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Atomic and electronic structure of ideal and reconstructeda-Sn „100… surfaces
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a-Sn~100! surfaces have been recently produced through epitaxial growth of Sn on InSb~100!. Reflection
high-energy electron-diffraction data on these surfaces exhibit a variety of reconstructions with periodicities
231, p(232), andc(434), attributed to possible ordering of dimers, in analogy to Si~100! and Ge~100!
surfaces. Here we present a theoretical study ofa-Sn~100! using theab initio pseudopotential local-density
approximation to search for the stable atomic and electronic structure. We find that surface dimers indeed form,
accompanied by a large energy gain of 0.618 eV/~surface atom! with respect to the ideal surface. As in Si and
Ge, the dimer is buckled, but ina-Sn the amount of buckling is surprisingly large, 1.0 Å, to be compared with
0.4 Å ~Si! and 0.74 Å~Ge!. A frozen phonon calculation predicts a corresponding surface dimer rocking mode
at 4.8 THz. The surface core-level shift was found to be 0.6 eV for the up-dimer atom. In the ground state of
a-Sn~100! we find that dimers tend to order ‘‘antiferromagnetically.’’ Calculations show that the most favored
states with asymmetric buckled dimers are thec(432) andp(232) antiferro reconstructions, found to be
nearly degenerate. Results are discussed in connection with existing and future experiments.
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I. INTRODUCTION

The surface physics ofa-Sn, a zero-gap semiconducto
isostructural and isoelectronical to diamond, Si, and Ge,
long been uninvestigated, probably due to the unavailab
of good crystals. Epitaxial growth ofa-Sn on InSb has bee
reported by several experimental groups,1,2 with a-Sn film
thicknesses as high as 2500 Å fora-Sn/InSb~100!. Low-
energy electron-diffraction~LEED! and reflection high-
energy electron-diffraction ~RHEED! data show that
a-Sn~100! displays a variety of reconstructions, in particul
a two-domain 231, a p(232), and ac(434), which pre-
vail successively for increasing film thicknesses on
InSb~100! substrate.2 The same, or very similar, reconstru
tions are also present in Si~100! and Ge~100!. It is now uni-
versally accepted that the reconstructions of these two
faces fundamentally arise from the formation of surfa
dimers.3 In particular, asymmetric dimers are considered
building blocks for observed reconstructions such as
31, c(432), p(232), and so on. The similarity in the re
construction periodicities observed ona-Sn~100! to those of
Si~100! and Ge~100! suggests that dimer-based reconstr
tions should also play a fundamental role ona-Sn~100!.
However, no direct evidence for the existence of dimers
been produced so far fora-Sn~100!, nor has any quantitative
hint been provided of their geometry, of the magnitude of
buckling ~if any!, and of the electronic and vibrational prop
erties which would substantiate the dimer hypothesis.

We have therefore carried out a study of the atomic a
electronic structure ofa-Sn~100!, in order to provide a
sounder basis for further experimental investigations. O
PRB 580163-1829/98/58~20!/13698~14!/$15.00
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conclusion is that dimers are indeed formed and are stabl
this surface. The main unexpected feature which we find
giant magnitude of the asymmetric buckling, predicted to
as large as 1 Å, a factor of about 2.5 larger than that m
sured in Si~100!.4 Related properties which we predict are
1.2-eV surface gap, and a well-defined dimer surface re
nance at relatively high frequency~4.8 THz! in the surface
vibrational spectrum ofa-Sn~100!. As for the ground-state
surface periodicity, among the possible high-order rec
structionsp(431), p(232), c(232), c(432), andc(4
34) we find that the lowest energies arec(432) andp(2
32), found to be nearly degenerate. The energy spr
among these possibilities is of the order of 0.1 eV per dim
and can be modeled by an effective Ising Hamiltonian.

II. CALCULATIONAL TECHNIQUES

The calculations have been performed using theab initio
pseudopotential plane-wave self-consistent method, base
the density-functional theory within the local-density a
proximation ~LDA !.5 We adopted the Ceperley-Alder ex
change and correlation functional with the parametrization
Perdew and Zunger,6 and modeled the electron-ion intera
tion using a norm-conserving pseudopotential7 in Kleinman-
Bylander form,8 with s andp nonlocalities. The Kohn-Sham
orbitals were expanded in plane waves with an energy cu
of 12 Ry. As shown in Ref. 9, this approach yields, amo
other properties, the correct relative energy ordering of b
a-Sn andb-Sn, the transition pressure between these t
phases, and their electronic band structures.

We modeled the surface~unless otherwise specified! us-
13 698 ©1998 The American Physical Society
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ing a periodically repeated slab of 12 Sn monolayers w
inversion symmetry through the center of the slab, an
vacuum layer of 11 Å. The initial atomic positions are ch
sen according to the calculated9 equilibrium bulk lattice
spacing@ao56.446 Å, quite close to the experimental val
6.483 Å ~Ref. 10!#. We froze the two innermost middle lay
ers, but allowed all other atoms to relax according to
calculated Hellmann-Feynman forces. The relaxation w
terminated when the forces were less than 5 meV/Å.

A set of four specialk points was chosen to sample th
231 rectangular irreducible surface Brillouin zone~ISBZ!.11

For calculations involving different surface unit cells, w
chose a set ofk points equivalent to the four special points
the 231 ISBZ: specifically, eightk points for the 131
ISBZ, four k points for the 231 symmetric-dimer ISBZ,
eight k points for the 231 asymmetric-dimer ISBZ due to
the dimer’s breaking mirror symmetry, twok points for
p(431), four k points for p(232), eightk points for c(2
32), and fourk points forc(434). An equivalentk-point
sampling cannot be found for thec(432) oblique ISBZ, and
we therefore sampled thec(432) oblique ISBZ with four
specialk points. In order to check the convergence proper
of our k-point sampling, we repeated the calculation of t
Hellmann-Feynman forces at the end of the relaxation, for
considered reconstructions, doubling the number ofk points.
No meaningful changes took place on any of the structu
In the case of metallic surfaces, we used a Gaussian br
ening of 0.001 Ry, according to Ref. 12.

From the construction of our slab, the surface energ
Esur f are defined as

Esur f5~Eslab2NEbulk!/2, ~1!

whereEslab is the total energy of the slab,Ebulk is the energy
per atom of bulka-Sn,N is the total number of atoms in th
slab, and the factor12 accounts for the two identical surface
as required by inversion symmetry. In order to minimize t
errors introduced by the finitek-point sampling in Eq.~1!,
the value ofEbulk was recalculated for each surface reco
struction, using the same supercell andk-point sampling
adopted for the surface calculations.13 In practice, this
amounted to perform two independent supercell calculati
for the bulka-Sn energyEbulk using the 231 slab cell and
the c(432) slab cell, respectively. The calculated energ
per atom of bulka-Sn Ebulk are296.773 eV/atom in the 2
31 slab case, and296.757 eV/atom in thec(432) slab
case.

Vibrational contributions, both in the form of zero-poin
motion and in the form of finite-temperature entropic con
butions, are not included in the evaluation of surface en
gies. Although a full phonon spectrum calculation would
principle be necessary for a quantitative determination
both contributions, differences in the vibrational spectra
various reconstructions have been found to be minima
Si~100!,14,15 and we do not expect qualitative differences f
Sn~100!. For most of these surfaces we computed, am
other quantities, the surface work function, the lay
projected density of states, and the core-level shifts in
outermost atoms.

Surface work function:The surface work functionf, al-
though rarely calculated, represents an important electr
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property of a surface, and one that can be directly measu
in experiments. It is defined asf5V̄H(vacuum)2EF ,
whereEF is the Fermi energy andV̄H(rW) is the macroscopic
average of the Hartree potentialVH(rW). The Hartree potentia
VH(rW) satisfies Poisson’s equation

¹2VH~rW !54pr~rW !, ~2!

and can be easily obtained from the self-consistent electr
charge density. Following the approach proposed by B
dereschi, Baroni, and Resta,16 we compute the averageV̄H in
the form

V̄H~z!5
1

aS0
E

z2a/2

z1a/2

dsE
S0

dx dyVH~x,y,s!, ~3!

whereS0 is the surface unit area,a is thea-Sn bulk lattice
parameter, andz is the coordinate normal to the surfac
Physically, of course, we expectV̄H(z) to be constant in the
vacuum and also in the central, bulklike, region of the sla

Layer-projected density of states (LDOS):In real space, at
position rW, the local density of statesr(rW,E) of the slab is
defined as

r~rW,E!5(
n
E

SBZ
dkW uCkW

~n!
~rW !u2d@E2En~kW !#, ~4!

wheren is the band index,SBZdenotes the surface Brillouin
zone,C (n) and En are the eigenstate and eigenvalue of t
nth band, respectively. The LDOS can be projected onto
different layers in the slab as follows:

r~m,E!5(
n
E

SBZ
dkWE

S0

dx dy

3E
zm2D/2

zm1D/2

dzuCkW
~n!

~x,y,z!u2d @E2En~kW !#,

~5!

wherezm denotes themth layer position, andD is the dis-
tance between the two nearest neighbor layers. This LD
will resemble the bulk density of statesr(E) in the slab
center, but it will display surface-state effects in the ou
layers. The LDOS is a useful quantity and can be used
interpret several experiments, including photoemission
scanning tunneling microscopy. In our calculation, due to
finite resolution of ourk-point sampling, we replaced thed
function in formula~5! by a Gaussian function with a broad
ening of 25 meV.

Surface core-level shift (SCLS):The surface core-leve
shift relative to the bulk is easily measured in photoemiss
experiments, and is a relevant quantity to understand the
cal environments of atoms. It is defined as the differen
between the kinetic energies of an electron emitted from
given core shell of a surface atom and from the same she
a bulk atom, when they are excited with the same pho
energy. Two different theoretical frameworks are typica
followed to evaluate the SCLS: the initial-state picture a
the final-state picture.17 The initial-state picture assumes th
the SCLS is equal to the difference between the sing
particle energy eigenvalues of a core state in a surface a
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13 700 PRB 58LU, CHIAROTTI, SCANDOLO, AND TOSATTI
and a bulk atom prior to removal. By definition, the initia
state picture does not consider the core-relaxation~screen-
ing! effect of the core level, which is instead included in t
final-state picture. In this paper we evaluated SCLS’s in b
pictures, following the approach of Refs. 17 and 18. For
initial-state picture, we first averaged the obtained s
consistent potential ~Hartree potential plus exchange
correlation potential! in a sphere centered on each conside
surface and bulk atom~in our calculations the center-laye
atoms are considered as the bulk atoms!. The radius of the
sphere was chosen to be slightly larger than half the b
bond length.19 Then the SCLS was evaluated as the diff
ence between the averaged potentials in the surface atom
the bulk atom. For the final-state picture, we first must g
erate a pseudopotential with a 4d hole ~for a-Sn, 4d elec-
trons are usually detected in photoelectron spectroc
experiments!.20 This was done following the method of vo
Barth and Car,21 where the ‘‘core-hole’’ pseudopotential i
given in a norm-conserving semilocal form by

Vl~r !52
Zv

r
er f~Aacr !1~al1blr

2!e2a l r
2
, ~6!

where l denotes the angular momentum,Zv is the core va-
lence charge (Zv55 in this case!. The parametersac , al ,
and bl , obtained by a fitting procedure,22 are reported in
Table I. Transferability for this pseudopotential has be
tested for several excited configurations of the Sn atom, s
as s3p1, s1p3, s2p1d1, s1p2d1, s2p1, and s1p2. We then
performed two self-consistent calculations by substitut
the original pseudopotential with the ‘‘core-hole’’ one in th

TABLE I. Parameters for the Sn pseudopotential with
screened 4d hole. Energies in Ry.

Sn1 l 50 l 51 l 52

ac 0.654040
a l 0.976805 0.646154 0.741125
al 11.861162 4.295659 20.211686
bl 25.005743 21.085313 1.358163
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considered surface and bulk atoms, respectively. Acco
ingly, the SCLS is the difference in the total energies b
tween these two calculations with the core hole.

III. UNRECONSTRUCTED a-SN„100… SURFACE

We started by considering the ideala-Sn~100! surface,
where all atoms are in a truncated bulk position. This cal
lation serves to identify the basic driving forces toward mo
stable reconstructions, and also as a reference state. The
culateda-Sn ideal~100! surface energy turns out to be 1.53
eV/~131 cell! ~Table II!. The corresponding ideal surfac
electronic band structure is reported in Fig. 1. It is seen t
half-filled surface bands cross the gap regions of the p
jected bulk energy bands. In particular, since, on the id
a-Sn~100! surface, each surface atom has two dangl
bonds, the latter gives rise to two surface-state bands in
fundamental gap region. The splitting between these
surface-state bands indicates a non-negligible interaction
tween the two dangling bonds, lifting their original dege
eracy. This is also reflected by electron charge density m
in two upper panels of Fig. 1, which correspond to the squ
amplitude of surface statesS1 and S2 at point K̄, namely,
so-called dangling-bond state and bridge-bond state, res
tively. An inspection of the total electron charge-dens
distribution23 shows that in the ideal surface there is no bo
formation among neighboring surface atoms so long as t
are kept frozen, and the electrons are highly localized aro
them. The protrusive character of these electronic states
gests that the work function of the ideala-Sn~100! surface
should be rather high. We computed the planar and ma
scopic averages of the Hartree potential, and obtained a v
for the work function of 4.68 eV~the values of all calculated
work functions are reported in Table III!. We also calculated
the surface LDOS~the right panel of Fig. 1!, which shows
that the main weights ofS1 andS2 are clearly located at the
two sides of the Fermi level. Therefore, even though
Fermi level crosses the surface bands in the fundamental
~see Fig. 1!, the ideala-Sn~100! surface displays a nearl
negligible density of states at the Fermi level, much like t
ideal Si~100! ~Ref. 24! surface, owing to a large dispersion o
TABLE II. Calculated surface energies, absoluteEsur f and relativeDE, dimer bucklingb, dimer buckling
anglev, and dimer bond lengthd of different optimized reconstructions for thea-Sn~100! surface. In the
table SMD indicates single missing dimer.

Structure Esur f DE b v d
@eV/~131 cell!# @mJ/m2# @eV/~131 cell!# ~Å! ~Å!

ideal 1.530 1180 0.000
fully relaxed 1.507 1162 20.023

231 symmetric 1.031 795 20.499 0 0° 2.90
SMD-p(232) 0.995 767 20.535 1.05 21.15° 2.91
SMD-c(434) 0.970 748 20.560 1.09 22.29° 2.87

231 asymmetric 0.912 703 20.618 1.01 20.99° 2.82
p(431) 0.909 701 20.621 0.964 20.06° 2.81
c(232) 0.907 699 20.623 1.03 20.88° 2.89
c(434) 0.903 696 20.627 1.02 20.80° 2.87
c(432) 0.873 673 20.657 1.06 21.67° 2.87
p(232) 0.872 672 20.658 1.06 21.60° 2.88
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the surface bands in the fundamental gap. Nevertheless
very high value of the surface energy, as well as the prese
of surface states with a high degree of electron charge lo
ization, suggest that this ideal surface should be unst
toward relaxation and/or reconstruction, as on Si~100! and
Ge~100!.

The atomic positions in the slab were at first allowed

FIG. 1. Surface electronic band structure of the ideala-Sn~100!
surface reported along high-symmetry lines of the 131 square ir-
reducible Brillouin zone. The broken bonds lie in the~110! plane.
Shaded areas correspond to surface-projected bulk states. Th
lines correspond to surface states, and dotted lines to surface
nances. The irreducible surface Brillouin zone is given in the in
Note the large dispersion of the partly filled surface state bandS1

and S2 associated with the broken bonds. The two upper pan
display the electron-density contours of the surfaceS1 ~upper left

panel! andS2 ~upper right panel! eigenstates atK̄ in the ISBZ, on
the ~110! plane passing through the Sn atoms represented by
circles. Empty circles indicate the out-of-plane Sn atoms,
thicker straight lines to bonds among Sn atoms. Contour lines
separated by 0.002 a.u. Note the much higher degree of elec
charge localization on top atoms for stateS1, compared toS2. The
right panel displays the layer-projected density of states~LDOS!
projected on the surface layer with the same energy scale as th
the left electronic band structure on the vertical axis. Shaded a
indicate the surface states. Note the nearly zero density of stat
the Fermi level.

TABLE III. Calculated work functionsF, respectively, for the
231 asymmetric dimer reconstructed surface, the 231 symmetric
dimer reconstructed surface, and the ideal unreconstru
a-Sn~100! surface.

Structure Asymmetric dimer Symmetric dimer Idea

F ~eV! 4.43 4.42 4.68
the
ce
l-
le

relax still preserving the 131 surface periodicity. This led to
a gain in surface energy of only 23 meV/~131 cell! and a
small vertical inward relaxation of only 0.071 Å in the su
face atoms, indicating that only proper reconstructions w
higher periodicity are likely to lower the energy. In the fo
lowing sections we consider the possible reconstructions
a-Sn~100! with larger surface unit cells.

IV. 2 31 DIMER RECONSTRUCTIONS

A. 231 symmetric dimer

Our approach is to ignore at first the subtleties related
higher periodicities, and focus on the understanding of
basic building block of all~100! reconstructions, particularly
the possible formation of surface dimers. Accordingly w
first restricted our analysis to a 231 surface unit cell. We
constructed a trial symmetric dimer structure in which t
two surface atoms are dimerized, and all bond lengths,
cluding the dimerized bond, are initially set equal to the bu

bond length. We also require a mirror symmetry along@11̄0#
to be preserved in our slab so as to preserve the initial s
metry between neighboring surface atoms. As it turns ou
is impossible to have a mirror symmetry in a slab of
layers with inversion symmetry, while this can be done w
10 or 14 layers. In the present calculation, we chose a sla
14 layers with inversion symmetry across its middle bilay

plus the required mirror symmetry along@11̄0#. In this case
we froze the atoms in the four innermost layers, and rela
all the others.

Full relaxation of the atomic positions in the 231 sym-
metric dimer reconstruction so obtained leads, as expec
to a dramatic lowering of surface energy to 1.031 eV/~131
cell!, which is 0.499 eV/~131 cell! lower than the ideal sur-
face~see Table II!. This lowering is related to the formatio
of the Sn-Sn surface dimer bond, which reduces the num
of the dangling bonds from two to one per surface atom.
inspection of the total electron charge density23 confirms that
a strong bond forms in the surface dimer. The band struc
and surface LDOS~Fig. 2!, however, show that the surface
still metallic, similar to the symmetric dimer Si~100! and
Ge~100! surfaces,25–28 due to the remaining dangling bond
This is made clear by the squared wave functions of
metallic surface statesS1 andS2 at K̄, reported in Fig. 3. The
mirror symmetry between the two residual dangling bond
clearly seen. Besides the surface bandsS1 andS2, there are
other surface bandsS3, S4, and S5 in the fundamental gap
region, which will similarly appear in the following asym
metric dimer case and will be discussed there. The final
laxed atomic coordinates for the symmetric dimer calculat
are given in Ref.23. The dimer bond length is 2.90 Å~the
bulk bond length is 2.79 Å!. Charge-density maps23 indicate
that the electrons are more smoothly distributed around
top surface atoms than on the ideala-Sn~100!. The calcu-
lated surface work function turns out to be 4.42 eV, sma
than that of the ideala-Sn~100!, as expected from the in
creased smoothness of the electronic charge. The presen
half-filled dangling bonds and of metallic surface bands
the fundamental gap as usual suggests that the symm
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13 702 PRB 58LU, CHIAROTTI, SCANDOLO, AND TOSATTI
dimer reconstruction should still be unstable toward dist
tions, able to lift the residual near-degeneracy of the surf
statesS1 andS2.

B. 231 asymmetric dimer

We next allowed the two surface atoms to become n
equivalent, thereby breaking the@11̄0# mirror symmetry. We
calculated the Hellmann-Feyman forces to guide the re
ation of the atomic structure. Even though the inequivale
of the surface atoms was initially minute, it grew to a co
siderable buckling immediately after relaxation.

The surface energy was very substantially lowered
asymmetrization of the dimer. Full relaxation of the atom
positions in the 231 asymmetricdimer reconstruction lead
to a final surface energy of 0.912 eV/~131 cell!, which is
0.119 eV/~131 cell! lower in energy than the symmetri
case, and 0.618 eV/~131 cell! lower in energy than the idea
surface. The atomic coordinates of the fully relaxed asy
metric dimer reconstruction are reported in Table IV. Th
large energy gain is accompanied by a giant buckling of
dimer (b51 Å, v521°).

The surface electronic band structure of the asymme
dimer structure is reported in Fig. 4. As expected, the la
buckling of the surface dimer leads to the opening of a la
surface energy gap between surface bandsS1 andS2, com-
pared with the symmetric dimer case~Fig. 2!. The Fermi
level lies in this gap, and the asymmetric dimer reconstr
tion is ‘‘insulating,’’ except for the zero-gap region nearG.
The buckling of the surface dimer causes thesp3 covalent
orbitals of the surface atoms to dehybridize partially. T

FIG. 2. Surface electronic band structure of the 231 symmetric
dimer-reconstructed surface reported along high-symmetry line
the 231 rectangular irreducible Brillouin zone. Shaded areas c
respond to surface-projected bulk states, while thicker lines co
spond to surface states. The irreducible surface Brillouin zon
given in the inset. Note the quasidegenerate surface bandsS1 and
S2 primarily distributed nearby the Fermi level, and its metal
feature. The right panel displays the layer-projected density
states~LDOS! projected on the surface layer with the same ene
scale as that of the left electronic band structure on the vertical a
Shaded areas indicate the surface states. Note the ‘‘good’’ met
feature of the LDOS.
-
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TABLE IV. Optimized atomic positions of thea-Sn~100! asym-
metric dimer (231)-reconstructed surface, and the correspond
bulklike ~Ideal! positions. In the rectangular supercell, coordina
are given byr5c1a11c2a21c3a3 , whereai is defined in the con-
ventional cubic coordinate system asa15(a0/2)(1,1,0),a2

5(a0/2)(1,21,0), and a35a0(0,0,21) with a0512.181 a.u.
56.446 Å thea-Sn lattice parameter. The unit cell has one asy
metric dimer.

Atom Ideal Optimized
no. c1 c2 c3 c1 c2 c3

dimer-layer
dimer-down 1 0.500 0.250 1.375 0.500 0.550 1.2

dimer-up 2 0.500 1.250 1.375 0.500 1.128 1.4
2nd-layer

3 0.000 0.250 1.125 0.000 0.247 1.13
4 0.000 1.250 1.125 0.000 1.208 1.15

3rd-layer
5 0.000 0.750 0.875 0.000 0.755 0.85
6 0.000 1.750 0.875 0.000 1.717 0.89

4th-layer
7 0.500 0.750 0.625 0.500 0.740 0.61
8 0.500 1.750 0.625 0.500 1.744 0.64

FIG. 3. Electron-density contours of the surfaceS1 eigenstate
~upper panel,p state! and of the surfaceS2 eigenstate~lower panel,

p* state! in the 231 symmetric dimer reconstruction atK̄, on the
~110! plane passing through the Sn atoms represented by
circles. Empty circles indicate the out-plane Sn atoms, and thic
straight lines bonds among Sn atoms. Contour lines are sepa
by 0.0005 a.u. Note the mirror symmetry between the two dim
atoms.

of
r-
e-
is

f
y
is.
lic



m

r

o

tl

nd
e-

to

tr

i
ev
n
th

y

o
ue
ro
s

g
n,

this
ew
ck-
i-
fre-

ncy
in

h

ns,
f
e
te
m-

ed
the

ig
.
fa
ac
se
o
l full

ker
rated
r

PRB 58 13 703ATOMIC AND ELECTRONIC STRUCTURE OF IDEAL . . .
dangling bonds on the outward and inward surface ato
here become prevalentlys andp like, respectively. Accord-
ing to the usual mechanism, some nominal electronic cha
transfer from thep-like to the s-like dangling bond takes
place. The completely filled surface states labeled withS1 in
the surface band structure of Fig. 4 are mainly localized
the outward surface atom with mostlys-like character~Fig.
5, upper panel!, and the empty surface states labeled withS2

are mainly localized on the inward surface atom with mos
p-like character~Fig. 5, lower panel!. By analyzing the elec-
tron charge density distributions of the other surface ba
S3, S4, andS5 ~Ref. 23! present in the fundamental gap r
gion, we found that the filled surface statesS3 and the empty
surface statesS5 are ‘‘back bond’’ surface states related
the second surface layer atoms. The surface bandS4 is in-
stead closely related to the bond formed in the asymme
buckled dimer.

The calculated LDOS for the asymmetric dimer surface
reported in Fig. 6. The surface states around the Fermi l
in the right panel of Fig. 2 are split into two components, a
are pushed at the two sides of the Fermi level. Both
LDOS and the surface band structure show that a gap
about 1.2 eV separates the two surface bands in the as
metric dimer reconstruction ofa-Sn~100!. It is therefore pre-
dicted that a surface optical absorption peak should be
served at this frequency with surface-sensitive techniq
such as infrared reflectivity, electron-energy loss spect
copy ~EELS!, or photoemission, due to excitations acro
this gap.

FIG. 4. Surface electronic band structure of the 231
asymmetric-dimer-reconstructed surface reported along h
symmetry lines of the 231 rectangular irreducible Brillouin zone
The Fermi level is set to zero. Shaded areas correspond to sur
projected bulk states, while thicker lines correspond to surf
states. The irreducible surface Brillouin zone is given in the in
Note the surface bandsS1 andS2, well separated in energy due t
the large buckling between the dimer atoms, and the Fermi leve
between them.
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V. PROPERTIES OF THE
ASYMMETRIC-DIMER-RECONSTRUCTED a-Sn„100…231

A. Surface rocking vibration

The effective dipole connected with the dimer bucklin
will be strongly modulated by a particular surface vibratio
the ‘‘rocking mode,’’14 which modulates the buckling. We
have extracted an approximation to the eigenvector of
mode by examining the coordinate evolution in the last f
steepest-descent iterations during relaxation, from zero bu
ling to the final large buckling geometry. Using this approx
mate eigenvector, we have calculated the frozen-phonon
quency (n r) of the rocking mode atk50, and foundn r

54.8 THz. The bulk zone-center Raman phonon freque
(nb) of a-Sn, calculated by constructing the eigenvector
the same way, isnb55.97 THz, in excellent agreement wit
the experimental valuenb56.0 THz.29 The dipole-active
rocking mode is expected to resonate with bulk vibratio
falling, however, in a region of relatively low bulk density o
phonon states29 ~see Fig. 7!. We thus expect that it should b
observable in high-resolution EELS. It is of interest to no
that the same rocking mode is predicted to lie, in the asy
metric buckled structure of Si~100!,14 at n r;6 THz, much
below the bulk zone-center Raman phonon (nb;16 THz!
making detection more difficult in that case. This predict
difference is attributable to the much stronger buckling of
a-Sn dimer.

h-

ce-
e
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FIG. 5. Electron-density contours of the filled surfaceS1 eigen-
state~upper panel! and of the empty surfaceS2 eigenstate~lower

panel! in the 231 asymmetric dimer reconstruction atK̄, on the
~110! plane passing through the Sn atoms represented by
circles. Empty circles indicate the out-plane Sn atoms, and thic
straight lines bonds among Sn atoms. Contour lines are sepa
by 0.0005 a.u. Note the strongs-like state feature in the uppe
panel, and the strongp-like state feature in the lower panel.
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FIG. 6. Layer-projected density of states~LDOS! for the 231
asymmetric-dimer-reconstructeda-Sn ~100! surface. The Fermi
level is set to zero. In panels~a!, ~b!, ~c!, and~d!, the solid curves
are, respectively, the density of states~DOS! projected on the sur-
face layer, the second layer, the third layer and the center l
~sixth layer!, whereas the DOS projected on the center layer p
duced a good bulk DOS. The LDOS of panel~c! very similar to that
of panel~d!, indicating surface states primarily related to surfac
layer and second-layer reconstructions. Shaded areas indicat
surface states. Note the insulating feature of the LDOS in panel~a!.

FIG. 7. The phonon spectrum fora-Sn, cited from Ref. 29. The
added dashed line indicates the location of thea-Sn~100! asymmet-
ric dimer rocking mode. Note that the predicted rocking mode
in the low bulk phonon density of states~DOS! region.
B. Net static charge transfer

The computed work function for this asymmetric dim
surface is 4.43 eV, very much the same as that of the s
metric dimer surface. This fact seems to indicate that
asymmetrization, although giant, does not induce any tr
net charge transfer~which would increase the surface wor
function in the absence of screening effects!, and corre-
spondingly screening effects are indeed strong and a n
picture of pure charge transfer does not apply.

In order to clarify this situation, we carefully compute
the charge transfers from the down-dimer atom to the
dimer atom corresponding to the different energy bands.
respectively integrated the self-consistent electronic cha
densities of the different energy bands in the spheres c
tered on the down-dimer and up-dimer atoms with a rad
slightly larger than the half of the bulk bond length.30 The
charge transfer is, therefore, the difference between
above two integrations around the up and down atoms.
energy-resolved charge transfer is reported in Fig. 8. We
that a considerable amount of charge transfer indeed ta
place in the surface states. However, this is almost co
pletely compensated for by a charge backflow, clearly as
ciated with a rehybridization of back bonds which resto
the net average value close to zero.

C. Surface core-level shifts

The inequivalence of the two dimer atoms connected w
the formation of such a large buckling should give rise to
observable shift in the core-level position of the dimer
oms. We therefore computed the core level shifts on th
31 asymmetric dimer reconstruction, which are reported
Table V.

er
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FIG. 8. The calculated charge transfers from the down-dim
atom to the up-dimer atom, corresponding to the different ene
bands for thea-Sn~100! 231 asymmetric dimer reconstruction
Here the vertical axis indicates the charge transfer~units in e),
while the other axis indicates the band energies~units in eV!. The
Fermi level is set to zero.
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We note that surface core-level shifts are nearly ident
in both initial- and final-state approximations. The core-le
shift is close to zero for the down atoms, and 0.6–0.8
lower binding energies for the up atoms. This predic
value is close to that of rest atoms on Si~111! and Ge~111!,
and, in analogy with those, can be associated with the p
ence of an extra polarizable charge on the atom. It should
noted that the shift would be much larger if the over
buckling-induced charge transfer driven by surface sta
were not compensated for by the backflow described in S
V B.

VI. HIGHER RECONSTRUCTIONS BASED ON THE
ASYMMETRIC DIMERS

In Si~100! and Ge~100! a variety of higher reconstruction
are observed,31–35 such as 231, c(432), p(232), c(2
32), c(434), and 23n, where 6,n,10. Several of them
sometimes coexist. The 231 reconstruction is the room
temperature phase. The 23n reconstructions (6,n,10) are
obtained by rapid quenching from high temperatures,
metastable, and decay with a first-order kinetics.32 Exposing
231 surfaces to hydrogen, and annealing at 570–690
induces the formation of ac(434) reconstruction on
Si~100!.36,37 Finally, the c(432), p(232), and c(232)
reconstructions predominate at low temperatures. As
the ground state, theoretical calculations38,27,28 and
experiments33,35 agree in that thec(432) or p(232) are
nearly degenerate.

Pandey39 proposed a ‘‘missing dimer defect’’ model t
account for the observed complicated reconstructions
~100! surfaces. However,ab initio calculation by Roberts
and Needs28 showed the missing dimer defect model to
energetically higher than the 231 asymmetric dimer model
Currently, only the metastable reconstructions 23n (6,n
,10) andc(434) are tentatively explained in terms of th
missing dimer defect model: the former as the ordering
excess missing dimer defects,32 the latter as an ordered stru
ture with missing dimer defects formed on the basic 231
structure.37 The stable reconstructions 231, c(432), p(2
32), and c(232) are instead believed to be formed b
different arrangements of two nonequivalent ‘‘antiferro
asymmetric dimers~see Fig. 9!.

Generally speaking, reconstructions based on asymm
dimers as building blocks can be classified, according to
group theoretical argument,40,41into three families, namely, a
‘‘2 31’’ family with a 231 backbone, a ‘‘232’’ family
with a 232 backbone, and a ‘‘c(232)’’ family with a
c(232) backbone. Among these, the reconstructions

TABLE V. Calculated surface core-level shifts on the cons
ered atoms for the 231 asymmetric buckled dimer reconstructio
in the initial- and final-state pictures. The shift is relative to a b
atom. Units are in eV. Here 2nd layer atom indicates one of
second-layer atoms, which goes up slightly.

Initial state Final state

up-dimer atom 0.77 0.61
down-dimer atom 20.01 20.10
2nd-layer atom 0.38 0.44
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longing to the 232 family have only one-half of the surfac
atoms dimerized in their unit cells, and they are never
served in experiments. The typical reconstruction geomet
of the 231 andc(232) families are instead schematical
shown in Fig. 9.

The surface energies of reconstructions belonging to
same family are very similar, and their structures are c
nected by transformation paths that do not involve break
of bonds among the surface and bulk. Thus structural tra
tions within each family can readily take place. For Si~100!
and Ge~100! surfaces, the surface energies of thec(232)
family are higher than those of 231 family.38 Moreover,
structural transitions from thec(232) family to the 231
family are hindered, since a large amount of energy
needed to break and displace the strong dimer bonds an
bonds related to the domain walls when these two families
reconstructions coexist on the surfaces. In practice, the r
ization of a given reconstruction strongly depends upon
surface-preparation conditions. In some special conditio
both 231 andc(232) families can be created on the sam
surface with stable domain walls among them.42,33

The recent RHEED experiment by Yuenet al.2 also dis-
covered reconstructions such as two-domain 231, p(2
32), andc(434) ona-Sn~100! surfaces. These reconstru
tions were observed to occur in this sequence during gro
on InSb~100!, and no attempt to understand their origin
relative stability was made. It is tempting to assign the
reconstructions on Sn~100! to the same mechanisms pro
posed for Si~100! and Ge~100!, asymmetric dimers being th
basic building blocks, and perhaps missing dimer defects
ing involved. However, we have to remind ourselves that
the experiment2 the Sn~100! surface is obtained by
molecular-beam epitaxy onto InSb~100!, and the role of the

-

e

FIG. 9. Arrangements of asymmetric buckled dimers
a-Sn~100! for the 231 family ~a!, andc(232) family ~b!, cited
from Ref. 38. Side views of the oppositely oriented asymme
dimers are shown in the inset. Coupling constants correspondin
the mapped Ising Hamiltonian~7! are indicated for the 231 family
~a!.
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TABLE VI. Optimized atomic positions of thea-Sn~100! c(432)-reconstructed surface, and the corr
sponding bulklike~Ideal! positions. In the oblique supercell~two side lengths of the surface cell areA2 a0

and A2.5a0, respectively, and the angle of the two sides is 116.57°), coordinates are given byr5c1a1

1c2a21c3a3 , whereai is defined in the conventional cubic coordinate system asa15(a0/2)(1,1,0), a2

5(a0/2)(1,21,0), anda35a0(0,0,21) with a0512.181 a.u.56.446 Å thea-Sn lattice parameter. The un
cell has two dimersA andB.

Atom Ideal Optimized
no. c1 c2 c3 c1 c2 c3

dimer-layer
dimer-A-down 1 0.500 0.250 1.375 0.501 0.506 1.259

dimer-A-up 2 0.500 1.250 1.375 0.509 1.093 1.423
dimer-B-up 3 1.500 0.250 1.375 1.500 0.421 1.424

dimer-B-down 4 1.500 1.250 1.375 1.508 1.008 1.259
2nd-layer

5 0.000 0.250 1.125 20.042 0.278 1.135
6 1.000 0.250 1.125 1.042 0.278 1.134
7 0.000 1.250 1.125 0.050 1.237 1.136
8 1.000 1.250 1.125 0.966 1.234 1.132

3rd-layer
9 0.000 0.750 0.875 20.008 0.758 0.856
10 1.000 0.750 0.875 0.993 0.756 0.854
11 0.000 1.750 0.875 0.002 1.756 0.899
12 1.000 1.750 0.875 0.998 1.757 0.898

4th-layer
13 0.500 0.750 0.625 0.493 0.755 0.608
14 1.500 0.750 0.625 1.494 0.748 0.607
15 0.500 1.750 0.625 0.500 1.754 0.639
16 1.500 1.750 0.625 1.500 1.754 0.644
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misfit strain energy could be very important,43 as indicated
by successive transformations as a function of epita
larger thickness.2 It is thus important to understand first th
behavior of the substrate-free surfaces.

We therefore carried out a series of surface energy ca
lations for these possible higher-order reconstruction mod
in order to clarify their hierarchy ona-Sn~100!. We con-
structed the atomic configurations starting from the pre
ously calculated symmetric dimer and asymmetric dim
data. We then relaxed the atomic configurations guided
the calculated Hellmann-Feynman forces. Our calcula
surface energies for the considered reconstructions are
ported in Table II.

A. c„432… reconstruction

Ab initio calculations27,44 have shown that thec(432)
reconstruction is the most favorable in Si~100! and Ge~100!.
Thec(432) reconstruction is obviously one of the best ca
didates for the true ground state ofa-Sn~100! as well.

We constructed the initial atomic configuration using
asymmetric dimer coordinates~Table IV!. At variance with
all other cases where the surface unit cell is rectangular,
the surface unit is oblique, and required particular care in
choice of thek-point sampling, as described in Sec. I. T
relaxed atomic positions of the top four layers are reporte
Table VI. The buckling of the dimer is 1.06 Å, a little larg
than in the 231 asymmetric dimer case. The final surfa
energy is 0.873 eV/(131 cell!, i.e., 39 meV/(131 cell!
lower than that of the 231 asymmetric dimer reconstructio
l
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We mention here that the reflection symmetry throu
~110! plane in the optimized atomic configuration is slight
broken, as also happened in previousab initio calculations
for the c(432) reconstruction on Ge~100!.44 This is attrib-
utable to the fact that thek-point integration over thec(4
32) oblique ISBZ cannot be sampled so accurately to p
serve this symmetry in an exact manner. However, we do
believe that this slight asymmetry has any consequences
we shall ignore it.

B. p„232… reconstruction

The p(232) reconstruction is the other good candida
for the ground state ofa-Sn~100!. We started our calculation
from the atomic configuration constructed through the app
priate arrangement of asymmetric dimers~Table IV!, and we
relaxed the atoms to the optimal positions. We give the
timized atomic positions of the top four layers in Table V
The buckling of the dimer is here 1.05 Å. As expected, t
calculated surface energy of 0.872 eV/(131 cell! is very
close ~actually, degenerate within our resolution! to that of
the c(432) reconstruction. These two structures are a
calculated to be almost degenerate in Si~100! and Ge~100!
surfaces.27,28,38,44 Experimental molecular beam epitax
growth data2 show that thep(232) structure prevails when
the coverage ofa-Sn grown on InSb is between 500 an
1000 Å , whilec(432) structure is not seen. The reason f
this is presently unclear.

In order to provide a comparison with future experimen
we have calculated the electronic band structure and
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TABLE VII. Optimized atomic positions of thea-Sn~100! p(232)-reconstructed surface, and the co
responding bulklike~Ideal! positions. In the square supercell, coordinates are given byr5c1a11c2a2

1c3a3 , where ai is defined in the conventional cubic coordinate system asa15(a0/2)(1,1,0), a2

5(a0/2)(1,21,0), anda35a0(0,0,21), with a0512.181 a.u.56.446 Å thea-Sn lattice parameter. The un
cell has two dimersA andB.

Atom Ideal Optimized
no. c1 c2 c3 c1 c2 c3

dimer-layer
dimer-A-down 1 0.500 0.250 1.375 0.500 0.505 1.267

dimer-A-up 2 0.500 1.250 1.375 0.500 1.094 1.429
dimer-B-up 3 1.500 0.250 1.375 1.500 0.423 1.431

dimer-B-down 4 1.500 1.250 1.375 1.500 1.009 1.266
2nd-layer

5 0.000 0.250 1.125 20.044 0.279 1.140
6 1.000 0.250 1.125 1.044 0.279 1.140
7 0.000 1.250 1.125 0.044 1.236 1.139
8 1.000 1.250 1.125 0.956 1.236 1.139

3rd-layer
9 0.000 0.750 0.875 20.001 0.757 0.859
10 1.000 0.750 0.875 1.001 0.757 0.859
11 0.000 1.750 0.875 0.000 1.757 0.903
12 1.000 1.750 0.875 1.000 1.757 0.903

4th-layer
13 0.500 0.750 0.625 0.500 0.761 0.611
14 1.500 0.750 0.625 1.500 0.743 0.609
15 0.500 1.750 0.625 0.500 1.766 0.645
16 1.500 1.750 0.625 1.500 1.744 0.646
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core-level shifts of thep(232) reconstruction, and reporte
them in Fig. 10 and Table VIII, respectively. The main fe
tures of the band structure are very similar to those obse
for the 231 asymmetric dimer reconstruction, namely, t
filled surface band and empty surface band are separate
a gap of about 1.2 eV, and they both lie in the fundamen
gap region of the projected bulk band structure. The surf
rocking mode frequency, as well as the surface work fu
tion, should be the same, within our accuracy, as those o
231 asymmetric dimer reconstruction.

C. p„431… reconstruction

Within the 231 family, thep(431) reconstruction has
to our knowledge, never been observed in experime
However, the calculation of the surface energy for this
construction, will provide, combined with other 231 family
reconstructions calculations, relevant information about

TABLE VIII. Calculated surface core-level shifts on the consi
ered atoms for thep(232) reconstruction in the initial- and final
state pictures. The shift is relative to a bulk atom. Units are in
Here 2nd-layer atom indicates one of the second layer atoms.

Initial state Final state

up-dimer atom 0.67 0.38
down-dimer atom 0.16 20.02
2nd-layer atom 0.20 0.12
-
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by
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interaction structure of dimers on~100! surfaces. This will
enable us, in Sec. VII, to predict finite-temperature proper
of a-Sn~100! surfaces.

The initial atomic configuration is constructed using t
asymmetric dimer coordinates~Table IV!, and equilibrium
was reached after a short relaxation. The optimized ato
positions of the top six layers are reported in Ref. 23. T
buckling of the dimers is 0.964 Å, a little smaller if com
pared with 231 asymmetric dimers. The calculated surfa
energy is 0.909 eV/(131 cell!, almost degenerate with th
231 asymmetric dimer reconstruction.

We notice that the mirror symmetry about@11̄0# ~the
dimer itself is in the@110# direction! between the two dimers
and also that between the atoms in layers below, are slig
lifted ~see Ref. 23!. This is because the originalC2 symmetry
about@001# of a semi-infinite surface is absent in the slab,
in theab initio calculation for Ge~100! in Ref. 44. In Ref.44,
it was confirmed that restoring this symmetry by hand ha
negligible effect on the surface energy.

D. c„232… reconstruction

Here we consider thec(232) family of reconstructions
@Fig. 9~b!#. Since it is known that on Si~100! the basicc(2
32) reconstruction has the lowest energy among t
family,38 we chose thec(232) reconstruction as the repre
sentative of thec(232) family on a-Sn~100!. Since the
c(232) reconstruction can be made up of symmet
dimers, we first constructed the atomic configuration us
the obtained (231) symmetric dimer coordinates,23 then we

.
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relaxed it. The calculated surface energy is 1.008 eV/(131
cell!, slightly lower than that of the 231 symmetric dimer
reconstruction~Table II!, but higher@0.096 eV/(131 cell!#
than that of the 231 asymmetric dimer reconstructio
~Table II!.

Next, we removed the mirror symmetry between the t
dimerized atoms, allowed the dimer to become asymme
and let the atomic configuration relax to equilibrium. T
optimized atomic configuration of the top six layers is r
ported in Ref. 23. The dimer buckling is 1.03 Å, almo
identical to that of 231 asymmetric dimer reconstructio
~Table II!. The surface energy is 0.907 eV/(131 cell!, which
is again almost identical to that of the 231 asymmetric
dimer reconstruction~Table II!. The similarity shown by this
calculation between thec(232) reconstructions of Sn~100!
and Si~100!, suggests that otherc(232) family reconstruc-
tions are also not competitive in the search for lo
temperature stable phases. We therefore concentrate ou
tention on the 231 family reconstructions.

VII. INTERACTION BETWEEN ASYMMETRIC DIMERS:
PHENOMENOLOGICAL

Based on the above results, we can develop a phenom
logical model for the interaction among asymmetric dim
which are basic building blocks for the reconstructions
Sn~100!. We do this in analogy with the work of Ihmet al.38

on Si~100!. Two possible orientations can be assigned to
asymmetric dimers. The dimer orientations can therefore
represented by the two possible states of an Ising spin-1

2. This
is reasonable since the potential barrier for flipping a dim
is as large as 0.12 eV. In this picture, thec(432) recon-
struction corresponds to the antiferromagnetic phase,

FIG. 10. Surface electronic band structure of t
p(232)-reconstructed surface reported along high-symmetry li
of the 232 square irreducible Brillouin zone. The Fermi level is s
to zero. Shaded areas correspond to surface-projected bulk s
while thicker lines correspond to surface states. The irreduc
surface Brillouin zone is given in the inset. Note the surface ba
in the fundamental gap region, well separated in energy.
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p(232) reconstruction to the layered-antiferromagne
phase, and so on. Assuming that the energy differences
tween the possible reconstructions with asymmetric dim
are primarily due to the interaction among the asymme
dimers, we map these reconstructions onto an effective t
dimensional Ising model, in which the energy differenc
between different reconstructions are translated into a se
interaction energies of the Ising model. There is a wealth
results available for the two-dimensional Ising model.45,46

Using this mapping, it was originally predicted that
Si~100! and Ge~100! surfaces, a second-order phase tran
tion should take place from the ordered reconstruction,c(4
32) or p(232), to a disordered 231 structure with a tran-
sition temperature in the range of 200–250 K.38 Even if this
model is not rich enough to describe in detail the true ph
transition@seen experimentally around 170 K on Si~100! and
Ge~100! ~Refs. 47 and 48!# it does set the right temperatur
scale. We now investigate that temperature scale
a-Sn~100!.

The following is an effective Ising Hamiltonian corre
sponding to the 231 family reconstructions, which include
all interactions up to twice the surface atom spacing@as il-
lustrated in Fig. 9~a!#,38

2H5V(
i j

s i j s i j 111H(
i j

s i j s i 11 j

1D(
i j

s i j s i 11 j 611U(
i j

s i j s i j 12

1F(
i j

s i j s i j 11s i 11 js i 11 j 11 , ~7!

wheres i j is the Ising spin at the lattice site (i j ) with two
possible values61. In practice, the couplingsU andF can
be set to zero since they give the same contribution to
ground-state energy for all considered reconstructions,
also because we lack sufficient information to determ
them. The other coupling constantsV, H, andD can be ex-
tracted from the energy differences among the calculate
31 family reconstructions.

Considering the configurations 231, p(232), c(432),
and p(431) leads to the following set of equations for th
interaction energies per dimer:

2H2315V1H12D, ~8!

2Hp~232!52V1H22D, ~9!

2Hc~432!52V2H12D, ~10!

2Hp~431!5V2H22D. ~11!

Using the results of Table II, we can extract the coupli
constantsV, H, and D. One could, at this point, employ
renormalization-group or Monte Carlo simulations to calc
late and predict the thermodynamic quantities and criti
properties. Since we are only interested in the tempera
scale that will turn out to be too large, we consider a simp
effective Ising Hamiltonian containing nearest-neighbor
teractions only. This is obtained by neglectingD, besidesU
and F in Hamiltonian ~7!. In this approximation, the main
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contribution to the interaction energies comes from
nearest-neighbor interaction. This simplified Ising Ham
tonian was solved by Onsager. This critical temperatureTc
can be obtained49 as a solution of the equation

uz1z2u1uz1u1uz2u51, ~12!

wherez15tanh(bV), z25tanh(bH), andb51/kBT, kB being
the Boltzmann’s constant. Now the couplingsV and H can
be easily derived using the surface energies of thep(4
31), p(232), and 231 asymmetric dimer reconstruction
as

V5240 meV/dimer, H523 meV/dimer. ~13!

The solution of Eq.~12!, obtained using the parameters~13!,
gives a phase transition temperature, from the ordered,p(2
32) @or c(432)], reconstruction to a disordered 231
phase, roughly of 390 K. This temperature is much hig
than the transition temperature of bulka-Sn intob-Sn ~290
K!. Even ifa-Sn~100! can be clearly stabilized epitaxially o
a substrate, as is the case on InSb~100!, it seems unlikely that
this dimer disordering phase transition might become obs
able ona-Sn~100!.

VIII. WHAT MIGHT THE c„434… RECONSTRUCTION
BE?

During growth ofa-Sn~100! onto InSb~100!, a c(434)
reconstruction was also observed fora-Sn thicknesses be
tween 1000 and 2500 Å.2 The nature of this state is present
unknown. Ac(434) structure was reported on Si~100!, but
it was shown there to be hydrogen related, without a w
defined structural model.

We first consider thec(434) reconstruction without
missing dimer defects. It is easy to map thec(434) recon-
structions onto the effective Ising Hamiltonian~7!, and ana-
lyze its possibility of competing for the ground state. In S
VII we showed that the energy gain of the ordered rec
structed phase mainly arose due to the ‘‘antiferromagne
like’’ interaction energy2V. Actually, no matter how we
arrange the asymmetric dimers in thec(434) unit cell, the
‘‘antiferro’’ interaction energies2V are always balanced b
the ‘‘ferromagnetic’’ interaction energiesV, so that they
cancel each other. We can therefore speculate that the
face energy of thec(434) reconstructions is close to that o
the 231 asymmetric dimer reconstruction, and should th
be disfavored for the ground state, as compared with
p(232) reconstruction.

In view of the c(434) reconstruction reported exper
mentally, we decided all the same to evaluate microsco
cally the surface energy for one of these dimerc(434) re-
constructions. The initial atomic configuration is construc
with the asymmetric buckled dimer coordinates~Table IV!.
The final relaxed atomic positions of the top six layers
given in Ref. 23. After relaxation, we find that the bucklin
of dimers is 1.02 Å. The calculated surface energy is 0.9
eV/(131 cell!, very close to the surface energy of the
31 asymmetric dimer reconstruction as expected. We
thus conclude that dimer-basedc(434) reconstructions are
not competitive, at least in unstrained equilibrium.

Next we considered the so-called ‘‘single missing dime
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c(434), where, in the surfacec(434) cell, one out of four
dimers is removed. Several arrangements of a missing di
defect are possible in ac(434) surface cell. However, they
are expected to be roughly equivalent in the Ising-spin m
ping. For the microscopic calculation, we constructed
initial atomic configuration using the relaxedc(434)
atomic positions, and removed one dimer. After relaxati
the surface energy of this reconstruction is 0.970 eV/(131
cell!, which is now substantiallyhigher than that of the 2
31 asymmetric dimer reconstruction. In conclusion, none
our attempts provides an explanation for thec(434) struc-
ture observed ona-Sn~100! grown on InSb~100!, which at
this stage remains an open problem.

IX. DISCUSSION

We have found that asymmetric dimers are very stable
a-Sn~100!, leading to a basic 231 unit cell. In higher-order
reconstructions, the asymmetric dimers are essentially id
tical ~see Table II!, with a similar buckling amplitude~about
1 Å!, buckling angles~about 21°), and bond length~about
2.83 Å!. Except for thec(432) and p(232) reconstruc-
tions, which are lowest, all surface energies are close wi
10 meV/(131 cell! with respect to that of the 231 asym-
metric dimer reconstruction~if we exclude the missing dime
reconstructions which are much higher in energy!. Moreover,
the electronic band structures of thep(232) and 231
asymmetric dimer reconstructions are very similar. These
indicate that ona-Sn~100! the asymmetric buckled dimer
are rather rigid structures, and the only remaining degree
freedom is in their relative arrangements. Mapping of 231
family reconstructions onto an effective Ising model sho
that the energy gain of thec(432) andp(232) reconstruc-
tions relative to the 231 reconstruction is due to a neare
neighbor ‘‘antiferromagnetic’’ interaction2V.

Why do thec(432) and p(232) reconstructions have
the lowest surface energy, at least in the calculations? Ph
cally, it has been shown for Ge~100! surfaces44 that the en-
ergy gain of thec(432) reconstruction with respect to th
231 asymmetric dimer one, comes primarily from the rela
ations of the atoms in the layer below the dimers. In Ref.
two calculations were presented for thec(432) reconstruc-
tion on Ge~100!. In one of them the second-layer atoms we
allowed to relax, and in the other one the second-layer ato
were fixed to their corresponding bulk positions. It w

TABLE IX. The magnitude of the buckling, the bond lengt
and the buckling angle of a dimer in C, Si, Ge, anda-Sn~100!
surfaces.

Buckling length Bond length Buckling angle

~Å! ~Å!

Ca 0 1.37 0°
Sib 0.4 2.47 9°
Gec 0.74 2.46 17.5°
a-Snd 1.01 2.82 20.99°

aReference 25~calculated value!.
bReferences 4 and 50~measured value!.
cReference 51~measured value!.
dThis work.
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found that the latter was almost degenerate with the 231
asymmetric dimer case, but the former brought about an
ergy gain of 0.05 eV/dimer due to the relaxation of t
second-layer atoms. Here we have also done a similar ca
lation for thea-Sn~100! p(232) reconstruction. We fixed
the second-layer atoms~of course, including the two inner
most layer atoms! in their bulklike positions, and relaxed a
other atoms. The surface energy turned out to be 0.07
(131 cell! higher than the fully relaxed surface. Checki
Tables VI, VII, and IV, we see that for thec(432) and
p(232) reconstructions the atoms in the second layer h
free space to move towards the ‘‘up’’ atom of the dimer a
away from the ‘‘down’’ atom along the@11̄0# direction~note
that the dimer itself lies in the@110# direction!. In p(232)
or c(432) reconstructions they do that in order to keep
bond length close to the bulk value. On the other hand, in
231 asymmetric dimer reconstruction they cannot re
along @11̄0# due to the constrained geometry. The relax
positions of the second-layer atoms are, on the other h
similar for c(432) andp(232) reconstructions~see Tables
VI and VII!, which explains why they are energetically
close. The surface energy of thep(431) reconstruction is a
little lower @3 meV/(131 cell!# than that of the 231 asym-
metric dimer one, which can again be understood by no
that atoms in the second layer have more freedom along
@110# direction in the former.

In conclusion, we have found that a basic 231 asymmet-
ric dimer should be responsible for the reconstructions
a-Sn~100!. The dimer buckling is predicted to be;21° or
;1 Å , much larger than the corresponding ones for Si~100!
,
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and Ge~100!, which is again in the trend from C to Si, to
Ge, and toa-Sn ~see Table IX!. The associated surface-state
gap should be at least 1.2 eV~LDA calculations only provide
a lower bound!. A surface rocking mode resonance is pre
dicted at 4.8 THz, and should be visible in the surface ph
non spectrum atkW //50. A core-level shift of at least 0.6 eV
should also be exhibited by the up-dimer atom. The lowe
energy reconstructions are found to bec(432) and p(2
32), which are energetically almost degenerate.

Experimental observations on epitaxially grown films o
a-Sn~100! on InSb~100! reveal, as a function of increasing
thickness, the sequence 231→p(232)→c(434). We be-
lieve we have a good picture for the first two, while we d
not understand thec(434) structure. The hydrogen-related
nature ofc(434) on Si~100! suggests checking whether im-
purities might be involved also with their presence in Yue
et al.’s growth data.2 Another possibility is that the recon-
structeda-Sn surface would take on a large surface unit ce
to reduce the large strain due to mismatch of growth ofa-Sn
film on InSb~100! substrate. More work is also needed in
order to understand what disfavors thec(432) structure
relative to thep(232) structure, and why the basic 231
structure prevails for small thicknesses.
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25P. Krüger and J. Pollmann, Phys. Rev. Lett.74, 1155~1995!.
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