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ABSTRACT

We present a large-scale fully ab initio molecular dynamics study of dynamical prop-
erties of the Takayanagi reconstructed Si(lll)-7 x 7 surface. The simulation reproduces
well the experimentally determined features of the phonon spectra and clarifies their
nature and origin. Correlations are found between these dynamical properties and ele-
ments of the local electronic structure of the adatom dangling bonds. We find evidence
for important anharmonic effects below room temperture. Use of non-traditional signal-
processing methods allows for a considerable insight into the details of the dynamics from
a short-duration molecular dynamics trajectory. Results of this analysis significantly ex-
tend/modify the results of the previous studies based on more simplified models.
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I. Introduction

The Si(lll) surface hns several reconstructed structures depending on the tem-

perature and preparation conditions. Three of them, the 2x1, the 7x7, and a lxl

arc relatively well documented. The 7x7 Takayanagi Dimer-Adatom-Stacking fault

(DAS) reconstruction [1] of the Si(lll) is one of the most complex reconstructions

observed on a semiconductor surface. At elevated temperatures T~1100 the 7x7

structure shows a phase transition to a disordered lxl structure [2] which is much

less understood. Despite the huge body of experimental papers on the 7x7 DAS

reconstructed surface there are still many questions awaiting answers. For example,

the Si(lll)-7x7 is metallic but its flat bands produce an unusual type of metallicity.

What is the nature of chemical bonding, screening, and forces exerted on ions in

such a situation? Answers to some of these questions may be attempted by realistic

and accurate computer experiments which, because of the length- and time-scales

they can access, may complement the real laboratory experiments. The purpose

of this paper is to provide a detailed analysis of the low-temperature dynamics of

the 7x7 reconstructed surface and shed some light on its possible high-temperature

behavior.

Dynamics of the Si(lll)-7x7 has remained one of the outstanding challenges to

ah initio modeling. Experiments have identified unusual dynamical.properties but

assignment of the experimentally determined features remained controversial [3,4].

Because of the enormous size of the 7x7 reconstruction a first-principles treatment

of the 7x7 reconstructed surface was until recently beyond computational feasibil-

ity. Recently static fully ab initio structural optimization of the Si(lll)-7x7 surface

has been performed [5,6]. Here we report on an extension of the first-principles

approach to the Si(lll)-7x7 to a finite temperature study of the dynamics via ab

initio molecular dynamics (MD) [7]. Given the enormous system size the MD ap-

proach is preferable to the alternative methods based on a direct diagonalization of

the dynamical matrix. Moreover, the MD method is not limited by the harmonic

approximation which offers the possibility to estimate its effect. We indeed find BH



evidence for enhanced surface aiiharmonicity with respect to the bulk which should

play a role in the 7x7—>lxl phase transition at T~1100K. A similar effect has been

observed in the theoretical study of the Ge(lll)c2x8 [8] where a dynamical disor-

dering of the first atomic bilaycr above T~600K accounts for the experimentally

observed phase transition. Finally, using self-consistent signal processing meth-

ods [9,10] we get a considerable insight into the system dynamics by analyzing a

relatively short (picosecond) MD trajectory generated under non-equilibrium con-

ditions. The results of our analysis in several respects extend and/or modify the

results based on simplified models [3,4] and show why an ab initio approach is

needed.

An indication of unusual surface dynamics of the Si(lll)-7x7 was provided

by electron energy-loss spectroscopy (EELS) [3]. The spectrum, shown in Fig. 1,

consists of a split-off ~570 cm""1 vibrational mode, 10% higher than the highest

Si bulk mode and a broader feature near ~240 cm"1. The presence of the high-

frequency mode is difficult to reconcile with the usual picture of a reconstructed

semiconductor surface where bonds typically undergo stretching.

Ab initio cluster calculation [3] assigned the ~570 and ~240 cm"1 modes both

to a r-polarized vibration localized on the adatom (atom 1 in Fig. 2a) and second-

layer atom underneath the adatom (atom 2) moving out of and in phase, respec-

tively. Empirical interatomic potentials [4] found a more complicated picture with

both modes localized on six atoms (adatom: atom 1 in Fig.2; second-layer atom

underneath the adatom: atom 2; third-layer atom underneath the adatom: atom

4; and three first-layer atoms directly attached to the adatom: atom 3). In this

model (Fig. 2b) the high-frequency mode consists of i-polarized in-phase vibra-

tions of atoms 1 and 4 which move out of phase with 2 and a small symmetric xy

breathing of atoms 3. The ~240 cm"1 mode in this model corresponds to z mo-

, tions of atoms 1,2, and 4 in phase with each other, while out of phase with atoms

3 which symmetrically vibrate in the xy plane as well. Both assignments share a

number of common features which agree nicely with the EELS spectra of Daum et



al. [3]. However, both arc based on methods which have well-known limitations.

The cluster model is typically a very poor representation of a surface which suffers

from finite-size effects. If charge transfer processes exist they are either treated

incompletely or ignored altogether. The empirical interatomic potentials are known

not to be capable of a realistic modeling of semiconductor surfaces [11] and it is not

clear why the dynamical properties should not be plagued by the same problem. To

obviate the problem we show in Table I the bond-lengths between atoms 1 tlirough

4 of Fig. 2 for the cluster model of ref. [3] and for the model of ref. [4] based on the

empirical TersofF and Stillinger-Weber (SW) interatomic potentials and compare

them with the results for the semiempirical tight-binding (TB) model [12] and re-

sults of ab initio supercell calculations [5,13]. The large scatter in the bond-lengths:

must translate into differences in the resulting dynamics. For example, the ab initiu

cluster model predicts the adatom to second-layer atom (atoms 1-2) distance to

be slightly compressed while the empirical interatomic potential predicts it to be

highly stretched which both disagree with the results of the fully ab initio descrip-

tion. Yet, both previous models predict the high-frequency mode to be strongly

localized on atoms 1 and 2. Note also that ab initio static modeling predicts the

second- to third-layer distance underneath the adatom to be highly compressed

which the other descriptions, including the semiempirical tight-binding [12], fail to

model. The bond lengths in the present calculation are in a fair agreement with

those of Mead and Vanderbilt [13] who model the 7x7 reconstructed surface by a 2x2

structure. Assignment of both modes from the present simulation, schematicalry

shown in Fig. 2c, differs appreciably from that of refs. [3,4]. In the present modej

the high-frequency mode is predominantly a z-polarized vibration originating from

compressed bonds between atoms 2 and 4 with only a very small weight on the

adatom, while the ~240 cm"1 mode is primarily an adatom feature corresponding

to in- and out-of-plane adatom motion. Besides these two features, by decomposing

the MD trajectory into eigenmodes, we identify also the other dominant modes of

the 7x7 surface.

In order to shed more light on the geometric and bonding features of our model



we show in Fig.3 two snapshots separated by At ~60 fsec taken from our simulation

with a side view of a part of the unit cell with the self-consistent charge densities

superimposed on it. The geometry of the second- and third-layer atoms is unusual.

The bonds are compressed underneath the adatoms and stretched elsewhere. All

ndatom bonds are soft and the strength of their bond charge exhibits rapid os-

cillations in response to the motion of atoms. The softness of the 1-3 bond may

result from a large distortion of the 1-3-2 bond-angle imposed by saturation of the

dangling bonds (DB) on atoms 3 by an adatom leading to a deformation of the

tetrapod associated with atom 3 and compression of the 2-4 bond. In turn weak

adatom bonds mean that adatoms should realively easily diffuse on the this surface

which is supposed to play a role in the high-temperature lxl phase [2] and should

also be easily removable which is observed in STM [14]. As can be seen from Fig.3

the "chemical softness" persists at least up to the second layer and suggests an

explanation for the anharmonic effects described below.

One can anticipate a number of subtler effects induced by charge transfer pro-

cesses between different dangling bonds (DB) on the 7x7 surface. Experiments [15]

and ab initio calculations [5,6] have shown that charge is transferred from DB's on

the adatoms to the DB's on the rest atoms. In addition, the DB's in the faulted

half of the unit cell (F) have more charge than those in the unfaulted half (U) and

corner adatoms (COA) have more charge than the center adatoms (CEA). This

results in a distribution of charge such that the COA-F have most charge in their

DB's, followed by CEA-F and COA-U, and the CEA-U having least charge. The

labeling of these sites is shown in Fig.4. Static calculations [5,6] have shown that

the density-functional techniques in standard approximations are able to correctly

describe the charge-transfer processes and that the height of the surface atoms is

correlated with the amount of charge in their DB's. Hence, in principle, the varia-

tion of the local electronic structure should translate to variations of the dynamical

properties across the unit cell. However, these local structural relaxations driven by

the subtle electronic charge transfers are rather tiny and it is not a priori evident

whether they may cause any appreciable effect on the attendant vibrational prop-



crties. In addition to this ''static" charge transfer, there may be also a "dynamic"

charge transfer induced by vibrational modes involving an out-of-phase motion of

ndatoms and rest atoms. We shall establish these correlations and show that dy-

namical properties constitute a sensitive probe of the local electronic structure. This

demonstrates an interesting interplay between short- and longer-range correlations

in which the longer-range electronic correlations determine details of the otherwise

rather short-range atomic order to which the vibrational spectrum is sensitive. We

note that these effects have also practical importance. For example, vibrational

properties of individual surfiice atoms are required to extract their binding energies

from STM experiments [14]. These are usually taken as equal across the unit cell.

A short account of this work was presented elsewhere [16]. Here we give a

more detailed analysis of the MD data including the eigenvector decomposition

of the MD trajectory. Next paragraph summarizes the method and the technical

details of the simulation. Section III contains details of our analysis of dynamics

based on signal-processing methods. Our findings are summarized in Section IV.

II. Technical Details of the Simulation

The calculations have been performed using massively parallel computation

[17]. Our model of the Si(lll)-7x7 surface was described elsewhere [5]. In short,

we model the surface by a slab eight-layers thick with inversion symmetry applied

on the slab. To simulate the bulk crystal termination the central two layers of

atoms were kept fixed. Periodic boundary conditions were applied in all three

spatial directions with periodic images of the surface separated by eight-layer-thick

vacuum. This amounts to taking 400 atoms in a unit cell corresponding to ~800

bulk atoms.

The calculation employed plane-wave pseudopotential techniques [7] and the

local density approximation of the exchange-correlation energy [18]. A Kerker-type

pseudopotential [19] was applied in the Kleinman-Bylander form [20], with the a-



wave component treated as local, retaining three p and five d projectors using the

real-space projection technique [21]. Wave functions were expanded in a plane-

wave basis set at the F-point of the Brillouin zone with an energy cut-off of Ecut

= 8Ry. This value of Bc,,i has been shown to provide an accurate description

of the Si(lll) surface [13]. The electronic minimizations were performed using

the conjugate gradients technique [22] combined with wave-function extrapolation

techniques [23]. At every MD step the total energy was minimized to an accuracy

better than 1 x 10~5 eV/atom.

The system dynamics was simulated in the (E,N,V) ensemble. The equations

of motion for the ionic degrees of freedom were integrated using Verlet algorithm

[24] and a time step of 1 fsec. This combination of parameters and techniques was

shown to yield a very accurate and stable ab initio MD while keeping the workload

at a possible minimum [17]. The average temperature in the simulation was T ~

200K. We do not expect the temperature chosen in the simulation to affect our

conclusions as long as it remains far from the melting point. The MD trajectory

was followed for ~1.2 psec. This rather short-duration MD simulation, if augmented

with signal-processing methods, is sufficient to extract the dominant features of the

system dynamics.

III. Analysis of System Dynamics

We now turn to the analysis of dynamical properties. This information can

be extracted from MD trajectories using spectral estimation techniques. We use

several spectral techniques briefly introduced below.

A. Spectral Estimators

The standard way to study vibrational properties is to compute the vibrational

density of states Z(u) by Fourier transforming (FT) the velocity autocorrelation



Z(os)=~ I °°e-iu'Z(t)dt
\J2it J-co

Z(t) =

(1)
(v(i).v(O))
(v(O).v(O)) -

This approach has typically a very limited resolution, namely Au> > 2ir/r for equally

fx-i'.-ed modes, where r is the total simulation time. In our case this amounts to

Au as 35 cm""'. The resolution is even lower when the two modes are excited with

different amplitudes. Thermal equilibrium proceeds via mode-mode coupling due to

anharmonicity which is usually weak at low temperatures; hence it may be diiBcult

to extract information on weakly excited modes. In particular, some modes may

be undetectable because the limited resolution due to insufficient MD observation

time hides them inside the main- or first aliasing- lobe of a close, strongly excitei

mode.

A more sensitive class of spectral estimators is based on the Multiple Signal

Classification (MUSIC) algorithm [9]. Herein the space spanned by the received data

is first separated into signal and noise subspaces. The method has been described

elsewhere [9,10], and we give here only a brief account. In a quasi-harmonic regime

the MD trajectory {|R(t*))} can be modeled by a linear combination of sinusoids

k = 0 , 1 , . . . , M , (2)

where | . . .) denotes a 3N-dimensional column vector (Dirac bracket) with N being

the number of atoms, {|£/)} the vibrational eigenvectors, {Ai}, {B/} the amplitudes,

{u!i} vibrational frequencies, and C additive noise. The MUSIC algorithm exploits

the orthogonality between signal and noise subspaces to construct the estimator

m=2P+l

8



where ej^foj) = (l,exp[iuj[),. ..,exp{iwMjf)), {qt,.. . ,q2p} span the signal

subspace, and {qap+i,..., qA/+i} span the noise subspace. PM(UJ) has sharp peaks

at u = U| and is negligible elsewhere. Compared to the FT estimator, the PM(U)

typically achieves comparable resolution with ~30% received data [10].

An even better signal-to-noise separation can be achieved by fully exploiting

the information in the MD trajectory, using the self-consistent variant of the MU-

SIC algorithm (SCM) [10], wherein {]£,)}, {A,} and {B,} are all determined by

minimizing the cost function

Af

where A;j is the matrix of Lagrange multipliers imposing the orthogonality con-

straints. A minimum of H can be obtained by an iterative procedure using a con-

strained steepest descent technique [10]. The frequencies {wi}, on the other hand,

are always estimated using the high resolution MUSIC algorithm, but now applied

to the partial trajectories obtained by projecting the original MD trajectory |R(<))

onto the fitted eigenvectors |£/)

(5)

in a self-< onsistent manner. The new frequencies are used to obtain a better estimate

of the eigenvectors, so improving the result until PM(W) produces only a single well-

resolved peak for each projected trajectory. Compared to the FT estimator, the

PSCM(U) typically achieves comparable resolution with ~10% received data [10]. In

our case, this would amount to a resolution Aw a: 5cm—1, and the limiting factor is

essentially given by the fitting procedure, which fails at determining simultaneously

two eigenvectors that are very close in frequency. An additional interesting and

useful feature of the self-consistent procedure is that the separation of the trajectory



into partial ones implies that signals of very different amplitude can be isolated, so

avoiding the problem of a strong signal hiding a weak one.

A further improvement can be achieved by application of symmetry. The MD

trajectory can be decomposed into a set of trajectories transforming according to

the irreducible representation A

(6)

where the sum is over all symmetry operations {T}, XA(T) is the character of the

symmetry operation T in the representation A, and g\ and G are the dimensions of

the representation and the group, respectively. This reduces the number of signals to

be determined from the partial MD trajectories and hence improves the resolution.

B. Results

Within our model, disregarding the (200) atoms related by the imposed inver-

sion symmetry and the (98) fixed atoms, we are left with 151 independent moving

atoms which produce 453 frequencies. It is not possible or even meaningful to at-

tempt to determine all of them. We limit ourselves to determining the dominant

dynamical features in the sense explained below.

We first symmetrize the MD trajectory using eq. (6). We consider the point

group symmetry C3,,. The 7x7 cell is sufficiently large for the translations! symme-

try to have little effect on the results. We consider, similarly as in the treatment of

the electronic structure, only the Q= 0 point in the Brillouin zone. This yields three

partial trajectories {R^}, two of them transforming according to one-dimensional

irreducible representations (Aj, A2) and one according to a two-dimensional (E)

[25]. Of these the Ai and E are both IR and Raman active [25] and A, is also

EELS active [26]. In total there are 41 modes transforming according to Aj, 110

according to A2 and 151 according to E. The time evolution of the weights

10



of these partial trajectories is shown in Fig.5. P*(t) show a short transient evolution

for t up to ~0.1 psec where the behavior of the weights is distinctly different from

the subsequent behavior. In the transient regime some of the symmetry modes

are weakly excited. These modes are rapidly excited even at a low temperature of

this simulation (T~200K) due to anharmonic effects which we have anticipated by

inspection of the charge densities (Fig.3).

Dominant features of the dynamics can easily be located by the FT estimator

despite of its limited resolution. FT spectrum of the problem along with the sym-

metry decomposed spectra are shown in Fig.6. The total spectrum consists of ~7

broad peaks including features at ~240cm~1 and ~530cm~1 found also by EELS

[3]. These may be regarded as in excellent agreement with the experiment since the

position of the surface modes appears to be sensitive to details of sample prepara-

tion and may vary considerably [3]. The latter peak has a character of a split-off

feature made up by optically active modes of E and Aj symmetry at ~520cm~'

and ~540cm~1, respectively.

A useful insight into the spectra can be obtained by taking the spectra over in-

dividual sites and resolving them into in- and out-of-plane. The spectra calculated

for the adatoms (atom 1), first-layer atoms attached to adatoms (3), rest atoms,

second-layer atoms underneath the adatoms (2), dimers, and third-layer atoms un-

derneath the adatoms (4) are shown in Fig.7 with some important projections in-

and out-of plane shown in Fig.8. The high-frequency split-off mode is seen to be

a z-polarized vibration originating from the highly compressed bonds (Table I) be-

tween atoms 2 and 4 (Fig.7 d,f, Fig.8 d,f). The high-frequency feature is very weak

on the adatoms (Fig.7 a, Fig.8 a), again in line with the stretched adatom bond

lengths (Table I). The first-layer atoms attached to adatoms also show a very weakly

excited high-frequency tail at ~530cm~1 corresponding to in-plane vibration, a fea-

11



ture found also by empirical interatomic potentials [4]. We show below that these

in-plane motions are part of the high-frequency mode (~540cm~1 in Fig.6). We find

that the ~240cm~' is ii predominantly adatom feature with smaller contributions

from atoms 2, and 3 which is present in both in- and out-of-plane spectra. This

is at variance with the results of previous studies [3,4]. The prominent peak at

~120cni-1 can be classified as a massive wagging mode of atoms 1 and 2 with some

involvement of first- and third-layer atoms as well. We note that several frequen-

cies (~240cm'~1 feature, the high-frequency split-off mode, the ~320cm~1 dimer

feature, and the ~400cm~' rest atom feature) show an interesting distribution over

the unit cell. The dimer feature can be easily understood. The ab initio statics (5}

has found the center dimers to be considerably shorter (2.43 A) than the corner

dimers (2.45 A) which is in line with the shift of the frequency of the ~320cm~1

mode.

We want now to elaborate more on the other trends observed. This analysis will

be based on the non-self-consistent MUSIC estimator [27] in order to increase the

resolution. The results in the high-frequency domain are shown in Fig.9. It can be

seen that the high-frequency feature consists of four peaks located at ~545cm—1,

~527cm~', ~515cm~1, and ~505cm~'1. Atoms 1, 2, 3, and 4 of a given type

(CEA,COA) and in a given subunit (F,U) have all approximately equal frequen-

cies. For atom 3 this trend could be resolved only for the U half of the cell. Our

interpretation of this trend is as follows. The compressed bonds between atoms 2

and 4 are modulated by the heights of the adatoms above them with the length of

these bonds being 2.258 : 2.253 : 2.245 : 2.238 (A) for the atoms underneath COA-

F,CEA-F,COA-F, CEA-U, respectively. This modulation is electronically driven

and is correlated with the amount of charge in the adatom DB's discussed in Sec.I.

The amount of charge in the adatom DB affects the stiffness of the adatom bond to

the substrate and hence its height and vibrational properties. This causes the mod-

ulation of the coordinates in the z-direction for the atoms underneath. From these

arguments it is natural to assume that some other properties, such as mean-square

displacements (MSD) of surface atoms, should exhibit a correlation with the local

12



electronic structure of the DD's similar to that found for the vibrational properties.

We indeed find this correlation. Another manifestation of the anhannonic effects

are large MSD of the surface atoms; adatoms having MSD factor ~2-3 larger than

bulk atoms. The results can be found elsewhere [16] and will not be reproduced

here. Experimental evidence for enhanced surface anhannonic effects and a signifi-

cant thermal softening of the suiface bonding at elevated temperatures was recently

provided for Ga adatoms on the Si(lll) [28].

Finally, we perform a self-consistent MUSIC analysis of the total and partial

MD trajectories. In this analysis we assume the validity of the quasi-harmonic

approximation and assess the anhannonic effects a. posteriori by analyzing the pro-

jected trajectories |R;) (Eq. 5). The result for the total trajectory is shown in Fig.10

(a). The SCM finds 15 clean modes. Most of the eigenvectors are too complex to

be discussed in detail here. A list of eigenvectors as well as the MD trajectory are

available on request [29]. However, some modes have a rather straightforward in-

terpretation and their consistency can be checked by reference to the projected FT

spectra onto individual sites (Figs.7,8). The lowest-frequency mode corresponds to

a rigid body in-plane translation of the adatoms and atoms in the first two layers.

There is another low-frequency mode transforming according to A2 at ~80cm~1

(see below) corresponding to a rigid body rotation of the adatoms and atoms in the

first two layers about the 3Z axes. The ~120cm~1 mode corresponds to a wagging

motion of the atoms 1 and 2. The modes at ~180cm~1 correspond to dimer rota-

tions, the modes just above ~300cm~1 are predominantly dimer stretching modes,

and the bunch of modes around ~400cm~I are mainly rest atom modes. In partic-

ular, the ~240cm~1 is predominantly an adatom in- and out-of-plane motion while

the main feature of the high-frequency modes is a z-motion of atoms 2 and 4. The

assignment of these two modes is significantly different from the previous analyses

[3,4]. In our model the high-frequency mode has a very little weight on the adatoms

and atoms 3 and the ~240cm~- ir.ode corresponds to mainly an in-plane motion

with only a smaller z-component. The density of frequencies found by MUSIC is

roughly independent of u. However, taking into account the statistics, it follows

13



from the power spectra, that the density of the level spacing must be increasing

with LJ. This means that, since we are not determining the full spectrum of the

problem (453 modes), the eigenfrequencies and eigenvectors must be representative

for an increasing number of states with increasing u. For example, the frequency

shifts discussed above will lead to slightly different eigenfrequencies and eigenvectors

which the MUSIC is fitting into just a single feature.

The eigenmode decomposition of the three partial MD trajectories is shown

in Figs.10 (b)-(d). We note that the ~240cm~] feature can be associated with

peaks of all three symmetries (.4j ,j4.2,S), while the high-frequency split-off peak is

composed of three peaks of .-I] and E symmetry. The most striking feature is the

width of the highest-frequency peak of E symmetry at ~528cm~1 with a satellite

at ~400cm~1. This results from a strong mode-mixing due to anharmonicity of the

potential. Analysis of the eigenvector reveals that the phases <j>i for the z-motion

of the adatoms are essentially random. This is different from most other modes

which often show a dynamical coupling between the z-motion of the adatoms and

rest atoms characterized by a relative phase close to ^j ~ n. That suggests that,

in addition to the "static" charge transfer from the adatoms to the rest atoms,

there may be also a '"dynamic" transfer driven by the z-motion of these atoms. In

turn this feature may be the reason for the strong anharmonicity of the ~528cm~l

mode whose coherence of d,- phases may be strongly perturbed by mode mixing.

The strongly anharmonic behavior can also be seen in the velocity autocorrelation

Z{t) shown for this mode in Fig.ll which significantly deviates from a sinusoid

characteristic of a Z{t) for a harmonic mode. We have found similar, albeit far

weaker, anharmonic effects for several other modes.

In Fig.12 we show the eigenvectors transforming according to the A\ represen-

tation at ~239cm~1, and ~540cm~1 corresponding to the features found also by

EELS [3,26]. The high-frequency mode involves a simultaneous stretching of the 1-2

bond and contraction of bond 2-4 leading to a large out-of-plane force constant and

a high frequency of the associated mode. This feature is present in all the models of

14



the 7x7 ctynamics [3,4]. The high-frequency A] mode shows interesting asymmetries

in dynamical behavior of the F and U halves of the cell. We find that the in-plane

breathing of atoms 3 first found by empirical potentials [4] is in this mode non neg-

ligible only in the unfaulted part of the unit cell. This is consistent with the result

of a non self-consistent treatment shown in Fig.9 d. Further, this mode shows a

strong dynamical coupling between the z-motion of adatoms and rest atoms which

move out-of-phase only in the U part of the unit cell while their motion is largely

in-phase in F. This mode shares some similarities with the ~528cni~' mode of E

symmetry, namely the simultaneous stretching of the 1-2 bond and contraction of

the bond 2-4 bond which accounts for its high frequency. However, it also has an

appreciable in-plane component. We find a rather complex pattern different from

the previous analyses [3,4] also for the ~239cm~I mode which is predominantly an

adatom (in- and out-of plane) motion with some rest atom and second-layer atom

participation.

IV. Summary

We have described a large-scale finite-temperature first-principles simulation

of dynamics of the Takayanagi reconstructed Si(lll)-7x7 surface. This simulation

demonstrates that.picosecond time-scale dynamical simulations from first princi-

ples are now feasible for systems with hundreds of atoms in the unit cell. Using a

number of spectral estimation techniques we have shown that a considerable insight

into the dominant features of the system dynamics is possible from a short-duration

MD trajectory. Our results extend and in several respects modify the previous de-

scription of the Si(lll)-7x7 dynamics based either on incomplete structural models

[3,13] or on approximate description of the interatomic potentials [4]. This work

can be regarded as an extension of the first-principles understanding of this surface

begun with calculations of the statics [5,6]. We find that the dynamical properties

constitute a very sensitive probe of the local electronic structure. To correctly ac-

count for these features as well as for the "chemical softness" of the surface and

15



the attendant anliarmonic effects clearly requires use of accurate electronic struc-

ture modeling, such as the one used here. In fact, we think that our simulation

ultimately settles the dispute concerning the low-temperature 7x7 dynamics. It

would be interesting to perform dynamical simulations at high temperatures to as-

sess the behavior of MSD. anharmonicity, and disappearance of the 7x7 R.HEED

spot intensity [2].
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Table I. Comparison of bond-lengths, in A, between atoms 1 through 4, in different

methods. +: Ref. [13]; *: present work. These bond-lengths are to be compared with

the Si bulk bond-length of 2.35 A. The ab initio results of Ref. [13J model the 7x7

structure by a 2x2 geometry. In the present calculation the distances are averages

over the unit cell.

Atom
Pair

1-2
1-3
2-4

Ab Initio
Cluster

2.32

2.35

Empirical
SW

3.02
2.73

Semiempirical
TD

2.4S
2.48
2.45

Ab Initio
Supercell+

2.43
2.45
2.25

Ab Initio
Superccll*

2.40
2.46
2.25
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Figure Captions

Fig. 1. Experimental EELS spectra [3].

Fig. 2. Labeling of atoms accounting for the surface modes and a schematic sketch

of the modes determined by EELS in various models: (a) 06 initio cluster model of

ref. [3]; (b) model based on empirical interatomic potentials [4]; (c) present model.

Red arrows depict tliR high-frequency mode and blue .irrows the ~240cm~' mode.

Fig. 3. A snapshot of two configurations separated by At ~60 fsec with superim-

posed self-consistent electronic charge-densities. The picture shows a side view of

a part of the unit cell (corner-adatom and center-adatom in the faulted part of the

unit cell viewed tlirough the dimers; the dimer-atoms have been made artificially

small). The charge-densities are represented by two isovalue surfaces; red: regions

of high density picturing the bond charge; green: regions of low density. Note the

"chemical softness" of the adatoms and the strong (compressed) bonds between

atoms 2 and 4.

Fig. 4. Labeling scheme of the different sites on the 7x7 surface, la: CEA; lb:

GOA; 5: rest atoms; 6n: center dimer; 6b: comer dimer. F stands for the faulted

half of the unit cell, U for the unfaulted. The color (size) of the atoms varies

gradually from red (big) for adatoms to blue (small) for fourth-layer atoms.

Fig. S. Temporal evolution of the weights of the partial trajectories transforming

according to the representations Ai, A2, and E of the group Civ.

Fig. 6. FT spectrum and symmetry decomposed spectra of the system. All spectra

have been normalized to one; J^° Z(w)Au = 1.

Fig. 7. Projected FT spectra onto individual sites: (a) adatom spectra (full line:

CEA-U, dashed line: COA-U, dash-dotted line: CEA-F, and dotted line: COA-F);

(b) spectra of atom 3 (full line: attached to CEA-U, dashed line: attached to COA-

U. dash-dotted line: attached to CEA-F, and dotted line: attached to COA-F); (c)

spectra of atom 5 (full line: U half, dashed lice: F half); (d) spectra of atom 2
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(full line: underneath CEA-U, dashed line: underneath COA-U, dash-dotted line:

underneath CEA-F, and dotted line: underneath COA-F); (e) spectra of dimer-

atoms (full line: center dimer, dashed line: corner dimer); (f) spectra of atom 4

(full line: underneath CEA-U, clashed line: underneath COA-U, dash-dotted line:

underneath CEA-F, and dotted line: underneath COA-F).

Fig. 8. The same ns Fig.7 but resolved into in- and out-of-plane: (a), (c), (d), and

(f) out-of-plane; (b) and (e) in-plane.

Fig. 9. The (nou-self-consistent) MUSIC spectra in the high-frequency domain,

(a) adatoms (full line CEA-U, dashed line: COA-U, dash-dotted line: CEA-F, and

dotted line: COA-F); (b) atoms 2 (full line: underneath CEA-U, dashed line: under-

neath COA-U, dash-dotted line; underneath CEA-F, and dotted line: underneath

COA-F); (c) the same as (b) but for atom 4; (d) atom 3 (full line: attached to

CEA-U, dashed line: attached to COA-U, dash-dotted line: attached to CEA-F,

and dotted line: attached to COA-F).

Fig. 10. The (self-consistent) MUSIC spectra, (a) fit of the total trajectory; (b) fit

of the trajectory transforming according to E; (c) fit of the trajectory transforming

according to A2; («1) fit of the trajectory transforming according to Aj. All peaks

have been normalized to one. The dashed lines show the corresponding FT spectra

with the maxima normalized to one.

Fig. 11. The velocity autocorrelation function Z[t) computed for the strongly an-

harmonic mode of E symmetry at ~528cm~l.

Fig. 12. Schematic sketch of the eigenvectors transforming according to A] for the

~540cm~1 ((a): top view, (b): side view), and for the ~240cm~1 ((c): top view,

(d): side view) modes. The length of the arrow is not proportional to the weight of

the mode on the atom.
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