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Reconstruction of Si„001… and adsorption of Si adatoms and ad-dimers on the surface:
Many-body potential calculations
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A recently developed potential function for covalent materials@Phys. Status Solidi B212, 9 ~1999!# is used
to simulate the reconstruction of the Si~001! surface, the surface adsorption, and diffusion of Si on the surface.
For the simulation of reconstruction of Si~001! surface, our numerical results show that an empirical potential
can correctly predict buckling-dimerized asymmetrical (001)-(231), p-(232), andc-(432) configurations
and the relative stability between them in energetics. For the calculations of surface adsorption, we consider the
formation energies and diffusion activation energies of several possible binding sites. The predicted stable and
metastable configurations and diffusion paths of Si adatom and Si ad-dimers on the Si(001)-(231) surface are
in agreement with those from first-principles calculations and experiments.
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I. INTRODUCTION

For the understanding of the microscopic structure a
microscopic dynamic process of atoms in materials scien
an essential ingredient is to obtain a reliable and accu
interactive potential function. Although there have exist
many excellent works in this aspect,1–8 it still cannot satisfy
our eager wishes for a complete description of a comp
microscopic system, such as those characterized by a l
number of degrees of freedom, lack of symmetry, etc. Thi
due to the fact that on the one hand, ideally, using the fi
principles technique one may investigate various comp
microscopic phenomena involving materials science, bu
unbearable computer cost makes this desire unfulfilled.
the other hand one may draw support from an empirica
semiempirical method in these researches, but this will s
rifice computational accuracy. Until now, we still linger o
this situation for an investigation of microscopic proce
But, fortunately, for a large-scale system this kind of emp
cal or semiempirical method may be feasible, as long as
do not fuss about computational precision too much qua
tatively. In the following, we may see several such examp

We have developed an empirical method for covalent m
terials recently.9 This method is based on electronic densi
functional theory. It only includes five potential paramete
and has an analytical functional form. This function has be
used to study bulk defects, symmetrical reconstruction of
~001! surface, small clusters, concerted exchange path,
phase stability, and shear properties of Si.9 In this paper, the
potential function is used further to study the reconstruct
of the Si~001! surface as well as the adsorption and diffusi
properties of Si adatom and Si dimer on the surface. For
simulation of reconstruction of the Si~001! surface, our nu-
merical results show that the surface prefers a buckli
dimerized asymmetrical (001)-(231) configuration to a
dimerized symmetrical (001)-(231) structure in energetics
In this simulation ap-(232) reconstruction and ac-(4
32) reconstruction are also predicted and their energies
0163-1829/2001/64~3!/035402~7!/$20.00 64 0354
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lower than the energies of the (231) configurations. These
properties predicted are consistent with the first-princip
calculations, qualitatively. We have shown that an empiri
potential can predict correctly buckling-dimerized asy
metrical (231), p-(232), andc-(432) reconstructions of
Si~001! surface and the relative stability between them. F
the calculations of surface adsorption, we consider the
mation energies and diffusion-activation energies of sev
possible binding sites. The predicted stable and metast
configurations and diffusion paths of Si adatom and Si
dimer on the Si(001)-(231) surface are in agreement wit
those from first-principles calculations and experiments.
addition, a quantitative energetics of surface reconstruc
and adsorption of small Si on the Si(001)-(231) surface
have been determined using both first-principles meth
and empirical-potential methods. We also did a detai
comparison between these results and ours. It is found
these models have their respective merits, and they are
tually complementary for the description of microscopic sy
tems.

II. THEORY AND METHOD

Our model is inspired by the embedded-atom method8,10

In the theoretical framework of an embedded-atom meth
the total energy of a system can be written as

Etot5(
i

Fi~r i !1
1

2 (
iÞ j

f~r i j !. ~1!

In the above equation,f(r i j ) is the pair interaction re-
lated to a specified pair of atomsi and j separated by a
distancer i j , Fi(r i) is called the embedded-atom energy, a
r i denotes the local electron density at atomi and is assumed
to be a linear superposition of individual atomic-electr
densities. In general, the linear-superposition approxima
works well for close-packed systems due to very high sy
metry in structure, but it does not work for covalent mate
als, where a lower symmetry is present. In this case, we h
©2001 The American Physical Society02-1
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shown that due to the screening effect of electron density,
local electron density may be rewritten as9

r i5 (
j (Þ i )

si j f ~r i j !. ~2!

In the above formulaf (r ) denotes individual atomic
electron density, and the linear superposition approxima
of f (r ) has been replaced by a nonlinear superposition
f (r ). The coefficientsi j expresses the screening effect
electron density and it has the following simple form:

si j 5 )
k(Þ i , j )

si jk5 )
k(Þ i , j )

exp~2gi jk !5expS 2 (
k(Þ i , j )

gi jk D
~3!

with

gi jk5H 0 if r ik1r jk2r i j >2r i j

r i j

r e
S r i j

r ik1r jk2r i j
2

1

2D n

for the rest

` if r ik1r jk2r i j 50.
~3a!

The physical and geometrical meanings of the screen
efficient si jk have been illustrated in Ref. 9 in detail. We d
not repeat it again here. Thef (r ), F(r), andf(r ) have the
following analytic forms:9

f ~r !5 f eexp@2a~r 2r e!#, ~4a!

F~r!5F lnS r

re
D g

21G S r

re
D g

F01S r

re
DF1 , ~4b!

and

f~r !5f0exp@2b~r /r e21!#. ~4c!

In the above formulasr e andre are the nearest-neighbo
distance and the local electron density, respectively, at
equilibrium diamond structure;n andg are two constants. In
general,n is fixed to be 3 andg is taken as 1.80. Thef e is a
scaling factor and is taken as 1 for a pure system. The re
the parameters are a51.515 657 Å21, b
54.928 263 8 Å21, f053.572 977 eV, F0
50.276 114 2 eV, andF15212.712 026 eV. The cutoff dis
tancer cut is set to 1.2a0 , a0 is the lattice constant. All thes
parameters and constants are obtained directly from Re
At the present we apply the potential function to study
reconstruction of the Si~001! surface and the adsorption of S
on it. The minimization of energy is searched by a conjuga
gradient method.

In our calculations, the computational cell is a 21-lay
thick slab with 64 atoms in each layer. The cell includ
1344 atoms. Periodic boundary conditions are applied in
XY plane of the cell. TheXY plane containsX andY axes.
The X axis is along@110# direction and theY axis is along

@11̄0# direction, thus, theXY plane contains the~001! sur-
face of the lattices. The atoms of the bottom-most nine lay
~in the direction ofZ) of the lattice are held rigid. The othe
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atoms are allowed to relax fully so as to obtain a configu
tion with minimal energy for this system.

III. RESULTS AND DISCUSSION

A. Si„100… surface reconstruction

As did by Petukhovet al., for C,11 we perform simula-
tions for the above computational cell for Si. Upon rela
ation of the system the free surface dimerizes. According
different initial configurations two kind of stable recon
structed (231) surfaces, one kind ofp-(232) reconstruc-
tion, and one kind ofc-(432) configuration can be ob
tained. The atom displacements, the bond lengthsbl of
dimers, and the total energiesEtot of relaxed atoms in these
reconstructed systems are listed in Tables I and II.

From Table I, we can see that for the (231) reconstruc-
tion, one of them is a symmetric-dimerized surface, the ot
is an asymmetric-dimerized surface~the dimerized rows are
formed due to the movement of atom rows of the topm
layer relative to each other in theY direction!. In the sym-
metric reconstruction the dimers are not buckled while in
asymmetric one the dimers are buckled due to the as
metrical relaxation of atom rows in the topmost layer in t
Z direction. In fact, in the present calculations, for the s
called symmetrical (231)-surface system an asymmetric
relaxation occurs in theZ direction in its deeper layers while
in the Y direction the relaxations are symmetrical. For t
asymmetrical (231)-surface system, not only in theZ direc-
tion but also in theY direction, an asymmetrical relaxatio
occurs in its topmost layer and its deeper layers. For Si~001!
(231) we also find that the energy of the symmetric-
31) surface is 0.043 eV per dimer over one of t

TABLE I. Atom displacements of the first six atomic laye
relative to their bulk-terminated positions, the total energyEtot ,
and the bond lengthbl for the (231) reconstruction. The atom
labeling scheme is explained in Fig. 1. In the table asymmet
buckling-dimerized (231) reconstruction is noted using (231)a,
where ‘‘a’’ stand for asymmetric.

(231) (231)a
Atom dy ~Å! dz ~Å! dy ~Å! dz ~Å!

11 0.7640 20.1314 0.6942 20.0703
12 20.7640 20.1314 20.7685 20.0418
21 0.1099 0.0916 0.0669 0.1335
22 20.1099 0.0916 20.1628 0.1657
31 0.0000 0.1492 20.0401 0.2388
32 0.0000 20.0801 20.0238 20.0443
41 0.0000 0.0565 20.0182 0.1136
42 0.0000 20.0484 20.0080 20.0178
51 20.0104 0.0011 20.0209 0.0264
52 0.0104 0.0011 0.0113 0.0214
61 20.0040 0.0003 20.0065 0.0079
62 0.0040 0.0003 0.0052 0.0061

bl ~Å! 2.2904 2.3569
Etot ~eV! 23194.826 23196.201
2-2
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TABLE II. Same as Table I, but forp-(232) andc-(432) reconstructions of the Si~001! surface. The data in the brackets denote
deviations of atom sites adjacent to the unit cell as shown in Fig. 1 from the ideal Si~001! surface.

p-(232) c-(432)
Atom dx ~Å! dy ~Å! dz ~Å! dx ~Å! dy ~Å! dz ~Å!

11 0.0000 0.7654~0.7583! 20.0699~20.1581! 0.0000 0.7582~0.7654! 20.1581~20.0699!
12 0.0000 20.7583~20.7654! 20.1581~20.0699! 0.0000 20.7654~20.7582! 20.0699~20.1581!
21 20.0068~0.0068! 0.1443 0.1377 0.0069~20.0068! 0.1443 0.1377
22 0.0068~0.0068! 20.1443 0.1377 20.0068~0.0068! 20.1443 0.1377
31 0.0000 0.0000 0.3093 0.0022~20.0022! 0.0000 0.3093
32 0.0000 0.0000 20.0844 0.0000~0.0000! 0.0000 20.0844
41 0.0000 0.0003~20.0003! 0.0989 0.0000 0.0000 0.0986~0.0993!
42 0.0000 20.0007~0.0007! 20.0179 0.0000 0.0007 20.0179~20.0179!
51 0.0000 20.0058~20.0057! 0.0100~0.0099! 0.0000 20.0056~20.0058! 0.0099~0.0100!
52 0.0000 0.0057~0.0058! 0.0099~0.0100! 0.0000 0.0058~0.0056! 0.0100~0.0099!
61 0.0000 20.0023 0.0029 0.0000 20.0023 0.0029
62 0.0000 0.0023 0.0029 0.0000 0.0023 0.0029

bl ~Å! 2.3177 2.3177
Etot ~eV! 23198.607 23198.609
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asymmetric-(231) reconstructions. The bond lengths of t
buckling dimers are 2.36 Å and this is slightly larger than t
bond lengths of the nonbuckling dimers~2.29 Å!. Note that
in our previous calculations the bond length of the dimer w
2.439 Å, where we did not consider an asymmetric rel
ation in theY andZ directions.9 In addition, the present po
tential predicts that the two atoms of a buckling dimer ha
a difference of 0.03 Å in theirZ coordinates. The other em
pirical potentials gave the bond length of 2.20–2.352 Å,
though in these works the effect of the buckling dimer co
not be predicted.12

For the transition from the symmetrical-(231) recon-
struction to the asymmetrical-(231) reconstruction, using

FIG. 1. The unit cell of Si(001)-(231) surface from the side
~110! views.
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the highly accurateab initio pseudopotential calculations, th
energy gain per dimer was the same as the value of 0.1
obtained in Ref. 13. Similar first-principles calculations
Kruger and Pollmann gave the results of 0.14 eV per dim
of the symmetric-dimerized surface over the bucklin
dimerized asymmetric surface. The buckling amount, i.e.,
difference in the height of the Si atoms of the asymme
dimer was 0.73 Å and the dimer bond length was 2.25 Å14

The corresponding values of buckling amount and bo
length presented by Kobayashiet al. were 0.54 Å and 2.26
Å, respectively.15 The values by Yin and Cohen were 0.31
and 2.25 Å.16 The recentab initio calculation by Gay and
Srivastava gave 0.62 Å and 2.25 Å.17 Measured bond length
were scattered in a wide range from 2.20 Å to 2.47 Å14

sensitively depending on the experimental method and
surface preparation. Thus, the results about the bond le
of the dimer calculated from our present potential and
other empirical potentials are in agreement with those fr
the first-principles calculations and the experiments. Lik
wise, our model underestimates the energy gain and buck
amount of the buckling dimer as compared with the abo
first-principles calculations, but the trend is the same as th
calculations. In fact, we also use the Tersoff potential7 and
the Stillinger-Weber~SW! potential6 to do the same simula
tions. The Tersoff potential favors the symmetrical-(231)
over the asymmetrical-(231) reconstruction in energetics
In the simulation, the buckling amount is calculated to
0.05 Å and the asymmetrical reconstruction is 0.3 eV/dim
higher than the symmetrical one.18 Using the Stillinger-
Weber potential we cannot even find an asymmetrical
31) reconstruction for the Si~001! surface.19 Even so, the
Tersoff potential and SW potential may be better than
present potential in some aspects, such as in the calcula
of energy for fcc, bcc, and sc phases of Si.

Using the recently developed potential ap-(232) and a
c-(432) reconstruction have been predicted. As shown
2-3
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JUN CAI AND JIAN-SHENG WANG PHYSICAL REVIEW B64 035402
Table II, the energies of the two configurations are found
be lower than the energies of the (231) configurations. The
buckling amount and the bond length of the buckling dim
of the c-(432) reconstruction are predicted to be 0.088
and 2.3177 Å, respectively. For thep-(232) reconstruction,
the buckling amount and the bond length are also calcula
to be 0.088 Å and 2.3177 Å, respectively. From our nume
cal results we can also see that the atom displacements
respect to the ideal Si~001! surface are almost the same in t
two structures. But thec-(432) structure is formed by al
ternating the tilt orientation of the buckling dimer along a
across the dimer rows. In thep-(232) structure, the tilt
orientation of the buckling dimer is alternated only along t
dimer rows. In the two structures the atom displacem
along the dimer rows in the second layer can be also
served. Moreover, the energy of thep-(232) structure is
found to be almost the same as the energy of thec-(432)
structure. These trends of the two structures are in agreem
with the first-principles calculations, although the buckli
amount in the present calculations is quite different from
one in the first-principles calculations. In first-principles c
culations the buckling amount is predicted to be equal
0.63 Å and 0.72 Å forp-(232) andc-(432) reconstruc-
tions, respectively,20 and the p-(232) reconstruction is
found to be 0.002 eV/dimer higher than thec-(432)
reconstruction.21 In addition, in the present numerical simu
lations, either for the (231) reconstruction or for thep-(2
32) andc-(432) reconstructions, we find that the rela
ations contract the space between the first atomic layer
the second atomic layer and the second atomic layer
itself toward the surface. This somewhat conflicts with t
first-principles calculations.20,21 In the first-principles calcu-
lations, the space is predicted to be contracted while the
ond atomic layer is predicted to move toward the th
atomic layer. Even so, we think that the present potential
describe the reconstruction of the Si~001! surface well.

As above, we also do the same calculations using sma
unit cells ~16 atoms per layer!. The results are completel
identical to those using larger unit cells~64 atoms per layer!.

It is worthy noting that, to our knowledge, in the previo
calculations none of the empirical potentials can pred
buckling-dimerized asymmetrical (231), p-(232), and
c-(432) reconstructions of the Si~001! surface. A possible
reason is that these potential models are all pure empi
models without an obvious quantum-mechanical ba
ground. Indeed, however, the expression for energy in
embedded-atom method can be derived from the lo
density-functional theory.22 On the bases of the embedde
atom method we consider an electron-screening effect
the screening function has an elliptical shape.9 This physical
origin is that when a covalent bond is formed by two atom
say two hydrogen atoms, its electron cloud forms an elli
roughly. From the above calculations we can see that
present potential model may work for the buckling pheno
enon.

B. Si adatom on the Si„001…-„2Ã1… surface

We have shown that the present potential model may
scribe the Si~001!-surface reconstructions correctly. Going
step further we study the Si adatom on the surface.
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The energetics and geometry of the Si adatom on Si~001!
(231) has been widely studied by the first-principles calc
lations and empirical methods.24–28 These calculations pre
dict that if an Si atom is added to the dimerized~001! sur-
face, it may occupy some stable or metastable adsorp
positions. The typical positions may be seen in Fig. 2. B
about the energetics of these configurations, the empir
methods often provide a result that does not agree with
from first-principles techniques. In the following we inves
gate the five equilibrium positions once again using
present method.

In the present work, an Si atom is placed on the dimeriz
surface and the cell is fully relaxed again. We calculate
binding energy, diffusion activation energy, and the heig
above the ideal Si~001! surface for adatoms at these pos
tions. The results, together with those from experiments,
other empirical potentials, and first-principles calculatio
are listed in Table III. From the table we can see that
binding energies gradually decrease for siteS, D, H, C, andB
in order in our calculations, i.e., siteS is predicted to be the
lowest-energy site and siteD is the second-lowest-energ
position. The binding energies of siteC and siteB in the
trough between dimer rows are found to be smaller th
those of siteH, siteD at the top of dimer rows, and siteSat
the trough. Using the first-principles technique in local de
sity approximation~LDA ! Smith et al. found that this ar-
rangement was in the orderS, H, D, B, C while the calcula-
tion with the Perdew-Wang gradient correction gave
order of S, D, H, B, C. The later@with gradient correction
~GC!# was believed to be more reliable than the former25

Thus, by first-principles calculations with GC, Smithet al.
also found that the siteSwas the lowest-energy position an
D was the second-lowest-energy site, the binding energie
positionsB andC were smaller than those of siteH, D, and

FIG. 2. Dimerized Si(001)-(231) surface denoting stable ada
tom sites by letters, where as a view guide, atomic radii incre
gradually from top layer to bottom layer.
2-4



ow,

RECONSTRUCTION OF Si~001! AND ADSORPTION OF . . . PHYSICAL REVIEW B 64 035402
TABLE III. Adatom binding energiesEb ~eV!, diffusion activation energiesEa ~eV!, and the heightz ~Å!
above the ideal~100! surface.id and'd are the processes of diffusion parallel and normal to a dimer r
respectively.

Site Baskesa Exp.b This work LDAc GCc SW Tersoffc

Eb 3.67 1.3 3.85 3.25 3.16c 3.51
B z 0.623 20.69 1.31c 1.22

Eb 3.598 3.6 4.71 4.30 2.46c 3.08
S z 0.94 0.72 1.92c 1.67

Eb 3.04 1.7 3.63 2.92 1.23c 2.31
C z 20.114 21.07 0.92c 0.61

Eb 3.49 2.8 4.19 3.74 1.57c 2.68
H z 1.255 1.33 1.88c 1.47

Eb 3.29 3.2 4.09 3.81 2.70c 3.27
D z 1.80 1.97 1.54c 1.63
Ea id 0.74 0.6760.08 1.6 0.4,0.6d 0.2 0.3e 0.7
Ea 'd 0.98 '1 2.8 1.0,1.0d 1.5 0.7e 0.43

aReference 24.
bReference 29.
cReference 25.

dReference 28.
eReference 27.
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S. In addition, in the first-principles calculations of Tsud
et al., either for the spin-triplet state or for the spin-sing
state, the binding energies ofH, D, andS were all predicted
to increase gradually in order.26 These results are in goo
agreement with our calculations. Compared with these
sults, Zhanget al.27 and Smithet al.25 using the Stihlinger-
Weber ~SW! silicon potential,6 predicted the lowest-energ
position to be positionB and the second-lowest-energy s
to be siteD. Similarly, using the Tersoff potential7 Smith
et al.25 gave the conclusions identical to those of Zhanget al.
using the SW potential. Using the modified embedded-a
method~MEAM ! ~Ref. 23! Baskes presented that siteS was
not the lowest-energy position, although the energy was v
close to the lowest energy of siteB in his calculations.
Hence, the results from these three empirical potentials
conflicting with those from first-principles calculations an
the present-model calculations for the prediction of
lowest-energy site. But, these empirical potentials, except
present potential model, all predict that siteC has the small-
est binding energy~the greatest-energy configuration! in
these sites. This is in agreement with first-principles calcu
tions.

In order to study a diffusion path, activation energies
transition states between trough and top positions as we
for migration from the trough to top locations are calculate
In these calculations the adatom position along the transi
path is restricted to lie in a plane whose normal is along
line connecting the equilibrium points. The energy of t
system for a number of planes along this line is calcula
and the activation energy is taken as the highest energy,
tive to lower minimum energy in the diffusion path. W
consider four paths: the diffusion paths parallel to dim
rows D-H-D at the top andB-C-B at the trough, and the
diffusions normal to dimer rowsH-S-C and D-B-D. We
find that the activation energy~not shown here! is the highest
for D-B-D diffusion while the lowest activation energy co
responds toB-C-B ~0.7 eV!. The activation energies fo
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pathsD-H-D and H-S-C are 1.6 eV and 2.8 eV, respec
tively. From these results we may conclude that the mig
tion of an atom at the trough along the dimer rows is sign
cantly easier than that at the top along the dimer rows. B
note that the binding energies of siteC and siteB are far
smaller than siteD, siteH, and siteS. This leads to the fact
that adatoms at siteC and siteB are far fewer than ones a
positionsD, H, and S. Thus the diffusion occurs far mor
scarcely alongB-C than alongD-H. Moreover, for the ada-
toms at the top of dimer rows, the activation energy~2.8 eV!
of diffusion normal to dimer rows is far greater than th
activation energy~1.6 eV! of diffusion parallel to dimer
rows. Thus, the diffusion may be the easiest along dim
rows ~i.e., alongD-H). This conclusion is in agreement wit
that from first-principles calculations, although those activ
tion energies are overestimated in our calculations. In fi
principles calculations, Brockset al.28 considered the path o
diffusion along the dimer rows and the path of diffusio
perpendicular to the dimer rows, obtaining activation barr
heights of 0.6 V and 1.0 eV, respectively. Simthet al. gave
an activation energy of 0.4 eV for the parallel path and o
of 1.0 eV for the lowest-energy paths for perpendicu
diffusion.25 In the previous empirical potential calculation
using MEAM, Baskes24 predicted that diffusion normal to
the dimer row occurred with an activation energy of 0.98
and diffusion parallel to dimers rows occurred with the ac
vation energy of 0.74 eV. Zhanget al.27 using the SW po-
tential found that migration along the dimer rows occurr
with an activation energy of 0.3 eV and along the activati
barrier, from top to trough, 0.7 eV. These are identical
first-principles calculations. But using the Tersoff potent
Simth et al. gave the corresponding energies of 0.7 and
eV,25 which is in conflict with first-principles calculations
Although, these results from the previous empirical pote
tials as well as first-principles calculations are more close
the experimental data29 of the activation energies than thos
from the present method, the stable configurations and di
2-5
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sion paths predicted from the present potential are in ag
ment with those from first-principles calculations.

Finally, from Table III we may see that the heights of t
adatom over ideal Si~001!, except theB-adatom, calculated
using the present potential model are very close to the res
from first-principle calculations for adatoms atS, C, H, and
D sites. For this prediction, however, the results from
Tersoff potential and SW potential are not as good as
results, as compared with the results of first-principles ca
lations.

C. Si ad-dimer on Si„001…-„2Ã1… surface

A number of calculations have predicted that the migr
ing adatoms would interact with each other and form dime
The present potential is also applied to investigate the ge
etry and energetics of these ad-dimers. The calculational
cedure is exactly the same as above. Several equilibr
positions for ad-dimers are shown in Fig. 3. Our resu
together with the other numerical results, are reported
Table IV. From the table we can see that the lowest equi
rium position for these ad-dimers is configurationC-C at the
top of dimer rows parallel to dimer rows. For ad-dimer
the top of dimer row, the configurationD-D is normal to
dimers rows and has an energy of 0.7 eV higher thanC-C.
In contrast to the ad-dimers at the top, for ad-dimers on
trough between the dimer rows, the normal ad-dimerB-B is
more stable than the parallel ad-dimerA-A. Our results show
that these ad-dimers are strongly bound with respect to
sociation into two isolated adatoms andC-C is the most
stable configuration in these ad-dimers. This is exactly
agreement with the predictions by first-principl
calculations.30,31 The first-principle calculations indicate
that the parallel dimer in the topC-C was the lowest-energy
configuration. It was also predicted that these ad-dimers w

FIG. 3. Dimerized Si(001)-(231) surface denoting stable ad
dimers by letters, where as a view guide, atomic radii incre
gradually from top layer to bottom layer.
03540
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strongly bound with respect to dissociation into two isolat
adatoms. TheC-C was more stable thanD-D in energy. For
the ad-dimer at the trough the normal ad-dimerB-B was
predicted more stable than the parallel ad-dimerA-A.30,31

Baskes predicted the trough ad-dimer siteA-A as the lowest
energy configuration using MEAM.24 This conflicts with
first-principles results.

Our numerical results show that for the normal ad-dim
B-B or D-D the activation energy~not shown here! for a
migration normal to dimer rows is far greater than the ac
vation energy of 4.2 eV ofC-C for the migration parallel to
dimer rows. The activation energy for a rotation between
C-C state andD-D state is 3.3 eV. From these results it
easy to conclude that the parallel dimer can migrate b
process that includes rotation into the normal orientati
migration as a normal ad-dimer, and then rotation back to
parallel orientation. First-principle results predicted that t
activation energy of the normal migration was larger th
1.45 eV of the parallel migrationC-C, but the activation
energy of C-C was greater than 1–1.2 eV for a rotatio
between the C-C configuration and the D-D
configuration.30,32For the rotation and the parallel migration
the experimental data were (0.6860.01)32 and (0.94
60.09),33 respectively. Using MEAM Baskes obtained th
corresponding values to be 0.66 eV and 0.74 e
respectively.24 Compared with these results, our results ov
estimate the values but the anisotropic diffusions are p
dicted to be in agreement with first-principles calculatio
and experiments as well as the results of Baskes. Finall
Table IV we also give the height of the ad-dimer over t
ideal Si~001! surface. It can be seen that dimerC-C and
dimerD-D are higher over the ideal surface than dimerA-A
and dimerB-B.

e

TABLE IV. Formation energiesEf ~eV! with the reference to
the lowest-energy configuration and diffusion-activation energ
Ea ~eV! of Si ad-dimers on the Si(001)-(231) surface.r denotes
the rotation of the ad-dimer between the orientations of normal
normal to a dimer row.id expresses the diffusion of the ad-dim
along a dimer row.z is the height over the ideal~001! surface.

Energy
~eV! Baskesa Exp. This work Density function

Ef
A-A 0 3.4 0.76b, 1.11c

zA-A ~Å! 0.9925
Ef

B-B 0.15 0.5 0.18b, 0.31c

zB-B ~Å! 0.8322
Ef

C-C 0.68 0 0b, 0.01c

zC-C ~Å! 1.6298
Ef

D-D 0.76 0.7 0.07320.115b

zD-D ~Å! 1.5598
Ea r 0.66 0.6860.01d 3.3 121.2d

Ea id 0.74 0.9460.09e 4.2 1.45b

aReference 24.
bReference 30.
cReference 31.
dReference 32.
eReference 33.
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We should see that in the calculations above, although
atomic configurations are predicted to be in agreement w
first-principles calculations, the magnitudes of the cor
sponding energies are usually poor as compared with fi
principles calculations. One reason may be that the pre
potential gives too great a screening effect on electronic d
sity when the system departs from an equilibrium state. T
leads to the values of the calculated energies to be too h
In the previous calculations of bcc phase, fcc phase,
concerted exchange path for Si, the energies w
overestimated.9 The reason is the same as for the pres
calculations.

IV. SUMMARY

We have calculated the reconstruction and the adsorp
of the Si~001! surface. The diffusion of the adatom and a
dimer at the top of the dimer rows are predicted to be ea
along the dimer rows than diffusion normal to the dim
rows. Also the stable configurations are found to be in agr
o
h,
A

hy

s

03540
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ment with those predicted by first-principles and experim
tal results. The present potential also predicts tha
symmetrical-dimerizing Si(001)-(231)-surface reconstruc
tion is 0.043 eV per dimer higher in energy than the asy
metrical buckling-dimerized Si(001)-(231) structure. The
buckling amount and the bond length are 0.03 Å and 2.36
respectively. At the same time thec-(432) andp-(232)
reconstructions are also predicted and they are more st
than the (231) reconstruction. In the two structures th
buckling amount and bond length of the dimer are found
be equal to 0.088 Å and 2.3177 Å, respectively. These
sults are all in agreement with first-principles calculations
least, qualitatively. The present potential model may wo
for the description of the buckling phenomenon and adso
tions of adatom and ad-dimer on the Si~001! surface.
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