PHYSICAL REVIEW B VOLUME 57, NUMBER 7 15 FEBRUARY 1998-I

Ab initio studies of the(100), (110, and (111) surfaces of CoSj
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Based on the ultrasoft pseudopotential technique of the Viabnaitio simulation package, we performed
ab initio calculations for th€100), (110, and(111) surfaces of CoSiwithin the framework of the generalized
gradient approximation. Surface energies were derived from the total energies as well as estimated from simple
models. Relaxed surface geometries were determined for tRe ] surfaces by force minimization. For the
(100) surface a proposeq2x 2 reconstruction was investigated that, however, is not stable. Energetical
results as well as simulated scanning tunneling images strongly indicate that the reconstruction does not exist.
The band structures show a number of surface states, in particular, in gaps of the projected bulk bands at and
above Fermi energy for th@00) and (110 surface. For the Si-Co-Si terminatétill) surface, however, only
two Si-like surface bands are found. Some surface states are analyzed in terms of density contours revealing
covalent Co-Si bonding and coupling to deeper layers. Work functions are also provided.
[S0163-1828)01307-1

. INTRODUCTION to Vanderbilt!>!® Because of the concept of augmentation
charge densities this particular pseudopotential technique can
CoSj, is of interest for the design of microelectronic also successfully be used for the treatment of, e.g.,
devices because it can be grown on Si or even forms buriedBd-transition metals, compountfsand their surfacés and
layers in Si. Due to the small lattice mismatch, well-definedeven for magnetic systems in a spinpolarized ver&fdbue
interface$ of semiconducting Si to conducting CeSian be  to the augmentation correction formal complications arise,
formed. The compound Cosghas a low specific resistance at when compared to standard normconserving pseudopotential
room temperature and provides a large mean free path aéchniques. However, these disadvantages are by far out-
about 12 nm for the electrons. Therefore, Go&n be ap- weighed by the substantial reduction in basis size and im-
plied as the conducting part of metal-base and permeablgroved transferability of the pseudopotentials. Therefore, for

base transistotsand is set to replace TiSas primary sili-  our calculations a reasonably small energy cutoff of 200 eV
cide in CMOS devices in the future. yields converged results.
In particular the interfaces of Co%1L00)/Si(100) and For the actual derivation of the ultrasoft pseudopotentials

CoSi(111)/Si(111) were experimentally studiéd.In Ref.  the atomic cutoff radii were 2.7 a.u. for Gbeing the same
4 a/2x 2 reconstruction for thé100) surface is proposed for s, p, andd state$, and 2.5 a.u. for Sig andp state$.
on the basis of scanning tunneling microscopy data measurékhe atomic configurationsd$4s*4p° for Co and 323p? for
for epitaxially grown CoSi. However, more recent studies Si were chosen. Partial core correctibneere introduced to
(e.g., Refs. 7—Bclaim that the(100) surface is covered by Si enable a proper treatment of the nonlinear dependence of the
adlayers because Co diffuses into the material. exchange correlation functional on the ground-state charge
Surprisingly, for the clean surfaces there are hardly anglensity. These choices yield reliable pseudopotentials which
experimental data to be found, although for studying interwere tested in Cogibulk studies:*
faces a profound knowledge of the clean surfaces is certainly Thek points in the irreducible part of the Brillouin zone
of value. Furthermore, the strongly covalent bonding be{IBZ) were constructed according to a speclaipoint
tween Co and Si let one expect interesting surface states ateichnique'®® The number ok points was considered to be
related features. Also, there is only one extensive, very reconverged when the atomic relaxations were varying by less
centab initio study of the clear(110 surfacé® available. than 0.01 A.
Therefore, we believe it is important to investigate the struc- By using Monkhorst's schema 7x 7x 1-grid was used
tural, energetical and electronic structural properties of theesulting in 10, 16, and & points in the irreducible part of
most important CoSisurfaces. the Brillouin zone for the(100), (110, and (111) surfaces,
correspondingly. Furthermore, &% X 1 grid was designed
for the more expensive reconstruction study of tb@0) sur-
face yielding 6k vectors in the IBZ. For the bulk reference,
For all the calculations the Viennab initio simulation a 7xX7Xx7 grid was constructed, which corresponds tok44
packagé! (VASP) was applied. VASP is based on the itera- points in the IBZ. All VASP calculations were performed
tive diagonalization of the Kohn-Sham Hamiltonian in a within the framework of the generalized gradient approxima-
plane wave basis using ultrasoft pseudopotentials accordirtipn (GGA) of Becke and Perdef because of the good

Il. COMPUTATIONAL DETAILS
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i 100 Si terminated, b(100)
he atomic arrangements for the cl€EB0), (110, and(111) surfaces of CoSi (a) (100
FIG. 1. Top view of the atom
Co terminated(c) (110, (d) (112).

o liminary studies of adlayers
in the surface plane. For pre inits plus
i i ata for bulk propertfes. size ler slab of two CoSinits p
agreement with expenm%ntlil eduilibrium lattice spacing ofon the(100) surface, atsg]alossible hollow positions was con-
Jherefore, the CaICuflatet(rj1 lrj)resgnt calculations using GGAunrelaxed adlayers in two p
s taken for the i- d. der
?ﬁ3a5<§)dﬁovr\:aLDA calculations were perfcgmsdI:;;Egne)é??rr:esmli?éire 1 shows top views ofhthe tr:rr]iepfsgzct?jlkusr;ack-
K latti ter of 5.365 A. Re : e preferred to choose
mental bulk lattice parame hieved bytudy. Because we pre A r theé100)
atomic positions of the two topmost layers was ac );Sngs with stoichiometric Co?luggltiz,s th]?a)sggdfoj(b)]é The
inimizati i ac . 10
force minmzation. ly periodic slabs with proper size of thecase has two qlﬁerefn;tz?crhiometfi c CqSayers with just
Threedimensionaly be tructed for the surface studies. Th@10) slab consists 0 1(0)]. As discussed in the paper for
ehosen’ regllon Werseo(f:ct)rT: slabs for the(l) calculations of  one typ? of Sfugscgzvlg.differént terminations would be pcis-
chosen thicknesse ds to seven sto-the (111) surface, leulations 8= well as
face corresponds i i as a result from our calculations as \
the (100, (110), and(111) sur _ r stacking se- sible. However, a re -Co-Si terminatiofiFig,
ichi i j uni ding to the prope : imental finding$the Si-Co-Si
ichiometric CoSj units accor truction from experime . :
S¢fx y2 reconstru - i ost interesting one.
oplags |n)ordefr tce) Stt#gycsrfergggnig \él—ab was doubled inl(d)] is the stable and m
of the (100) surface,
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Due to the polar nature of tH&00) slab and the repeated- TABLE |. Calculated cleavage energi&.=y;+y, (Jm ?)
slab construction one has to take into account artificiafor CoSi per surface area. Quantitieg,y, denote surface ener-
dipole-dipole interactions in the direction of the surface nor-gies of both surfaces of corresponding stoichiometric slabs. Results
mal. From test calculations deriving the dipole moment ofof LDA and GGA calculations for bulk-terminated atomic positions
the slab it was found that for a vacuum region of 6 bulk (bulk), and GGA values for relaxed geometrieslax). Surface area

spacings the dipole-dipole energy was negligibly small A in units of bulk lattice parametesg.
(=<1 wueV). The precision of the calculation of the dipole

moment was checked by calculating the dipole moments of LDA GGA
hydrogen-halogenide molecules, for which we found excel- A G¢(bulk) G.(bulk) G(relax)
lent agreement with experinjeﬁt.We also §tudied the de- 19 1/2 5.96 4.13 4.02
pen.dency.of surface reIaxauons on the size of the vacuuny 112 4.62 294 287
region which was chosen sufficiently large, so that the Si- ;4 J3/4 4.34 218 1.96

terminated surface is decoupled from the Co-terminated one
across the vacuum.

faces are considered, because in most cases measurements

lll. STRUCTURE AND ENERGETICS were done on surfaces with additional Si adlayers, e.g., in
Ref. 6.

Table | shows cleavage energies for the three main orien-

The (100, (110, and (111) surfaces were modeled by tations derived from local-density approximatidrDA) and
slabs of perfect CoSistoichiometry and proper stacking in generalized gradient approximati¢GGA) calculations. As
order to avoid problems with stacking faults and definitionsit is customary, the given values are actually energies per
of surface energie®r cleavage energies, ratheCleaving a  surface area, the size of the area varying according to the
single crystal of a compound leads to two surfaces that, deable. The values o6, for the (100) surface are the largest
pending on the orientation of the cleaving plane, are differenbnes, and the data foi111) the smallest. Obviously, the
concerning the compositions or geometry of the surface layt DA-derived results are substantially larger than the GGA
ers. This is the case for CgS(100, because cleaving pro- values[e.g., for(111) more than a factor of Pdemonstrating
duces a Co terminated and g Srminated blockFigs. {a  the LDA effect of stronger binding compared to the GGA.

A. Surface energetics

and Xb)]. The cleavage energg. can be written as Furthermore, GGA yields much larger differencesGf for
the (110 and (111) surfaces. The LDA value for the110)
Ge=71t72, D case is about 0.2 eV larger than the result of a very realent

being the sum of two different surface energjgsandy,. In initio study based on the full-g)otential linearized augmented
. 1 .
general, the surface energies cannot be obtained for ead@ne-wave metho@LAPW).™ Such a difference of cleav-
surface separately. age energies might be due to the applied two diffedent
For slab calculations3, can be directly evaluated from SPac€ sampling methods although results for bulk ¢oSi

the difference of the total enerds{n,) for a slab withn, ~ Were in excellent agreemetitin the latter study, however,

stoichiometric units stacked properly along the surface nor@!l numerical parameters could be absolutely converged,

mal, and the total energy of the corresponding bulk referenchich—due to the computational costs—is not the case for
Epuic the surface studies. In our present stuBly,, was derived

from bulk calculations with the same stacking as the corre-
Gc(slab =Egdny) — NyEpuik- 2 sponding slab for the surface.
Relaxation of surface geometridast column of Table)l
For the symmetri¢110) surface of CoSi[Fig. 1(c)], the leads to a reduction d&. by 0.11, 0.07, and 0.22 J A for
surface energy is uniquely defined by=G./2. For the the(100), (110, and(11]) surfaces, correspondingly. For the
(111) surface, the stoichiometric stacking unit consists of ong100) surface, the relaxation of the Co-terminated surface of
Co and two different Si planes, offering now two different 0.09 Jm? dominates the relaxation of the Si-terminated
cleavage plands-ig. 1(d)], namely,(i) either between two Si case. For th¢l11) orientation, the relaxation energy is by far
planes or(ii) separating a Co-terminated block from a block the largest because the Si surface layer is strongly pulled
terminated by two Si layers. Terminatidi) consists of a inwards by 0.16 A(see Table IV.
trilayer termination Si-Co-Si with one Si layer on top, and CoSh is considered to be a material with distinct covalent
yields two identical surfaces of the slab. The second termibonding as is also plausible studying the bulk density of
nation (ii) will result in a slab with two different surfaces, state&® in which bonding and antibonding features are dis-
namely, one with two terminating Si layers, and the othertinctly separated, creating a pseudogap about 1 eV above the
one consisting of a pure Co layer. Experimentally, it seemd-ermi energy. Because of that property, one might be
now clear(Refs. 22—2%that termination(i) is preferred for tempted to describe the cleaving process in terms of breaking
the clean(111) surface. In accordance with these experimen-bonds.
tal findings from our calculated cleavage energies we learn For that purpose, we apply a simple model by breaking up
that termination(ii) is much more costly because Gf(ii) the corresponding bulk total energies in bond energies acting
~2XG(i) for the cleavage energies of the correspondingoetween the nearest-neighbor atoms. First, the, Caystal
terminations. For that reasons, all following discussions foistructure of CoSiis decomposed into three fcc lattices, the
CoSi(111) refer to the case of the Si-Co-Si termination.Co and Sj, Si, sublattices with the lattice parameter of bulk
Care must be taken when experimental data(idrl) sur- CoSh. We define now the energy per Co-Co bond and per
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TABLE 1l. Lengths dag in A and energiesE,g in eV for TABLE Ill. Cleavage energies in eV of CoSiCalculated for
nearest-neighbor bonds between atonandB for CoSh. Eag is the unrelaxed slabs[G.(slab)], from broken bulk bonds
derived from cohesion energies and energies of formation as déGﬁﬁ(bond)], and as the difference of cohesive energies of mo-
scribed in the text. Results of GGA and LDA calculations., $i, nounits and bulf G.(mono)]. For further details, see text. All val-
refer to different fcc Si sublattices. Last four columns: nearest-ues are derived from GGA results and for the bulk lattice parameter
neighbor bulk coordinatiof, and numbers of broken bonds for the of 5.350 A.
given surface orientation. For each of the two Si sublattices there
are 12 bonds. The considerédl]) surface is generated by cleaving Slab Bond Mono
the crystal between two Si layers.

100 3.69 4.00 3.84
Bond GGA LDA Broken bonds 110 3.71 4.66 4.46
A-B das Eag Eag C 100 110 111 111 1.69 2.64 213
Co-Si 2.32 0.83 1.02 8 4 2 1
Si-Si, 268 063 070 6 2 4 3 Table 1Il comparesG®f(bond) to the cleavage energies

Si-Si, 378 034 043 %12 8 12 6 G.(slab) derived from slab calculations. These values are
Co-Co 378 017 023 12 4 6 3 now not divided by the surface area. The valueSgfslab)

for the (100) and (110 slab are rather similar. The value for
(111), however, is substantially lower. Apart from the actual
Si;-Siy, Sk-Si, bond by the corresponding cohesive energiessize, a comparable sequence of values is found for
divided by 6 because of the fcc coordination of 12 nearest;gff(bond), which—by construction according to BE§)—
neighbors. are interpreted easily: for both, th#00) and(110) surface,

In the next step, the two Si sublattices are put togethethe sum of the strong Co-Si and;S8i, broken bonds is
spanning the Silattice with empty Co sites. We assume now n,,=6, and, therefore, the cleavage energies are closer to
that the gain in binding energy is exclusively due to theeach other than to the value for ttl1) surface. Inspecting
formation of Si-Si, bonds without any change of energies of the (111) surface much less bonds are broken, in particular,
the already existing bonds. Then, the bond energy pS8i  only one Co-Si bond, and therefore much less energy is lost.
is the formation energy divided by 6, the number of nearestompared tdG,(slab) the cleavage energi%ﬁ(bond) are
neighbors in the $+S|2 lattice. Fina”y, Co is added to §| |arger by 0.3-1 eV’ and the values for t(ﬁ)o) and (110)
and by assuming that all energy gain is due to the formatioRrface are different by 0.7 eV. Having in mind the rather
of the newly formed Co-Si bonds, the energy of these bondgomplex bonding of the CoSicompound(three different
is derived from the corresponding formation energy now di-nearest neighbor environments and two different types of
vided by 8, because Co is in the center of a cube of Si atomgtomg  when compared to the simple situation of
Following this prescription, the bond energies of Table Il are4q_transition metals, the receipe of Methfessehl. seems
obtained fromab initio total energies of LDA and GGA (easonable. Even some refinement might be pos§ibip
calculations. Table Il reveals that comparable in strength 193¢) of Ref. 26, which requires some trend studies. How-
the shortest and strongest bond, the Co-Si bond, is thgyer, in contrast to the procedure of Ref. 26, which recom-
Siy-Si, bond. The longer $i-Si; , bonds of the fcc sublat-  mends the non-spin-polarized atomic ground state for the
tices are weaker by about a factor of 2. The Co-Co bongree atoms as a reference for the cohesive energies, we have
strength is rather small because the corresponding bongdken into account the spin-polarized atomic energies. Our
length is stretched by about a factor 1.6 compared to thgrgument is that because of the substantial gain in spin-
Co-Co distances of its fcc bulk ground state. polarization energy of 1.29 eV for the free Co atom, the

Table Il lists the numbers of bonds,g broken by the  Co-Co bond energy of 0.17 efable 1l) is much lower than
cleavage process together with the bond enerfligs de-  the one derived from the cohesive energy with a nonmag-
rived from cohesive energies and energies of formation. Ifetic atom as a reference; consequently, the values for
we assume the ;implest possible model that the cleavaqgﬁff(bond) would then be even larger. Spin polarization of
energy G(bond) is given by the number of broken bonds he sj atom is of lesser influence because of the smaller
and the unchanged bond energies, spin-polarization energy gain of 0.75 eV. The remaining

bond energies for Co-Si and;S6i, are derived from forma-
tion energies based on nonmagnetic bulk phases. Therefore,
Gc(bon@=% NagEas, (3 they are not influenced by atomic ground states.

A further model for the cleavage energy was constructed

by deriving the cohesive energies of the stoichiometric €oSi

pared to the values of the column “bond” in Table III. How- Monounits, which—when properly stacked—build up the
ever, as extensively studied by Methfessell 2 for sur-  SIabs, consisting of two, one, and three layers for(#@),
faces of 4l-transition metals, the energies of the breaking(119, and(111) orientations, respectively. _

bonds are reduced when the coordination numBeis By taking the difference of cohesive energies of mo-
changed. Then for larger values &, effective bond nou_nlts and the bulk reference Bf,(bulk)=18.29 eV, we
strengthf,‘?\féw 1/2E 55 should be inserted in E@3). Apply- derive a cleavage enerdyc(mono) by

ing this prescription the values f@ﬁ”(bond) in Table IlI

were derived. G.(mono = E.,{ mong — E,(bulk). 4

then we obtain values that are larger by a factor of 2 com
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TABLE IV. Relaxations in A of atomic positions in the surface- we could neither find the proposed reconstruction nor cor-

(S) and subsurfaceS(—1) layers for CoSi surfaces of (k1) ge-  roborate the proposed STM images. The results of the STM

ometry. Experimental data frofa) Ref. 5 and(b) Ref. 6.(100-Co  sjmulation will be discussed in Sec. Il C.

for Co-terminated and100)-Si for Si-terminated100 surface. For the reconstruction study we designed a suitable super-

cell with \2x 2 periodicity. Surface atoms were relaxed

statically after the squares of Si atoms were contracted as

GGA-Calc. Expt.(@ Expt. (b)

layer _atom 4y Az Az Az much as 0.23 A along the diagonal of the squares. In all
100-Co @©) Co —-0.08 cases searching for the minimum of forces, the atoms always
(S1) Si +0.01 moved back to their original positions of high symmetry.
Simple model studies for much larger contractions were also
100-Si ©) Si —0.04 made for Sj monolayers, and slabs consisting of one and
(1) Co +0.03 two CoSj units. In all cases no stabilizing effect could be
achieved by contracting the Si squares. In the monolayer
110 ©)] Co —0.04 case, however, we found that for contractions in the range of
Si +0.02 -0.09 0.15-0.25 A the total energy remained rather constant, but
(1) Co -0.01 increased again for larger contractions. That was the reason
Si  *£0.01 +0.01 why—for the large slab system—such large distortions were
considered. Based on a simple argument, the proposed con-
111 ©) Si -0.16 -011 -0.13 traction and reconstruction would be surprising, because the
(S1) Co —0.06 0.0 —-0.02 original quadratic Si lattice is of such high symmetry that—

without any additional perturbations such as adsorbates—

) ) one would expect a large energy cost for any distortion of the
According to Table Ill the energie&,(mono) already squares.

reflect the trend of the actual surface energies and they are Tpe experiments were performed on Co®pitaxially

closer to the values foiG¢(slab) than the results for gown on Si at room temperature, and it is claimed that

Gc(bond). The substantially small&(mono) for the(111)  cqgj forms a complex terrace structure. However, the area

unit means that its corresponding atomic arrangnianbi- of terraces is reported to be quite large (18a®0O0 A%) so

goﬁ‘lictgrlﬁly ermV\gtrZ astgeb)l(sg?r?;ri tﬁo'gﬁrgegfrzce’?auigffmts it should represent a single-crystal surface. Epitaxial layers
g y ‘with various thicknesses up to 105 A have been grown on the

Searching the energy minimum as a function of the in-plan i templates. Therefore, the influence of the Si substrate on

lattice spacing lowers the total energies by 0.4-0.5 eV fo ) - "
(100 and (110 monounits, whereas the gain for tk&11) the Cc_)Si surfa_ce should be negligible. In addition, the lat-
tice mismatch is rather small.

unit is only 0.1 eV. It could, however, be the case that adlayers of Si were
present because according to the experimental study of Ref.
B. Geometry and relaxations 6 the (100 C surfaces were always covered by Si adlayers.
1. (100) A number of experiments were made for C4300) films
on Si(100 or CoSp(100) bulk-terminated phases with Si
For the unreconstructed but relaxed(1) surface of our  4qjayers. One of the most recent works applying low-energy
study(Table IV), we obtained quite different contractioAg electron diffractiod (LEED) studied Si adlayers on the
of the first layer spacings o%O'.OS A.for the Co-terminated CoSi(100) bulk-terminated surface, proposingcé2x 2)
surface, and-0.04 A for the Sj-terminated surface. For the arrangement for the Si-adlayer atom in hollow positions.
next interlayer spacings only small, now positive changes oj\nalyzing the LEED data for the change of interlayer spac-
+_0.01—0.03Aare found. All othekz values are negligible, ings with respect to the bulk distance, the authors found
since the perturbation due to the surface is dying away rafrther strong oscillations with amplitudes of 0.15-0.20 A
idly. i ) ) and an expansion for the spacing between the surfagce Si
Based on scanning tunneling microscof§TM) data  |ayer and the adatoms. The rather large oscillations accord-
Stalderet al? claimed ay2x /2 reconstruction for the clean ing to the analysis of the LEED data must then be caused by
Surface, which is Usua”y called th@ surface. It should be the Si ad|ayer, which seems to also impose a more |Ong-
noted that the denomination @ surface andS surface is  ranged coupling between the layers in contrast to our results
somewhat misleading: th@ surface is terminated not by Co for the clean surface.
but by one layer of Si whereas the so-called surfacé is
covered by an additional layer of Si atoms on top of Ge 2. (110)
surface. :
The interpretation of the STM data is that the squares of The (110 surface has so far not been investigated experi-
Si surface atoms are contracted towards the correspondingentally. According to Table IV, the surface Co and Si at-
hollow positions above empty sites of the Co subsurfaceoms are pulled inwards, but in a different way leading to a
This contraction should be due to dangling Si bonds leadingumpling of 0.05 A with Co as the topmost atoms. Due to the
to an accumulation of charge in the center of the now consymmetry of the(110 surface the Si atoms are free to
tracted squares being partially saturated in this process amthange one lateral coordinate but this kind of reconstruction
thus increasing the tunneling current. From our calculationss rather small. The relaxations in the subsurface layers are
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nearly negligible. An LDA calculation was also done result-
ing in relaxation geometries and energy in very good agree
ment with FLAPW data?

3. (111)

Experimental data are available for the clgdil) sur-
face that—as discussed in the last section—is terminated &
a Si-Co-Si trilayer. The experiments referred to in Table IV
agree very well with our results concerning the strong in- &
wards relaxation of the top Si layer. The amount of this
relaxation is about two times larger than for the other two
directions presumably because the dangling Si orbitals ar
strongly attracted towards the Co of the subsurface. Due t
the local environment provided by tlig#11) stacking, for the
surface Si atoms Co may act as a substitute for the missin
Si atoms[see Fig. 1c)]. According to our calculation, also
the Co subsurface layer experiences a still nonnegligible in =
wards relaxation which was not observed by experiment =
However, one has to take into account the error margins ¢ >
the low-energy electron diffraction experiments.

C. STM simulation for the (100) surface FIG. 2. Contour plot of a simulated STM image for unrecon-

As discussed previously Staldet al? interpreted their  structed100) surface of CoSiwhere bright area marks the maxima
experimental data in terms of\@x \/E reconstruction of the in tunneling current intensity and dark area the minima. The cut
clean(100) surface. Based on thab initio electronic struc- parallel to the surface was made in a distance of 3.6 A above the Si
ture we can simulate STM images and derive corrugatiorsurface positions. The andy axes are in th¢010] and [001]
heights. We do this by relying on the model of Tersoff anddirections. Si surface layer: $f, Co subsurface layer: CoS(
Hamani’ in which the two-dimensional STM intensity is —1)- Logarithmic scaling for contours. Further details described in
related to the contour lines of the local density of statedhe text.

(LDOS) integrated over the energy rangetf = AE/2. The Figure 2 shows a calculated STM image for thex(ll)
energy rangeAE/2 is fixed by the potential to be 20 meV nreconstructed surface at a tip height of 3.6 A. The regions
according to the experiment. The properly weighted and enpf higher LDOS form a networklike pattern with its maxi-

ergy integrated LDO§(r,AE) is now given by mum at the surface Si positions, being also fairly large at the
positions above the Co subsurface positions. The basic fea-

AE tures are quite similar to the image of the artificially recon-

g(r,AE)= 2 | n(D|?F(ex n— €e)[1—F(e n—€p)], structed(100 surface in Fig. 3. Maximume-intensity features
K.n ' ' ' are now found around positions above the subsurface Co

) atom and not at Si sites. Again, a network pattern is formed
without any resemblance to the experimental data of Stalder
summing over the Kohn-Sham orbitalg , with band index et al.,* in which the maximum features form square-shaped
n andk vectors of the Brillouin zone. Only such states arespots. It is proposed that these will arise in hollow positions,
taken into account which are in the allowed energy range. Tanderneath which their is no Co atom. Our images are totally
account for finite temperatures the LDOS is weighted by aifferent from the results of Ref. 4.
Fermi functionf (e— eg) corresponding to 293 K in our case.  To study the influence of the tip-sample distance we var-
The tip is treated, correspondingly, by the functionfL. The ied the tip height for the unreconstructed case from 3 to 4 A.
calculated images are a logarithmic representation of th&/e observed that for distances smaller thaB.7 A the im-
functiong(r,AE). ages are rather similar to Fig. 2, apart from increasing the
What is needed further, is the distance between the tip andeight of the oval-shaped features above the Si atom, when
the atoms of the surface. We estimated it by using an inverseeducing the distance. Moving the tip to distances larger than
decay length ofk=16.5nm! and the relation for the 3.7 A, the LDOS above the Co positions increases forming
Ohmic resistance oR=h/2e?xe*?, which resulted in a rather localized spherical spots.
core-core distance @~ 1.4 A. By adding the atomic radius Recently it was claimédthat (100) surfaces are always
of Siof 2.19 A, finally the tip-substrate distance of 3.6 A wascovered by Si adlayers, so there are no stébkurfaces but
derived. The applied inverse decay length was taken frononly S surfaces. Therefore, we also performed simplified
Biederman® who derived the value from experimental model calculations for such adlayers by covering 50% of the
STM scans for F400). Since—to our knowledge—no other surface described in Sec. Il. Two different adsorption sites
values fork are known, we had to rely on that. Although it is were studied: Si in a hollow position above empty Co-
rather difficult to derive the experimental tip-sample dis-subsurface siteésuggested by Starket alf), and Si at the
tance, it is of importance to know, because the calculategecond possible hollow sites. For both types of adlayer ad-
images might be sensitive to this parameter. sorption, ay2x /2 structure is formed. No relaxation of the
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7))

FIG. 3. Contour plot of a simulated STM image for the artifi- ~ FIG- 5. Contour plot of a simulated STM image for the unre-
cially reconstructed100) surface of CoSi Reconstruction: Si-Si  constructed100 surface of CoSicovered by a/2x y2 adlayer of
squares contracted by 0.23 A along the diagonals. For details sed- Adlayer positions above Co sites. For details see Fig. 2.

Fig. 2.

other geometry(Fig. 5 shows less pronounced variations.
adatoms was calculated; therefore, the results are only pré&rom all that, we conclude that the measurements of Stalder
liminary ones. However, the Figs. 4 and 5 clearly show thakt al. were done on &100) surface with Si-adlayer atoms,
now the maximum of the image is at the adlayer position.and the proposed reconstruction of the clean surface does not
The result for the proposed adlayer coverégig. 4) is very  exist.
similar to the STM scans of Staldet al. with deep holes, We also derived the corrugation heights according to Ref.
intermediate saddles above the Co-subsurface places, and @ for the STM images of Figs. 2, 3, and 4, which are de-
bright round peak above the Si adlayer. The result for thdined as the difference in height between the maximum and
minimum of the LDOS. In their experimental data Stalder
et al. found a difference in corrugation heights for the two
structural features, the bright spots and the gridlines, being
about 300 m A. On the basis of our images we obtained 80 m
A for the unreconstructed and @2n A for the reconstructed
clean surface in our calculations. One can ex{ethat
within the model of Tersoff and Hamman the corrugations
could be smaller by about a factor of 2 compared to experi-
ment. However, the found discrepancy seems to be too large
to claim any agreement between our calculations and the
STM experiment. For the suggested adlayer structure of Fig.
4 we derived a corrugation height difference of 300 m A,
which would be in perfect agreement with experiment. It
should be noted that this value is based on a simplified model
with a rather small number of CoSayers and—what might
be more important—the positions of the Si-adlayer atoms are
not relaxed. Nevertheless, it can be expected from the data
that the adlayer geometry will result in a substantially higher
in-plane variation of the corrugation than for the clean sur-
face.
Recently, Voigtladeret al3° performed FLAPW calcula-
N ‘ m tions on adlayer systems corresponding to$ksurface type
of the CoSj(100) surface. In contrast to our work, the ad-
FIG. 4. Contour plot of a simulated STM image for the unre- layer was modeled by occupying half of the positions by Co.
constructed100) surface of CoSicovered by a/2x 2 adlayer of It was argued that inhomogeneous occupation of lattice sites
Si. Adlayer positions above hollow sitéempty Co sites For de-  could be responsible for the observed distinct voltage depen-
tails see Fig. 2. dence of the tunneling current.
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FIG. 6. Energy bands for th@) (100), (b) (110, and(c) (111) surfaces. Definition of surface localized states according to localization

in surface atomic spheres; for details see text. Surface state of Co character, black dots; Si-character, gray dots. Bulk projected bands, shadec
area.

IV. SURFACE ELECTRONIC STRUCTURE smaller than 0.06 eV, then they are immersed in the shaded

Because the electronic eigenstates are represented ing. o of Figs. @), 6(b), 6(c). Otherwise, gaps exist in the
. €19 P ?ojected bands. If new states occur in distinct gaps of the
plane-wave basis, the definition of surface states must ba%

based on projections onto localized basis functions. For th rojected band structure, one can safely denote these states

: . ds surface states.
purpose, the plane-wave basis functions of each state were

. ) o For the interpretation of selected surface states, charge

expanded An terms of spherlcal waves inside sphgres Of. r"’Ei'ensity contours are shown in Figs. 7, 8, and 9. We calculate

Sleunstezrél d9 atEceoggsgr?gds'?gtgomt:?natiséug:ﬁ?aféowéz_ézd"_pseudocharge densities based on nodeless pseudoorbitals and
PIaN®S. ~ |ocalized augmentation functioh&!! Therefore, the nodal

be detected as a surface state the percentage of localization

the atomic spheres had to be at least 20% dBucture of the valence states in the region of the ionic cores

For the projection of bulk bands, eigenvalues were calcu®® not reproduced.

lated for bulk geometries having the same stacking sequence

as the corresponding slabs representing the surfaces. This A. Dispersion relations of surface states
was done for a sufficiently dense mesh of planek Bpace 1 (100
orthogonal to the propek, direction. The projection is done - (100)

as follows: if the difference between two eigenvalues for As discussed above, tti200 stoichiometric slab has two
varying k, coordinates for fixed Ky,k,) coordinates is different surfaces. Therefore, Fig(ah shows surface states
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FIG. 7. Contour plots for the electronic densities of surface FIG. 8. Contour plots for the electronic densities of surface
states for the Si-terminated00) surface atX. Plane through the States for the¢110) surface aiS with energy(a) 0.022 eV below and
atomic positions of top $8) (same cut as in Figs. 2—5 regarding (b) 1.754 eV above the Fermi energy. Cut through the atomic po-
thex andy coordinates Subsurface layer atomic positions denoted Sitions of Si in the surface plane where the rectangular two-

by Co(S—1). (a) state at 1.711 eMp) state at 1.716 eV. dimensional elementary cell is formed by the Co positions in the
top-layer of Fig. 1c). Atomic positions denoted by Si and Co, both

in the same surface layer but with slightly rumpled positions.
of both types of surfaces: the black dots for the Co-

terminated surface, and the gray dots for the Si terminatiorRonding features along the sides of the square formed by the
Noticeable surface states occur in the gapX_aabove Si surface at_om@Fl_g. @], the state "’?‘ 1.716 estateB)

. o — revealsp orbitals directed along the diagonals of the square
Fermi energy. Strikingly, aK there seems to be a degen- ki, 7)) \Whereas statB couples in a bonding manner to
eracy of two states at 1.71 eV: from directibaX as well as  the subsurface Co atoms and even deeper to the next lower
from M-X two bands merge at the same energy. A smallSi layers, staté is of antibonding character with respect to
energy difference of 0.005 eV, however, remains betweeithe Co-subsurface atoms: the Co bonds are rather localized
the two states. Inspecting the nature of the states in the suin the subsurface plane with nodes between surface and sub-
face plane(Fig. 7) we found bonding features between Si- surface layer.
surface positions for both of them: whereas the slightly For the Co-terminated surface, interactions of Co surface
lower-lying state at 1.711 eVstateA) shows distinctp-p  atoms with subsurface Si partners also create surface states
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ment is found with these FLAPW data conerning the position

and nature of the states. However, in Ref. 10 $hgoint was

not taken into account, at which also interesting surface
states occur. Black and gray dots refer now to Co and Si
Co(S-1) Co(S-1) atoms in the same layéalthough a small corrugation effect
is found after relaxation as discused in Sec. lJ} 81d mark
the predominant charactffig. 6(b)].

The geometrical type of this surface is quite different
from the other two cases because Co and Si atoms are situ-
ated in the same layer. For the other two orientations, the
layers contain only either Si or Co. Due to the mixed atomic
arrangement of th€l10) layers, in-plane surface states with
covalent Co-Si character are now possible. These states due
to the (110 stacking also generally couple to the subsurface
layer. Therefore, if(nearly double degeneracy of surface
states occurs, it is not due to the planar nature of the state,
but due to the two equivalent surfaces of the slab. It can be
realized from Fig. &), that an observable splitting of some
surface bands occurs: the corresponding states reach so deep
down, that the chosen slab of seven layers is not sufficiently
thick to perfectly decouple the surfaces.

At point S two high-symmetry directions parallel to the
k. andk, axes cross, which makes any combinations of Co
and Si orbitals parallel to the andy axes possible, and the
orbitals might be parallel or orthogonal to each other.

For example, strongly covalent in-plapep bonding be-
tween two Si positions an@-d bonding combinations be-
tween Co and Si is shown by FiggaBand 8b), correspond-
ingly, for the surface state &, 0.02 eV below[Fig. 83a)]
and 1.75 eV abov§Fig. 8b)] the Fermi energy.

Like in Fig. 6(@), many Co-localized states are found for
which no true surface character can be claimed.

Co(S-1)

3. (111)

As discussed above, the termination of the investigated
(111) surface consists of a trilayer Si-Co-Si with Si on the
surface. Therefore, when properly stacked the second surface
of the slab also has the same termination. No Co-like surface
localized states are now possible, only gray dots are found in
FIG. 9. Contour plots for the electronic densities of surfaceFlg.' &c). In contr'ast tq the other wo surface orientations,

— . which showed quite a richness of surface states, fo(ihé&)
states for thg111) surface aK with energieqa) 1.292 eV below . . .
: . surface in the main gap above the Fermi energy only two
and (b) 0.220 eV above the Fermi energy. In surface plane, cut is
urface bands are present. These bands are doubly degener-

made through the Si positions. Co of subsurface layer in center o?t b th f fthe slab land th f
triangular-shaped contours. The hexagonal two-dimensional e@l€, Decause the surfaces ot the slab are equal an € surface

ementary cell is formed by the Si positions in the top layer of Fig.e]cfeCtS obviously well Scre‘?”ed- .
1(d). The threefold geometry is obviously rather favorable; the

bonds between Co and Si are strong: the relaxation of the
as it is the case for the Co-surface state at 2.27dg\:and  surface layer towards the Co plane by 0.10 A is appreciable
d,-like Co orbitals couple strongly to $i; orbitals. Be- (Table IV). Concerning only the geometry, Co is ideally
cause the formation of the Co-terminated surface removeglaced because it lies in a tetrahedral positifig. 1(d)].
some of the bonds to Si, such states are pushed up in ener§jgure 9a) shows contours of the state 1.29 eV below Fermi

in comparison to the corresponding bulk states. energy atk where the bulk projected area thins out to a
Numerous surface localized Co-surface states are found igingle point, the state has presumably some bulklike charac-
the bulk projected areas, which, however, are not always trugyr although localized in the Si-surface spheres. Quite a large
surface states but rather localizedtates that mlght also be accumulation of Charge is seen between a triang|e of Si at-
found in the bulk. oms, for which its center lies above the Co position. The

2. (110) surface state at 0.22 eV above Fermi energl &Fig. 9b)]
is a weak resemblance of the strong bonding bulklike state.
As already discussed in Ref. 10, an appreciable number afyeak bonding islands between the Co positions can also be
surface states is found particularly %t Very good agree- observed. The second surface state at 1.00 eV above Fermi

(b)
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energy is the antibonding counterpart of the state at 0.22 eV. V. SUMMARY

Distinct surface bands in bulk projected gaps are also The aim of our paper was to provide a fundamental un-

found well below the Fermi level. For example, a band at yerstanding of the energetics, structure and bonding proper-
—7.5 eV is found aK that crosses through the large gap atties of the clean(100), (110 and (111) surfaces of Co$Si

this point. At a similar energy, surface or resonant states ar€he cleavage energies f@00) and(110) surfaces are rather
also seen for thé100) band structure aX and for the(110) ~ Similar in contrast to the111) case, which has a substan-

— . tially lower value. Applying simple models this behavior is
case a:_tS but they are hardly or even not split off the bulk \,,jerstood and described. By analyzing the electronic struc-
projections.

ture we found for th€100 and (110 surfaces a number of
surface states of rather covalent character. Fo(1té&) sur-

face with Si-Co-Si termination, only two surface bands are
found in the bulk gap above the Fermi energy. Based on
energetical results as well as on calculated STM images, a

Due to the repeated slab construction, the reference gfroposed,/2x 2 reconstruction of thé100) surface can be
energy has to be chosen as the average of the Coulomb pailed out.

tential in the middle of the vacuum. Because the potential is

not perfectly flat in this region, some uncertainty remains. ACKNOWLEDGMENTS
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