\ —
S’ 2 e |
&
E 1 _'_/;n\\
= D, P

side view FIG. 7. Section of the surface-band structure of the TAADM.
The projected band structure of the bulk crystal is shown by the
shaded areas. The squares, triangles, and circles represent experi-
mental results of Lindnest al. (Refs. 28 and 28and of Yeomet al.
L [110]

[001]

(Ref. 30, respectively. The experimental bands have been aligned
with the calculated,, state atl" to ease the comparison between
theory and the different experiments.

FIG. 6. Top view(top panel and side view(bottom panel of . - .
the TAADM with ®=1. The open circles represent Si substrate-{1ON between the asymmetric dimers in the top adlayer me-

surface layer atoms, the dotted circles indicate Si adatoms in thgiated by the Si atoms in the second adlayer is strong along
second adlayer and full dots, and the shaded circles indicate up afi€ 2 direction. The lowest empty surface-state band, la-

down atoms of the asymmetric dimers in the top adlayer, respecbe|edDaa'WhiCh results from an antibonding combination of
tively. Bond lengths are labeled dswith i=1, . .. 4. the dangling-bond states at the up and down atoms of the top

adlayer dimers, resides near 1.1 eV and has a very weak

optimized structure one adlayer with=2/3 is adsorbed on dispersion, as well. Obviously the surface of our TAADM is
the clean Si-terminated surface, similar to the case of theemiconducting. It has an LDA band gap of 0.82 eV. The
DDRM, but now with symmetric dimers. An additional ad- other two occupied surface-state bargsand S, which re-
layer with ® =1/3 is adsorbed on top of the double-dimer side in energy between the banidg andDi are similar to
rows of the former adlayer. We label these adlayers countethe respectives; andS, bands of the DDRM'’s discussed in
from the top of the adsorbate system the first and the secor8ec. IV. The strong dispersion of these two bands along the
adlayer, respectively. The adatoms in the fii@t top ad- T'J direction is due to the strong interaction between the
layer saturate the dangling bonds of the adatoms in the sedouble-dimer rows in the first adlayer. The dimer-bond
ond adlayer and they form asymmetric dimers. We call thidength ofd,=2.41 A in the TAADM is much smaller than
model the two-adlayer asymmetric-dimer modERADM).  the respective value of 2.73 A found in the case of the clean
A top and a side view of our optimized structure are showrSi-terminated SiC(001)-(21) surface'?
in Fig. 6. In the top adlayer, the asymmetric dimer-bond The experimental results for the surface-band structure
lengthd, is 2.24 A, comparable with the dimer-bond length resulting from angle-resolved photoemissi®tRPES mea-
in the top layer of the Si(001(2Xx 1) surface. The height surements, which we have already addressed in the context
difference of 0.50 A between the up and down atoms of thesef Fig. 2, are also displayed in Fig. 7 by squafés,
asymmetric dimers leads to a tilt angle of 12.8°. The lengthsriangles?® and circles® aligned with the measured band
d, andd; of the symmetric dimers in the second adlayer arestructure as in Fig. 2. Along thié-J direction, the calculated
2.37 and 2.38 A and the length, in the substrate-surface surface-state band3, and Di are now in good agreement
layer is 2.41 A. All these bond lengths are of the order of awith experiment. Along th&-J’ direction, theD,, band is in
typical Si-Si bulk-bond length. very good account with the data. As to the other measured

A section of the electronic surface-band structure isband between-0.4 and—0.8 eV, most of it is in close
shown in Fig. 7 together with the projected band structure oficcord with our calculated bands. Only the relation between
the bulk crystal. The experimentally observed surface bandmeasured and calculated bands is somewhat more subtle.
are also shown in the figure by squafgriangles?® and  This could be related to the fact that it might be difficult to
circles® The bonds in the asymmetric dimers give rise to theresolve the bands in this energy akg region while our
dimer-bond bandDi, similar to the case of the @01)- theoretical results clearly resolve three baBgsS,, andDi.
(2x1) surface®® The highest occupied surface-state band,Summarizing these results of the comparison, we note that
which we labelDy,, results from the bonding combination of our calculated surface-state bands are in very gratifying
the dangling-bond states at the up and down atoms of thagreement with available ARPES d&t&?
dimers in the top adlayer. Since the distances between neigh- Calculated filledD - and emptyD ,-state STM images of
boring dimers in the top adlayer are 9.21 A in the 3lirec-  the TAADM are shown in Fig. 8. A top view of the opti-
tion and 6.14 A in thex 2 direction, the dangling-bond band mized structure is also shown in the figure for convenience
D, is very flat along thd'-J line and has a width of only (see Fig. 6 for referengeWe can see very clearly that the
0.37 eV along thd™-J’ line. One reason for the dispersion of (3X2) reconstruction can be resolved in both the filled- and
this band along th&'-J’ line lies in the fact that the interac- empty-state images. In the filled-state image, one oval spot is
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Bl Dy g TAADM: D, state || TAADM: D, state

FIG. 9. Charge-density contours of the highest occupied state
Dy, (upper left panel the lowest empty state , (upper right panel
for the TAADM, the highest occupied stal,, (lower left pane),
and the lowest empty statBy,,, (Iower right panel for the
SDRM.

FIG. 8. Calculated filledD-state (top panel and empty
D ,-state(bottom panel STM images for the TAAM. The geometry
of the surface is shown by the top vieisee also Fig. band the
rectangular unit cell is indicated by dashed lines, as well.

in the empty-state STM imagsee Fig. 8 Since the charge
observed in each (82) unit cell. The long axis of the oval density around the up atom is larger than that around the
spot is along the & direction. The shape of the spot is down atom, the bright spot in the STM image is from the up
different from the results for the (82) SDRM which we atom and the dark image from the down atom. This is in
have analyzed in the case ©f=1/3 (see Sec. Il for com- contrast to the SDRM in which the bright spot is from the
parison, as well as, for the missing-row asymmetric-dimer down atom since th® ., state is mainly localized at the
(MRAD) model of thec(4x2) reconstructiort? although  down atoms.
the spots originate from the asymmetric Si addimers in all Since the dimer arrangement in the top adlayer of the
these cases. First, in the present case the tilt angle of 12.8° TAADM is the same as in the ADRM which was adopted by
slightly smaller than the value of 13.7° in the other two Semondet al.® we can explain the three observed types of
cases. Second, the highest occupied state is not only locelefects, as well as, the ADRM. Here we use the same labels
ized at the up but also at the down atoms, a feature thaas in the literaturé.For the “missing-dimer defect(type
differs from the respective bands in the SDRM and theA), the periodicity in thex 2 direction is not changed except
MRAD model. This oval spot splits into two lobes with dif- for one dimer missing. For the “dimer-pair defecttype B),
ferent intensity in the empty-state image. These results are ihe periodicity in X2 direction shifts by one nearest-
very good agreement with the experimental findings of Seneighbor spacing. The type-C defect may be caused by dif-
mond et al® The two spots along the>3 direction are re- ferent tilting directions of the asymmetric dimers or by a
lated to the up and down atoms in the asymmetric dimers oflimer shift along the X direction. In the latter case, one
the top adlayer. The high-intensity spot originates from thedouble dimer in the second adlayer also shifts along the same
up atoms and the low-intensity spot originates from the dowrdirection. The feature of disorder in the empty-state image
atoms. Since the dimer direction in the top adlayer is alongbserved by Harat al® may be due to the fact that there are
the 3x direction, the height profile observed in STM too many type-C defects in the surface. In their experiment,
experiment$is easily intelligible. only one bright spot is observed per unit cell.

To make the different features of the STM images of the  Yoshinobu et al®* have investigated the dependence
TAADM and SDRM more transparent, we show charge-of the surface-structure transition on the amount of thel§i
density contours of the highest occupied and lowest unoccudose by RHEED. They found that the amount of theHgi
pied surface states in Fig. 9. In the SDRM, as we havelose required for the transition of the C-terminated
pointed out in Sec. lll, thd ,, state is mainly localized at c(2%x2) surface to the Si-rich (82) surface was approxi-
the up atom as can clearly be seen in the lower left panel ofnately 1.36 times as large as the dose necessary to induce
Fig. 9. Therefore a spherical distribution is obtained for thethe c(2X2) to (2X 1) transition. Based on the assumption
filled-state STM image of the SDRNkee Fig. 3 for refer- that the (2<1) and thec(4X2) surfaces are related to the
ence. Comparing the upper left with the lower left panel of clean Si-terminated surface, there should be 1/3 monolayers
Fig. 9, we observe an important difference between thef Si adatoms adsorbed on the clean surface. As we have
SDRM and the TAADM. In the latter, the stalBg, originates  pointed out in our previous study,the c(4x 2) reconstruc-
not only from the up atom but also from the down atom. Thistion is stabilized by adsorption of half a monolayer of Si
results in an oval distribution in the filled-state STM image adatoms on top of the clean surface. We have shown as well
of the TAADM. For theD, state of the TAADM, two dis- that a (2<1) structure exists at this coverage. Taking this
tinguishable parts localized at the up and down atoms, reinto account, the transition from the C-terminate@ X 2)
spectively, are observed. This feature leads to the two spotructure to the (X1) structure requires 1.5 monolayers of
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Si, while the transition fromc(2Xx2) to the (3x2) de- 1 '
scribed by the TAADM requires 2 monolayers of Si. The Clean SiC(001)—(1x1)
ratio of 2/1.5=1.33 is in good agreement with experiméht.
Dayar? and Haraet al** observed a phase transition from
the (3X2) to a (3x1) surface by exposing the §32) sur-
face to hydrogen at room temperature. An opposite phase
transition from the (X 1) to the (3x2) surface occurs
when the substrate temperature is raised to 1000°C. The
hydrogen-induced phase transition can occur in two different
ways. If the dimers were broken by hydrogen termination,
each Si atom in a dimer would be terminated by two hydro-
gen atoms saturating its two dangling bonds. In our
TAADM, the surface keeps its (82) reconstruction since
the dimerization is along the >3 direction. This is not in
accord with the experimental observation. The other way is
the abstraction of Si atoms due to hydrogen, i.e., Si and H FiG. 10. Grand canonical potential perX2) unit cell for the
atoms form the gas phase of Sildr of SLHg. In this way,  different structures investigated in this work.
the amount of Si atoms at the surface is different before and
after the phase transition. The reversible phase transition ob- VI. GRAND CANONICAL POTENTIAL

served. in experi_meﬁ? can .be understood in the following The comparison of grand canonical potentials of struc-
way. First, the Si adato”.‘s in the top adlayer of the TAADMtures with different stoichiometries or different adatom cov-
are abstracted by exposing the surface to hydrogen. The sy rages is a very powerful means to arrive theoretically at
face shows a metastable X2) DDRM. Second, the hydro- i a| surface “structures. As suggested by Qian, Martin,
gen atoms saturate all dangling bonds of the adatoms in the,§ chad® as well as by Northrup and Froyéhthe dif-
second adlayer and the dimers are broken. The surface th¢grence of the grand canonical potentials of competing struc-

shows a H-induced (81) reconstruction. By raising the tyres with different Si adatom coverages and that of the clean
substrate temperature, the H atoms are desorbed and the sg§-terminated surface can be written as

face transforms into the metastable(3) DDRM. The lat-
ter, as well as the (8 2) TAADM, may be indistinguishable AQ=E—Ey—An- us;,
without careful LEED-IV data. Therefore a reversible phase
transition is observed. STM measurements before and aftavhereE andE, are the total energies of the considered re-
hydrogenation would be helpful to better understand thisonstructed structure and the clean surface, respectidely.
process. From our analysis, the STM images should be difis the number of Si adatoms per unit cell apd; is the
ferent before and after hydrogenation. chemical potential of atomic Si with an upper limit of
Our calculations of Si @ core-level shifts for the Hsibuiy @nd a lower limit ofugpy i —AH¢. For the value
TAADM give the following results. For the up atoms of the Of wusjpuiy, We use a computed value ef7.91 Ry in ac-
asymmetric dimers in the top adlayer the core-level shift iscordance with the employed pseudopotential. For the plot,
—0.65 eV. For the down atoms, it is oni0.08 eV. This we have used the measured heat of formatidt; of bulk
indicates that the core levels of the down atoms may overlag-SiC of 0.72 e\?’
in energy with the bulk core levels although their bonding The grand canonical potentials for the different structures
character is different. We fine-0.56 and— 0.28 eV for the investigated in this work are shown in Fig. 10 as a function
second-adlayer atoms which are bonded to the up and dowef the chemical potentigks;. Quite obviously, all structural
atoms of the top-adlayer Si atoms, respectively. Themnodels containing Si adatoms are more stable than the clean
substrate-surface layer atoms show a core-level shift@B  ideal SiC(001)-(Xx 1) surface for almost the complete al-
ev. lowed range of the chemical potential. Throughout the entire
The discrepancy between our results and experiment magllowed range ofus;, the grand canonical potential of the
have one or more of the following reasoii$} different pro- TAADM with ®=1 is lowest in energy. This clearly indi-
cedures for fitting the experimental data may give rise tocates that the TAADM is the most stable model of all con-
different results. In the raw data of the spedfsae Fig. 2 of sidered structures. In the case ©=2/3, the symmetric-
Ref. 22, only the pealSl is obvious but the other two peaks dimer structure is not favorable as compared to the
S2 andS3 are very weak(2) the sample used in experiment asymmetric-dimer structures. Since the total energies of the
may not have been perfect. The surface may be a mixture dbur possible models fo® =2/3 are very close, we show
regions reconstructed according to the most stable TAADMhem by one representative line labeled DDRM-A. In the
and to the metastable DDRM and SDRK8) our calcula- upper limit of ug;, the DDRM’s are more stable than the
tions of the core-level shifts may not be accurate enough, an8DRM, while the opposite is true in the lower limit pf; .
(4) or our model does not correctly describe the surface in- To shed some light on the questiatnythe TAADM with
vestigated in the experiment. STM and core-level photoemis® =1 is the most stable structure, it is very revealing to
sion investigations of the very same sample may be necesount the number of dangling bonds in the different struc-
sary before one can convincingly assess the reatZB  tures. In the TAADM, there are only two dangling bonds per
configuration. (3% 2) surface unit cell. One is localized at the up atom and

Msioung— AHe Mg — HMsi(bulk)
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the other one at the down atom of the dimers in the topcell localized at the atoms in the top adlayer. From the analy-
adlayer. All bonds from atoms in the second adlayer and irsis of the grand canonical potential, we find that this struc-
the substrate-surface layer are saturated by adatoms or lyre is the most stable one in the entire allowed range of the
dimerization. In the SDRM, there are also two danglingchemical potentialus;. The calculated surface-band struc-
bonds per surface unit cell localized at the adatoms. But inure, as well as the fille®,- and emptyD ,-state STM im-
this case, the surface-layer atoms do not form real dimerages are in very good agreement with STM, as well as
with a correspondingly short dimer-bond length but theyARPES dat&:*?82°The existence of the three types of de-
only move a little bit towards each other. In the DDRM’s, fects observed in STM experimehtsan be rationalized
there are four dangling bonds per unit cell localized at thewithin this model. The adatom covera@e=1 is also com-
top layer adatoms. Therefore these models are energeticalpatible with RHEED datd®
less favorable than the TAADM. In the case o® =2/3, the double-dimer-row models fail

In order to investigate the effect of an increase of the Sto be in accord with the measured surface-band structure and
coverage beyond that of the TAADM we have also studiedSTM images observed in experiment. The strong interaction
the case o®=1.33 ML. This structure turns out to be less between the dimer rows results in a strong dispersion of the
stable than the (82) TAADM in the whole range of the surface bands along tH&-J line.
allowed Si chemical potential. Therefore the X3) In the case o =1/3, two models, the single-dimer-row
TAADM is the fully Si-saturated surface within the frame- and the alternate-dimer-row model are investigated. The
work of our calculations. This is in agreement with the ex-ADRM can be excluded on the basis of LEBRs well as

perimental observation. other experimental datand our total-energy results which
also show that the ADRM is less favorable than the SDRM.
VIl. SUMMARY The latter model fails to explain the measured STM images,

. ) . ) especially the two spots per unit cell along the 8lirection
We have investigated a number of Si-adatom induceg, the emptyD 4o, rState STM image. Since the dimer in the

(3x2) reconstructions of cubic S{G01). Based on the re-  gprw is parallel to thex 2 direction, the empty-state STM
sults of our calculations, a model containing two Si adIayerqmage shows two spots along the2 direction.

with asymmetric dimers in the top adlayer, the TAADM, is | conclusion, our proposed two adlayer asymmetric-

suggested in orde_r to explgin the experimentally observe_gimer model TAADM ) with © = 1, is the most stablégx 2)

(3x2) reconstruction of this surface. The coverage of Sigconstruction among all the structures which we have con-
adatoms in our most stable modelds=1. Nevertheless, the  gjgered. This model is in very good accord with experimental
structure does not simply consist of an adsorbed Si MONOARPES and STM data. In addition, it can be successfully
layer. Instead, two adlayers, each with a nominal coveraggseq to rationalize the occurrence of three types of surface

less than 1, are adsorbed on the clean Si-terminate®8IC  jefects, as well as the disorder features observed in empty-
surface. The first adsorbed adlayer, i.e., the top layer of thgi5e STM images.

system, contains 1/3 of a Si monolayer and the second ad-

sorbed layer contains 2/3 of a Si monolayer. In eg&k?2) ACKNOWLEDGMENTS
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