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Surface phonons and dipole activity of Si(111)2X1
from ab initio calculations
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We present a first-principles linear-response study of the phonon spectrum and dipole ac-
tivity of the Si(111)2x1 surface. Our results are in good agreement with the experimental
He-scattering results for the acoustic modes, as well as the electron-energy-loss data for the
optical modes. We clarify a current controversy on the assignement of the electron-energy-loss
peak at 56 meV. We find that the dominant contribution to the loss peak is anisotropic
and arises from a longitudinal-optical vibration of the surface chains. However, a small but
non-negligible isotropic contribution comes from subsurface modes polarized perpendicular to
the surface.

Experimental observations of the static properties of
the 2x1 reconstructed surface of silicon appear to be
well understood on the basis of Pandey's vr-bonded chain
model. This model has recently obtained further theo-
retical support from ab initio molecular-dynamics sim-
ulations, which have yielded a x-bonded chain structure
starting directly from the ideal (ill) surface. 4 Experi-
mental data on the vibrational properties of Si(ill)2x 1,
instead, are still the subject of some controversy. In
fact, recent electron-energy-loss-spectroscopy (EELS)
measurements in the optic region, although confirming
the long-established existence of a strongly dipole-active
mode at 55 meV, have provided a controversial pic-
ture of the character of this mode. Theory has not been
able to clarify this issue, since empirical tight-binding
calculations attribute this mode to a longitudinal-optical
vibration of the surface m-bonded chains, s whereas bond-
charge-model calculations assign it to a subsurface vibra-
tion polarized perpendicular to the surface. Other inter-
esting features characterize the vibrational spectrum of
Si(ill)2x l. In particular, in the acoustic region, He-

scattering data have revealed, in addition to the usual
Rayleigh wave, an almost dispersionless excitation at

O me@ 10

In this paper, we present a detailed first-principles
study of the phonon spectrum and dipole activity
of Si(ill)2x1, based on the density-functional linear-
response-theory (DF-LRT) scheme of Ref. 11. In a pre-
vious publication, we presented results of an ab ini]io
molecular-dynamics (MD) calculation of the structural,
electronic, and vibrational properties of Si(111)2 x 1.
This scheme produced very good results for the (equi-
librium) T = 0 structure. Also the phonon spectrum
that could be extracted from an analysis of the atomic
trajectories was overall satisfactory, with the exception
of two modes, which turned out to be anomalously soft.
We will show here that this disagreement is not of a
fundamental nature, and that the use of the DI"-LRT
scheme of Ref, 11 complements our previous MD re-
sults and leads to a remarkable agreement between the-
ory and experiment. The results of the present study
can be summarized as follows. In the optic region, we
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find that the largest dipole activity is associated with
longitudinal-optical vibrations of the surface chains at

57 meV, which are strongly coupled to the surface ~
and sr* states at the zone edge of the surface Brillouin
zone (SBZ), in agreement with the results of Refs. 5
and 8. We also find, however, a small but sizeable ac-
tivity at energies 50 —55 meV from subsurface modes
polarized perpendicular to the surface (i.e. , the modes
that are the most active according to Ref. 9), thus pro-
viding support for the conclusions of Ref. 6, where both
isotropic and anisotropic contributions to the EELS peak
were found to occur. In the acoustic region of the spec-
trum, our results are consistent with the occurrence of
an approximately flat branch at 12 meV accompany-
ing the Rayleigh wave, in agreement with He-scattering
experiments.

We recall here a few details of the MD calculations in
Refs. 4 and 12. Repeated slabs of 64 Si atoms with a
(~3x4) surface cell (8 atoms/layer) were used. The lower
surface was unreconstructed, with the dangling bonds
saturated by a monolayer of hydrogen, and the vacuum
region between slabs was 9 A wide. Only the elec-
tronic states at the I point of our MD supercell have
been used. These have been expanded in plane waves

(PW) with a kinetic-energy cutoff' E,„i, ——8 Ry. Due to
our (~3 x 4) surface supercell, three k-points of the SBZ
of the 2x1 unit cell fold into our I', namely I', J, and the
point halfway between them. Six layers of Si atoms were
allowed to move in all the calculations.

The equilibrium surface structure of our MD calcu-
lations was obtained using a simulated annealing tech-
nique, as explained in detail in Ref. 4. The resulting
2x1 Pandey-like geometry is characterized by a sub-
stantial buckling, b 0.49 A, of the topmost chain,
in fairly good agreement with the experimental value
6 = 0.38 + 0.08A. The vibrational spectrum was ob-
tained from the analysis of the equilibrium trajectories
generated during a finite temperature MD run, as de-
scribed in Ref. 12. Comparison of the layer-resolved
phonon density of states (PDOS) with corresponding
bulk results showed that the significant surface features
were confined to the two top layers, thus justifying a
posteriori our use of a thin slab to determine the surface
phonon spectrum. In the optic region at I the most rel-
evant surface features turned out to be two longitudinal-
optical vibrations along the first- (D) and second- (D2)
layer chains at 44 and 60 meV, respectively, and
two subsurface, yz-polarized modes at 50 (I") and

55 meV (I') (we call z, y, and z the [110], i.e. , par-
allel to the chains, [112], and [111], i e. , perpendicu. lar
to the surface directions, respectively). In the acoustic
region we identified (i) at I' several modes, among which
two polarized mainly along z, at 9 and 12 meV, in
agreement with He-scattering experiments where a broad
resonance centered at 10meV is observed; (ii) at J.
two prominent z-polarized modes, strongly localized on
the surface chains: the Rayleigh wave (RW) at 15 meV,
i.e. , about 4 meV higher than the experiment, and a

mode (Ni) at 5meV, which, in spite of its anoma-
lously low frequency, was assigned to the almost disper-
sionless excitation seen in He-scattering experiments at

10 meV.
In this MD calculation, the restricted k-point sampling

provided by the I' point of our supercell may lead to pos-
sible inaccuracies in some properties. Also the methods
used in Ref. 4 for extracting the phonon modes from
the MD trajectories ~ are able to accurately determine
the eigenfrequencies, but provide only an approximate
knowledge of the eigenvectors. For these reasons, we have
calculated the dynamical matrix at the I' and J points of
the SBZ using the DF-LRT scheme of Ref. 11. For the
phonons at I', the macroscopic dipole moment has also
been calculated, using the approach described in Ref. 15.
The technical details of these calculations are similar to
the MD ones, but —in order to reduce the computational
cost—repeated slabs of six (111)layers of Si and one layer
of H are used. The equilibrium structure of the slab is the
same as was used for the MD calculations. This struc-
ture has proved to be good not only in comparison with
experiments, but also with regard to convergence with k
points, as discussed in Ref. 4. The only minor diAerence
is that, due to the smaller number of layers used, we have
taken the sixth-layer atoms to be in their ideal positions,
while in Ref. 4 these were slightly displaced. Calcula-
tions using two different values of E,„i (6 and 8 Ry) and
several diA'erent sets of k points have been performed,
in order to check the convergence with respect to E,„t-

and SBZ sampling. Moreover, since the number of lay-
ers is here reduced with respect to the MD calculations,
we have studied the stability of the phonon modes rela-
tive to the change in boundary conditions, by performing
calculations where the mass rnH of the H atoms on the
lower surface was set equal either to its physical value or
to infinity (this corresponds to fixing the position of the
H atoms, as done in MD).

Our results, obtained with E,„&
——8 Ry and eight k

points in a direction parallel to I' J, are given in Table
I. Here we report only those modes that are not signif-
icantly aA'ected by the change in mH mentioned above
(in particular, the results in the table refer to the case
where mH is equal to its physical value). In practice, this
amounts to excluding only the lower-frequency part of the
spectrum at I', where the modes are strongly penetrat-
ing. However, even these modes do not change much with
varying rnH, their frequencies being always confined in a
band between 9 and 16 meV, in reasonable agree-
ment with He-scattering experiments. All other modes
at I' and J are instead very stable. Only slight changes
occur in the eigenvectors, which give rise to changes of
the order of 10% in the magnitude of the macroscopic
dipole P for the modes at I'.

The overall agreement between the DF-LRT and the
MD results is quite good, the only noticeable exceptions
being the frequencies of the D and N~ modes: the fre-
quencies obtained from DF-LRT are significantly higher,

57 and 12 meV, respectively. The softening of the D
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TABLE I. Surface phonon spectrum at I' and at the SBZ edge J, obtained using DF-LRT
(except for the column labeled EMn), and taking the mass mH of the H atoms on the lower surface

equal to its physical value. Only the modes that are not affected by the slab boundary conditions
are given (see text). We report energies (in meV) of the surface phonons (E); surface phonon

energies obtained from MD (EMn); degree of localization on the first (zoi), second (uiq), and third

(w3) layer; the main direction of polarization; the three components of the macroscopic dipole
moment associated with the modes at I'. The letters in the left part of the Table label some modes
that are discussed in the text.

EMD Polarization

R
IIII

III

j'
D
Dg

19.6
47.7
49.8
55.8
57.2
60.8
65.4
68.9

(5o.2)
(55.3)
(44 o)
(6o.5)
(66.4)

0.66
0.29
0.30
0.03
0.62
0.23
0.50
0.00

0.07
0.25
0.52
0.25
0.22
0.42
0.45
0.00

0.02
0.15
0.04
0.54
0.05
0.03
0.01
0.02

yZ

yZ

yz

y

yz

8.9
5.7

1.09
0.34
0.03
0.35

0.74
0.12

0.05
0.13
0.27
0.10

0.12
0.01

Ng

RW
11.8
17.4
23.0
40.2
42.4
53.9
54.2

57.6
64.4
67.1

(5 5)
(15.6)
(17.5)
(41.0)

(53.Z)
(54.o)
(58.1)
(55.5)

0.80
0.68
0.67
0.23
0.20
0.38
0.41
0.66
0.61
0.00

J
0.09
0.17
0.23
0.44
0.43
0.58
0.53
0.34
0.31
0.00

0.01
0.06
0.01
0.07
0.15
0.02
0.01
0.0

0.02
0.01

XyZ

XyZ

Xy
Xy

Xy

Xy
XyZ

This mode is localized an a bond between the fourth and fifth layers.

and N~ modes in the MD results is caused by the special
sampling of the SBZ, which overweights the coupling of
these modes to the m and ~* surface states at J. The DF-
LRT calculations show in particular that, due to the large
dispersion of the electronic surface states in the direction
of 1 J,4 the frequencies of the modes Ni and D (and to
a smaller extent also that of D2) are rather sensitive to
the SBZ sampling.

Table I also shows that the frequencies of the Nq and
RW modes at J, as well as their splitting, are larger than
observed. A number of tests indicate that these values
(in particular the RW frequency) should decrease with
higher values of E,„t, whereas test calculations with a
smaller buckling, b = 0.25 A, did not show a significant
reduction af the RW-Nj splitting, contrary to what was
suggested by the results of Refs. 8 and 9.

Several features of our results are similar to those of
previous semi-empirical calculations. In particular, be-
sides the D and D2 modes cansidered above, our calcu-
lations confirm the occurrence of the following modes at
I': (i) two modes above the bulk continuum, at —65
and 68 meV, the former being strongly localized and
mostly y polarized (the latter, although mostly localized
on a bond between the fourth and fifth layer, is not found
to depend significantly on boundary conditions); (ii) a

few yz-polarized mades with frequencies of the order of
50 meV (denoted I', I", and I"' in Table I), which cor-
respond to the "interface" modes discussed in detail in

Ref. 9; (iii) a z-polarized "rocking" mode R of rather low

frequency (our result, —19.6 meV, is slightly lower than
found previously. s

)
The last three columns in Table I show the com-

ponents of the macroscopic dipole moment P "(")

P,. Pp(Z&) p;u&~"I of each mode. Here, (uI")) are the

Cartesian displacements of the nth normal mode and
(Z&~) p; (with n, P = z, y, z) is the effective transverse
(unscreened) charge tensor for the ith atom in the cell.
We find that the values of (ZT)~ for the two surface
atoms in the 2x 1 unit cell are exceptionally large owing
to the strong coupling of their z motion to the zone edge
a and x* states, while the other components are at least
one order of magnitude smaller. The effective charges
are also found to decay quite rapidly into the interior
of the slab where (Z&) p = 0 is expected on symmetry
grounds. As a result, the surface z-polarized modes in
the optic region have a much larger dipole moment P
than (y, z)-polarized modes, as it is apparent from Table
I. To compare our results with experiments, we computed
the dipole-weighted PDOS, o = P„~P("z~~ 6(ur —~„),
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where Pl, is the longitudinal (screened) dipole, and com-
pared it directly with the EELS scattering cross section.
The screening efFect of the substrate is approximately
taken into account by dividing the components of the
polarization parallel to the surface (i.e. , (P(")~, )Pv(")()

by the bulk dielectric constant, eb„~k 11.8. Our re-
sults (for mH equal to its physical value) are shown in
Fig. 1: the solid and dashed lines give the computed o
and o„(the o&& spectrum is almost zero on the verti-
cal scale of Fig. 1), while the dot-dashed line shows the
EELS spectrum taken from Ref. 6. The largest dipole
activity comes from vibrations along the surface chains
at ~ 57 meV, in agreement with the theoretical results of
Ref. 8, and with the experimental data of Ref. 5, where a
significant anisotropy of the loss peak is observed. How-

ever, at variance with Ref. 8, our calculated o.„has a
non-negligible peak arising from the (y)z-polarized sub-
surface modes at 50 —55 meV [the calculated ratio
between the zz and zz peak intensities is 0.1 (Ref.
18)]. Therefore our results also provide a consistent ex-
planation of the experimental data of Ref. 6, where an
isotropic contribution to the EELS cross section due to
modes polarized perpendicular to the surface was found
to coexist with the anisotropic contribution of modes po-
larized along the surface chains.

In conclusion, we have presented a detailed ab ini]io
calculation of the phonon spectrum and dipole activity
of Si(111)2x1. Our results agree well with the available
experimental data, and, in particular, clarify the current
controversy on the origin of the observed EELS peak at
56 meV. In addition, they show the important inhuence
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FIG. 1. Comparison between the calculated dipole-
weighted PDOS cr, cr„, and their sum o + o„(dashed,
dotted, and solid curve, respectively) and the experimental
EELS spectrum, Fig.3(a) of Ref. 6 (dot-dashed line). A
Lorentzian broadening of FTHM ~ 20 meV has been used
to obtain the theoretical curves. The experimental and the
theoretical o.~ +O.„curves have been normalized to the same
height.
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of surface localized electronic states on the vibrational

properties of this surface.
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