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a-Sn(100) surfaces have been recently produced through epitaxial growth of Sn on168b Reflection
high-energy electron-diffraction data on these surfaces exhibit a variety of reconstructions with periodicities
2X1,p(2%2), andc(4%4), attributed to possible ordering of dimers, in analogy td &) and G&100
surfaces. Here we present a theoretical studw-@n(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(sMface atomwith respect to the ideal surface. As in Si and
Ge, the dimer is buckled, but in-Sn the amount of buckling is surprisingly large, 1.0 A, to be compared with
0.4 A (Si) and 0.74 A(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 tfd X2) andp(2Xx2) antiferro reconstructions, found to be
nearly degenerate. Results are discussed in connection with existing and future experiments.
[S0163-182698)06143-9

[. INTRODUCTION conclusion is that dimers are indeed formed and are stable on
this surface. The main unexpected feature which we find is a
The surface physics of-Sn, a zero-gap semiconductor giant magnitude of the asymmetric buckling, predicted to be
isostructural and isoelectronical to diamond, Si, and Ge, hass large as 1 A, a factor of about 2.5 larger than that mea-
long been uninvestigated, probably due to the unavailabilitysured in Si100.* Related properties which we predict are a
of good crystals. Epitaxial growth af-Sn on InSb has been 1.2-eV surface gap, and a well-defined dimer surface reso-
reported by several experimental grodgswith «-Sn film  nance at relatively high frequend$.8 TH2 in the surface
thicknesses as high as 2500 A ferSn/InSK100). Low-  Vvibrational spectrum of-Sn(100). As for the ground-state
energy electron-diffraction(LEED) and reflection high- surface periodicity, among the possible high-order recon-
energy electron-diffraction (RHEED) data show that structionsp(4X1), p(2X2), c(2X2), c(4X2), andc(4
«-Sn(100) displays a variety of reconstructions, in particular X4) we find that the lowest energies arg4x2) andp(2
a two-domain X1, ap(2x2), and ac(4X4), which pre- X2), found to be nearly degenerate. The energy spread
vail successively for increasing film thicknesses on theamong these possibilities is of the order of 0.1 eV per dimer,
INSK(100) substraté. The same, or very similar, reconstruc- and can be modeled by an effective Ising Hamiltonian.
tions are also present in(@D0 and G&€100). It is now uni-
versally accepted that the reconstructions of these two sur-
faces fundamentally arise from the formation of surface
dimers® In particular, asymmetric dimers are considered as The calculations have been performed usingahenitio
building blocks for observed reconstructions such as Zpseudopotential plane-wave self-consistent method, based on
X1,c(4X2),p(2X2), and so on. The similarity in the re- the density-functional theory within the local-density ap-
construction periodicities observed aaSn(100) to those of ~ proximation (LDA).> We adopted the Ceperley-Alder ex-
Si(100 and G100 suggests that dimer-based reconstruc-change and correlation functional with the parametrization of
tions should also play a fundamental role anSn(100. Perdew and Zungérand modeled the electron-ion interac-
However, no direct evidence for the existence of dimers hasion using a norm-conserving pseudopotefitialKleinman-
been produced so far far-Sn(100), nor has any quantitative Bylander form® with s andp nonlocalities. The Kohn-Sham
hint been provided of their geometry, of the magnitude of theorbitals were expanded in plane waves with an energy cutoff
buckling (if any), and of the electronic and vibrational prop- of 12 Ry. As shown in Ref. 9, this approach yields, among
erties which would substantiate the dimer hypothesis. other properties, the correct relative energy ordering of bulk
We have therefore carried out a study of the atomic andv-Sn andB-Sn, the transition pressure between these two
electronic structure ofa-Sn(100), in order to provide a phases, and their electronic band structures.
sounder basis for further experimental investigations. Our We modeled the surfaceinless otherwise specifieds-

II. CALCULATIONAL TECHNIQUES
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ing a periodically repeated slab of 12 Sn monolayers withproperty of a surface, and one that can be directly measured
inversion symmetry through the center of the slab, and @ experiments. It is defined ag=V,(vacuum)-Eg,
vacuum layer of 11 A. The initial atomic positions are cho—WhereEF is the Fermi energy anﬁH(F) is the macroscopic

sen according to the calculafeequilibrium bulk lattice - .
spacing[a,=6.446 A, quite close to the experimental value average of the Hartree potent\a},(r). The Hartree potential

6.483 A (Ref. 10]. We froze the two innermost middle lay- Vn(r) satisfies Poisson’s equation
ers, but allowed all other atoms to relax according to the o, > -
calculated Hellmann-Feynman forces. The relaxation was VVyu(r)=4mp(r), 2

terminated when the forces were less than 5 meV/A. and can be easily obtained from the self-consistent electronic
A set of four speciak points was chosen to sample the charge density. Following the approach proposed by Bal-

2x1 rectangular |_rredug|ble §urface Brillouin ZO(.‘SBZ)' dereschi, Baroni, and Restawe compute the averagg, in
For calculations involving different surface unit cells, we

chose a set df points equivalent to the four special points of the form

the 2x1 ISBZ: specifically, eightk points for the X1 _ 1 [(z+ar

ISBZ, four k points for the 41 symmetric-dimer ISBZ, Vy(2)= as /2dSJsodX dyWi(x,y,s), €
Z—a

eight k points for the 2<1 asymmetric-dimer ISBZ due to
the dimer’'s breaking mirror symmetry, twk points for  whereS, is the surface unit area, is the «-Sn bulk lattice
p(4x1), fourk points forp(2Xx2), eightk points forc(2 parameter, and is the coordinate normal to the surface.
X2), and fourk points forc(4Xx4). An equivalenk-point  ppysically, of course, we exped,(z) to be constant in the
sampling cannot be found for thig4x 2) oblique ISBZ, and  yacyum and also in the central, bulklike, region of the slab.
we therefore sampled thg(4x2) oblique ISBZ with four Layer-projected density of states (LDO8)real space, at

specialk points. In order to check the convergence properties __... .~ i - :
of our k-point sampling, we repeated the calculation of the?)osmonr, the local density of states(r,E) of the slab is

Hellmann-Feynman forces at the end of the relaxation, for alijeflned as
considered reconstructions, doubling the numbét pbints. . L), .
No meaningful changes took place on any of the structures. p(r,E)=2 f dkw."(N[?SE-En(k)], (4
In the case of metallic surfaces, we used a Gaussian broad- n JsBz
ening of 0.001 Ry, according to Ref. 12. wheren is the band indexSBZdenotes the surface Brillouin

From the construction of our slab, the surface energiesone, ¥(" andE,, are the eigenstate and eigenvalue of the
E..rs are defined as nth band, respectively. The LDOS can be projected onto the

different layers in the slab as follows:
Esurt= (Esian— NEpui)/2, (o
: . m,E) = dk f dx d
whereEg ., is the total energy of the slak,,,, is the energy p ) En: Jssz So y
per atom of bulka-Sn, N is the total number of atoms in the cap
. . y4

slab, an_d the fa_ctoi‘ agcounts for the two |dent|cal_ s_urfaces, Xf m dz|\Iffz")(x,y,z)|25[E— E(K)],
as required by inversion symmetry. In order to minimize the Z— AI2

errors introduced by the finitk-point sampling in Eq(1), 5
the value ofE, was recalculated for each surface recon- ®)
struction, using the same supercell akghoint sampling wherez, denotes themth layer position, and\ is the dis-
adopted for the surface calculatiofisIn practice, this tance between the two nearest neighbor layers. This LDOS
amounted to perform two independent supercell calculationill resemble the bulk density of statggE) in the slab
for the bulk «-Sn energyE,, using the 2X1 slab cell and center, but it will display surface-state effects in the outer
the c(4x2) slab cell, respectively. The calculated energiedayers. The LDOS is a useful quantity and can be used to
per atom of bulka-SnE,, are —96.773 eV/atom in the 2 interpret several experiments, including photoemission and
X1 slab case, and-96.757 eV/atom in the(4Xx2) slab  scanning tunneling microscopy. In our calculation, due to the
case. finite resolution of ourk-point sampling, we replaced th#
Vibrational contributions, both in the form of zero-point function in formula(5) by a Gaussian function with a broad-
motion and in the form of finite-temperature entropic contri-ening of 25 meV.
butions, are not included in the evaluation of surface ener- Surface core-level shift (SCLSThe surface core-level
gies. Although a full phonon spectrum calculation would in shift relative to the bulk is easily measured in photoemission
principle be necessary for a quantitative determination oexperiments, and is a relevant quantity to understand the lo-
both contributions, differences in the vibrational spectra ofcal environments of atoms. It is defined as the difference
various reconstructions have been found to be minimal irbetween the kinetic energies of an electron emitted from a
Si(100),****and we do not expect qualitative differences for given core shell of a surface atom and from the same shell of
Sn(100. For most of these surfaces we computed, among bulk atom, when they are excited with the same photon
other quantities, the surface work function, the layer-energy. Two different theoretical frameworks are typically
projected density of states, and the core-level shifts in théollowed to evaluate the SCLS: the initial-state picture and
outermost atoms. the final-state pictur&’ The initial-state picture assumes that
Surface work functionThe surface work functiorp, al- the SCLS is equal to the difference between the single-
though rarely calculated, represents an important electroniparticle energy eigenvalues of a core state in a surface atom
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TABLE |. Parameters for the Sn pseudopotential with aconsidered surface and bulk atoms, respectively. Accord-
screened d hole. Energies in Ry. ingly, the SCLS is the difference in the total energies be-
tween these two calculations with the core hole.

Ssnt 1=0 I=1 =2

% 0.654040 lIl. UNRECONSTRUCTED -SN(100) SURFACE

@ 0.976805 0.646154 0.741125

aq 11.861162 4.295659 —0.211686 We started by considering the ideatSn(100) surface,

b, —5.005743 —1.085313 1.358163 where all atoms are in a truncated bulk position. This calcu-

lation serves to identify the basic driving forces toward more
stable reconstructions, and also as a reference state. The cal-
and a bulk atom prior to removal. By definition, the initial- culateda-Sn ideal(100) surface energy turns out to be 1.530
state picture does not consider the core-relaxat@meen- eV/(1X1 cell) (Table Il). The corresponding ideal surface
ing) effect of the core level, which is instead included in theelectronic band structure is reported in Fig. 1. It is seen that
final-state picture. In this paper we evaluated SCLS's in botthalf-filled surface bands cross the gap regions of the pro-
pictures, following the approach of Refs. 17 and 18. For thgected bulk energy bands. In particular, since, on the ideal
initial-state picture, we first averaged the obtained self-w-Sn(100 surface, each surface atom has two dangling
consistent potential(Hartree potential plus exchange- bonds, the latter gives rise to two surface-state bands in the
correlation potentialin a sphere centered on each consideredundamental gap region. The splitting between these two
surface and bulk atorfin our calculations the center-layer surface-state bands indicates a non-negligible interaction be-
atoms are considered as the bulk athnT$he radius of the tween the two dangling bonds, lifting their original degen-
sphere was chosen to be slightly larger than half the bulleracy. This is also reflected by electron charge density maps
bond length'® Then the SCLS was evaluated as the differ-in two upper panels of Fig. 1, which correspond to the square
ence between the averaged potentials in the surface atom agghplitude of surface state3; and S, at point K, namely,

the bulk atom. For the final-state picture, we first must genso-called dangling-bond state and bridge-bond state, respec-
erate a pseudopotential with a sole (for @-Sn, 4d elec-  tively. An inspection of the total electron charge-density
trons are usually detected in photoelectron spectrocopistributior?® shows that in the ideal surface there is no bond
experiments®® This was done following the method of von formation among neighboring surface atoms so long as they
Barth and Caf; where the “core-hole” pseudopotential is are kept frozen, and the electrons are highly localized around
given in a norm-conserving semilocal form by them. The protrusive character of these electronic states sug-
gests that the work function of the ideatSn(100 surface
should be rather high. We computed the planar and macro-
scopic averages of the Hartree potential, and obtained a value
for the work function of 4.68 e\(the values of all calculated
wherel denotes the angular momentu®), is the core va- work functions are reported in Table JlWe also calculated
lence charge4,=5 in this casg The parameters,, a,, the surface LDOSthe right panel of Fig. J which shows

and b,, obtained by a fitting procedufé,are reported in that the main weights dB, andS, are clearly located at the
Table |. Transferability for this pseudopotential has beertwo sides of the Fermi level. Therefore, even though the
tested for several excited configurations of the Sn atom, suchermi level crosses the surface bands in the fundamental gap
as s°p?, s'p3, s?pld?, s'p?d!, s?pl, ands'p?. We then (see Fig. ], the ideala-Sn(100) surface displays a nearly
performed two self-consistent calculations by substitutingnegligible density of states at the Fermi level, much like the
the original pseudopotential with the “core-hole” one in the ideal S{100) (Ref. 29 surface, owing to a large dispersion of

V(r)=— %erf(Ja—cr)+(a.+b.r2)e—alf2, (6)

TABLE Il. Calculated surface energies, absolltg,; and relativeAE, dimer bucklingb, dimer buckling
anglew, and dimer bond lengtld of different optimized reconstructions for thke Sn(100) surface. In the
table SMD indicates single missing dimer.

Structure Equrs AE b ® d
[eV/(1x 1 cell] [mJ/nt] [eV/(1x 1 cell] A) A)
ideal 1.530 1180 0.000
fully relaxed 1.507 1162 —0.023
2X1 symmetric 1.031 795 —0.499 0 0° 2.90
SMD-p(2X2) 0.995 767 —0.535 1.05 21.15° 291
SMD-c(4X4) 0.970 748 —0.560 1.09 22.29° 2.87
2X1 asymmetric 0.912 703 —0.618 1.01 20.99° 2.82
p(4x%x1) 0.909 701 —0.621 0.964 20.06° 2.81
c(2x2) 0.907 699 —-0.623 1.03 20.88° 2.89
c(4x4) 0.903 696 —0.627 1.02 20.80° 2.87
c(4x2) 0.873 673 —0.657 1.06 21.67° 2.87

p(2x2) 0.872 672 —0.658 1.06 21.60° 2.88
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relax still preserving the X 1 surface periodicity. This led to

a gain in surface energy of only 23 mg¥kx1 cell) and a
small vertical inward relaxation of only 0.071 A in the sur-
face atoms, indicating that only proper reconstructions with
higher periodicity are likely to lower the energy. In the fol-
lowing sections we consider the possible reconstructions of
a-Sn(100 with larger surface unit cells.

S,

2

0@ @

[o01] -

IV. 2 x1 DIMER RECONSTRUCTIONS

A. 2x1 symmetric dimer

Our approach is to ignore at first the subtleties related to
higher periodicities, and focus on the understanding of the
basic building block of al(100 reconstructions, particularly
the possible formation of surface dimers. Accordingly we
first restricted our analysis to a2l surface unit cell. We
constructed a trial symmetric dimer structure in which the
two surface atoms are dimerized, and all bond lengths, in-
cluding the dimerized bond, are initially set equal to the bulk

bond length. We also require a mirror symmetry al{mﬂ)]
1 = | R to be preserved in our slab so as to preserve the initial sym-
K ! T 008 Garbunits) metry between neighboring surface atoms. As it turns out, it

FIG. 1. Surface electronic band structure of the ide&®n(100 IS impossible to have a mirror symmetry in a slab of 12
surface reported along high-symmetry lines of the 1l square ir-  layers with inversion symmetry, while this can be done with
reducible Brillouin zone. The broken bonds lie in tt#l0) plane. 10 or 14 layers. In the present calculation, we chose a slab of
Shaded areas correspond to surface-projected bulk states. Thicke4 |ayers with inversion symmetry across its middle bilayer,

lines correspond to surface states, and dotted lines to surface res&-uS the required mirror symmetry anrﬁ@TO] In this case

nances. The irreducible surface Brillouin zone is given in the insetWe froze the atoms in the four innermost lavers. and relaxed
Note the large dispersion of the partly filled surface state b&ds YErs,

and S, associated with the broken bonds. The two upper paneléa'II the others.. . . .
display the electron-density contours of the surfSgeg(upper left FL_J” rglaxatlon of the atomic positions in the<2 sym-
pane) and'S, (upper right pangleigenstates & in the ISBZ, on metric d|mer recongtructlon so obtained leads, as expected,
the (110 plane passing through the Sn atoms represented by fulf® @ dramatic lowering of surface energy to 1.031(@w/1
circles. Empty circles indicate the out-of-plane Sn atoms, andell), which is 0.499 eM/1X 1 cell) lower than the ideal sur-
thicker straight lines to bonds among Sn atoms. Contour lines aréace (see Table . This lowering is related to the formation
separated by 0.002 a.u. Note the much higher degree of electrapf the Sn-Sn surface dimer bond, which reduces the number
charge localization on top atoms for st&g compared td&5,. The  of the dangling bonds from two to one per surface atom. An
right panel displays the layer-projected density of statd30S)  jnspection of the total electron charge derfSigonfirms that
projected on the surface layer with the same energy scale as that sttrong bond forms in the surface dimer. The band structure
the left electronic band structure on the vertical axis. Shaded areag 4 surface LDOSFig. 2), however, show that the surface is
indicate the surface states. Note the nearly zero density of states gﬁ” metallic, similar to :[he symm’etric dimer @00 and
the Fermi level. Ge(100) surfaces?~?8due to the remaining dangling bonds.
This is made clear by the squared wave functions of the
the su_rface bands in the fundamental gap. Nevertheless, ﬂ}ﬁ‘etallic surface state®; andS, atK, reported in Fig. 3. The
very high value of the surf_ace energy, as well as the presen irror symmetry between the two residual dangling bonds is
of surface states with a high degree of electron charge local learly seen. Besides the surface baSd=ndS,, there are
ization, sugge;t that this ideal surfa}ce should be unstablgther surface bandss, S,, and S in the funda’mental gap
toward relaxation and/or reconstruction, as o1& and region, which will similarly appear in the following asym-
Ge100. . . . . metric dimer case and will be discussed there. The final re-
The atomic positions in the slab were at first allowed 01axed atomic coordinates for the symmetric dimer calculation
are given in Ref.23. The dimer bond length is 2.90tAe
TABLE lll. Calculated work functionspP, respectively, for the  pylk bond length is 2.79 )& Charge-density maﬁ%indicate
2x1 asymmetric dimer reconstructed surface, thel2symmetric  that the electrons are more smoothly distributed around the
dimer reconstructed surface, and the ideal unreconstructefbp surface atoms than on the ideaiSn(100). The calcu-
-Sn(100 surface. lated surface work function turns out to be 4.42 eV, smaller
than that of the ideak-Sn(100), as expected from the in-
creased smoothness of the electronic charge. The presence of
® (eV) 4.43 4.42 4.68 half-filled dangling bonds and of metallic surface bands in
the fundamental gap as usual suggests that the symmetric

ENERGY (eV)
&

=
e

Structure Asymmetric dimer Symmetric dimer Ideal
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FIG. 2. Surface electronic band structure of the 2 symmetric
dimer-reconstructed surface reported along high-symmetry lines of
the 2x 1 rectangular irreducible Brillouin zone. Shaded areas cor-
respond to surface-projected bulk states, while thicker lines corre- C S
spond to surface states. The irreducible surface Brillouin zone is
given in the inset. Note the quasidegenerate surface bandsd
S, primarily distributed nearby the Fermi level, and its metallic
feature. The right panel displays the layer-projected density of
states(LDOS) projected on the surface layer with the same energy(u
scale as that of the left electronic band structure on the vertical axis.
Shaded areas indicate the surface states. Note the “good” metalli
feature of the LDOS.

[001] -

[110] -

FIG. 3. Electron-density contours of the surfa@8g eigenstate
pper panelsr statg and of the surfac§, eigenstatdélower panel,

* statg in the 2X 1 symmetric dimer reconstruction Kt on the

110 plane passing through the Sn atoms represented by full
circles. Empty circles indicate the out-plane Sn atoms, and thicker
straight lines bonds among Sn atoms. Contour lines are separated
dimer reconstruction should still be unstable toward distor-gilor%gloos a.u. Note the mirror symmetry between the two dimer
tions, able to lift the residual near-degeneracy of the surface

statesS; and S..

B. 2x 1 asymmetric dimer

We next allowed the two surface atoms to become non-
TABLE IV. Optimized atomic positions of the-Sn(100 asym-

equivalent, thereby breaking th&10] mirror symr_netry. we metric dimer (2<1)-reconstructed surface, and the corresponding
calculated the Hellmann-Feyman forces to guide the reIaxB . - X
. - . . ulklike (Ideal) positions. In the rectangular supercell, coordinates
ation of the atomic structure. !Even though _the mequlvalenc%re given byr =c,a, + C,2,+ Caas, wherea, is defined in the con-
o_f the surface gtoms was initially minute, |t'grew to @ CoNn-, o vional cubic  coordinate system as,=(ay/2)(1,1,0) 2
siderable buckling immediately after relaxat_lon. =(ay/2)(1~1,0), and a;=ay(0,0~1) with a,=12.181 a.u.
The surface energy was very substantially lowered by_g 446 A thea-Sn lattice parameter. The unit cell has one asym-
asymmetrization of the dimer. Full relaxation of the atomic mpetric dimer.
positions in the X1 asymmetriadimer reconstruction leads
to a final surface energy of 0.912 VK 1 cell), which is Atom Ideal Optimized
0.119 eV(1X1 cell) lower in energy than the symmetric no. ¢ c, Cs ¢, c, Cs
case, and 0.618 e\x 1 cell) lower in energy than the ideal —
surface. The atomic coordinates of the fully relaxed asym-dimer-layer
metric dimer reconstruction are reported in Table IV. Thisdimer-down 1 0.500 0.250 1.375 0.500 0.550  1.266
large energy gain is accompanied by a giant buckling of the dimer-up 2 0500 1.250 1.375 0.500 1.128 1.423

dimer b=1 A, 0=21°). 2nd-layer

The surface electronic band structure of the asymmetric 3 0.000 0.250 1.125 0.000 0.247 1.133
dimer structure is reported in Fig. 4. As expected, the large 4 0.000 1.250 1.125 0.000 1.208 1.154
buckling of the surface dimer leads to the opening of a large 3rd-layer
surface energy gap between surface babdandS,, com- 5 0.000 0.750 0.875 0.000 0.755 0.859
pared with the symmetric dimer ca$Eig. 2). The Fermi 6 0.000 1.750 0.875 0.000 1.717 0.899

level lies in this gap, and the asymmetric dimer reconstruc- 4th-layer

tion is “insulating,” except for the zero-gap region ndar 0.500 0.750 0.625 0.500 0.740 0.612
The buckling of the surface dimer causes ## covalent 8 0500 1.750 0.625 0.500 1.744 0.642
orbitals of the surface atoms to dehybridize partially. The

~
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FIG. 4. Surface electronic band structure of thex 0
asymmetric-dimer-reconstructed surface reported along high-
symmetry lines of the & 1 rectangular irreducible Brillouin zone. [110] =

The Fermi level is set to zero. Shaded areas correspond to surface-

projected bulk states, while thicker lines correspond to surface FIG. 5. Electron-density contours of the filled surfegeeigen-

states. The irreducible surface Brillouin zone is given in the insetState(upper pangland of the empty surfacs, eigenstate(lower

Note the surface band®, andS,, well separated in energy due to pane) in the 2x1 asymmetric dimer reconstruction it on the

the large buckling between the dimer atoms, and the Fermi level if110 plane passing through the Sn atoms represented by full

between them. circles. Empty circles indicate the out-plane Sn atoms, and thicker
straight lines bonds among Sn atoms. Contour lines are separated
by 0.0005 a.u. Note the stronglike state feature in the upper

. . anel, and the strong-like state feature in the lower panel.
dangling bonds on the outward and inward surface atom8 o P

here become prevalentlyandp like, respectively. Accord-

ing to the usual mechanism, some nominal electronic charge V. PROPERTIES OF THE
transfer from thep-like to the slike dangling bond takes ASYMMETRIC-DIMER-RECONSTRUCTED  @-Sn(1002x 1

place. The completely filled surface states labeled Bjtin A. Surface rocking vibration
the surface band structure of Fig. 4 are mainly localized on
the outward surface atom with mostiike character(Fig. The effective dipole connected with the dimer buckling

5, upper pang) and the empty surface states labeled vith  will be strongly modulated by a particular surface vibration,
are mainly localized on the inward surface atom with mostlythe “rocking mode,’** which modulates the buckling. We
p-like charactefFig. 5, lower pangl By analyzing the elec- have extracted an approximation to the eigenvector of this
tron charge density distributions of the other surface bandmode by examining the coordinate evolution in the last few
S3, Sy, andS; (Ref. 23 present in the fundamental gap re- steepest-descent iterations during relaxation, from zero buck-
gion, we found that the filled surface sta®sand the empty ling to the final large buckling geometry. Using this approxi-
surface state$s are “back bond” surface states related to mate eigenvector, we have calculated the frozen-phonon fre-
the second surface layer atoms. The surface t&ni$ in-  quency (,) of the rocking mode ak=0, and foundv,
stead closely related to the bond formed in the asymmetrie=4.8 THz. The bulk zone-center Raman phonon frequency
buckled dimer. (vp) of @-Sn, calculated by constructing the eigenvector in
The calculated LDOS for the asymmetric dimer surface ishe same way, i%,=5.97 THz, in excellent agreement with
reported in Fig. 6. The surface states around the Fermi levehe experimental value,,=6.0 THz?® The dipole-active
in the right panel of Fig. 2 are split into two components, androcking mode is expected to resonate with bulk vibrations,
are pushed at the two sides of the Fermi level. Both thdalling, however, in a region of relatively low bulk density of
LDOS and the surface band structure show that a gap gfhonon statés (see Fig. 7. We thus expect that it should be
about 1.2 eV separates the two surface bands in the asyrobservable in high-resolution EELS. It is of interest to note
metric dimer reconstruction a@f-Sn(100). It is therefore pre- that the same rocking mode is predicted to lie, in the asym-
dicted that a surface optical absorption peak should be obmetric buckled structure of i00),* at »,~6 THz, much
served at this frequency with surface-sensitive techniquebelow the bulk zone-center Raman phonan~16 TH2)
such as infrared reflectivity, electron-energy loss spectrosmaking detection more difficult in that case. This predicted
copy (EELS), or photoemission, due to excitations acrossdifference is attributable to the much stronger buckling of the
this gap. a-Sn dimer.
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FIG. 6. Layer-projected density of statdsDOS) for the 2x1 FIG. 8. The calculated charge transfers from the down-dimer

asymmetric-dimer-reconstructed-Sn (100 surface. The Fermi atom to the up-dimer atom, corresponding to the different energy
level is set to zero. In panels), (b), (c), and(d), the solid curves bands for thea-Sn(100 2X1 asymmetric dimer reconstruction.
are, respectively, the density of stat&0S) projected on the sur- Here the vertical axis indicates the charge trangtaits in e),

face layer, the second layer, the third layer and the center layawhile the other axis indicates the band enerdigsits in e\). The
(sixth layep, whereas the DOS projected on the center layer pro+ermi level is set to zero.

duced a good bulk DOS. The LDOS of paxel very similar to that

of panel(d), indicating surface states primarily related to surface- B. Net static charge transfer

layer and second-layer reconstructions. Shaded areas indicate the

surface states. Note the insulating feature of the LDOS in pahel The computed work function for this asymmetric dimer

surface is 4.43 eV, very much the same as that of the sym-
metric dimer surface. This fact seems to indicate that the
asymmetrization, although giant, does not induce any true,
net charge transfefwhich would increase the surface work
function in the absence of screening effectand corre-
spondingly screening effects are indeed strong and a naive
picture of pure charge transfer does not apply.

In order to clarify this situation, we carefully computed
the charge transfers from the down-dimer atom to the up-
dimer atom corresponding to the different energy bands. We
respectively integrated the self-consistent electronic charge
densities of the different energy bands in the spheres cen-
tered on the down-dimer and up-dimer atoms with a radius
] slightly larger than the half of the bulk bond lengthThe
i charge transfer is, therefore, the difference between the
above two integrations around the up and down atoms. The
energy-resolved charge transfer is reported in Fig. 8. We see
that a considerable amount of charge transfer indeed takes
place in the surface states. However, this is almost com-
T pletely compensated for by a charge backflow, clearly asso-
1 ciated with a rehybridization of back bonds which restores
the net average value close to zero.

15 F a—Sn(100)
L asymmetric dimer
rocking mode -

D [arbitrary units]
T

08 17 «<bulk phonon DOS

C. Surface core-level shifts

The inequivalence of the two dimer atoms connected with
the formation of such a large buckling should give rise to an

FIG. 7. The phonon spectrum far-Sn, cited from Ref. 29. The Observable shift in the core-level position of the dimer at-
added dashed line indicates the location of¢h8n(100) asymmet- 0ms. We therefore computed the core level shifts on the 2
ric dimer rocking mode. Note that the predicted rocking mode liesX 1 asymmetric dimer reconstruction, which are reported in
in the low bulk phonon density of stat¢é®09) region. Table V.

v [THz]
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TABLE V. Calculated surface core-level shifts on the consid- 2x1) p(2x2)
gred a_tqn_ws for thg 21 asymmetnc buckled _d|r_ner regonstructlon o oy o> - — -
in the initial- and final-state pictures. The shift is relative to a bulk v 3D T
atom. Units are in eV. Here 2nd layer atom indicates one of the "’;'U B - - -
second-layer atoms, which goes up slightly. - e —5 = = >
c(4x2) (@ p(dx1)
Initial state Final state - - - > - >
- - -— - - -
up-dimer atom 0.77 0.61 - - - - - -
down-dimer atom -0.01 -0.10
2nd-layer atom 0.38 0.44 (OOI)T >/< >\<
—_ -
. . . 2x2
~ We note that surface core-level shifts are nearly identicall —s o2 - - e -
in _bot_h initial- and final-state approximations. The core-level — — - -
shift is close to zero for the down atoms, and 0.6-0.8 eV - - - - - -
lower binding energies for the up atoms. This predicted ®)
value is close to that of rest atoms or(1gi1) and G¢111), - P(if) - - Piﬂ) -
and, in analogy with those, can be associated with the pres
ence of an extra polarizable charge on the atom. It should bg - > - -
noted that the shift would be much larger if the overall | == - - - —-> -
buckling-induced charge transfer driven by surface stated

were not compensated for by the backflow described in Sec. FIG. 9. Arangements of asymmetric buckled dimers on

VB. a-Sn(100) for the 2x 1 family (a), andc(2x2) family (b), cited
from Ref. 38. Side views of the oppositely oriented asymmetric
VI. HIGHER RECONSTRUCTIONS BASED ON THE dimers are shown in the inset. Coupling constants corresponding to

ASYMMETRIC DIMERS the mapped Ising Hamiltonia(?) are indicated for the 1 family

, (@.
In Si(100 and G&100) a variety of higher reconstructions

are observed,”® such as X1,c(4x2),p(2X2),¢(2  longing to the 2¢2 family have only one-half of the surface
X2),c(4x4), and 2<n, where 6<n<10. Several of them atoms dimerized in their unit cells, and they are never ob-
sometimes coexist. The>21 reconstruction is the room- served in experiments. The typical reconstruction geometries
temperature phase. The<d reconstructions (6n<10) are  of the 2x1 andc(2x 2) families are instead schematically
obtained by rapid quenching from high temperatures, arghown in Fig. 9.
metastable, and decay with a first-order kineticExposing The surface energies of reconstructions belonging to the
2X 1 surfaces to hydrogen, and annealing at 570—-690 °Gsame family are very similar, and their structures are con-
induces the formation of ac(4Xx4) reconstruction on nected by transformation paths that do not involve breaking
Si(100.%%37 Finally, the c(4x2),p(2x2), andc(2X2)  of bonds among the surface and bulk. Thus structural transi-
reconstructions predominate at low temperatures. As fotions within each family can readily take place. Fof180)
the ground state, theoretical calculatifi©?® and and G&100) surfaces, the surface energies of tH@x 2)
experiment$3° agree in that the(4x2) or p(2x2) are  family are higher than those of>21 family.3® Moreover,
nearly degenerate. structural transitions from the(2x2) family to the 2x 1
Pandey” proposed a “missing dimer defect” model to family are hindered, since a large amount of energy is
account for the observed complicated reconstructions oneeded to break and displace the strong dimer bonds and the
(100 surfaces. Howeverab initio calculation by Roberts bonds related to the domain walls when these two families of
and Need® showed the missing dimer defect model to bereconstructions coexist on the surfaces. In practice, the real-
energetically higher than thex2l asymmetric dimer model. ization of a given reconstruction strongly depends upon the
Currently, only the metastable reconstructionsr2(6<n  surface-preparation conditions. In some special conditions,
<10) andc(4x4) are tentatively explained in terms of the both 2x 1 andc(2x2) families can be created on the same
missing dimer defect model: the former as the ordering okurface with stable domain walls among th&m®
excess missing dimer defecfsthe latter as an ordered struc-  The recent RHEED experiment by Yuenal? also dis-
ture with missing dimer defects formed on the bask 12 covered reconstructions such as two-domaix 12 p(2
structure®” The stable reconstructionsx2L,c(4%2), p(2 X2), andc(4X4) ona-Sn(100) surfaces. These reconstruc-
X2), andc(2X2) are instead believed to be formed by tions were observed to occur in this sequence during growth
different arrangements of two nonequivalent “antiferro” on InSK100), and no attempt to understand their origin or
asymmetric dimergsee Fig. 9. relative stability was made. It is tempting to assign these
Generally speaking, reconstructions based on asymmetrigconstructions on $h00 to the same mechanisms pro-
dimers as building blocks can be classified, according to th@osed for Sj100 and G€100), asymmetric dimers being the
group theoretical argumeft/*into three families, namely, a basic building blocks, and perhaps missing dimer defects be-
“2 X 1" family with a 2X1 backbone, a “X 2" family ing involved. However, we have to remind ourselves that in
with a 2x2 backbone, and a ¢(2x2)” family with a  the experimerit the Sr100) surface is obtained by
c(2x2) backbone. Among these, the reconstructions bemolecular-beam epitaxy onto In@®0), and the role of the
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TABLE VI. Optimized atomic positions of the-Sn(100) c(4 X 2)-reconstructed surface, and the corre-
sponding bulklike(ldea) positions. In the oblique supercétivo side lengths of the surface cell af€ a,
and 2.5a,, respectively, and the angle of the two sides is 116.57°), coordinates are givendyg,
+Coa,+C383, Whereg; is defined in the conventional cubic coordinate systemnaas(ay/2)(1,1,0), a,
=(ay/2)(1,—1,0), andag=ay(0,0,— 1) with a;=12.181 a.u=6.446 A thea-Sn lattice parameter. The unit
cell has two dimers\ andB.

Atom Ideal Optimized
no. (o Cy C3 (o} Co C3
dimer-layer
dimerA-down 1 0.500 0.250 1.375 0.501 0.506 1.259
dimerA-up 2 0.500 1.250 1.375 0.509 1.093 1.423
dimerB-up 3 1.500 0.250 1.375 1.500 0.421 1.424
dimerB-down 4 1.500 1.250 1.375 1.508 1.008 1.259
2nd-layer
5 0.000 0.250 1.125 —0.042 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 —0.008 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
misfit strain energy could be very importdiitas indicated We mention here that the reflection symmetry through

by successive transformations as a function of epitaxia(110 plane in the optimized atomic configuration is slightly
larger thicknes$.1t is thus important to understand first the broken, as also happened in previals initio calculations
behavior of the substrate-free surfaces. for the c(4x 2) reconstruction on G&00).** This is attrib-

We therefore carried out a series of surface energy calcuitable to the fact that thk-point integration over the(4
lations for these possible higher-order reconstruction modelsx 2) oblique ISBZ cannot be sampled so accurately to pre-
in order to clarify their hierarchy om-Sn(100. We con-  serve this symmetry in an exact manner. However, we do not
structed the atomic configurations starting from the previ-believe that this slight asymmetry has any consequences, and
ously calculated symmetric dimer and asymmetric dimemve shall ignore it.
data. We then relaxed the atomic configurations guided by
the calculated Hellmann-Feynman forces. Our calculated B. p(2% 2) reconstruction
surface energies for the considered reconstructions are re-

ported in Table I The p(2X2) reconstruction is the other good candidate

for the ground state ak-Sn(100). We started our calculation
from the atomic configuration constructed through the appro-
priate arrangement of asymmetric diméFsable 1V), and we
Ab initio calculationd”** have shown that the(4x2)  relaxed the atoms to the optimal positions. We give the op-
reconstruction is the most favorable i8I0 and G&100). timized atomic positions of the top four layers in Table VII.
Thec(4 X 2) reconstruction is obviously one of the best can-The buckling of the dimer is here 1.05 A. As expected, the
didates for the true ground state @fSn(100) as well. calculated surface energy of 0.872 eVK1 cell is very
We constructed the initial atomic configuration using theclose (actually, degenerate within our resolutjoio that of
asymmetric dimer coordinaté3able V). At variance with  the c(4X2) reconstruction. These two structures are also
all other cases where the surface unit cell is rectangular, herealculated to be almost degenerate 1180 and Gé&100)
the surface unit is oblique, and required particular care in thgurfaces’ 283844 Experimental molecular beam epitaxy
choice of thek-point sampling, as described in Sec. I. The growth data show that thg(2x 2) structure prevails when
relaxed atomic positions of the top four layers are reported inhe coverage oftv-Sn grown on InSb is between 500 and
Table VI. The buckling of the dimer is 1.06 A, a little larger 1000 A , whilec(4x 2) structure is not seen. The reason for
than in the 2<1 asymmetric dimer case. The final surfacethis is presently unclear.
energy is 0.873 eV/(X1 cell), i.e., 39 meV/(IX1 cell In order to provide a comparison with future experiments,
lower than that of the & 1 asymmetric dimer reconstruction. we have calculated the electronic band structure and the

A. c(4x%2) reconstruction
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TABLE VII. Optimized atomic positions of the-Sn(100) p(2X 2)-reconstructed surface, and the cor-
responding bulklike(ldeal) positions. In the square supercell, coordinates are givenm=bg,a;+ C,a,
+cga3, where g is defined in the conventional cubic coordinate systemags (ay/2)(1,1,0), a,
=(ay/2)(1,—1,0), andaz=a,(0,0,— 1), witha,=12.181 a.u=6.446 A thea-Sn lattice parameter. The unit
cell has two dimer# andB.

Atom Ideal Optimized
no. Cy c, C3 o C, C3
dimer-layer
dimer-A-down 1 0.500 0.250 1.375 0.500 0.505 1.267
dimerA-up 2 0.500 1.250 1.375 0.500 1.094 1.429
dimerB-up 3 1.500 0.250 1.375 1.500 0.423 1.431
dimerB-down 4 1.500 1.250 1.375 1.500 1.009 1.266
2nd-layer
5 0.000 0.250 1.125 —-0.044 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 —0.001 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

core-level shifts of thep(2X 2) reconstruction, and reported interaction structure of dimers of100) surfaces. This will
them in Fig. 10 and Table VIII, respectively. The main fea-enable us, in Sec. VII, to predict finite-temperature properties
tures of the band structure are very similar to those observedf «-Sn(100) surfaces.
for the 2<x1 asymmetric dimer reconstruction, namely, the The initial atomic configuration is constructed using the
filled surface band and empty surface band are separated lgymmetric dimer coordinatg3able 1V), and equilibrium
a gap of about 1.2 eV, and they both lie in the fundamentalvas reached after a short relaxation. The optimized atomic
gap region of the projected bulk band structure. The surfacpositions of the top six layers are reported in Ref. 23. The
rocking mode frequency, as well as the surface work funcbuckling of the dimers is 0.964 A, a little smaller if com-
tion, should be the same, within our accuracy, as those of theared with 2<1 asymmetric dimers. The calculated surface
2X 1 asymmetric dimer reconstruction. energy is 0.909 eV/(Xx1 cell), almost degenerate with the
2X 1 asymmetric dimer reconstruction.
) We notice that the mirror symmetry abo[#10] (the
C. p(4x1) reconstruction dimer itself is in thg 110] direction between the two dimers,
Within the 2x 1 family, thep(4X 1) reconstruction has, and also that between the atoms in layers below, are slightly
to our knowledge, never been observed in experimentdifted (see Ref. 2B This is because the origin@l, symmetry
However, the calculation of the surface energy for this re-about[001] of a semi-infinite surface is absent in the slab, as
construction, will provide, combined with othep<2l family in the ab initio calculation for GEL00) in Ref. 44. In Ref.44,
reconstructions calculations, relevant information about thdét was confirmed that restoring this symmetry by hand has a
negligible effect on the surface energy.

TABLE VIII. Calculated surface core-level shifts on the consid- .
ered atoms for th@(2x 2) reconstruction in the initial- and final- D. c(2x2) reconstruction
state pictures. The shift is relative to a bulk atom. Units are in eV.  Hare we consider the(2x2) family of reconstructions
Here 2nd-layer atom indicates one of the second layer atoms. [Fig. 9(b)]. Since it is known that on §i00) the basicc(2
X 2) reconstruction has the lowest energy among this

Initial state Final state family,3® we chose the(2x 2) reconstruction as the repre-
up-dimer atom 0.67 0.38 sentative of thec(2x2) family on «-Sn(100. Since the
down-dimer atom 0.16 —0.02 c(2X2) reconstruction can be made up of symmetric
2nd-layer atom 0.20 0.12 dimers, we first constructed the atomic configuration using

the obtained (X 1) symmetric dimer coordinatédthen we
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p(2X2) reconstruction to the layered-antiferromagnetic
phase, and so on. Assuming that the energy differences be-
tween the possible reconstructions with asymmetric dimers
are primarily due to the interaction among the asymmetric
dimers, we map these reconstructions onto an effective two-
dimensional Ising model, in which the energy differences
between different reconstructions are translated into a set of
interaction energies of the Ising model. There is a wealth of
results available for the two-dimensional Ising motfei®
Using this mapping, it was originally predicted that in
Si(100 and Gé100) surfaces, a second-order phase transi-
tion should take place from the ordered reconstructagd,
X 2) orp(2x2), to a disordered 1 structure with a tran-
sition temperature in the range of 200—253%Even if this
model is not rich enough to describe in detail the true phase
transition[seen experimentally around 170 K or{1%l0) and
Ge(100) (Refs. 47 and 48 it does set the right temperature
scale. We now investigate that temperature scale for
a-Sn(100.
The following is an effective Ising Hamiltonian corre-
FIG. 10. Surface electronic band structure of the sponding to the X1 family reconstructions, which includes
p(2x2)-reconstructed surface reported along high-symmetry linegil| interactions up to twice the surface atom spadiag il-
of the 2X 2 square irreducible Brillouin zone. The Fermi level is set |ystrated in Fig. @)],38
to zero. Shaded areas correspond to surface-projected bulk states,
while thicker lines correspond to surface states. The irreducible
surface Brillouin zone is given in the inset. Note the surface bands _H:VZ UijUij+1+Hz Oij O 11
in the fundamental gap region, well separated in energy. ! .

ENERGY (eV)

|
@)l

=l

T 1/2 K T/2

relaxed it. The calculated surface energy is 1.008 eX/{1 +DZ O'ijo'i+1jil+uz OijTij+2
cell), slightly lower than that of the 1 symmetric dimer N N
reconstructionTable 1), but higher[0.096 eV/(1X 1 cell)]
than that of the X1 asymmetric dimer reconstruction +FZ« 0ij0ij+10i+1j0i+1j+1> @)
(Table 1. '

Next, we removed the mirror symmetry between the twowhere oj; is the Ising spin at the lattice sitéj§ with two
dimerized atoms, allowed the dimer to become asymmetrigpossible valuest 1. In practice, the couplingd andF can
and let the atomic configuration relax to equilibrium. The be set to zero since they give the same contribution to the
optimized atomic configuration of the top six layers is re-ground-state energy for all considered reconstructions, and
ported in Ref. 23. The dimer buckling is 1.03 A, almostalso because we lack sufficient information to determine
identical to that of 21 asymmetric dimer reconstruction them. The other coupling constants H, andD can be ex-
(Table 1l). The surface energy is 0.907 eVK1L cell), which  tracted from the energy differences among the calculated 2
is again almost identical to that of thex2l asymmetric X1 family reconstructions.
dimer reconstructiofTable Il). The similarity shown by this Considering the configurationsX2l, p(2X2),c(4X2),
calculation between the(2x2) reconstructions of 400 andp(4Xx 1) leads to the following set of equations for the
and S{100), suggests that othex(2x2) family reconstruc- interaction energies per dimer:
tions are also not competitive in the search for low-
temperature stable phases. We therefore concentrate our at- —Hox1=V+H+2D, (8)
tention on the X 1 family reconstructions.

_Hp(ZXZ)Z—V+H—2D, (9)

VII. INTERACTION BETWEEN ASYMMETRIC DIMERS: ~ Heianz= —V—H+2D, (10)
PHENOMENOLOGICAL

—Hpax1y=V—H-2D. (12)

Based on the above results, we can develop a phenomeno-
logical model for the interaction among asymmetric dimers Using the results of Table Il, we can extract the coupling
which are basic building blocks for the reconstructions onconstantsV, H, and D. One could, at this point, employ
Sn(100). We do this in analogy with the work of Ihiet al®®  renormalization-group or Monte Carlo simulations to calcu-
on Si100. Two possible orientations can be assigned to theéate and predict the thermodynamic quantities and critical
asymmetric dimers. The dimer orientations can therefore bproperties. Since we are only interested in the temperature
represented by the two possible states of an Ising $pliis  scale that will turn out to be too large, we consider a simpler
is reasonable since the potential barrier for flipping a dimeeffective Ising Hamiltonian containing nearest-neighbor in-
is as large as 0.12 eV. In this picture, thé4X2) recon- teractions only. This is obtained by neglectibg besidedJ
struction corresponds to the antiferromagnetic phase, thend F in Hamiltonian (7). In this approximation, the main
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contribution to the interaction energies comes from the TABLE IX. The magnitude of the buckling, the bond length,
nearest-neighbor interaction. This simplified Ising Hamil-and the buckling angle of a dimer in C, Si, Ge, ameéSn(100
tonian was solved by Onsager. This critical temperaifiye Surfaces.

can be obtainéd as a solution of the equation

Buckling length  Bond length  Buckling angle

|212,] + |24] + 25| = 1, (12) A) A)
wherez, =tanh@V), z=tanh({8H), andB=1/kgT, kg being c? 0 1.37 0°
the Boltzmann’s constant. Now the couplingsandH can sP 0.4 2.47 9°
be easily derived using the surface energies of pié Ge 0.74 2.46 17.5°
X 1), p(2X2), and 2X1 asymmetric dimer reconstructions a-Srf 1.01 2.82 20.99°

as
8Reference 2%calculated value

V=—40 meV/dimer, H=—3 meV/dimer. (13)  °References 4 and Seneasured valye
‘Reference 5Imeasured valye

The solution of Eq(12), obtained using the parametéiss),  %This work.
gives a phase transition temperature, from the ordguéa|,
X 2) [or c(4%2)], reconstruction to a disorderedx2 c(4x4), where, in the surface(4x 4) cell, one out of four
phase, roughly of 390 K. This temperature is much highedimers is removed. Several arrangements of a missing dimer
than the transition temperature of bulkSn into 8-Sn (290  defect are possible in@4x 4) surface cell. However, they
K). Even if e-Sn(100) can be clearly stabilized epitaxially on are expected to be roughly equivalent in the Ising-spin map-
a substrate, as is the case on I(1El8), it seems unlikely that ping. For the microscopic calculation, we constructed the
this dimer disordering phase transition might become obsennitial atomic configuration using the relaxed(4x4)

able ona-Sn(100). atomic positions, and removed one dimer. After relaxation,
the surface energy of this reconstruction is 0.970 e¥/(1
VIII. WHAT MIGHT THE  c(4x4) RECONSTRUCTION Ce”), which is now SUbStantia”y\igher than that of the 2
BE? X1 asymmetric dimer reconstruction. In conclusion, none of

our attempts provides an explanation for t{@x4) struc-
During growth of «-Sn(100) onto InSK100, ac(4X4)  ture observed om-Sn(100) grown on InSK100), which at
reconstruction was also observed f@fSn thicknesses be- this stage remains an open problem.
tween 1000 and 2500 AThe nature of this state is presently

gnknown. Ac(4Xx4) structure was reported on(Sﬁ)O), but IX. DISCUSSION
it was shown there to be hydrogen related, without a well-
defined structural model. We have found that asymmetric dimers are very stable on

We first consider thec(4X4) reconstruction without «-Sn(100), leading to a basic 1 unit cell. In higher-order
missing dimer defects. It is easy to map @ X 4) recon- reconstructions, the asymmetric dimers are essentially iden-
structions onto the effective Ising Hamiltoniér), and ana- tical (see Table I}, with a similar buckling amplitudéabout
lyze its possibility of competing for the ground state. In Sec.1 A), buckling anglegabout 21°), and bond lengttabout
VIl we showed that the energy gain of the ordered recon2.83 A). Except for thec(4x2) andp(2x2) reconstruc-
structed phase mainly arose due to the “antiferromagnetictions, which are lowest, all surface energies are close within
like” interaction energy—V. Actually, no matter how we 10 meV/(1X1 cell) with respect to that of the 21 asym-
arrange the asymmetric dimers in thgtx4) unit cell, the  metric dimer reconstructiotif we exclude the missing dimer
“antiferro” interaction energies-V are always balanced by reconstructions which are much higher in engrdyoreover,
the “ferromagnetic” interaction energie¥, so that they the electronic band structures of thE2Xx2) and 2x1
cancel each other. We can therefore speculate that the stasymmetric dimer reconstructions are very similar. These all
face energy of the(4 X 4) reconstructions is close to that of indicate that ona-Sn(100) the asymmetric buckled dimers
the 2x1 asymmetric dimer reconstruction, and should thusare rather rigid structures, and the only remaining degree of
be disfavored for the ground state, as compared with théreedom is in their relative arrangements. Mapping of 2
p(2X2) reconstruction. family reconstructions onto an effective Ising model shows

In view of the c(4X4) reconstruction reported experi- that the energy gain of the(4X2) andp(2X2) reconstruc-
mentally, we decided all the same to evaluate microscopitions relative to the X1 reconstruction is due to a nearest
cally the surface energy for one of these dimé#x4) re-  neighbor “antiferromagnetic” interactior-V.
constructions. The initial atomic configuration is constructed Why do thec(4x2) and p(2X2) reconstructions have
with the asymmetric buckled dimer coordinat@able IV).  the lowest surface energy, at least in the calculations? Physi-
The final relaxed atomic positions of the top six layers arecally, it has been shown for GEO0) surface®® that the en-
given in Ref. 23. After relaxation, we find that the buckling ergy gain of thec(4X2) reconstruction with respect to the
of dimers is 1.02 A. The calculated surface energy is 0.902 X 1 asymmetric dimer one, comes primarily from the relax-
eV/(1x 1 cell), very close to the surface energy of the 2 ations of the atoms in the layer below the dimers. In Ref. 44
X 1 asymmetric dimer reconstruction as expected. We catwo calculations were presented for tbgl X 2) reconstruc-
thus conclude that dimer-base@ X 4) reconstructions are tion on G€100). In one of them the second-layer atoms were
not competitive, at least in unstrained equilibrium. allowed to relax, and in the other one the second-layer atoms

Next we considered the so-called “single missing dimer” were fixed to their corresponding bulk positions. It was



13710 LU, CHIAROTTI, SCANDOLO, AND TOSATTI PRB 58

found that the latter was almost degenerate with thel2 and Gé&100, which is again in the trend from C to Si, to
asymmetric dimer case, but the former brought about an erse, and tax-Sn (see Table IX. The associated surface-state
ergy gain of 0.05 eV/dimer due to the relaxation of thegap should be at least 1.2 €WDA calculations only provide
second-layer atoms. Here we have also done a similar calci- lower bound A surface rocking mode resonance is pre-
lation for the @-Sn(100) p(2X2) reconstruction. We fixed dicted at 4.8 THz, and should be visible in the surface pho-
the second-layer atom®f course, including the two inner- non spectrum ak,=0. A core-level shift of at least 0.6 eV
most layer atomsin their bulklike positions, and relaxed all should also be exhibited by the up-dimer atom. The lowest
other atoms. The surface energy turned out to be 0.07 e\gnergy reconstructions are found to be4x2) and p(2
(1><1 Cell) hlgher than the fU”y relaxed surface. CheCking ><2), which are energetica”y almost degenerate_

Tables VI, VII, and 1V, we see that for the(4x2) and Experimental observations on epitaxially grown films of
p(2X2) reconstructions the atoms in the second layer havg,-Sn(100) on INSK100) reveal, as a function of increasing
free space to move towards the “up” atom of the dimer andhickness, the sequencexd—p(2x2)—c(4x4). We be-
away from the “down” atom along thf110] direction(note  lieve we have a good picture for the first two, while we do
that the dimer itself lies in thgl10Q] direction. In p(2X2) not understand the(4x4) structure. The hydrogen-related
or ¢(4%2) reconstructions they do that in order to keep thenature ofc(4xX4) on S{100 suggests checking whether im-
bond length close to the bulk value. On the other hand, in th@urities might be involved also with their presence in Yuen
2x1 asymmetric dimer reconstruction they cannot relaxet al’s growth date® Another possibility is that the recon-
along [110] due to the constrained geometry. The relaxedstructeda-Sn surface would take on a large surface unit cell
positions of the second-layer atoms are, on the other handP reduce the large strain due to mismatch of growtir<8n
similar forc(4>< 2) andp(zx 2) reconstruction§ee Tables film on InSlilOO) substrate. More work is also needed in
VI and VII), which explains why they are energetically so order to understand what disfavors the4x2) structure
close. The surface energy of th¢4x 1) reconstruction is a relative to thep(2Xx2) structure, and why the basic<2

little lower [3 meV/(1x 1 cel)] than that of the X1 asym-  Structure prevails for small thicknesses.

metric dimer one, which can again be understood by noting
that atoms in the second layer have more freedom along the
[110] direction in the former.

In conclusion, we have found that a basig 2 asymmet- Z.Y.L. thanks Dr. Dario Alfefor useful discussions and
ric dimer should be responsible for the reconstructions ohis help. This research was partly sponsored by EEC, Con-
a-Sn(100. The dimer buckling is predicted to be21° or tract No. ERBCHRXCT 930342, under Contract No.
~1 A, much larger than the corresponding ones f¢i @) 95.01056.CT12, and by INFM, through PRA LOTUS.
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