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Nanowire-induced optical anisotropy of the S{111)-In surface
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Ab initio calculations of the reflectance anisotropy of1%$i)-In surfaces are presented. A very pronounced
optical anisotropy around 2 eV is predicted for the structural model proposed byeBw@hK Phys. Rev. B59,
12 228(1999] for the (4% 1) reconstructed surface. TheX2)/(8x 2) reconstructed surface, induced by a
slight distortion of the indium chains, is shown to result in a splitting of the 2 eV peak. The calculated results
are in excellent agreement with recent polarized reflectance data acquired duringxig—44x2)/
(8% 2) phase transition.
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[. INTRODUCTION shown in Figs. {c) and Xd), respectively. The calculated
structures for the (%2)/(8X2) reconstruction agree in
Indium may self-assemble on($11) in a (4X 1) pattern many but not all respects with the interpretation of the
that is formed by long rows of In atoms. The study of this SXRD data in Ref. 12. Discrepancies also exist regarding the
reconstruction goes back to the 196bkut has intensified electronic structure of the LT phase of thé¢13i))-In surface.
recently. On one hand, the chains formed by the In atom¥Vhile some experimental studies find this phase to be
may be the smallest known atomic wires in existefite,
which makes them interesting in the technological context of
downsizing the microelectronics into the nanoscale regime.
On the other hand, one-dimensional electronic systems are
expected to show interesting electronic features, such as
spin-charge separation in a Luttinger liquid or Peierls insta-
bilities (see, e.g., Ref.)4Indeed, the metallic (4 1) phase
of the In chains was found to undergo a reversible Peierls-
like transition below room-temperature, where the period
along the chain is doubled, forming ¥2) and finally
(8% 2) reconstructions®
On the basis of surface x-ray diffractig8XRD) datd a
detailed structural model for the Si(111)¥4)-In surface
has been developed, which also accounts for previous experi-
mental findings. Its main features are zigzag chains of Si
atoms alternating with zigzag rows of In atoms on top of an
essentially bulklike Si latticgsee Figs. (a) and Xb)]. The Si
chain is thus similar to ther-bonded chain of the Si(111)
X (2% 1) reconstruction. Strong support for this structural
model comes from a series offirst-principles
calculation€~1°The calculations not only confirmed the ex-
perimentally determined surface geometry, but also repro-
duced the dispersion of the measured surface electronic
stateé and the experimentally detected image state
anisotropy:! SXRD has also been used to study the low-
temperaturgLT) Si(111)-In surface'? It was proposed that
the periodicity along the In chains doubles, due to trimer
formation of the outer indium atoms. In addition, a glide line
occurs, causing a doubling of the unit cell in the direction
perpendicular to the chains. The resultingX(8) recon-
structed surface structure is somewhat in contrast to the
atomic configuration changes upon cooling inferred from LT ¢ 4 Optimized atomic structures of the zigzag-chain model
photoemission dat& Yeom and co-workers concluded that of e S{111)-In surface:(a) top and(b) side view of the (4 1)
the inner In rows are mainly affected by the X4)—  yeconstruction,(c) and (d) are the top views of (%2) and (8
(4x2)/(8%x2) phase transition. However, this is not in x2) reconstructions, respectively. The solid/open circles are In/Si
agreement withab initio calculations. Cheet al® find that  atoms. Surface unit cells are indicated. Arrowsdnand (d) show
the outer indium chain atoms are displaced to form pairsthe slight distortions of the outer indium atoms with respect to the
which are arranged in (42) or (8X2) symmetries as (4x1) reconstruction.

0163-1829/2003/68)/0353295)/$20.00 68 035329-1 ©2003 The American Physical Society



WANG, LU, SCHMIDT, AND BERNHOLC PHYSICAL REVIEW B68, 035329 (2003

insulating®® others see only a reduced density of states at the

Fermi levet>**or remain inconclusivéFirst-principlescal- — -Y

culations by the Kleinman grodfind no gap opening at the 2 AN R T g 7

Fermi level as a result of the ¢41)— (4x2) phase transi- = 7N ‘,"\.i"\} .,"\..i.'\

tion. It is not clear, however, if this is indeed a correct find- X :.1“! Wt E D

ing or an artifact of the calculation, due to either the band d ) {7 (.} '('-,- (.)

gap underestimation in density-functional calculatibhsy < '”‘.;"‘ ,"(’;"‘
L LKy

an assumption of a wrong atomic structure for the LT phase
of the S{(111)-In system.

Reflectance anisotropy spectroscofRAS) at the
Si(111)(4x 1)-In surfacé’~® shows an optical anisotropy
in the energy region of 2 eV, which is significantly larger
than previously reported for any semiconductor system. Very
recently, it has been found that this anisotropy splits into two
peaks, at 1.9 and 2.2 eV, upon formation of the LT phase of

the S{111)-In surface?® In this paper we presentfirst-
principles calculations for the nanowire-induced optical an-
isotropy of the Sil11)-In surface. It will be shown that the

FIG. 2. The optimized atomic structure of thebonded chain
stacking-fault model for Si(111)41-In reconstruction. Solid
circles are In atoms and open circles are Si atoms. Thel(4unit
cell is indicated.

atomic structure proposed from SXRD data in Ref. 7 for the

In induced (4x1) symmetry explains very well the optical
anisotropy measured for the room-temperature phase of t

Si(11D-In surface. Our total-energy and RAS calculations

strongly support Kleinman's modefor the (4x2)/(8x 2)
reconstructed $111)-In surface.

Il. METHODOLOGY

The calculations employ a massively parallel real-spac
multigrid implementatioftt of the density functional theory
(DFT) within the local density approximatiofDA).?? The
electron-ion interactions are described by nonlocal,
conserving pseudopotenti&fs.2°A partial core correction to

the In pseudopotential was added in order to take into ac-

count a nonlinear effect for the exchange-correlation t&rm.

The spacing of the grid used to map the wave functions, th
potentials and the charge density is 0.166 A, correspondin
to an energy cutoff of about 47 Ry in plane-wave calcula-

tions. The Si111)-In surface is simulated by a periodic su-

percell that contains ten Si layers, one adsorbate layer, and

vacuum region corresponding in thickness to eight Si Iayer%’%lbly reproduce experimental data for a wide range of
S

Hydrogen atoms are employed to saturate the dangling bon

norm-

oints corresponding to a density of 960 sampling points in

fie full (1% 1) surface Brillouin zone. A linear cutoff func-
tion was used to eliminate spurious optical anisotropies from
the bottom layer of the slay.The dielectric function of me-
tallic systems contains contributions from interband and in-
traband transition¥ The interband transitions dominate the
spectra in the energy range usually investigated with RAS.
Therefore, and because the intraband contributions are

%ardly accessible tab initio calculations for systems of the

size studied here, we consider only the interband part. It is
calculated in the independent-particle approximation, i.e.,
neglecting excitonic and local-field effects. A scissors opera-
tor approach has been used to account for the band-gap un-
derestimation of 0.5 eV for bulk Si due to the neglect of
gelf-energy effects within DFT-LDA. Calculations for
smaller systent$*?have shown that many-body effects alter
RAs spectra quantitatively rather than qualitatively, because
RAS spectra are difference spectra, which are furthermore
normalized to the bulk dielectric function. Therefore, calcu-
&tions within the independent-particle approximation reli-

semiconductord>34

of the silicon atoms in the bottom layer. We use the calcu-

lated equilibrium lattice constant of 5.43 A for silicon. Sets
of specialk points corresponding to 32 points in the full
(1X1) surface Brillouin zone were used for the self-
consistent electronic structure calculations.

The atomic surface structure gives rise to correctitis
in the Fresnel reflectivityR,, which can be calculated from
the diagonal slab polarizability componenis and the bulk
dielectric functione, by

AR(w) 16mdw.

Ro(w)  C

axx(w)— a’yy(w)

€b(w)_1

whered is the slab thicknessy is the frequency, and the
speed of light”?® Here x andy are the directions parallel

Ill. RESULTS AND DISCUSSION

The first reported RAS measurement of th€1$i)-In
surfacé’ was interpreted in terms of ar-bonded chain
stacking-fault --SF) model of the (4<1) reconstruction.
This model, shown in Fig. 2, was proposed on the basis of
Auger spectroscopy, low-energy electron diffraction, and
scanning tunneling microscopy. The substrate Si atoms
form 7656 rings, i.e., two sixfold, one sevenfold, and one
fivefold rings per unit cell. The In atoms on top form ridges
containing three rows of In atoms. The edge In atoms satu-
rate the dangling bonds of the underlying Si atoms and the
central In row forms metallic bonds with the In atoms of the
edge rows. We calculate an In-Si bond length of 2.66 A. The

and perpendicular to the indium chain, respectively, i.e., theninimum distance between In atoms amounts to 2.98 A. The

[110] and[112] directions. The surface dielectric function
calculations were performed with uniformly distributéd

calculated optical anisotropy of the-SF model is shown in
Fig. 3. The RAS spectrum is negative for the complete en-
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FIG. 3. RAS spectrum calculated for the-SF model of the
(4% 1)-In reconstruction shown in Fig. 2. Energy(eV)

ergy range considered, i.e., from 1.0 to 5.5 eV. While the FIG. 4. RAS spectra calculated for the zigzag-chain models of
sign and the magnitude of the calculated optical anisotrop§he S{111-In surface reconstructions shown in Fig. 1. The curves
agree with experimenfg‘zothere is no agreement concern- are shifted vertically for clarity, with the zero position indicated on

ing the line shape and the energy positions of the RAS peak{'® fight. The scale is shown in the inset.

Experimentally, one very pronounced optical anisotropy dippected. Our results refer to a single-domaifl$l-In sur-
at around 2 eV is observed. In contrast, thdonded chain  face free of steps and other defects. Defects in the In chains
stacking-fault model yields a series of features with the mairyng signals from minority domains reduce the peak at 2 eV,
peak at around 3.6 eV. From the calculated RAS spectrunyhereas surface steps give rise to additional features at the
we can thus exclude the-SF model as the structure for pyik critical points of Si, i.e., at 3.5 and 4.3 &UThe optical
In-induced (4x1) reconstructlons of §i11). anisotropy at 2 eV is unambiguously attributed to surface
We therefore focus on the zigzag-chain model developedtates, because this energy region is far below the direct op-
for interpretation of SXRD data of the Si(111)4)-In  tical gap of Si. However, it is not directly related to the
surface’ Here, four indium atoms and two Si atoms per metallicity of the nanowires, which at low frequencies is
(4x1) unit cell are adsorbed on an essentially bulklikel)  expected to result in a stronger optical coupling for light
substrate surface, forming chains along [é0] direction.  polarized in the chain direction rather than perpendicularly to
Starting from the experimentally determined coordinatesthe chains. Therefore, the quasi-one-dimensional metallicity
total-energy minimization yields the structure shown in Figs.of the In chains should lead to positive optical anisotropies,
1(a) and 1b). The relaxed geometry is in good agreementwhich are indeed observed for photon energies below ¥ eV.
with the experimental dafaand previous calculatio’s}°  Our calculations cannot safely be extended to that energy
The In-In bond lengths within the chains amount to 2.98 andegion, because of the neglect of intraband transitions.
3.00 A. This is slightly larger than the sum of In covalent In order to calculate the structure of the LT phase of the
radii of 2.88 A, but shorter than the 3.25 A In-In distance in Si(111)-In surface, we start from symmetry-distorted geom-
tetragonal bulk In, indicating the predominantly covalentetries with (4<2) and (8x2) translational periodicities.
character of bonding within the In chains. The distance beThe resulting (4 2) and (8x2) structures, shown in Figs.
tween indium atoms in neighboring chains is 3.16 A and thel(c) and Xd), are mainly characterized by a pairing of the
In-Si bond lengths are 2.68 A. The calculated electronicouter In chain atoms. Their distance is reduced from 3.84 A
structure of the Si(111)(41)-In surface confirms earlier in the (4x1) structure to 3.55 A. This reconstruction
experimentat®® and theoretical resulfs®° There are three mechanism agrees with the findings of the Kleinman grbup,
metallic bands crossing the Fermi level along the directiorwho predict a corresponding reduction from 3.87 to 3.59 A.
parallel to the atomic chains, which show only a weak dis-The pairing leads to an alternating relaxation of the inner
persion perpendicular to the In chains. chain atoms towards or away from the center of the neigh-
The anisotropy of the surface electronic structure is reboring indium chain. However, the pairing-induced In-In and
flected in the calculated optical anisotropy, shown in Fig. 4.In-Si bond length changes are hardly discernible, i.e., below
Similarly to the results obtained for the-SF structure, we 0.02 A. The calculated band structures for the<(@) and
find the RAS to be negative for nearly the complete energy(8x2) have no gap at the Fermi level. This may partially be
range considered. In the case of the zigzag-chain modetelated to the band gap underestimation typical of DFT-LDA
however, a very strong anisotropy peak of 2.2% is calculatedalculations® It appears likely that self-energy effects open
for a photon energy of 2 eV. This is in excellent agreement small gap for the lowest lying metallic bafgkeS; in Fig.
with the experimental findingé ?°of a very pronounced an- 2 in Ref. 9, because this band nearly bisects thex ()
isotropy of 1.2—2.0% at 2 eV. The fact that the calculatedsurface Brillouin zone. Therefore, the corresponding Fermi
optical anisotropy is slightly larger than measured is ex-surface has the possibility of nesting, potentially driving the
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opening of a Peierls gap. This mechanism is hardly plausible;orrectness of the underlying surface structural model, i.e.,
however, because of the remaining metallic surface statethe geometry originally proposed by Kumpf and
Our calculations, which are in agreement with tfiesst-  co-worker$? and modified by Chet al®
principles results of Choet al.® thus support the view that
the doubling of the surface unit cell results in a reduction of
the density of states at the Fermi level, but not in the opening
of a fundamental gap. This is in agreement with some but not The optical anisotropies for different models used to ex-
all of the recent experimental studigs:* plain the formation of In nanowires at the(8l1) surface

In order to verify the calculated structural models for thehave been calculated frorfirst principles A comparison
(4%x2)/(8%2) phase, we calculated their reflectance anisotwith measured data strongly supports the zigzag-chain model
ropy, see Fig. 4. The spectra are similar to the one calculatefdr the room-temperature ¢41) reconstructed phase of the
for the (4x1) phase. However, for the ¢42) reconstruc- Si(111-In surface. An energetically favored pairing of In at-
tion a shoulder at 2.2 eV emerges, which is even more proems gives rise to a doubling of the periodicity along the
nounced for the (& 2) surface. It corresponds exactly to the chain direction. The energy can be further lowered by ar-
optical signature of the (41)—(4%2)/(8X2) phase tran- ranging neighboring chains in a &) superstructure. These
sition found in a recent experimental stifdyin addition to  structural changes are accompanied by changes in the calcu-
the appearance of the 2.2 eV shoulder, the calculated minlated optical anisotropy which are in excellent agreement
mum of the RAS shows a slight redshift by about 0.1 eV.with data acquired during the formation of the low-
Again, nearly quantitative agreement with the experimentallytemperature phase of the(8L1)-In surface. Our results for
observed shift from 1.96 to 1.90 eV is obtained. Fleischethe surface electronic structure are compatible with the view
et al?° argue that the measured changes in the optical anisothat a reduction of the density of states at the Fermi level
ropy cannot be explained as a temperature-induced sharpeoecurs upon the (41)—(4X2)/(8X2) phase transition.
ing of the original 2 eV peak, since the overall width of the However, there is no indication of gap opening.
structure is much larger for the LT phase. The changes of the
RAS spectra can thus only be explained by electronic and
structural modifications of the @il1)-In surface accompa-
nying the (4<1)—(4X2)/(8%2) phase transition. The ex- We gratefully acknowledge the support by DOE and
cellent reproduction of these changes in the calculated su@NR, and grants of supercomputer time provided by the
face optical properties is a very strong indication for theDOD Challenge Program and NCSC.

IV. SUMMARY AND CONCLUSIONS
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