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Ab initio studies of the„100…, „110…, and „111… surfaces of CoSi2
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Based on the ultrasoft pseudopotential technique of the Viennaab initio simulation package, we performed
ab initio calculations for the~100!, ~110!, and~111! surfaces of CoSi2 within 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 the (131) surfaces by force minimization. For the
~100! surface a proposedA23A2 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 the~100! and~110! surface. For the Si-Co-Si terminated~111! 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.
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I. INTRODUCTION

CoSi2 is of interest for the design of microelectron
devices1 because it can be grown on Si or even forms bur
layers in Si. Due to the small lattice mismatch, well-defin
interfaces2 of semiconducting Si to conducting CoSi2 can be
formed. The compound CoSi2 has a low specific resistance
room temperature and provides a large mean free pat
about 12 nm for the electrons. Therefore, CoSi2 can be ap-
plied as the conducting part of metal-base and permea
base transistors3 and is set to replace TiSi2 as primary sili-
cide in CMOS devices in the future.

In particular the interfaces of CoSi2(100)/Si(100) and
CoSi2(111)/Si(111) were experimentally studied.4–7 In Ref.
4 aA23A2 reconstruction for the~100! surface is proposed
on the basis of scanning tunneling microscopy data meas
for epitaxially grown CoSi2. However, more recent studie
~e.g., Refs. 7–9! claim that the~100! surface is covered by S
adlayers because Co diffuses into the material.

Surprisingly, for the clean surfaces there are hardly a
experimental data to be found, although for studying int
faces a profound knowledge of the clean surfaces is certa
of value. Furthermore, the strongly covalent bonding
tween Co and Si let one expect interesting surface states
related features. Also, there is only one extensive, very
cent ab initio study of the clean~110! surface10 available.
Therefore, we believe it is important to investigate the str
tural, energetical and electronic structural properties of
most important CoSi2 surfaces.

II. COMPUTATIONAL DETAILS

For all the calculations the Viennaab initio simulation
package11 ~VASP! was applied. VASP is based on the iter
tive diagonalization of the Kohn-Sham Hamiltonian in
plane wave basis using ultrasoft pseudopotentials accor
570163-1829/98/57~7!/4088~11!/$15.00
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to Vanderbilt.12,13 Because of the concept of augmentati
charge densities this particular pseudopotential technique
also successfully be used for the treatment of, e
3d-transition metals, compounds14 and their surfaces15 and
even for magnetic systems in a spinpolarized version.16 Due
to the augmentation correction formal complications ari
when compared to standard normconserving pseudopote
techniques. However, these disadvantages are by far
weighed by the substantial reduction in basis size and
proved transferability of the pseudopotentials. Therefore,
our calculations a reasonably small energy cutoff of 200
yields converged results.

For the actual derivation of the ultrasoft pseudopotent
the atomic cutoff radii were 2.7 a.u. for Co~being the same
for s, p, andd states!, and 2.5 a.u. for Si (s and p states!.
The atomic configurations 3d84s14p0 for Co and 3s23p2 for
Si were chosen. Partial core corrections17 were introduced to
enable a proper treatment of the nonlinear dependence o
exchange correlation functional on the ground-state cha
density. These choices yield reliable pseudopotentials wh
were tested in CoSi2 bulk studies.14

The k points in the irreducible part of the Brillouin zon
~IBZ! were constructed according to a specialk-point
technique.18,19 The number ofk points was considered to b
converged when the atomic relaxations were varying by l
than 0.01 Å.

By using Monkhorst’s scheme18 a 73731-grid was used
resulting in 10, 16, and 8k points in the irreducible part o
the Brillouin zone for the~100!, ~110!, and ~111! surfaces,
correspondingly. Furthermore, a 53531 grid was designed
for the more expensive reconstruction study of the~100! sur-
face yielding 6k vectors in the IBZ. For the bulk reference
a 73737 grid was constructed, which corresponds to 44k
points in the IBZ. All VASP calculations were performe
within the framework of the generalized gradient approxim
tion ~GGA! of Becke and Perdew20 because of the good
4088 © 1998 The American Physical Society
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FIG. 1. Top view of the atomic arrangements for the clean~100!, ~110!, and~111! surfaces of CoSi2: ~a! ~100! Si terminated, b! ~100!
Co terminated,~c! ~110!, ~d! ~111!.
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agreement with experimental data for bulk properties14

Therefore, the calculated bulk equilibrium lattice spacing
5.350 Å was taken for the present calculations using GG
In addition, LDA calculations were performed at the expe
mental bulk lattice parameter of 5.365 Å. Relaxation of t
atomic positions of the two topmost layers was achieved
force minimization.

Threedimensionally periodic slabs with proper size of
vacuum region were constructed for the surface studies.
chosen thicknesses of the slabs for the (131) calculations of
the ~100!, ~110!, and~111! surface corresponds to seven s
ichiometric CoSi2 units according to the proper stacking s
quence. In order to study a proposedA23A2 reconstruction
of the ~100! surface, the corresponding slab was doubled
f
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size in the surface plane. For preliminary studies of adlay
on the~100! surface, a smaller slab of two CoSi2 units plus
unrelaxed adlayers in two possible hollow positions was c
structed.

Figure 1 shows top views of the three surfaces un
study. Because we preferred to choose the proper bulk st
ings with stoichiometric CoSi2 units, the slab for the~100!
case has two different surfaces@Figs. 1~a! and 1~b!#. The
~110! slab consists of stoichiometric CoSi2 layers with just
one type of surface@Fig. 1~c!#. As discussed in the paper fo
the ~111! surface, two different terminations would be po
sible. However, as a result from our calculations as well
from experimental findings,7 the Si-Co-Si termination@Fig.
1~d!# is the stable and most interesting one.
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Due to the polar nature of the~100! slab and the repeated
slab construction one has to take into account artific
dipole-dipole interactions in the direction of the surface n
mal. From test calculations deriving the dipole moment
the slab it was found that for a vacuum region of 6 bu
spacings the dipole-dipole energy was negligibly sma
(<1 meV). The precision of the calculation of the dipo
moment was checked by calculating the dipole moments
hydrogen-halogenide molecules, for which we found exc
lent agreement with experiment.21 We also studied the de
pendency of surface relaxations on the size of the vacu
region which was chosen sufficiently large, so that the
terminated surface is decoupled from the Co-terminated
across the vacuum.

III. STRUCTURE AND ENERGETICS

A. Surface energetics

The ~100!, ~110!, and ~111! surfaces were modeled b
slabs of perfect CoSi2 stoichiometry and proper stacking i
order to avoid problems with stacking faults and definitio
of surface energies~or cleavage energies, rather!. Cleaving a
single crystal of a compound leads to two surfaces that,
pending on the orientation of the cleaving plane, are differ
concerning the compositions or geometry of the surface
ers. This is the case for CoSi2 ~100!, because cleaving pro
duces a Co terminated and a Si2 terminated block@Figs. 1~a!
and 1~b!#. The cleavage energyGc can be written as

Gc5g11g2 , ~1!

being the sum of two different surface energiesg1 andg2. In
general, the surface energies cannot be obtained for
surface separately.

For slab calculations,Gc can be directly evaluated from
the difference of the total energyEslab(nu) for a slab withnu
stoichiometric units stacked properly along the surface n
mal, and the total energy of the corresponding bulk refere
Ebulk ,

Gc~slab!5Eslab~nu!2nuEbulk . ~2!

For the symmetric~110! surface of CoSi2 @Fig. 1~c!#, the
surface energy is uniquely defined byg5Gc /2. For the
~111! surface, the stoichiometric stacking unit consists of o
Co and two different Si planes, offering now two differe
cleavage planes@Fig. 1~d!#, namely,~i! either between two S
planes or~ii ! separating a Co-terminated block from a blo
terminated by two Si layers. Termination~i! consists of a
trilayer termination Si-Co-Si with one Si layer on top, an
yields two identical surfaces of the slab. The second ter
nation ~ii ! will result in a slab with two different surfaces
namely, one with two terminating Si layers, and the oth
one consisting of a pure Co layer. Experimentally, it see
now clear~Refs. 22–25! that termination~i! is preferred for
the clean~111! surface. In accordance with these experime
tal findings from our calculated cleavage energies we le
that termination~ii ! is much more costly because ofGc( i i )
'23Gc( i ) for the cleavage energies of the correspond
terminations. For that reasons, all following discussions
CoSi2(111) refer to the case of the Si-Co-Si terminatio
Care must be taken when experimental data for~111! sur-
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faces are considered, because in most cases measure
were done on surfaces with additional Si adlayers, e.g.
Ref. 6.

Table I shows cleavage energies for the three main or
tations derived from local-density approximation~LDA ! and
generalized gradient approximation~GGA! calculations. As
it is customary, the given values are actually energies
surface area, the size of the area varying according to
table. The values ofGc for the ~100! surface are the larges
ones, and the data for~111! the smallest. Obviously, the
LDA-derived results are substantially larger than the GG
values@e.g., for~111! more than a factor of 2# demonstrating
the LDA effect of stronger binding compared to the GG
Furthermore, GGA yields much larger differences ofGc for
the ~110! and ~111! surfaces. The LDA value for the~110!
case is about 0.2 eV larger than the result of a very recenab
initio study based on the full-potential linearized augmen
plane-wave method~FLAPW!.10 Such a difference of cleav
age energies might be due to the applied two differentk-
space sampling methods although results for bulk Co2
were in excellent agreement.14 In the latter study, however
all numerical parameters could be absolutely converg
which—due to the computational costs—is not the case
the surface studies. In our present study,Ebulk was derived
from bulk calculations with the same stacking as the cor
sponding slab for the surface.

Relaxation of surface geometries~last column of Table I!
leads to a reduction ofGc by 0.11, 0.07, and 0.22 J m22 for
the~100!, ~110!, and~111! surfaces, correspondingly. For th
~100! surface, the relaxation of the Co-terminated surface
0.09 J m22 dominates the relaxation of the Si-terminat
case. For the~111! orientation, the relaxation energy is by fa
the largest because the Si surface layer is strongly pu
inwards by 0.16 Å~see Table IV!.

CoSi2 is considered to be a material with distinct covale
bonding as is also plausible studying the bulk density
states10 in which bonding and antibonding features are d
tinctly separated, creating a pseudogap about 1 eV above
Fermi energy. Because of that property, one might
tempted to describe the cleaving process in terms of brea
bonds.

For that purpose, we apply a simple model by breaking
the corresponding bulk total energies in bond energies ac
between the nearest-neighbor atoms. First, the CaF2 crystal
structure of CoSi2 is decomposed into three fcc lattices, th
Co and Si1 , Si2 sublattices with the lattice parameter of bu
CoSi2. We define now the energy per Co-Co bond and

TABLE I. Calculated cleavage energiesGc5g11g2 (J m22)
for CoSi2 per surface area. Quantitiesg1 ,g2 denote surface ener
gies of both surfaces of corresponding stoichiometric slabs. Res
of LDA and GGA calculations for bulk-terminated atomic positio
~bulk!, and GGA values for relaxed geometries~relax!. Surface area
A in units of bulk lattice parametera0

2.

LDA GGA
A Gc(bulk) Gc(bulk) Gc(relax)

100 1/2 5.96 4.13 4.02
110 1/A2 4.62 2.94 2.87
111 A3/4 4.34 2.18 1.96
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Si1-Si1 , Si2-Si2 bond by the corresponding cohesive energ
divided by 6 because of the fcc coordination of 12 near
neighbors.

In the next step, the two Si sublattices are put toget
spanning the Si2 lattice with empty Co sites. We assume no
that the gain in binding energy is exclusively due to t
formation of Si1-Si2 bonds without any change of energies
the already existing bonds. Then, the bond energy of Si1-Si2
is the formation energy divided by 6, the number of near
neighbors in the Si1-Si2 lattice. Finally, Co is added to Si2,
and by assuming that all energy gain is due to the forma
of the newly formed Co-Si bonds, the energy of these bo
is derived from the corresponding formation energy now
vided by 8, because Co is in the center of a cube of Si ato
Following this prescription, the bond energies of Table II a
obtained fromab initio total energies of LDA and GGA
calculations. Table II reveals that comparable in strength
the shortest and strongest bond, the Co-Si bond, is
Si1-Si2 bond. The longer Si1,2-Si1,2 bonds of the fcc sublat
tices are weaker by about a factor of 2. The Co-Co bo
strength is rather small because the corresponding b
length is stretched by about a factor 1.6 compared to
Co-Co distances of its fcc bulk ground state.14

Table II lists the numbers of bondsnAB broken by the
cleavage process together with the bond energiesEAB de-
rived from cohesive energies and energies of formation
we assume the simplest possible model that the cleav
energyGc(bond) is given by the number of broken bon
and the unchanged bond energies,

Gc~bond!5(
AB

nABEAB , ~3!

then we obtain values that are larger by a factor of 2 co
pared to the values of the column ‘‘bond’’ in Table III. How
ever, as extensively studied by Methfesselet al.26 for sur-
faces of 4d-transition metals, the energies of the breaki
bonds are reduced when the coordination numberC is
changed. Then for larger values ofC, effective bond
strengthsEAB

eff '1/2EAB should be inserted in Eq.~3!. Apply-
ing this prescription the values forGc

eff(bond) in Table III
were derived.

TABLE II. Lengths dAB in Å and energiesEAB in eV for
nearest-neighbor bonds between atomsA andB for CoSi2. EAB is
derived from cohesion energies and energies of formation as
scribed in the text. Results of GGA and LDA calculations. Si1 , Si2
refer to different fcc Si sublattices. Last four columns: neare
neighbor bulk coordinationC, and numbers of broken bonds for th
given surface orientation. For each of the two Si sublattices th
are 12 bonds. The considered~111! surface is generated by cleavin
the crystal between two Si layers.

Bond GGA LDA Broken bonds
A-B dAB EAB EAB C 100 110 111

Co-Si 2.32 0.83 1.02 8 4 2 1
Si1-Si2 2.68 0.63 0.70 6 2 4 3
Si1-Si1 3.78 0.34 0.43 2312 8 12 6
Co-Co 3.78 0.17 0.23 12 4 6 3
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Table III comparesGc
eff(bond) to the cleavage energie

Gc(slab) derived from slab calculations. These values
now not divided by the surface area. The values ofGc(slab)
for the ~100! and~110! slab are rather similar. The value fo
~111!, however, is substantially lower. Apart from the actu
size, a comparable sequence of values is found
Gc

eff(bond), which—by construction according to Eq.~3!—
are interpreted easily: for both, the~100! and ~110! surface,
the sum of the strong Co-Si and Si1-Si2 broken bonds is
nAB56, and, therefore, the cleavage energies are close
each other than to the value for the~111! surface. Inspecting
the ~111! surface much less bonds are broken, in particu
only one Co-Si bond, and therefore much less energy is l
Compared toGc(slab) the cleavage energiesGc

eff(bond) are
larger by 0.3–1 eV, and the values for the~100! and ~110!
surface are different by 0.7 eV. Having in mind the rath
complex bonding of the CoSi2 compound~three different
nearest neighbor environments and two different types
atoms! when compared to the simple situation
4d-transition metals, the receipe of Methfesselet al. seems
reasonable. Even some refinement might be possible@Eq.
~3c! of Ref. 26#, which requires some trend studies. How
ever, in contrast to the procedure of Ref. 26, which reco
mends the non-spin-polarized atomic ground state for
free atoms as a reference for the cohesive energies, we
taken into account the spin-polarized atomic energies.
argument is that because of the substantial gain in s
polarization energy of 1.29 eV for the free Co atom, t
Co-Co bond energy of 0.17 eV~Table II! is much lower than
the one derived from the cohesive energy with a nonm
netic atom as a reference; consequently, the values
Gc

eff(bond) would then be even larger. Spin polarization
the Si atom is of lesser influence because of the sma
spin-polarization energy gain of 0.75 eV. The remaini
bond energies for Co-Si and Si1-Si2 are derived from forma-
tion energies based on nonmagnetic bulk phases. There
they are not influenced by atomic ground states.

A further model for the cleavage energy was construc
by deriving the cohesive energies of the stoichiometric Co2
monounits, which—when properly stacked—build up t
slabs, consisting of two, one, and three layers for the~100!,
~110!, and~111! orientations, respectively.

By taking the difference of cohesive energies of m
nounits and the bulk reference ofEcoh(bulk)518.29 eV, we
derive a cleavage energyGc(mono) by

Gc~mono!5Ecoh~mono!2Ecoh~bulk!. ~4!

e-

t-

re

TABLE III. Cleavage energies in eV of CoSi2. Calculated for
the unrelaxed slabs@Gc(slab)#, from broken bulk bonds
@Gc

eff(bond)#, and as the difference of cohesive energies of m
nounits and bulk@Gc(mono)#. For further details, see text. All val
ues are derived from GGA results and for the bulk lattice param
of 5.350 Å.

Slab Bond Mono

100 3.69 4.00 3.84
110 3.71 4.66 4.46
111 1.69 2.64 2.13
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According to Table III the energiesGc(mono) already
reflect the trend of the actual surface energies and they
closer to the values forGc(slab) than the results fo
Gc(bond). The substantially smallerGc(mono) for the~111!
unit means that its corresponding atomic arrangment~a Si-
Co-Si trilayer with a hexagonal two-dimensional lattice! is
significantly more stable than in the other monoun
Searching the energy minimum as a function of the in-pla
lattice spacing lowers the total energies by 0.4–0.5 eV
~100! and ~110! monounits, whereas the gain for the~111!
unit is only 0.1 eV.

B. Geometry and relaxations

1. (100)

For the unreconstructed but relaxed (131) surface of our
study~Table IV!, we obtained quite different contractionsDz
of the first layer spacings of20.08 Å for the Co-terminated
surface, and20.04 Å for the Si2-terminated surface. For th
next interlayer spacings only small, now positive changes
10.01–0.03 Å are found. All otherDz values are negligible
since the perturbation due to the surface is dying away
idly.

Based on scanning tunneling microscopy~STM! data
Stalderet al.4 claimed aA23A2 reconstruction for the clea
surface, which is usually called theC surface. It should be
noted that the denomination ofC surface andS surface is
somewhat misleading: theC surface is terminated not by C
but by one layer of Si2, whereas the so-calledS surface4 is
covered by an additional layer of Si atoms on top of theC
surface.

The interpretation of the STM data is that the squares
Si surface atoms are contracted towards the correspon
hollow positions above empty sites of the Co subsurfa
This contraction should be due to dangling Si bonds lead
to an accumulation of charge in the center of the now c
tracted squares being partially saturated in this process
thus increasing the tunneling current. From our calculati

TABLE IV. Relaxations in Å of atomic positions in the surface
(S) and subsurface-(S21) layers for CoSi2 surfaces of (131) ge-
ometry. Experimental data from~a! Ref. 5 and~b! Ref. 6.~100!-Co
for Co-terminated and~100!-Si for Si-terminated~100! surface.

GGA-Calc. Expt.~a! Expt. ~b!

layer atom Dy Dz Dz Dz

100-Co (S) Co 20.08
(S-1) Si 10.01

100-Si (S) Si 20.04
(S-1) Co 10.03

110 (S) Co 20.04
Si 60.02 20.09

(S-1) Co 20.01
Si 60.01 10.01

111 (S) Si 20.16 20.11 20.13
(S-1) Co 20.06 0.0 20.02
re
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we could neither find the proposed reconstruction nor c
roborate the proposed STM images. The results of the S
simulation will be discussed in Sec. III C.

For the reconstruction study we designed a suitable su
cell with A23A2 periodicity. Surface atoms were relaxe
statically after the squares of Si atoms were contracted
much as 0.23 Å along the diagonal of the squares. In
cases searching for the minimum of forces, the atoms alw
moved back to their original positions of high symmetr
Simple model studies for much larger contractions were a
made for Si2 monolayers, and slabs consisting of one a
two CoSi2 units. In all cases no stabilizing effect could b
achieved by contracting the Si squares. In the monola
case, however, we found that for contractions in the rang
0.15–0.25 Å the total energy remained rather constant,
increased again for larger contractions. That was the rea
why—for the large slab system—such large distortions w
considered. Based on a simple argument, the proposed
traction and reconstruction would be surprising, because
original quadratic Si lattice is of such high symmetry that
without any additional perturbations such as adsorbate
one would expect a large energy cost for any distortion of
squares.

The experiments were performed on CoSi2 epitaxially
grown on Si at room temperature, and it is claimed th
CoSi2 forms a complex terrace structure. However, the a
of terraces is reported to be quite large (100031000 Å2) so
it should represent a single-crystal surface. Epitaxial lay
with various thicknesses up to 105 Å have been grown on
Si templates. Therefore, the influence of the Si substrate
the CoSi2 surface should be negligible. In addition, the la
tice mismatch is rather small.

It could, however, be the case that adlayers of Si w
present because according to the experimental study of
6 the ~100! C surfaces were always covered by Si adlaye
A number of experiments were made for CoSi2(100) films
on Si~100! or CoSi2(100) bulk-terminated phases with S
adlayers. One of the most recent works applying low-ene
electron diffraction7 ~LEED! studied Si adlayers on th
CoSi2(100) bulk-terminated surface, proposing ac(232)
arrangement for the Si-adlayer atom in hollow position
Analyzing the LEED data for the change of interlayer spa
ings with respect to the bulk distance, the authors fou
rather strong oscillations with amplitudes of 0.15–0.20
and an expansion for the spacing between the surface2
layer and the adatoms. The rather large oscillations acc
ing to the analysis of the LEED data must then be caused
the Si adlayer, which seems to also impose a more lo
ranged coupling between the layers in contrast to our res
for the clean surface.

2. (110)

The ~110! surface has so far not been investigated exp
mentally. According to Table IV, the surface Co and Si
oms are pulled inwards, but in a different way leading to
rumpling of 0.05 Å with Co as the topmost atoms. Due to t
symmetry of the~110! surface the Si atoms are free
change one lateral coordinate but this kind of reconstruc
is rather small. The relaxations in the subsurface layers
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57 4093AB INITIO STUDIES OF THE~100!, ~110!, AND . . .
nearly negligible. An LDA calculation was also done resu
ing in relaxation geometries and energy in very good agr
ment with FLAPW data.10

3. (111)

Experimental data are available for the clean~111! sur-
face that—as discussed in the last section—is terminate
a Si-Co-Si trilayer. The experiments referred to in Table
agree very well with our results concerning the strong
wards relaxation of the top Si layer. The amount of th
relaxation is about two times larger than for the other t
directions presumably because the dangling Si orbitals
strongly attracted towards the Co of the subsurface. Du
the local environment provided by the~111! stacking, for the
surface Si atoms Co may act as a substitute for the mis
Si atoms@see Fig. 1~c!#. According to our calculation, also
the Co subsurface layer experiences a still nonnegligible
wards relaxation which was not observed by experime
However, one has to take into account the error margin
the low-energy electron diffraction experiments.

C. STM simulation for the „100… surface

As discussed previously Stalderet al.4 interpreted their
experimental data in terms of aA23A2 reconstruction of the
clean~100! surface. Based on theab initio electronic struc-
ture we can simulate STM images and derive corruga
heights. We do this by relying on the model of Tersoff a
Hamann27 in which the two-dimensional STM intensity i
related to the contour lines of the local density of sta
~LDOS! integrated over the energy range ofEF6DE/2. The
energy rangeDE/2 is fixed by the potential to be 20 me
according to the experiment. The properly weighted and
ergy integrated LDOSg(r ,DE) is now given by

g~r ,DE!5(
k,n

DE

uck,n~r !u2f ~ek,n2eF!@12 f ~ek,n2eF!#,

~5!

summing over the Kohn-Sham orbitalsck,n with band index
n and k vectors of the Brillouin zone. Only such states a
taken into account which are in the allowed energy range
account for finite temperatures the LDOS is weighted b
Fermi functionf (e2eF) corresponding to 293 K in our case
The tip is treated, correspondingly, by the function 12 f . The
calculated images are a logarithmic representation of
function g(r ,DE).

What is needed further, is the distance between the tip
the atoms of the surface. We estimated it by using an inve
decay length ofk516.5 nm21 and the relation for the
Ohmic resistance ofR5h/2e23ekz, which resulted in a
core-core distance ofz;1.4 Å. By adding the atomic radiu
of Si of 2.19 Å, finally the tip-substrate distance of 3.6 Å w
derived. The applied inverse decay length was taken fr
Biedermann28 who derived the value from experiment
STM scans for Fe~100!. Since—to our knowledge—no othe
values fork are known, we had to rely on that. Although it
rather difficult to derive the experimental tip-sample d
tance, it is of importance to know, because the calcula
images might be sensitive to this parameter.
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Figure 2 shows a calculated STM image for the (131)
unreconstructed surface at a tip height of 3.6 Å. The regi
of higher LDOS form a networklike pattern with its max
mum at the surface Si positions, being also fairly large at
positions above the Co subsurface positions. The basic
tures are quite similar to the image of the artificially reco
structed~100! surface in Fig. 3. Maximum-intensity feature
are now found around positions above the subsurface
atom and not at Si sites. Again, a network pattern is form
without any resemblance to the experimental data of Sta
et al.,4 in which the maximum features form square-shap
spots. It is proposed that these will arise in hollow positio
underneath which their is no Co atom. Our images are tot
different from the results of Ref. 4.

To study the influence of the tip-sample distance we v
ied the tip height for the unreconstructed case from 3 to 4
We observed that for distances smaller than'3.7 Å the im-
ages are rather similar to Fig. 2, apart from increasing
weight of the oval-shaped features above the Si atom, w
reducing the distance. Moving the tip to distances larger t
3.7 Å, the LDOS above the Co positions increases form
rather localized spherical spots.

Recently it was claimed6 that ~100! surfaces are always
covered by Si adlayers, so there are no stableC surfaces but
only S surfaces. Therefore, we also performed simplifi
model calculations for such adlayers by covering 50% of
surface described in Sec. II. Two different adsorption si
were studied: Si in a hollow position above empty C
subsurface sites~suggested by Starkeet al.6!, and Si at the
second possible hollow sites. For both types of adlayer
sorption, aA23A2 structure is formed. No relaxation of th

FIG. 2. Contour plot of a simulated STM image for unreco
structed~100! surface of CoSi2 where bright area marks the maxim
in tunneling current intensity and dark area the minima. The
parallel to the surface was made in a distance of 3.6 Å above th
surface positions. Thex and y axes are in the@010# and @001#
directions. Si surface layer: Si(S), Co subsurface layer: Co (S
21). Logarithmic scaling for contours. Further details described
the text.
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adatoms was calculated; therefore, the results are only
liminary ones. However, the Figs. 4 and 5 clearly show t
now the maximum of the image is at the adlayer positi
The result for the proposed adlayer coverage~Fig. 4! is very
similar to the STM scans of Stalderet al. with deep holes,
intermediate saddles above the Co-subsurface places, an
bright round peak above the Si adlayer. The result for

FIG. 3. Contour plot of a simulated STM image for the arti
cially reconstructed~100! surface of CoSi2. Reconstruction: Si-Si
squares contracted by 0.23 Å along the diagonals. For details
Fig. 2.

FIG. 4. Contour plot of a simulated STM image for the unr
constructed~100! surface of CoSi2 covered by aA23A2 adlayer of
Si. Adlayer positions above hollow sites~empty Co sites!. For de-
tails see Fig. 2.
re-
t
.

the
e

other geometry~Fig. 5! shows less pronounced variation
From all that, we conclude that the measurements of Sta
et al. were done on a~100! surface with Si-adlayer atoms
and the proposed reconstruction of the clean surface doe
exist.

We also derived the corrugation heights according to R
29 for the STM images of Figs. 2, 3, and 4, which are d
fined as the difference in height between the maximum
minimum of the LDOS. In their experimental data Stald
et al. found a difference in corrugation heights for the tw
structural features, the bright spots and the gridlines, be
about 300 m Å. On the basis of our images we obtained 8
Å for the unreconstructed and 120 m Å for the reconstructed
clean surface in our calculations. One can expect29 that
within the model of Tersoff and Hamman the corrugatio
could be smaller by about a factor of 2 compared to exp
ment. However, the found discrepancy seems to be too la
to claim any agreement between our calculations and
STM experiment. For the suggested adlayer structure of
4 we derived a corrugation height difference of 300 m
which would be in perfect agreement with experiment.
should be noted that this value is based on a simplified mo
with a rather small number of CoSi2 layers and—what might
be more important—the positions of the Si-adlayer atoms
not relaxed. Nevertheless, it can be expected from the
that the adlayer geometry will result in a substantially high
in-plane variation of the corrugation than for the clean s
face.

Recently, Voigtla¨nderet al.30 performed FLAPW calcula-
tions on adlayer systems corresponding to theS-surface type
of the CoSi2(100) surface. In contrast to our work, the a
layer was modeled by occupying half of the positions by C
It was argued that inhomogeneous occupation of lattice s
could be responsible for the observed distinct voltage dep
dence of the tunneling current.

ee

FIG. 5. Contour plot of a simulated STM image for the unr
constructed~100! surface of CoSi2 covered by aA23A2 adlayer of
Si. Adlayer positions above Co sites. For details see Fig. 2.
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FIG. 6. Energy bands for the~a! ~100!, ~b! ~110!, and~c! ~111! surfaces. Definition of surface localized states according to localiza
in surface atomic spheres; for details see text. Surface state of Co character, black dots; Si-character, gray dots. Bulk projected ban
area.
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IV. SURFACE ELECTRONIC STRUCTURE

Because the electronic eigenstates are represented
plane-wave basis, the definition of surface states mus
based on projections onto localized basis functions. For
purpose, the plane-wave basis functions of each state w
expanded in terms of spherical waves inside spheres o
dius 2.19 Å—corresponding to the assumed atomic rad
centered at the Co and Si atoms in the surface planes.31 To
be detected as a surface state the percentage of localizat
the atomic spheres had to be at least 20%.

For the projection of bulk bands, eigenvalues were cal
lated for bulk geometries having the same stacking seque
as the corresponding slabs representing the surfaces.
was done for a sufficiently dense mesh of planes ink space
orthogonal to the properkz direction. The projection is done
as follows: if the difference between two eigenvalues
varying kz coordinates for fixed (kx ,ky) coordinates is
a
be
at
re
a-

in

-
ce
his

r

smaller than 0.06 eV, then they are immersed in the sha
areas of Figs. 6~a!, 6~b!, 6~c!. Otherwise, gaps exist in th
projected bands. If new states occur in distinct gaps of
projected band structure, one can safely denote these s
as surface states.

For the interpretation of selected surface states, cha
density contours are shown in Figs. 7, 8, and 9. We calcu
pseudocharge densities based on nodeless pseudoorbita
localized augmentation functions.12,11 Therefore, the noda
structure of the valence states in the region of the ionic co
is not reproduced.

A. Dispersion relations of surface states

1. (100)

As discussed above, the~100! stoichiometric slab has two
different surfaces. Therefore, Fig. 6~a! shows surface state
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of both types of surfaces: the black dots for the Co
terminated surface, and the gray dots for the Si terminatio

Noticeable surface states occur in the gap atX̄ above
Fermi energy. Strikingly, atX̄ there seems to be a degen
eracy of two states at 1.71 eV: from directionḠ -X̄ as well as
from M̄ -X̄ two bands merge at the same energy. A sma
energy difference of 0.005 eV, however, remains betwe
the two states. Inspecting the nature of the states in the s
face plane~Fig. 7! we found bonding features between Si
surface positions for both of them: whereas the slight
lower-lying state at 1.711 eV~stateA) shows distinctp-p

FIG. 7. Contour plots for the electronic densities of surfac

states for the Si-terminated~100! surface atX̄. Plane through the
atomic positions of top Si~S! ~same cut as in Figs. 2–5 regarding
thex andy coordinates!. Subsurface layer atomic positions denote
by Co(S21). ~a! state at 1.711 eV,~b! state at 1.716 eV.
-
n.

ll
n

ur-

y

bonding features along the sides of the square formed by
Si surface atoms@Fig. 7~a!#, the state at 1.716 eV~stateB)
revealsp orbitals directed along the diagonals of the squa
@Fig. 7~b!#. Whereas stateB couples in a bonding manner to
the subsurface Co atoms and even deeper to the next lo
Si layers, stateA is of antibonding character with respect to
the Co-subsurface atoms: the Co bonds are rather locali
in the subsurface plane with nodes between surface and s
surface layer.

For the Co-terminated surface, interactions of Co surfa
atoms with subsurface Si partners also create surface st

FIG. 8. Contour plots for the electronic densities of surfac

states for the~110! surface atS̄ with energy~a! 0.022 eV below and
~b! 1.754 eV above the Fermi energy. Cut through the atomic p
sitions of Si in the surface plane where the rectangular tw
dimensional elementary cell is formed by the Co positions in th
top-layer of Fig. 1~c!. Atomic positions denoted by Si and Co, both
in the same surface layer but with slightly rumpled positions.
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57 4097AB INITIO STUDIES OF THE~100!, ~110!, AND . . .
as it is the case for the Co-surface state at 2.27 eV:dxz- and
dyz-like Co orbitals couple strongly to Si-pz orbitals. Be-
cause the formation of the Co-terminated surface remov
some of the bonds to Si, such states are pushed up in en
in comparison to the corresponding bulk states.

Numerous surface localized Co-surface states are foun
the bulk projected areas, which, however, are not always t
surface states but rather localizedd states that might also be
found in the bulk.

2. (110)

As already discussed in Ref. 10, an appreciable numbe
surface states is found particularly atX̄. Very good agree-

FIG. 9. Contour plots for the electronic densities of surfa

states for the~111! surface atK̄ with energies~a! 1.292 eV below
and ~b! 0.220 eV above the Fermi energy. In surface plane, cut
made through the Si positions. Co of subsurface layer in cente
triangular-shaped contours. The hexagonal two-dimensional
ementary cell is formed by the Si positions in the top layer of Fi
1~d!.
d
rgy

in
e

of

ment is found with these FLAPW data conerning the posit
and nature of the states. However, in Ref. 10 theS̄ point was
not taken into account, at which also interesting surfa
states occur. Black and gray dots refer now to Co and
atoms in the same layer~although a small corrugation effec
is found after relaxation as discused in Sec. III B!, and mark
the predominant character@Fig. 6~b!#.

The geometrical type of this surface is quite differe
from the other two cases because Co and Si atoms are
ated in the same layer. For the other two orientations,
layers contain only either Si or Co. Due to the mixed atom
arrangement of the~110! layers, in-plane surface states wi
covalent Co-Si character are now possible. These states
to the~110! stacking also generally couple to the subsurfa
layer. Therefore, if~nearly! double degeneracy of surfac
states occurs, it is not due to the planar nature of the s
but due to the two equivalent surfaces of the slab. It can
realized from Fig. 6~b!, that an observable splitting of som
surface bands occurs: the corresponding states reach so
down, that the chosen slab of seven layers is not sufficie
thick to perfectly decouple the surfaces.

At point S̄ two high-symmetry directions parallel to th
kx andky axes cross, which makes any combinations of
and Si orbitals parallel to thex andy axes possible, and th
orbitals might be parallel or orthogonal to each other.

For example, strongly covalent in-planep-p bonding be-
tween two Si positions andp-d bonding combinations be
tween Co and Si is shown by Figs. 8~a! and 8~b!, correspond-
ingly, for the surface state atS̄, 0.02 eV below@Fig. 8~a!#
and 1.75 eV above@Fig. 8~b!# the Fermi energy.

Like in Fig. 6~a!, many Co-localized states are found f
which no true surface character can be claimed.

3. (111)

As discussed above, the termination of the investiga
~111! surface consists of a trilayer Si-Co-Si with Si on th
surface. Therefore, when properly stacked the second sur
of the slab also has the same termination. No Co-like surf
localized states are now possible, only gray dots are foun
Fig. 6~c!. In contrast to the other two surface orientation
which showed quite a richness of surface states, for the~111!
surface in the main gap above the Fermi energy only t
surface bands are present. These bands are doubly deg
ate, because the surfaces of the slab are equal and the su
effects obviously well screened.

The threefold geometry is obviously rather favorable; t
bonds between Co and Si are strong: the relaxation of
surface layer towards the Co plane by 0.10 Å is apprecia
~Table IV!. Concerning only the geometry, Co is ideal
placed because it lies in a tetrahedral position@Fig. 1~d!#.
Figure 9~a! shows contours of the state 1.29 eV below Fer
energy atK̄ where the bulk projected area thins out to
single point, the state has presumably some bulklike cha
ter although localized in the Si-surface spheres. Quite a la
accumulation of charge is seen between a triangle of Si
oms, for which its center lies above the Co position. T
surface state at 0.22 eV above Fermi energy atK̄ @Fig. 9~b!#
is a weak resemblance of the strong bonding bulklike st
Weak bonding islands between the Co positions can also
observed. The second surface state at 1.00 eV above F
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energy is the antibonding counterpart of the state at 0.22
Distinct surface bands in bulk projected gaps are a

found well below the Fermi level. For example, a band

27.5 eV is found atK̄ that crosses through the large gap
this point. At a similar energy, surface or resonant states

also seen for the~100! band structure atX̄ and for the~110!

case atS̄ but they are hardly or even not split off the bu
projections.

B. Work functions

Due to the repeated slab construction, the reference
energy has to be chosen as the average of the Coulomb
tential in the middle of the vacuum. Because the potentia
not perfectly flat in this region, some uncertainty remai
Our predicted values for the work-functions are 4.6, 4.9, a
3.4 eV for the~100!, ~110!, and~111! surface. The outstand
ingly small value for the~111! surface reflects the stron
relaxation of the Si surface layer, which reduces the surf
dipole. A recent FLAPW study for the~110! surface10 re-
ported a value of 5.24 eV for the work function. This calc
lation was performed within a free slab model, which pr
vides a correct reference energy. Concerning the diffe
values of work functions obtained by both methods one a
has to note that the value of the present VASP calcula
was derived within the GGA approximation in contrast to t
FLAPW result based on LDA.
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V. SUMMARY

The aim of our paper was to provide a fundamental u
derstanding of the energetics, structure and bonding pro
ties of the clean~100!, ~110! and ~111! surfaces of CoSi2.
The cleavage energies for~100! and~110! surfaces are rathe
similar in contrast to the~111! case, which has a substan
tially lower value. Applying simple models this behavior
understood and described. By analyzing the electronic st
ture we found for the~100! and ~110! surfaces a number o
surface states of rather covalent character. For the~111! sur-
face with Si-Co-Si termination, only two surface bands a
found in the bulk gap above the Fermi energy. Based
energetical results as well as on calculated STM image
proposedA23A2 reconstruction of the~100! surface can be
ruled out.
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