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The adatom-substrate interaction on the Si(111)Ga(~3xv 3)R30' structure was stud. ied with
high-resolution electron-energy-loss spectroscopy and ab initio total-energy cluster calculations. En-
ergy losses at 100, 200, 340, 480, and 550 cm were identi6ed as the folded-back part of the
Rayleigh wave, the Ga adatom vibration, a breathing mode of a GaSi4 cluster, and two different
Si-Si stretching vibrations, respectively. The dispersion of these modes, measured along the I'K
direction of the (1x 1) surface Brillouin zone, was found to be weak.

I. INTRODUCTION

A (~3x v 3)R30' reconstruction is induced on the
Si(111) surface by a number of different metals. ~ It con-
sists of a 1/3 monolayer (ML) of metal adatoms that
occupy half of the threefold T4 sites. Each adatom is lo-
cated directly above a Si atom of the second layer, and
is bonded to three Si surface atoms, such that all sur-
face dangling bonds are saturated. A structural model of
the reconstructed surface in real and momentum space
is shown in Fig. 1. The general features of this model
have been con6rmed by previous experimental and the-
oretical work and are now well established. However,
the Ga/Si(ill) system has received renewed interest af-
ter Martinez et al. reported giant adatom vibrations at
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800 K. These authors measured the vertical positions
of the Ga atoms relative to the underlying Si layers us-
ing the x-ray standing wave method, and found that the
distribution of Ga heights increased anomalously with
temperature. Martinez et al. attributed the anomalous
broadening of their data to large vibrational amplitudes
of the adatoms, and predicted a pronounced decrease
of the corresponding &equency with increasing tempera-
ture. For room temperature the predicted vibration &e-
quency was ca. 100 cm . These considerations were
partially based on a vibrational study of the Ga/Si(111)
system with inelastic He scattering by Doak, " in which a
dispersionless optical mode at about 100 cm was ob-
served. Doak assigned this mode to either a vibration of
the Ga adatom or a vibration of a cluster of atoms in-
cluding the adsorbate atom. Since no higher-lying modes
were found in the experiment of Doak, Martinez et Ol. as-
sumed that the 100 cm mode was due to the adatom
vibration.

In the present work we present and interpret the vi-
brational spectrum of the Si(ill)Ga (~3x ~3)R30' sys-
tem which was measured by high-resolution electron-
energy-loss spectroscopy (HREELS). In addition to the
100 cm vibration, we found vibrational modes at 200,
340, 480, and 550 cm . With the help of ab initio calcu-
lations and by comparison with previous work, we con-
clude that the Ga vibration corresponds to the energy
loss at 200 cm . We also demonstrate that the poten-
tial energy variation along the normal coordinate of the
200 cm Ga vibration shows no indication of a soft-
ening that could lead to large vibrational amplitudes at
high temperatures. On the other hand, the 100 cm vi-
bration, which does exhibit large vibrational amplitudes
at 800 K, involves displacements of the surface Si atoms
as well as of the Ga adatoms.

FIG. 1. (a) Structural model of the Si(ill)Ga(~3x
~3)R30 structure; (b) the corresponding surface Brillouin
zone inscribed into the Si(111)(1x 1) surface Brillouin zone.

II. EXPERIMENTS

The experiments were carried out in a two-level stain-
less steel ultrahigh-vacuum chamber. The lower level
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Si[011] direction. Off-specular spectra were recorded at
different primary energies in the range &om 6.5 to 55 eV,
and only well resolved peaks similar in quality to those
shown in Fig. 2(b) were included in the dispersion curves.
It is apparent that the measured modes show little dis-
persion throughout the SBZ.

The 100 cm mode was already reported by Doak in a
vibrational study of the Si(ill) Ga(~3x ~3)R30' surface
using helium scattering. Doak also observed an acoustic
mode with a zone boundary &equency of 80 cm ." We
have not been able to observe the acoustical part of the
Rayleigh mode, because the corresponding losses were
obscured by the intense diffuse elastic peak [see Fig. 2(b)].

In a recent vibrational study of the
Si(111)A1(~3x~3)R30 surface, Akavoor et at. reported
Ave modes with zone center &equencies of 130, 260, 340,
470, and 560 cm, and little dispersion throughout the
SBZ. Since the structures of the Al- and Ga-terminated
surfaces are identical, we may compare our results to
those of Akavoor et al. We note that, while the higher &e-
quencies are rather similar, the two low-&equency modes
exhibit an appreciable mass effect, indicating that they
may involve large adatom displacements.
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III. THEORY

In order to relate the vibrational spectra to the proper-
ties of the Ga-surface bonding we have performed ab ini-
tio total-energy calculations using the cluster approach.
In this approach the surface is replaced by a small clus-
ter which includes only a few surface atoms close to the
adsorbate. This approximation is adequate to describe
adsorption phenomena determined by localized bonds.
Because of the weak dispersion of the measured. modes,
we expect that the corresponding vibrations are local-
ized, and that they may be reasonably well described
by a cluster model. For the total-energy calculations we
have used the Kohn-Sham scheme, with the local den-
sity approximation for exchange and correlation, 2 and
a localized mufEn-tin orbital basis, which included s,
p, and. d functions in all sites. We used an all-electron
potential including the core electrons, which have been
kept &ozen in their atomic con6gurations. It may be in-
teresting to point out that the Ga 3d electrons yielded
an appreciable contribution to the surface bond, and had
to be included explicitly in the calculation. If one treats
the Ga ad electrons as core electrons, the Ga vibration
frequency turns out to be too small by about 10%.

In order to study the Ga-surface bond we used the
GaSii4 cluster shown in Fig. 4(a). We relaxed the five
degrees of freedom u;, defined in Fig. 4(a), and obtained
the equilibrium geometry of the cluster by minimizing
the total energy. The equilibrium position for the Ga
adatom relative to the bulk extrapolated Si(111) sur-
face plane was found to be 1.54 A. , which compares well
with the experimental value of 1.49 A. of Zegenhagen et
al. , obtained with the x-ray standing wave method. In
the relaxed geometry atom B was displaced outwards by
0.05 A. , and atom C moved downwards by 0.15 A with

FIG. 4. (a) Sii4Ga cluster employed to simulate the local
environment of a Ga adatom (denoted A) on a Si(111)surface.
The remaining atoms are Si. (b) Charge density difference Ap
on the plane containing atoms A, C, D, and one of type B,
indicated by the dashed line in (a). The continuous (b,p ) 0)
and dashed (b,p ( 0) contour lines represent densities given
by n x 0.1 eA, for n = 1,..., 10.

respect to the bulk positions. The binding energy of the
Ga atom, given by E = E(GaSii4) —E(Sii4) —E(Ga),
was 3.6 eV.

The electronic charge density difference, given by Lp =
p(GaSii4) —p(Sii4) —p(Ga), and shown in Fig. 4(b), dis-
plays the bonding (Ap ) 0) and antibonding (Ap ( 0)
regions of the cluster. Notice the charge depletion on
the Ga adatom. This means that as a result of the sur-
face bond a charge transfer from the adatom to the sur-
face took place, reducing the work function of the sur-
face. The induced surface dipole due to one adatom
was 0.27 eA. Notice also the piling up of charge between
atoms A and B, and between atoms A and C, indicat-
ing direct bonding. As a rough estimate of the bond
strength between atoms I and J, we calculated overlap
populations (or bond charges) QI g derived from stan-
dard population analysis. For the Ga-Si bonds we found
Q~ ~=0.27 e and Q~ &=0.13 e, which are appreciably
weaker than QI J 1.0 e, for the bulk Si-Si bonds. Nev-
ertheless, the nonvanishing bond charge Q~ ~ shows that
the simple picture of three Ga-Si bonds based on the di-
rected bond model is only partially correct. As a result
of the Ga-surface bond, the strength of the B-C bonds
is reduced to Q~ ~=0.60 e, which shows up in Fig. 4(b)
as charge depletion between atoms B and C.
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TABLE I. Force constant matrix k;~ in atomic units.

i ( j
1
2
3
4
5

1
0.087

2

0.022
0.105

3
0.029

—0.041
0.208

4
—0.001

0.002
0.115
0.155

5
0.013
0.030
0.064
0.003
0.283

In order to apply the formalism of lattice dynamics we
calculated the variation of the total energy as a function
of the five degrees of &eedom, u, . The force constants
were obtained by fitting the calculated total energy with
the harmonic form

1
V = Vp+ —) k;~u, u, ,

and are given in Table I in atomic units (1 a.u.=l.56 x 10s
dyne/cm). The dynamical matrix was calculated accord-
ing to

k;.
QM;M~

(2)

where Mi ——MG~, M2 ——M5 ——3Ms;, and M3 ——M4 ——Ms;.
The 5x5 secular problem yields five &equencies u and
five eigenvectors g = (ui . us) . The instantaneous
atomic displacements in the 0,th normal vibration are
given by

&cx = &cxga ) (3)

where x is a scalar variable that determines the ampli-
tude of the mode. The normal &equencies and eigenvec-
tors is given in Fig. 5. The displacement pattern of the
normal vibrations is indicated by arrows (not drawn to
scale).

The highest-&equency mode showing up in our calcu-
lations at 535 cm is the stretching vibration of the
C-D bond, and we assign it to the observed 550 cm
loss. This mode was discussed in detail for the case
of the Si(ill)A1(~3x~3)R30' surface by Northrup, is

where the calculated frequency was 556 cm . The cor-
responding eigenvector was similar to ours. It had little
weight on the adatom, which led Northrup to predict
that the &equency of this mode should be almost inde-
pendent of the mass of the adatom. For a Si adatom ad-
sorbed on Si(111),Daum et al. found the same mode at
575 cm, and pointed out that the reason for the large
value of this &equency was the fivefold coordination of
atom C. The motion of atom C involves the simultane-
ous stretching of the A-C bond and contraction of the

C-D bond, giving rise to a larger force constant than in
fourfold-coordinated Si, where only one bond stretching
occurs. For the case of a Ga adatom, the A-C bond is
weaker than for a Si adatom, but it can be clearly seen
in Fig. 4(a).

If the adatom is missing altogether the &equency of
the C-D stretching vibration sinks to 460 cm . This
value has been calculated using a Sii4 cluster identi-
cal to that of Fig. 4(a), but without the Ga atom.
Therefore we tentatively assign the 480 cm ~ loss in
our experiments to the vertical stretching vibration be-
tween Si atoms C and D beneath T4 sites not occu-
pied by Ga adatoms. According to these considerations
the splitting of the high-energy vibration of Si(111) sur-
faces into 480 cm (adsorbate-independent) and higher
(adsorbate-dependent) frequencies should be a signature
of the (~3x ~3) reconstruction. By contrast, (1x1) sys-
teins show a single (adsorbate-dependent) high-frequency
peak. For Si(111)H(1x1), r and Si(111)As(1x1),is the
high-&equency mode was observed at 550 and 520 cm
respectively.

The 310 cm mode is the breathing motion of a clus-
ter formed by the Ga atom together with its four neigh-
boring Si atoms of types B and C. It includes some
stretching of the C-D bond and possesses an appreciable
amplitude in atom D, which follows the motion of atom
C. We assign this mode to the energy loss measured
at 340 cm . This assignment was already predicted by
Akavoor et al. , although they find a much larger displace-
ment of the adatom in this mode, probably because of
the smaller mass of Al compared with the Ga adatom.

The 245 cm mode, which involves the stretching of
the weak A-C bond as well as bending forces in the Si
double layer, is not seen experimentally. It has a rather
small dynamical moment and it may be hidden under the
high-energy side of the 200 cm peak in Fig. 2(a).

The 194 cm ~ mode, which we assign to the 200 cm
loss of Fig. 2(a), represents the vertical Ga vibration
and involves bending and stretching of the three A-
B bonds. This mode was predicted by Northrup for
the Si(111)A1(~3x~3)R30' surface, with a frequency of
266 cm . The difference between the &equencies at
the Ga- and Al-terminated surfaces can be explained to
a large extent as a mass effect due to the mass difference
between the Ga and Al adatoms. However, there are also
some differences between the eigenvector for this mode
obtained by Northrup, and ours. On the Al-terminated
surface the adatom vibrates almost decoupled &om the
Si substrate, while for the Ga-terminated surface the
heavy adatom imposes a substantial displacement on the
Si atoms of type B.

The 113 cm mode, which we assign to the 100 cm

A

co, = 535cm " ~2 =310Cm '
co3 = 245 crA co4 =194 cm "

co& ——113GAl

FIG. 5. Schematic representation of the
vibrational eigenvectors (arrows not drawn to
scale). The frequencies and dynamic dipoles
are also given.
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loss, involves the collective motion of atoms A, B, C, and
D against the bending forces of the surrounding atoms.
This motion is similar to that we would. expect for an
optical surface phonon polarized. in the direction per-
pendicular to the surface. For the Si(ill)Al(ax3)
system Akavoor et oL ascribed. this mode to the back-
folded Rayleigh phonon. The corresponding &equency
was found 30 cm higher than in the Al-terminated sur-
face, probably due to the mass effect.

IV. DISCUSSION

Figure 6 shows the variation of the potential along
the normal coordinates related to the modes at 100 and
200 cm . The origin of the normal coordinate corre-
sponds to the equilibrium geometry of the cluster. Also
indicated in the figure are the energy positions of the
ground state and of the first excited states. The har-
monic approximation to the potential is indicated by the
dashed line. It is apparent that the potentials remain al-
most symmetric with respect to positive and negative ex-
cursions even for large vibration amplitudes. This means
that the equilibrium position of the atoms involved in
the vibration is not affected by temperature. This re-
sult agrees well with the finding of Martinez et al. that
there was no shift in the mean Ga position as the sample
was heated to 830 K. The vibrational amplitude u~ ~ of
the nth excited state of normal mode o. is approximately
given by the full width at half maximum of the potential
at the excited. energy u . At a finite temperature we
can estimate the mean square amplitude of the o.th mode
by

@2 ~
—47~ ~ /kT

Q)A

(4)

The mean square amplitude of the Ga atom has contri-
butions &om the various modes and is given by

(5)

where in our case only the 100 cm and 200 cm modes
have an appreciable contribution. We have evaluated (5)
using the potentials shown in Fig. 6, by summing up
the first ten terms of the series in (4). For the vibra-
tion amplitude of the Ga atoms, given by (ui) ~, we
obtained 0.11 A. at 300 K, and 0.15 A at 800 K. These
values can be compared with those measured by Mar-
tinez et aL, who found vibrational amplitudes of 0.10 A.

at 300 K and 0.47 A at 830 K. While the room tempera-
ture value is in good agreement with our calculations, the
high-temperature experimental value is obviously very
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FIG. 6. Variation of the potential along the normal co-
ordinates belonging to the modes at (a) 200 cm and (b)
100 cm . The dashed line represents the harmonic approxi-
mation.

large. Furthermore, based on the measured temperature
dependence of (ui) a pronounced decrease of the adatom
vibrational frequency of about 15% every 100 K was pre-
dicted. By contrast, in the range between 40 and 300
K we observed no appreciable change of the oscillation
&equency. All these discrepancies between our work and
that of Martinez et al. point to an incomplete treatment
of the Si vibrations. These vibrations have a larger ampli-
tude than the vibrations of the comparatively heavy Ga
adatom. Actually, a displacement of 0.47 A. of the Ga
adatoms can be excluded using total-energy considera-
tions. Such an excursion would mean that the distance
between the Ga adatom and the Si atom of type C un-
derneath would be 2.0 A, which is 0.5 A smaller than
the sum of the covalent radii of the Si and Ga atoms.
According to our total-energy calculations such a large
excursion would require an energy of 1.2 eV, which is
very unlikely to be available in the system even at 800
K.

Summing up, we have performed a detailed study of
the vibrations of the Si(ill)Ga(~3x ~3) surface, and we
have shown that, while there are no anomalies in the
Ga-surface bonding, a simple interpretation of the spec-
trum in terms of independent Einstein oscillators is in-
adequate.

J. J. Lander and J. Morrison, Surf. Sci. 2, 553 (1964).
J. M. Nicholls, B. Reihl, and J. E. Northrup, Phys. Rev. B
35, 4137 (1987).
A. Kawazu and H. Sakama, Phys. Rev. B 37, 2704 (1988).

J. Nogami, S. Park, and C. F. Quate, Surf. Sci. 203, L631
(1988).
J. Zegenhagen, J. R. Patel, P. Freeland, D. M. Chen, J.
A. Golovchenko, P. Bedrossian, and J. E. Northrup, Phys.



5238 J. SCHMIDT, H. IBACH, AND J. E. MULLER 51

Rev. B 39, 1298 (1988).
R. E. Martinez, E. Fontes, J. A. Golovchenko, and J. R.
Patel, Phys. Rev. Lett. 69, 1061 (1992).
R. B. Doak, J. Vac. Sci. Technol. B 7, 1252 (1989).
M. Otsuka and T. Ichikawa, Jpn. J. Appl. Phys. 24, 1103
(1985).
M. Dayan, Surf. Sci. 149, L33 (1985).
P. Akavoor, G. S. Glander, L. L. Kesmodel, and K. Bourke,
Phys. Rev. B 48, 12 063 (1993).
W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
S. H. Vosko, L. Wilk, and M. Nussair, Can. J. Phys. 58,
1200 (1980).

J. E. Muller, R. O. Jones, and J. Harris, J. Chem. Phys.
79, 1874 (1982).
R. S. Mulliken, J. Chem. Phys. 23, 1833 (1955). For the
definition in terms of muKn-tin orbitals, see J. E. Muller,
Surf. Sci. 158, 589 (1986).
J. E. Northrup, Phys. Rev. Lett. 53, 683 (1989).
W. Daum, H. Ibach, and J. E. Miiller, Phys. Rev. Lett. 59,
1593 (1987).
Ch. Stuhlmann, G. Bogdanyi, and H. Ibach, Phys. Rev. B
45, 6786 (1992).

s J. Schmidt and H. Ibach, Phys. Rev. B 50, 14354 (1994).


