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Absence of double-bond formation on the G€111)3X 1-Na surface
studied by scanning tunneling microscopy
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The structure of the Na-inducedx3L reconstruction of the G#&ll) surface has been examined using
scanning tunneling microscop§6TM). The STM images reveal significant differences from those of the
metal-induced Si(111)8 1 surfaces. Our interpretation of the images leads us to conclude that unlike the
Si(111)3x 1 surfaces, there exist no &&5e double bonds on Ge(111X3-Na despite the similarity in
structure. This raises a serious question about a recent proposal that the metal-inddcest8nstruction of
the S{111) surface is stabilized by the formation of a=S8i double bond. We propose that surface electro-
static energy due to the charge transfer accompanying the surface relaxation plays an important role in
stabilizing the Ge(111)8 1-Na surface, and possibly the metal-induced Si(1X1}3surfaces as well.

The reconstructions of semiconductor surfaces are drivetprimarily responsible for the stability of the HCC model,”
by simple principles, reduction of the number of danglingmaking this the first incidence of a stable=S$i unit on a
bonds and relief of surface stress. Well-known elements resurface® An independent theoretical calculation on
ducing the number of dangling bonds are adatoms an&i(111)3<1-Na by Kanget al” reached virtually the same
dimers. Another way is to formr bonding, resulting in a conclusion.

covalent bond of higher order than that of a single bomd.  While much existing ex(;)):elrzimental data can be accounted

bonding between surface atoms has been proposed in Si rir within this HCC model,”"“one of the compelling argu-

constructions as a double bond on Si(100)<®) ! and as a
m-bonded chain on Si(111)-¢21).2 However, neither of @
them can be considered as multiple bonds stabilizing the
reconstruction in a true sense, because significant polariza-
tion (i.e., charge transfgras well as buckling occurs. Re-
cently, the existence of iue Si==Si double bond at a sur-
face has been proposkak a result of theoretical calculations
of the structure of metal-induced Si(11)%3) surfaces:*

For more than a decade, the<x3 reconstruction of the
Si(111) surface induced by the adsorption of alkali metals
[(AM) Li, Na, K] and Ag has drawn much attentigsee
Refs. 3 and 4, and references theyeltowever, the surface
atomic structure has remained controversial, although it is
believed to be a single common structure regardless of the ®
metal species. Recently, a very promising geometrical model
for Si(111)3x1 has been established based on
experimentat® and theoreticdl* work. The structure con-
sists of an unusual topmost layer which is nearly planar and
honeycomblike, together with empty channels where the
metal atoms locate. This model, referred to as a “honeycomb
chain-channel”(HCC) model® was found to be energeti-
cally more favorable than previously proposedbonded
chain model$° In a calculation on Si(111)8 1-Li, Erwin N
and Weitering found that atrue Si double bond is formed (dimer-like)
between the atomis andc in the top layer in the fully opti-
mized HCC geometry of Fig. 1. As a consequence, the inter- FG. 1. (a) Schematic diagram of the fully relaxed honeycomb
layer bonding between any of these atoms and the underlyinghain channe(HCC) model for Si(111)(3<1)-AM. There is no
first-layer atome is broken. Charge transfer occurs from the direct bonding between the Si atoeand any of the surface Si
atome to the atomd as well as from the metal atom to the atomsb andc, as denoted by dashed lingb) Schematic of simu-
atoma. It was also proposed that the=SEi double bond is lated empty state STM imag®efs. 3,4.
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FIG. 2. High-resolution empty state STM images @)
Si(111)(3x1)-Na and(b) Ge(111)(3x1)-Na acquired at sample
biases of+2.0 V and+1.5 V, respectively.

ments favoring it is the interpretation of detailed features . .

present in scanning tunneling microscai®TM) images. In  FIG. 3. Dual-polarity STM images of Ge(111)¥al)-Na taken

a simulated empty state image derived from this HCC modefimultaneously ata) —1.5 V and (b) +1.5 V sample biases.
[Fig. 1b)], an antibonding=* orbital appears as dimerlike Maxima in the filled and the empty state images are marked by
featl.Jre(Wi,th a node in the middlebetween bright rows due solid and open circles, respectively. The crosshairs are drawn in
to the alkali tals. Weak “sid w gd ized identical surface location in both imagds) Surface height along

0 the a14a| me as.. eax “slae spur. or |mer|;e the cross sectioAA (solid line) andA’A’ (dashed ling

features™" observed in the empty state images of Si(111)3

X 1-Liand Si(111)3<1-Ag can be interpreted as originating

from these antibondingr* orbitals in the Si=Si double surface taken at opposite bias voltage polarities. Both filled

bonds. state[Fig. 2(a)] and empty statgFig. 2(b)] images(not taken

The G&111) surface also undergoes a3 reconstruc- simultaneou;l}/show (_jistinct atomic resplution. In particu—.
tion induced by alkali-metal adsorptidh. Ge(111)3 Iar., the atom_lc resolution along the row in thg empty state is
x 1-AM is expected to have structural and electronic prop-qu't_e exceptlonal_and unpre_cedented in that it has never been
erties similar to those of SiSince a Si=Si double bond has 2chiéved for AM-induced Si(111)-(81) to our knowledge.

been proposed as the stabilizing influence on the surface dfi'® IMages show zigzag chains for both polarities. While the

Si(111)3x 1, the question arisesDoes the Ge=Ge double ~ aPPearance of the zigzag rows in the filled state image is
bond also exist and stabilize the same HG@(111) X1 virtually identical to those of AM-induced Si(111)-§31),

structure?” It is questionable since a Ge double bond isthe zigzag chains in the empty state image are markedly

expected to be weaker and unlikely to be the stabilizindjiﬁerem from the linear features reported for AM-induced

. ) Si(111)-(3x 1) 131416
factor in a Ge(111)X1-AM structure. If a Ge double . ith | del : hat th
bond is not possible, then how is the HCC structure to Comparison with any structural model requires that the

be modified for Ge(111)81-AM and what stabilizes the STM images representmg the QCCUP'ed and the .unoccupled
structure? s_tates b_e taken sm_1u|taneously in order t_o determ_lne _the rela-
In this work, we have examined the above questionsb)}'ve registry. For this purpose, dual-polarity tunneling images

studying the Na-induced Ge(111X3 surface using STM of Ge(111)1_3><1—Na are shown in. more detail in F.ig. 3. Be-
and comparing its behavior with STM images of Si(111)3tween the zigzag chains in both images, there exists a lateral
x1 surfaces. Unlike the cases of Si(11X3-Li and shift in the direction perpendicular to the rojeee the hair-
Si(111)3x1-Ag, the feature attributed to the antibonding lines AA and A’A" in Figs. 3a) and 3b)]. Along the row,

7* orbitals in a double bond is not observed in the emptythe corrugation maxima in one image correspond to the

siae image of Ge(L11)SL-Na. In partuiar, the empty Cocs B8 CU8 RO C s O e ety sate
state image of Ge(111)31-Na is not compatible with for- X P v W : Pty

mation of a Ge=Ge double bond. This suggests that the/mages, as clearly displayed by the cross-sectional profile in

. . Fig. 3(c).
Ge=Ge double bond is not a stable unit on Ge(114)3 We interpret our experimental STM images within the

and some modifications are needed in the proposed model. lfcc model because this structure is calculated to be the

may raise a serious question as to the key role of the stabjy,,st stable for the Si(111)81 surface. The zigzag chains
lizing influence of the double bond proposed for all thej, the filled state images can be assigned to the electronic
metal-induced X 1 surface structures. states associated with the negatively charged atbansd a
Experiments were performed in an ultrahigh vacuumin Fig. 1(a). The triangular protrusions are nearly equilateral,
chamber with base pressure of %50 '© mbar. The while the atomic positions are not. The interpretation of the
Na-induced X1 surface was prepared by exposingzigzag chain in the Ge(111)31-Na empty state image is
the clean Ge(11TL)2Xx8) surface at 350—450°C to a high difficult to reconcile with the double-bond configuration pro-
flux of Na from throughly outgassed dispensdSAES  posed for the HCC structure. The interpretation requires that
getters Ing. The STM images were taken at room tempera-some modifications of the bonding configuration occur. First,
ture. the observed phase reversal between the zigzag rows in the
Figure 2 shows STM images of the Ge(111XB)-Na  opposite-polarity images suggests that the ionized Na atoms
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surface Ge atom&ow a andd vs c) agree well with this
ratio (the atomc is now similar to the bulk Ge atomswith-
out this modification, the originally proposed HCC mddel
would give a 1:1 ratio for the different kinds of surface Ge
atoms @ andd vs b andc).

The straightforward interpretation of the STM images ex-
cludes the formation of GeGe double bonds on the
Ge(111)3x 1-Na surface. It is evident that the<dl recon-
struction of this surface must be stabilized by some other
mechanism than the formation of a surface double bond. We
propose that charge transfer from the atorto the atomd
accompanying a surface relaxati@imuckling with respect to
a flat geometryis important in lowering the surface energy
of the HCC structure of the Ge(111Y3 surfacet®

T.

This effect may be enhanced by the adsorption of ionized
Na atoms aH; sites, and stabilized via electrostatMade-
(a) Ge(111)3x1-Na (b) Si(111)3x1-AM lung) surface energy? This electrostatic Madelung energy
(theoretical calculation) appears to play an important role in the relative stability of

the modified HCC geometry for the Ge(11X3-Na sur-
FIG. 4. Schematics of bonding configurations @) the  fgce.

Ge(111)(3<1)-Na surface in the modified HCC model afin) the Absence of evidence for a double bond for Ge(111)3
Si(111)(3x1) surface proposed from theoretical calculations><1_Na may contain some implications as to the Si(111)3
(Refs. 3,4. F (filled) and E (empty with arrows indicate the posi- . .
, ) I X 1 structure. The formation of double bonds betweefo8i
tions of the rows in the dual-polarity images, aftdand — repre- . . S
sent the charge states of the surface(@eSi) atoms and Na. Note GE)O atoms.ls rgre in nature, while it is frequently fqund for
that there is no double bond between thandc Ge atoms, and the C- 1he SE=Si and Ge=Ge double bonds are considerably
adsorption site of Na atoms is moved to thé; site for ~Weaker and can exist only when they are sterically stabilized
Ge(111)(3x1)-Na in(a). by bulky ligands and so their reactivities are hindeteihe

proposed formation of SkSi double bond on the
are located a5 sites rather than at tHE, sites proposed for Si(111)-(3x 1) surface may be possible because of its steri-
Si(111)3%x1-AM.>* We can then interpret the zigzag chains cal stability on the surface. But, considering the similarities
in the empty state image as due to the electronic states asseetween Si and Ge, we feel that th&bilizing role of the
ciated with rows of positively charged Ge atom@&nd Na  double bond in the Si(111)-(81) structure is questionable.
atoms. This explains the lateral shift of the zigzag rows ob1t also seems to contradict the general chemical evidence
served in the dual-bias images as well. _ that Si and Ge double bonds, unlike the=C double

Based on our STM images, our interpretation of the bondhond, are much less stable than their respective single

ing configuration of the Ge(111)81-Na reconstructed sur- pongs?2 We suggest that the Si(1113@L structure is
face is presented in Fig. 4, and compared to that based on thgs,  stapbilized by the same mechanism as that for

theoretical calculation$? Our interpretation suggests that Ge(111)3< 1-Na, rather than by the formation of-SBi
the Ge atom$ andc are no longer equivalent and the Ge double bonds

atom at positionc is now polarized with positive charge.
This in turn implies that there is no &eGe double covalent
bond between thé and c atoms on the Ge(111)31-Na
surface. Instead, a Ge-Ge single bond forms between dom
andc and the remaining orbital of the atombackbonds to
the underlying atorre in the first layer. The charge in the
dangling bond of the atorg, not that of the atone, is now
transfered to atord to form a polarized bond at the surface.

In summary, we have shown that empty state images of
the Na-induced Ge(111)31 surface appear distinctly dif-
ferent from those of Si(111)81 surfaces, though their
Sfilled state images look alike. Based on the images, we argue
that there is no evidence to support a=58e double bond
stabilizing the Ge(111)3 1-Na structure. We propose a dif-
ferent mechanism to stablize the Ge(11%)B-Na recon-
struction: stabilization via the charge transfer accompanying
%uckling as well as an electrostati®adelung energy. We
Nfurther suggest that the stability of the HCC structure of the
Si(111)3X1-AM surface is also achieved by the same
mechanism. New total-energy calculations are called for to
|ﬁvestigate the electrostatic energy contribution, particularly
as regards the Ge(111X3l surface, to further clarify this
concept.

flat planar geometry proposed for the original HCC silico
reconstructiort:* The orbitals of the atomis andc now have
to some extensp® character which introduces buckling of
these atoms at the surface. The new bonding configuration
now g/ery similar to that originally proposed by Lottermoser
et al.

These modifications of the HCC model not only explain
nicely the STM images of Ge(111)31-Na but are also  This work was supported by the Office of Naval Research
compatible with core-level photoemission dataThe sur-  under Grant No. N00014-92-J-1479. One of the autliGrs
face core-level shifts observed for Ge(11X)3-Na show Lee) acknowledges partial support from the Korea Science
two Ge 3 surface components with intensity ratio of 2:1. In and Engineering Foundation through the ASSRC at Yonsei
our modified HCC model, Fig.(4), the oppositely charged University.
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