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Low-energy electron diffraction as a direct identification technique:
Atomic structures of Ag- and Li-induced Si(111)-(+3X +3)R 30
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Quantitative low-energy electron-diffraction (LEED) IV spectra analyses of Ag, Li, and metastable
clean (&3X &3)R30' Si(111) reveal that striking similarities in the LEED spectra are due to common
scattering blocks of substrate atoms while the metal atoms are adsorbed at open sites on the Si lattice.
This leads to the use of LEED IV spectra as a characterization method. For the (&3X &3)R30' phases
of Li and Ag on Si(111), it is found that both structures can be described by a modified honeycomb-
chained-trimer model. The main structural element consists of Si trimers and Si atoms in the deeper
reconstructed layers. A counterexample is provided by Si(111)-(&3X&3)R30'-Au for which the IV
spectra are very different from those of the other three systems because the common scattering block is
absent.

I. INTRODUCTION

Recently, Fan and Ignatiev reported that low-energy
electron-diffraction (LEED) IV spectra of the (1 X 3)
phase of Si(111) induced by the adsorption of different
metals Ag, Li, and Na showed remarkable similarities.
Earlier, striking similarities in the IV spectra have
been noted between the metastable clean Si(111)-
(&3Xv'3)R 30' phase (hereafter referred to as &3-Si) and
the Ag covered Si(111)-(/3X&3)R30 phase (Ag-&3-
Si). The lack of or weak influence of the metal atoms on
the IV spectra led to the speculation that the metal atoms
must not have a long-range order in these systems. How-
ever, such a conclusion is at odds with the findings of
many other techniques. On the Ag-&3-Si surface, for ex-
ample, a host of experimental studies, notably ion scatter-
ing, ' x-ray diffraction ' and standing wave analysis,
reAection high-energy electron diffraction, transmission
electron diffraction, scanning tunneling microscopy
(STM), ' ' ' as well as total-energy calculations' support-
ed a model in which the Ag atoms form an essentially Aat
layer in a honeycomb-chain-trimer (HCT) structure.

In this paper, we propose an alternate explanation for
the striking similarities observed in the LEED IV spectra
of these systems. We show that IV spectra similarities in
the different metal-covered systems are due to the pres-
ence of common "scattering blocks" of near neighbor
substrate, i.e. Si, atoms. These "scattering blocks" with
essentially the same short-range order, produce similar
features in the IV spectra, particularly at higher energies
for the integral order beams and at all energies for the
fractional order beams. Furthermore, to explain the
weak inAuence of the metal atoms on the IV spectra, we
propose that the metal atoms are located at "open sites"
on the Si lattice providing a pseudo-(1 X 1) configuration.
So, in a kinematic picture single scattering of metal

atoms will not contribute strongly to the fractional order
beams; the only way for metal atoms to contribute is
through a second-order scattering of nearby Si atoms.
Because the IV spectra are measured at normal in-
cidence, the strongest scattering path involving a metal
atom is between it and the Si atoms directly underneath
(dominant forward scattering). A weak influence of the
metal atom requires that this metal-Si vertical distance be
large. It is immediately clear that this requirement is
consistent with the coordination of the Ag atoms in the
HCT model. In this model, the Ag atoms are located
above sixth-layer Si atoms and the Ag-Si distance is 6.7
A. To provide quantitative support for this description,
we carried out IV spectra analyses based on dynamical
LEED calculations. Besides the clean and Ag-covered
Si(111)-(+3XV'3)R30' phases, we have also determined
the structures of Li and Au-(&3X&3)R30 phases on
Si(111) (hereafter referred to as Li-~3-Si and Au-V'3-Si,
respectively). Qualitatively, the measured IV spectra of
the Li-V'3-Si surface showed great similarities with those
of the Ag-&3-Si system, while those of the Au-&3-Si sur-
face were very different. Using the above reasoning, we
expect that in Li-&3-Si, the same near-neighbor scatter-
ing block of Si atoms exists while the scattering block in
the Au-~3-Si system is different. As we shall later show,
these predictions are confirmed by quantitative IV spec-
tra analyses. The structure of the Au-V'3-Si surface has
been analyzed before by total-energy theory' and experi-
ment. ' ' This is, however, the first time that the Li-
V3-Si structure is determined. Also, for the first time the
Ag-&3-Si structure is determined by dynamical LEED
analysis to show a result consistent with that of other
techniques.

Our use of direct identification (i.e., "fingerprinting")
features in LEED is based on the local scattering picture
predicted by Yang, Jona, and Marcus' and later used by
Heinz, Stark, and Bothe' to compare major IV features

0163-1829/93/48(20)/15353(5)/$06. 00 48 15 353 1993 The American Physical Society



1S 354 OVER, HUANG, TONG, FAN, AND IGNATIEV 48

in LEED and diffuse LEED. In the previous cases, simi-
lar scattering blocks involved common adsorbate-
substrate clusters. In this work, the "fingerprinting" ap-
plied to diFerent adsorbate systems (in order to find a
promising starting configuration for the structural
refinement of Li-&3-Si and to explain the great similari-
ties of IV curves of Li-&3-Si with those of Ag-&3-Si), re-
quiring that common scattering blocks exist involving
only substrate atoms and the adsorbate atoms must locate
at open sites on a substrate lattice. A more detailed
description of this technique and its applications to over-
layer structures on both simiconductor and metal sur-
faces will be given elsewhere. '

II. LEED CALCULATION

rameters involving full relaxations in the first six layers.
This large number of variable parameters cannot be ac-
commodated with standard grid-search techniques but
rather requires the application of an automatic optimiza-
tion scheme.

IiI. RESULTS AND DISCUSSION

The experimental data comprised five integer and four
fractional order beams (in the energy range of 30—250
eV) for Ag-&3-Si and Li-&3-Si. For clean v'3-Si and
Au-&3-Si, two and nine integral, and two and nine frac-
tional order beams, respectively, were used. All the IV
spectra were taken at normal incidence and the experi-
mental procedure has been described elsewhere. ' '

The dynamical LEED intensity calculations were per-
formed using the programs of Moritz and co-workers'
(automated search) and Huang et al. (grid search).
The former is based on the layer-doubling method and
the layer Korringa-Kohn-Rostocker approach ' while the
latter is based on the combined-space method. Both
programs extensively exploit symmetry relations in real
and reciprocal spaces. "' The two sets of programs pro-
duced identical IV spectra on the same systems. The
dynamical calculations employed up to nine spin-
averaged phase shifts and the atomic scattering matrices
were corrected for the effect of dynamical and static dis-
order using a Debye temperature of 650 K for Si, 450 K
for Li, 450 K for Ag, and 450 K for Au; no attempt was
made to optimize these parameters. The agreement be-
tween experimental and theoretical I-V data was
quantified by both the rDE factor introduced by Kleinle
et al. and Pendry's rI, factor. The experimental I-V
curves of Ag-&3-Si were analyzed in two stages. First, a
dynamical LEED analysis was performed in which only
first double layer reconstruction was allowed and the bulk
structure was kept in the deeper layers. A coarsely
meshed grid search was carried out with structural varia-
tions in steps of 0.1 and 0.2 A for vertical and lateral dis-
placements, respectively. This search enabled us to iden-
tify the most promising starting configuration for further
structural refinement. In the structural refinement, an
extended version of a nonlinear least-squares optimiza-
tion procedure with respect to intensities as well as to the
Y functions ' was applied. Since the formation of Si
trimers in the first Si layer is expected to induce distor-
tions in deeper Si layers, we varied up to 12 structural pa-

A. Si(111)-(v'3 X V 3 )R 30 -Ag phase

The automated search for the Ag-&3-Si system found
that the missing top-layer HCT model produced the best
agreement between experiment and theory. This was
quantified by the r factors rDE=0. 38 and r&=0.47. All
other models proposed in the literature' could clearly be
ruled out; compare Table I. A schematic diagram of the
HCT structure is presented in Fig. 1. The multilayer
structural parameters are tabulated in Table II, together
with comparisons with other techniques. The quoted er-
ror bars for LEED assumed a 95% reliability taking into
account statistical errors only.

In the HCT model, the Ag atoms replaced the top Si
layer (the layer index refers to that of the Si(111) bulk
structure, see Fig. 1). The Ag atoms are displaced la-
terally from bulk sites by 0.59+0. 1.2 A. The Si atoms in
the layer below are displaced by 0.78+0. 12 A to form tri-
mers centered above fourth-layer atoms. The formation
of the Si trimers satisfies two of the three dangling bonds
while the remaining dangling bond is satisfied by bonding
with an Ag atom. The Si trimer formation greatly dis-
torts the substrate lattice and large relaxations down to
the sixth atomic layer are present to relieve the strain. A
vertical buckling of Si atoms in the fourth and fifth layers
of 0.20+0.05 and 0. 14+0.07 A, respectively, and a la-
teral displacement of Si atoms in the third layer of
0.07+0.04 A were found in this study. The top inter-
layer spacing between Ag and Si was found to be
0.69+0.03 A. The comparison of IV spectra between ex-
periment and theory for the optimal structure are depict-
ed in Fig. 2, left panel, and for reasons of direct compar-

TABLE I. Minimum Pendry R factors for the optimum geometries of various models known from
the literature.

Model

Vacancy model (Ref. 2)
Honeycomb model (Ref. 10b)
Missing top-layer model (Ref. 30)
Embedded trimer model (Ref. 10a)
Substitutional trimer model (Ref. 31)
HCT full double-layer Si (Ref. 8)
Conjugate HCT model (Ref. 13)
HCT model (Refs. 12 and 32)

Ag coverage

0.00
0.66
0.66
1.00
1.00
1.00
1.00
1.00

r Pendry

0.63
0.72
0.68
0.74
0.67
0.81
0.71
0.47
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FIG. 2. Comparison of experimenta andand calculated IV spec-
Li clean and Au-&3 systems;tra for optimal geometries o g, i,

SeAu-&3 data from Ref. 15. The inset shows a common
"scattering block" in Ag-1 3-Si, Li-~3-Si, and V3-Si.
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TABLE III. Optimal structural parameters for Ag-&3-Si, Li-&3-Si, &3-Si, and Au-&3-Si found by
LEED. Symbols refer to Fig. 1; M =Ag, Li, Au, lengths in Angstroms.

M-M
M-Si
Si-Si
zM

zsi
z(M-Si)
buckled
layer 4
buckled
layer 5

D4s
D
d34

d56

Si-&3-Ag

5.21+0.08
2.80+0.12
3.45+0.12
2.41+0.20
2.49+0.10
3.00+0.03
2.31+0.04
0.69+0.03
0.20+0.05

0. 14+0.07

2.31+0.03
2.21+0.05
0.68+0.03
0.71+0.05

Si-~3-Li

5.05+0.08
2.20+0.10
3.84+0.10
2.85+0.14
2.72+0.10
2.75+0.03
2.30+0.03
0.45+0.06
0. 18+0.04

0. 12+0.07

2.30+0.03
2.24+0.05
0.69+0.03
0.73+0.05

Si-&3-Si

5. 18+0.07

2.56+0.10

2.30+0.03

0. 10+0.04

0.05+0.05

2.25+0.03
2.27+0.05
0.72+0.03
0.76+0.04

Si-&3-Au

3.92+0.06
1.62+0.06
2.81+0.06
2.30+0.09
3.48+0.08
2.81+0.03
2.35+0.03
0.46+0.03
0.07+0.04

0.02+0.04

2.30+0.03
2.31+0.05
0.74+0.03
0.77+0.04

system (2.49+0. 10 A). Also, the Li top-layer atoms are
more evenly spaced, i.e., less displaced from bulk posi-
tions which is attributed to a stronger dipole-dipole
repulsion between Li atoms. An interesting prediction of
these structural results is that STM images (none exists to
date) might not show honeycomb patterns as observed for
the Ag-&3-Si system. We thus have the interesting situa-
tion wherein the LEED IV spectra for Li- and Ag-&3-Si
systems are very similar while their STM images might
be quite different. The IV spectra comparisons between
experiment and theory for the optimal geometry of Li-
&3-Si are shown in Fig. 2, second column. The r factors
are rDE =0.45 and rI =0.46.

C. Clean Si(111)-(V3X+3)R30 phase

The clean &3-Si system is a metastable structure
formed by Ar+ bombardment followed by rapid anneal-
ing (10 K/sec) and rapid cooling (20 K/sec). This struc-
ture exists even at room temperature. It was previously
analyzed by dynamical LEED and the structure deter-
mined was a vacancy model with large vertical inward
displacements of top-layer atoms and large lateral dis-
placements of the second-layer atoms. Results of a total-
energy calculation showed that a buckling-distortion
(&3X&3)R30' structure is stable on a damaged Si(ill)
surface with vacancy defects. In this structure, the com-
mon scattering block is again a "Si trimer" in the second
layer, although these are centered over sixth-layer atoms.
Because of the relatively poor long-range order in this
system, only limited IV spectra are measurable. The lim-
ited data were not sufficient to unambiguously fix the
orientation of the trimers. The r factors for the vacancy
model are rDE =0.37 and rI =0.48, respectively. In this
work, we also found a second possible structure in which
the trimers are centered over fourth-layer atoms. The
top-layer Si atoms occupy near bulk sites with an average
concentration of 1 atom/&3 unit cell. The structural pa-
rameters and the comparisons between experiment and
theory for this new model are presented in Table III and

Fig. 2, third column. For this model, rI, was improved by
15% but rDE was worsened by 14% from those of the va-
cancy model.

D. Si(111)-(v'3XV3)R30-Au phase

The experimental IV spectra for the Au-&3-Si system
are very different from the corresponding data of Ag, Li,
and clean systems (see Fig. 2, right column; correspond-
ing r factors are rp=0. 8 and rp=0. 75, respectively).
This structure was solved by Ding, Chan, and Ho' using
total-energy minimization and the model they proposed
was named conjugate honeycomb-chain-trimer (CHCT)
with a missing top Si layer. The main features of this
model are that the Si atoms in the second layer do not
form trimers; instead, Au atoms in the top layer are
trimerized which center over fourth-layer atoms. As ex-
plained by Ding, Chan, and Ho, ' this reversal of trimeri-
zation from the Ag-&3-Si case occurs because the Au-Au
bonds are stronger than the Si-Si bonds while the Ag-Ag
bonds are the weakest. The table of bond strengths of di-
atomic molecules indicates that the Si-Si bond with 3.39
eV is stronger than the Ag-Ag bond (1.69 eV), Li-Li bond
(1.14 eV), and the Au-Au bond (2.29 eV). Accordingly,
the Si-Si interaction dominates in the systems Ag-&3-Si
and Li-v'3-Si and drives the structure into HCT
configuration. With Au-&3-Si the difference in the dia-
tomic bond energies of Au-Au and Si-Si is less pro-
nounced, consistent with the CHCT model found.
Quinn, Jona, and Marcus' carried out a dynamical
LEED analysis of this system which clearly confirmed
the CHCT model. Here, we used the data of Quinn,
Jona, and Marcus and their structure as our starting
configuration for the automatic refinement (of 12
structural parameters). The optimal structural results
and the comparisons with Quinn, Jona, and Marcus ex-
periment' are shown, respectively, in Table III and Fig.
2, right column. For the optimal structure, rDE=0. 39
and rI, =0.35. Our structural results contain full relaxa-
tions of the top six layers which resulted in improvements
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in the comparison between experiment and theory. From
the structural point of view, the common scattering block
of Si trimers and large deeper layer distortions are absent
in the Au-v'3-Si case. A cotnparison of the IV spectra
for Au-&3-Si with those of the other three v'3-Si systems
underlines their differences.

IV. CONCLUSION

Therefore, if the structure of any member is solved, its
geometric parameters serve as a starting configuration for
automated search by dynamical LEED for the other
members. The Au-+3-Si system offers an interesting
counter example and our analysis supports the CHCT
model proposed by previous theoretical and experimental
studies.

In conclusion, we have shown that the HCT model for
Ag-V3-Si is consistent with dynamical LEED analysis
and is in agreement with findings of other techniques. In
addition, a new surface structure, Li-V'3-Si, is also shown
to have the HCT configuration. Striking similarities in
the IV spectra of Ag, Li, and metastable clean &3-Si sys-
tems support the use of LEED as a direct identification
technique. Surface systems having similar IV spectra be-
long to an equivalent class. Members in the equivalent
class are expected to have similar scattering blocks.
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