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Structural and dynamical properties of Ge„001… in comparison with Si„001… and C„001…
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We present the results of anab initio calculation of the structural and dynamical properties of the~001!
surfaces of Ge and Si. The computations have been performed within density-functional theory and density-
functional perturbation theory. The calculated reconstruction parameters show an excellent agreement with
previous theoretical investigations and experimental data. First, we have determined the phonon dispersion in
the tilted dimerp(231) reconstruction. The surface vibrations of Si~001! deviate from those of Ge~001! by
characteristic shifts in the frequency of the phonon modes. This fact relates to chemical trends in the recon-
struction behavior which are also discussed in comparison with the vibrational properties of the C~001! surface.
Furthermore, complete dispersion curves of the surface modes of thec(432) andp(232) phases of Ge~001!
and Si~001! were determined using local-coupling transfer, which is a method for modeling dynamical matrices
of large-size superstructures. The phonon modes of the higher-order reconstructions show trends similar to
those of thep(231) reconstructions. Finally, the interpretation of experimental data from inelastic helium-
atom scattering indicates a correlation of the surface dimers with localc(432) or p(232) symmetry at room
temperature.@S0163-1829~98!04043-0#
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I. INTRODUCTION

Although the~001! surfaces of elementary semicondu
tors have attracted a great deal of interest in recent years
description of their finite temperature behavior and dyna
cal properties is far from complete. The basic reconstruc
mechanism of Ge~001!, Si~001!, and C~001! consists in the
formation of dimers. Whereas diamond reconstructs into
symmetric p(231) geometry, Ge and Si favor buckle
dimers. It is generally accepted that the ground state
Ge~001! as well as in Si~001! is the c(432) phase. How-
ever, the high-temperature structure of these surfaces is
under debate.

In scanning-tunneling microscopy~STM!, low-energy
electron diffraction ~LEED!, and ion-scattering experi
ments,1–4 at least three different reconstructions are fou
for Ge~001!, namely the ferromagnetic ordering in thep(2
31) phase and the antiferromagnetic ordering in the high
order reconstructions~HOR! p(232) andc(432). A top
view of these reconstructions can be seen in Fig. 1. Culb
sonet al.detected a LEED pattern in Ge~001! corresponding
to the c(432) phase at 100 K, while thep(231) phase
with smearedc(432) spots was seen at 300 K.2 Whereas in
some experiments~angle-resolved photoemission spectro
copy, LEED! a phase transition from thec(432) to the
p(231) geometry is found to occur at 200 K,3 recent x-ray
diffraction data indicate that thec(432) phase is still domi-
nant at 250 K, comprising approximately 60% of th
surface.5 The energy difference between the three geomet
is indeed very small. In the calculations performed
Needels and co-workers, the antiferromagnetic ordering
the tilted dimers present in the HOR is found to be 0.06
per dimer lower in energy than the ferromagnetic ordering
the p(231) geometry.6
PRB 580163-1829/98/58~20!/13686~12!/$15.00
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Far more experiments and theoretical investigations h
been performed for the silicon surface. For an overview
refer to Refs. 7–10. Recent studies indicate a correlation
the dimers with a local antiferromagnetic ordering also
room temperature. In fact, the measured electronic disper
curves seem to agree much better with the calculated b
structure of the HOR than with those of thep(231)
phase.8,11,12 The c(432) and p(232) reconstructions are
about 0.05–0.07 eV per dimer more stable than thep(2
31) structure. Shkrebtii and co-workers investigated Si~001!
with ab initio molecular-dynamics runs at finite tempe
ature.10 They find thep(231) structure not only to be ener
getically unfavorable but even to be unstable. They obser
a spontaneous formation of thec(432) andp(232) geom-
etries. Along a row the dimers tend to flip simultaneously
that the out-of-phase buckling of the HOR remains u
changed in the direction of the rows. A correlated flippi
process of one single row induces a change of localc(4

FIG. 1. Top view of the unit cells~left! and the irreducible parts
of the surface Brillouin zones~right! of thep(231), p(232), and
c(432) reconstructions. The symmetrysx @together with a non-
primitive translation for thep(232) geometry#, which only holds
for the HOR, maps the two dimers of the respective unit cells o
each other.
13 686 ©1998 The American Physical Society
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32) to p(232) symmetry andvice versa. Probably, it is the
rapid alternation of phases and the small size of the dom
with uniform symmetry which causes the overallp(231)
symmetry to be resolved in various experiments, e.g.,
STM images where dimers seem to be symmetric at ro
temperature.13

In this paper we report the results ofab initio calculations
for the structural and vibrational properties of the Ge~001!
and Si~001! surfaces performed using density-function
theory and density-functional perturbation theory~DFPT!.
To determine the surface phonon bands of the HOR of b
surfaces, we employ a new technique of constructing
dynamical matrices by adaptation of the known coupl
constants of another reconstruction. A first application of t
method of local-coupling transfer~LCT! to the Ge~001! sur-
face has been presented in a previous work.14 Relevant in-
formation about the structure of Ge~001! at room tempera-
ture ~RT! is obtained by comparing the calculated dispers
curves with the phonon spectra measured by inelastic
atom scattering.14 Clear evidence of antiferromagnetic orde
ing is found at room temperature also in Ge, supporting
picture of a dynamically disordered surface with localc(4
32) or p(232) symmetries. Furthermore, while the dispe
sion curves of the bulk elementary semiconductors Si and
are similar if opportunely rescaled, characteristic shifts of
surface bands occur for the rescaled surface bands. This
havior is analyzed and related to chemical trends in the
construction behavior.

The paper is organized as follows. In Sec. II, we descr
briefly the theoretical framework used to study the structu
and dynamical properties of semiconductor surfaces. Res
for the atomic surface geometry of thep(231) and the
higher-order reconstructions of Ge~001! and Si~001! are
given in Sec. III. The phonon-dispersion curves for thep(2
31) phases of both surfaces obtained within DFPT are p
sented in Sec. IV. In the discussion of Sec. V, we focus
the differences in the dynamics of the two systems by inv
tigating the details of the coupling constants of the atoms
the surface region. In Sec. VI a further comparison with
vibrational features of C~001! reveals the relation betwee
the coupling strength of neighboring atoms in the surfa
region and the fundamental reconstruction behavior of
three elementary semiconductors. The application of LCT
Ge~001! and to Si~001! is described in Secs. VII and VIII
respectively. Finally, in Sec. IX we compare the phonon d
persion computed for the HOR of Si~001! and Ge~001! and
give a conclusive interpretation of the helium-atom scat
ing data of Ref. 14.

II. METHODS OF CALCULATION

We used the density-functional theory in the local-dens
approximation16,17 to determine the electronic ground sta
Specifically, the Kohn-Sham self-consistent equations17 are
solved for a given atomic configuration using the exchan
correlation potential in the parametrization of Perdew a
Zunger.18 The electron-ion interaction is described with t
help of norm-conserving pseudopotentials.19–21 The Kohn-
Sham orbitals are expanded in plane waves up to 9~8! Ry for
the Ge~Si! surfaces. This choice for the kinetic-energy cuto
guarantees convergency for the computed bulk lattice c
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stants and phonon frequencies within 4% with respect
completely converged calculations.6,19 Special points for
bulk and surface calculations are generated according to
algorithm proposed by Froyen.22 In order to restore transla
tional invariance also perpendicular to the surface~z direc-
tion!, we use a slab geometry with periodically repeated t
crystal films. For thep(231) phase, each slab consists
ten atomic layers, while the number of layers is reduced
eight for the description of the HOR. Two neighboring cry
tal films are separated by a vacuum region correspondin
six interlayer distances. This choice ensures the decoup
of the surfaces of one slab and of neighboring films.6,8

The surface Brillouin zones~SBZ! and the unit cells in
direct space are shown in Fig. 1, together with an illustrat
of the dimer buckling. The atomic equilibrium positions
the various reconstructions are found by shifting the io
along the Hellmann-Feynman forces. No constraint is i
posed on the relaxation of the ions in all of the layers exc
for correct symmetry. The forces acting on the atoms
minimized to less than 0.1 mRy/a.u., which corresponds t
numerical uncertainty in the equilibrium positions of a
proximately 0.01 Å.

The surface lattice dynamics is treated in the framew
of first-order density-functional perturbation theory.19,23 The
dispersions of surface phonon modes of thep(231) phases
are determined by Fourier deconvolution of a set of dyna
cal matrices calculated on a fine grid of wave vectors in
irreducible wedge of the SBZ. The computation of the s
face phonon bands of the HOR of Si and Ge will be d
scribed in full detail in Secs. VII and VIII.

III. ATOMIC SURFACE STRUCTURE

In this section we present our results for the structu
details of thep(231), c(432), and p(232) phases of
Ge~001!. The geometry and total energy of the respect
reconstructions in Si~001! have been reported earlier.8 The
lattice constant of the periodic slab configurations is fixed
the calculated value of 5.57 Å obtained for the bulk latti
constant of Ge. This is in good agreement with the exp
mental value of 5.66 Å.

The relaxation process for thep(231) geometry was ini-
tiated by an opposite displacement in the surface plane of
two first-layer atoms per surface unit cell by 0.4 Å from the
ideal positions. Following the minimum force direction, th
system then moved towards the lowest energy structure
symmetric reconstruction~SR!. To obtain the energetically
more stable tilted dimer configuration, we displaced one
the atoms 0.2 Å out of the surface plane. The resulting as
metric reconstruction~AR! turns out to be 0.19 eV per dime
lower in energy than the SR. The total reconstruction ene
is 1.41 eV per dimer. The bond lengths in the whole s
change by less than 4% as compared to the bulk value
2.41 Å. The dimer bond length is 2.39 Å for the AR and 2.
Å for the SR. Considerable shifts of more than 0.4 Å fro
the ideal positions only occur in the surface layer perp
dicular to the dimer rows. Nonetheless, we observe the s
deep penetration of the surface perturbation into the slab
found in Refs. 5 and 24. As can be seen in Fig. 2, we fi
displacements of more than 0.15 Å normal to the surface
the first four layers. Since one crystal film comprises only
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FIG. 2. Equilibrium positions of the atoms in the first four layers of Ge~001! p(231) in the tilted dimer configuration. The shifts from
the ideal positions are indicated in Å.
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layers and both surfaces are allowed to relax, we cannot t
the geometric perturbation any further. In the remaining s
tions we will consider only the energetically favored asy
metric p(231) configuration. The tilt angle of the dimers
found to be 17°. The relaxation parameters compare w
with the results of theab initio calculations of Kru¨geret al.25

and Needelset al.26 as well as with the data from LEED
~Ref. 2! and x-ray diffraction.5,24

Similarly to Si~001!, characteristic differences are seen
the comparison of the electronic band structure of the s
metrically reconstructed and the tilted-dimer Ge~001! sur-
face. While the SR turns out to be metallic, the AR is sem
conducting with a band gap of 0.23 eV. We obtain a ba
structure that is almost identical with the one found in theab
initio calculation by Kru¨ger and co-workers.27 Some of the
most prominent features such as the dangling-bond state
responding to the up-shifted dimer atoms reproduce v
well the dispersion curves measured by angle-resolved s
troscopy experiments.28,29 Furthermore, there are only sma
differences in the dispersion curves of the~001! surfaces of
Ge and Si. For more details we refer the reader to Refs
25, and 27.

To determine the relaxed positions of the HOR, the str
ture optimization is started from initial positions obtained
transferring the results from the tilted dimerp(231) recon-
struction according to the antiferromagnetic ordering of
dimers. Unlike in thep(231) phase, where a relaxation o
the subsurface layer atoms along the dimer rows is forbid
for symmetry reasons, they are displaced 0.12 Å in this
rection in the HOR. The upper dimer atoms pull their near
neighbors in the second layer closer to the dimer, while
lower first-layer atoms push their nearest neighbors of
second layer in the opposite direction. This lowers the to
energy of the HOR by 0.08 eV per dimer relative to t
asymmetricp(231) configuration. The dimer bonds tur
out to be 0.05 Å longer than in thep(231) phase. The
bonding lengths in the whole surface region differ by on
0.01 Å in thep(232) andc(432) phase.
ce
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IV. PHONON DISPERSION OF THE p„231… PHASES

The vibrational properties of thep(231) configurations
of Ge~001! and Si~001! are determined by calculating th
dynamical matrices of fully relaxed ten-layer slabs on a u
form grid of 12q points in the irreducible part of the SBZ
which corresponds to a~6,4! mesh.30 By Fourier deconvolu-
tion on this grid, we obtain the real-space force constants
to a distance of two bulk lattice constants. Using these fo
constants, dynamical matrices can be obtained at arbit
wave vectors of the SBZ. Similarly, in order to get the for
constants of the bulk, we use a mesh of 19q points in the fcc
cell, generated according to the special-points scheme
Froyen withf050.22

The force constants in the central region of the thin crys
films are essentially the same as the corresponding value
the bulk, which are, nevertheless, about 4% larger. This
dicates the deep penetration of the surface perturbation
the bulk. The force constants in the surface region of
ten-layer slabs are significantly different from the bulk, d
to the reconstruction and charge redistribution. Since ma
scopic eigenmodes penetrate deeply into the bulk, we c
struct the dynamical matrices of crystal films comprisi
much more than only ten atomic layers. While the force co
stants in the surface region of the larger crystal films
assumed to be the same as the respective force constan
the small crystal films, the bulk force constants are us
without modification for the inner region. The following ca
culations have been performed with a 26-layer slab. Inser
more than 16 bulk layers does not change the results sig
cantly. Moreover, weakening of the bulk constants by 4
does not affect the phonon dispersion of the surface t
notable extent.

Empirical potentials designed for molecular-dynam
simulations lead to potential wells that are shallower a
wider for Ge than for Si.31 Our computations confirm this
observation. In fact, multiplication of the Si force constan
by a factor 0.937 yields bulk frequencies nearly identical
the bulk vibrations of Ge throughout the SBZ, if we add
tionally take into account the different masses. Therefore
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is possible to investigate the surface dynamics of Ge~001!
and Si~001! by using the same energy scale for both mate
als. In the following text we use for Si rescaled coupli
constants and replace its mass by the mass of Ge. In
way, the bulk phonon spectra of Ge and Si are essent
identical. Furthermore, distances in Si have been resc
according to the ratio of the lattice constantsa0(Ge)/a0(Si).

In Fig. 3 we show the dispersion of the most promine
surface bands of both semiconductors. With the exceptio
the resonant featureB1 , which is only found in Ge near the
lower rim of the bulk continuum along theJ K direction,
both systems exhibit the same surface vibrational sta
While the surface projected bulk band structure of Si
nearly indistinguishable from that of Ge, significant diffe
ences are seen in the dispersion only for some surface
non bands.

Along the G J direction all modes of the slab can b
strictly separated into vibrations with pure sagittal polariz
tion ~SP! or shear horizontal~SH! polarization. While the SP
modes are symmetric with respect to the mirror plane p
pendicular to the dimer rows, SH modes are asymmetric.
lowest acoustic bands are the Rayleigh wave~SP!, A1 ~SH!,
andA2 ~SP!. Given the elastic constants, the velocityvR of
the Rayleigh wave~RW! can be calculated with continuum
theory. In Ge (vR53065 m/s) as well as in Si (vR
55084 m/s), the velocity of the RW is larger than the v
locity of the lowest acoustic bulk wave~vSH52750 m/s,
4674 m/s!,32 which limits the surface projected bulk ban
structure. Hence, the RW is not pushed below the bulk c
tinuum near the zone center in this direction of the disp
sion. The three acoustic bands are therefore bulk resona

Beside the acoustic surface vibrations, we observe the
lowing phonon modes in Ge~001!. The main feature of the
rocking moder ~G: 14.1 meV! is a periodic change of the
dimer tilt angle. In the swinging modes, which can only be

FIG. 3. Phonon dispersion of thep(231) surfaces of Ge~thick
lines! and Si~thin lines!. Eigenmodes with dominant displacemen
in the first two layers are given by solid lines. The shaded a
represents the surface projected band structure of the bulk. Th
~Si! frequency scale is given at the left~right!.
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identified along theK J direction, the dimer atoms exhibit a
in-phase displacement along the rows. The dimer stre
modesds1 ~K: 24.5 meV! andds2 ~K: 32.6 meV! are char-
acterized by an oscillation of the dimer bond length. In t
high-energy stretching modesb2 the bonds between the up
per dimer atoms and the respective nearest neighbors in
subsurface layer are periodically varied with an energy at
K point of 26.3 meV, while in the mode (sb) the lower
surface atoms perform a bond length oscillation with th
nearest neighbors in the subsurface layer at an energy of
meV.

Although the coupling constants of Si have been resca
to smaller values according to the bulk frequencies,
modes of Si~001! are higher in energy compared to Ge~001!
except for the bandr . In order to understand this observ
tion, we examine the coupling parameters of the atoms in
surface region and their connection with the chemical det
of the surface reconstruction.

V. INFLUENCE OF STRETCH AND TRANSVERSE
FORCE CONSTANTS ON THE PHONON DISPERSION

By means of density-functional calculations, Kru¨geret al.
found clear chemical trends in the reconstruction behavio
the ~001! surfaces of C, Si, and Ge.25 Whereas diamond fa
vors a s-p double bond between the dimer atoms in t
symmetric configuration, yielding a bond length similar
the distance between the two carbon atoms in the C2H4 mol-
ecule, Ge reconstructs asymmetrically with a distance
tween the dimer atoms almost equal to the bond length
Ge2H6. For Si, the dimer bond length is in between t
length of the double bond in Si2H4 and that of the single
bond in Si2H6.

In order to analyze the coupling strength as a function
the bond length, we investigate in detail the force consta
of Si~001! p(231) and Ge~001! p(231) between neares
neighbors residing at the equilibrium positionsRk andRk8 .
The modulus of the force acting on the atomk has a maxi-
mum if the atomk8 is displaced along the vectorRkk8

n.n.

5Rk2Rk8 . As expected, the direction along which th
force has a maximum coincides with the direction of t
covalent bonds. Only small deviations from the ‘‘ideal’’ d
rection defined by the bond direction of less than 6° are s
for the atomic displacements and the resulting extrem
forces.

Consequently, if the atomk8 is shifted by the vectoruk8
in an arbitrary direction with constantuuk8u, the projection
uk8•Fk of the forceFk acting on the atom at the positionRk
will have a maximum foruk8

iRkk8 . Therefore, the direc-
tions of the atomic shiftsuk8 which lead to extremal projec
tions can be determined by calculating the extrema ofuk8
•Fk5( i , juk iKi j

n.n.(k,k8)uk8 j with the boundary condition
that uuk8u is constant:

d

duk8 l
F(

i , j
uk iKi j

n.n.~k,k8!uk8 j2l(
i , j

d i , juk8 j G50. ~1!

The indicesi and j refer to the Cartesian coordinates. Th
(333) matrixK i j

n.n.(k,k8) is the respective part of the force
constant matrix of the entire crystal film. The solutions

a
Ge
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Eq. ~1! are the eigenvectors of the symmetric mat
1
2 @K i j

n.n.(k,k8)1K j i
n.n.(k,k8)#. The eigenvalues have the in

terpretation of extremal force constants. In this way, we
tain one bond-stretch force constantFS and two transverse
force constantsFT1

andFT2
. The corresponding eigenvec

tors VT1
and VT2

have to be orthogonal toVS and to one
another. For symmetry reasons, these constants are as
ated with displacementsuk8 along (FS) and perpendicular
(FT1

,FT2
) to the bonding direction in the bulk. Furthermor

the two transverse force constants are identical.
For the surface system, the bonding directions coinc

with the eigenvectors associated to theFS constants up to 6°
in the entire slab. Therefore, the vectorsVT1

and VT2
are

almost perpendicular to the bonding direction. The valu
FT1

andFT2
are found to be almost identical. Furthermo

the (333) matricesKn.n.(k,k8) between nearest neighbo
in the slabs are almost symmetric, so that theF’s and theV’s
can also be obtained from the diagonalization ofKn.n.(k,k8).
The stretch force constantsFS are dominant by a factor 5 to
8 over all of the other elements of the force-constant ma
of the slabs, on-site coupling excluded. The latter can
obtained using translational invariance of the system. T
magnitude of the force constants between second ne
neighbors, e.g., is less than 10% of the largest near
neighbor coupling. Hence the interaction between nea
neighbors plays the most important role not only for stru
tural and electronic but also for the vibrational properti
The FS values depend almost linearly on the bond lengt
This fact is also confirmed by extracting the stretch fo
constants from the coupling parameters of thec(432) phase
in Si~001! as described in Sec. VIII. The graph obtained
this way is the same for Ge and Si after rescaling the qu
tities of Si as explained in the preceding section.

The rescaled bond lengths in the surface region of Si~001!
are smaller compared to the respective interatomic dista
in Ge~001!. Because of that, the corresponding stretch fo
constants are larger and all the Si surface bands involv
significant bond-length oscillations are shifted to higher f
quencies. Especially the dimer bond and the back bond
the upper dimer atoms are stronger in Si~001! by about 21%
and 10%, respectively. This leads to the different vibratio
behavior of the two systems. To demonstrate this, we h
replaced these stretch force constants in Ge by those o
~including the rescaling!, while the rest of the force-constan
matrix remained unchanged. This was achieved by sim
exchanging the mentioned eigenvalues of the correspon
diagonalized (333) matricesK (k,k8) and then transform-
ing back to Cartesian coordinates. We did not adjust
bonding directions since they differ by less than 5° throu
out the slabs of the two systems. The resulting change
phonon dispersion of Ge~001! consists in a shift of the band
sb, sb2 , ds1 , ds2 , ands to higher frequencies. As a resu
the bandssb, sb2 , andds1 are in almost perfect agreeme
with the respective phonon bands of Si~001!. The bulk reso-
nant modeB1 is pushed in parts into the bulk continuum
where it cannot be detected anymore. The three acou
modes, however, are hardly influenced since these ei
modes are characterized by a collective in-phase motio
surface atoms. Finally, almost negligible changes are fo
for the rocking mode since it is strongly bulk resonant and
-
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characterized by a periodic variation of the dimer tilt ang
To alter the frequency of the rocking mode, the transve
force constants would also have to be adapted.

VI. COMPARISON WITH C „001…

In order to extract general trends for the dynamical pro
erties of group-IV tetrahedral semiconductor surfaces,
present in this section a comparison of our results for Si
Ge with the calculation of C~001! performed by Alfonso and
co-workers.15 They determined the vibrational properties
C~001! within frozen-phonon calculations using the Harr
total-energy functional. Since C~001! reconstructs symmetri
cally in thep(231) phase, a one-to-one correspondence
tween the vibrational surface features of C~001! and Si~001!
or Ge~001! cannot be established. For example, the mo
sb and sb2 , which are related to bond-length oscillation
between one of the surface atoms and the respective ne
neighbors in the subsurface layer, do not appear in C~001!
because of the mirror symmetry with respect to the pla
perpendicular to the direction of the dimers. The correspo
ing feature on the C~001! surface is a medium-energet
bouncing mode characterized by an in-phase motion of
two dimer atoms in and out of the surface plane.

To compare the remaining surface modes, we need to
a common energy scale for diamond and Ge. To this aim,
simplest procedure which includes both masses
coupling-constant effects consists in scaling the diamond
quencies to give identical optical bulk frequencies at theG
point @multiplication byvGe(G)/vC(G)#. In contrast with Si
and Ge, where simply rescaling the phonon energies yie
nearly identical bulk band structures, the rescaled disper
curves of diamond and Ge exhibit small differences for
bulk. The maximum of the optical frequencies in diamond
e.g., slightly higher thanvC(G) whereas the two values co
incide in Ge and Si.19,36 Nonetheless, the proposed way
rescaling the phonon energies of C~001! is sufficient for our
purposes since only rough estimates need to be drawn fo
following discussion.

Except for the mentioned bouncing mode that is not fou
in Ge and Si, Alfonsoet al. detect a rocking mode in the
rescaled energy range of 17 to 35 meV, a swinging mod
29–36 meV, and a dimer stretch mode at approximately
meV. These bands are all placed substantially above th
and especially the Ge bands. Another high-frequency fea
is a twisting mode reported for C~001! at the rescaled energ
range of 36 to 38 meV, which is characterized by an opp
ing movement of the dimer atoms in the direction of t
rows. Modes with similar displacement pattern are found
Si and Ge in the wide energy range of 19 to 32 meV, due
a strong coupling with subsurface layer vibrations.

The frequency of the dimer stretch modevC(ds) in
C~001! is well above the bulk continuum. Furthermor
vC(ds) resides in the middle between the singly bond
C—C stretching frequency of ethane~28.5 meV! and the
double-bonded CvC stretching frequency in ethene~46.5
meV!. Although the bond length of the dimer atoms
C~001! basically coincides with the CvC distance in ethene
the stretching frequency is considerably lower at the surfa
indicating a coupling with subsurface layer vibrations.

The results for C~001! are consistent with our findings fo
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the relation between the coupling strength of adjacent
face atoms and the chemical details of the reconstruct
The primary relaxation mechanism after cutting an eleme
semiconductor along a~001! plane is to saturate the remain
ing dangling bonds of the surface atoms. Since the 2p atomic
orbitals are more localized than the 2s orbitals in diamond,
p-like states are able to accumulate charge in the bond
region very efficiently, leading to a strong tendency ofp-
bond formation. This mechanism is suppressed in Si
especially in Ge since thep valence bonds being orthogon
to the p orbitals in the core region are more extended th
the s valence states. Consequently, Ge and Si favor
tilted-dimer configuration, with the surface atoms forming
single s bond in Ge and as bond with a smallp-bond
admixture in Si.

These observations were already reported by Kru¨geret al.
in Ref. 9 and used to explain the different type of reconstr
tion. Our results indicate that the tendency of Si and es
cially of C to form stronger bonds than Ge is not restricted
the dimer atoms but manifests itself in the whole surfa
region. For example, all the rescaled bond lengths in Si~001!
turn out to be smaller than the corresponding interato
distances in Ge~001!. Furthermore, stronger bonds enfor
the dynamical coupling between adjacent atoms. Con
quently, all the surface phonons involving bond-length os
lations are energetically higher in Si and especially in C th
in Ge.

VII. PHONON DISPERSION OF THE HOR OF Ge „001…

Whereas we used DFPT for the determination of the
brational features of thep(231) geometry in Ge~001!, the
directab initio calculation of the surface phonons of HOR
not computationally feasible, because of the large numbe
atoms in the slab unit cell. Instead, we propose an appro
for extracting information about the dynamical properties
the HOR from the knowledge of the force constants of
p(231) phase. This method, which has been published
previous Letter,14 is mainly based on considerations on t
structure and symmetry.

The coupling constants of thep(231) geometry have
been analyzed in Sec. V. As stated there, a rapid decrea
the magnitude of the coupling constants with increasing
teratomic distances is observed. The nearest-neighbor i
action dominates the vibrational properties of the eleme
semiconductors. Therefore, reasonable results can be
tained by adapting mainly the nearest-neighbor force c
stants to the different structures. In the following, we d
scribe the adaptation procedure in terms of the eigenva
and eigenvectors ofKn.n..

The nearest-neighbor force-constant matrices of the H
are obtained by transferring theF’s and theV’s from the
p(231) geometry to the HOR. Major changes occur for t
dimer pairsD1 andD2 , which are schematically represente
in Fig. 4. The known eigenvectorsVS and VT of the dimer
D1 in thep(231) phase are first rotated about an axis alo
VT2

~direction of the dimer row! by 1° to yield the eigenvec

tors ofD1 in the HOR. This procedure is consistent with t
difference in the value of the tilt angle between the two
constructions. For obtaining the force constants of the dim
D2 , we perform a subsequent reflection according to thesx
r-
n.
al

g

d

n
e

-
e-
o
e

ic

e-
l-
n

i-

of
ch
f
e
a

of
-

er-
al
b-

n-
-
es

R

g

-
er

symmetry;VT2
remains unchanged by this reflection. Th

eigenvaluesFS are then adapted for both dimers accordi
to the slightly changed dimer bond length in the HOR
compared to thep(231) phase, using the graph establish
between bond lengths and magnitude of the stretch fo
constants in Sec. V. As mentioned there, theFT values need
not be altered. The procedure is the same for all the o
bonds between neighboring atoms.

The coupling constants between atoms at a greater
tance can be adapted to the antiferromagnetic ordering
imposing thesx symmetry of the HOR onto the correspon
ing real-space force constants of thep(231) geometry.
Force constants which are forbidden by symmetry in the
sic reconstruction cannot be obtained with this procedu
However, these constants have a small magnitude and, th
fore, have only a small effect on the phonon dispersion. T
on-siteK matrices are determined by imposing the trans
tional invariance of the slab. Finally, the force-constant m
trix is slightly modified to assure also the rotational inva
ance of the surface system. This can be achieved with
help of a Monte Carlo algorithm. We vary the values of t
symmetric force-constant matrix with the constraint of co
rect space symmetry and minimize the deviations from
acoustic sum rule and from the rotational invariance as w
as the magnitude of the variations.

We estimate the error of each value in the force-cons
matrix DKi j

max(R,R8) between atoms at the positionsR and
R8 to be not more than 5% of the biggest on-site couplin
which corresponds in magnitude to a typical second-near
neighbor coupling constant. Since the phonon eigenvec
vl obey in short notation the equation

Kvl5vl
2vl ,

we can approximate the errorDvl
2 by means of first-order

perturbation theory

Dvl
25^vluDKuvl&,

which yields the error in the frequencies

Dvl5
1

2vl
^vluDKuvl&. ~2!

We assume the values ofDKi j (R,R8) to be statistically in-
dependent, unless they are identical, which can be the
for, e.g., symmetry reasons. If we additionally assume
value of DKi j (R,R8) for a given set of parameter

FIG. 4. Graphic representation of two subsequent dimers al
the dimer row for thep(231) ~left! and c(432) or p(232)
~right! phases. We also display for each dimer the eigenvector
the force constant matrixKi j between the two dimer atoms. Th
symmetrysx maps the dimerD1 of the HOR onto the dimerD2 .



n

be
rr
m

an
ul
th
a

th

h

O
cy
te
it

om
m
c
e

th

a
tic
ic

c
he

nd

t
-o
th

ny
t

tra

nds

tra.
LCT

ms

-

te
nd

te

s
to

ra-
he
with
nu-
rror
are
the
eV.
ng
at-
.

13 692 PRB 58W. STIGLER, P. PAVONE, AND J. FRITSCH
$ i , j ,R,R8% to be with equal probability betwee
2DKi j

max(R,R8) and 1DKi j
max(R,R8), we can compute the

standard deviation ofDvl .
Equation ~2! shows that high-frequency modes can

computed very accurately. Phonon frequencies that co
spond mainly to an in-phase vibration of the surface ato
are rather insensitive to variations in the local structure,
can also be approximated very well if the acoustic sum r
holds. For low-energetic nonacoustic modes, however,
error may become quite large. Our error analysis predicts
uncertainty for the phonon frequencies of Ge~001! of less
than 1 meV, except for thet mode, which will be described
in Sec. IX.

The reliability of our method has been tested for Si~001!
where the dynamical matrix at theJ point of thec(432)
geometry has been calculated with DFPT.8 This matrix com-
pares very well with the one determined by transferring
force constants of thep(231) phase of Si~001!. The devia-
tions are consistent with our error analysis.

The full dispersion of Ge~001! is presented together wit
the results for Si~001! in Sec. IX. At the end of this section
we discuss the calculated surface phonon bands of the H
and thep(231) phase in the lower part of the frequen
spectrum. Important information about the vibrational sta
in Ge~001! can be obtained by comparing these modes w
the results recently obtained by inelastic helium-at
scattering.14 For Si~001!, no such data are available. At roo
temperature~RT!, the Ge~001! surface exhibits monatomi
steps, so that two different types of domains, with dim
rows in the @11̄0# and @110# direction, respectively, are
probed at the same time. We restrict our discussion to
time-of-flight spectra recorded at RT along the@100# direc-
tion, which is the only one common to the two domains.

To compare our results with the measured data, we h
calculated the differential reflection coefficient of inelas
He-atom scattering according to Eq. 6.37 of Ref. 33, wh
has been successfully applied earlier.34,35The contribution to
the scattering cross section is dominated by the displa
ments of the surface atoms along the surface normal, t
mally weighted by the Bose-Einstein factor.

In Fig. 5, the calculated low-energy surface phonon ba
and scattering intensities of the Ge~001! p(231) phase are
shown together with the measured dispersion along the@100#
direction. The experimental data forming the flat branch a
meV are related to a strong feature prominent in the time
flight spectra. This flat feature, which is also resolved in

FIG. 5. Measured dispersion of surface vibrational sta
~crosses! in comparison with the calculated surface phonon ba
~thick lines! for the p(231) reconstruction along theG M direc-
tion. Different gray scales reflect the magnitude of the calcula
scattering intensities.
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@110# direction, is not reproduced by our calculations in a
direction. This clearly shows that thep(231) phase canno
describe conclusively the phonon dispersion of Ge~001! at
RT. Therefore, important contributions to the phonon spec
have to come from HOR.

In Figs. 6 and 7 we display the calculated surface ba
and scattering intensities for the HOR of Ge~001! in com-
parison with the features seen in the time-of-flight spec
Pronounced surface phonons obtained by means of the
approach in the lower part of the dispersion along the@11̄0#
direction are the Rayleigh wave~RW!, the acousticA1 and
A2 features with displacements of the upper-layer ato
mainly along (A1) and perpendicular (A2) to the dimer rows,
and the previously mentionedt band, associated with a twist

s
s

d

FIG. 6. Theoretical~thick lines! and measured surface band
~crosses! in the @100# direction in the energy range accessible
inelastic He-atom scattering displayed for the HOR. Thex scale of

the figures is referred to theM point of the basic~131! surface
geometry which corresponds to theG (J) point in the p(232)
@c(432)# structure. We display all the calculated surface vib
tions which are mainly localized in the upper two layers. In t
sketched window we observe six to eight bulk resonant bands
diffuse displacement patterns. Therefore, we refrain from conti
ing the calculated dispersion curves within these areas. The e
bars are approximately the same for all the data points and
indicated only for some representative points. The uncertainty in
calculated frequencies within the LCT approach is less than 1 m
A further band, not displayed in this viewgraph, is the rocki
moder at 13 to 14.5 meV which produces weak peaks in the sc
tering intensities, in agreement between experiment and theory

FIG. 7. Two recorded time-of-flight spectra along the@100# di-
rection. The incident angle is 28.5°~a! and 23.5°~b!. The inelastic
phonon peaks correspond to the RWf band ~1!, the RWf ,2 mode
near theG point ~2!, the acoustic branch~RW! near theM point ~3!,
the features inside the sketched window of Fig. 6~4!, the 5 meV
mode near theM point ~5!, and the RW band near theG point ~6!.
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ing motion of the dimer atoms in the surface plane. T
bandsA2 f , RWf , and RWf ,2 are related to the folding o
surface bands of thep(231) phase according to the geom
etry of the HOR. The major contributions to the calculat
scattering cross section arise from the RW band near
zone center and the flat RWf branch near 7 meV almos
throughout the entire SBZ of the HOR. It is important to no
that all measured surface modes represented by cross
Fig. 6 are in good agreement with the calculated intensi
and phonon branches, which is also the case for the@110#
and@11̄0# directions not displayed here. The RW mode ne
the zone center is not pushed below the bulk continuum
Ge~as in Si!, which results in a mixing with bulk states. Th
can account for the scatter of the experimental data belo
meV.

Especially the 7 meV feature which is completely missi
in the calculated spectrum of thep(231) geometry is
prominent assuming HOR for Ge~001!. Hence, thep(2
31) geometry cannot describe the surface reconstructio
Ge~001! at RT. The much better agreement seen in Fig
clearly reveals fingerprints of thec(432) or p(232) phase
prevalent in the measured phonon dispersion. The pho
modes calculated for thec(432) phase include the weak
meV feature experimentally resolved near theM point, but
not the lower band. Thep(232) geometry reproduces th
acoustic branch~RW! near theM point, but not the branch a
5 meV.

We interpret those observations in the following way:~i!
both structures occur on Ge~001! at RT; ~ii ! neighboring
dimers are likely to flip simultaneously as observed in
molecular-dynamics simulation by Shkrebtiiet al. for
Si~001!;10 ~iii ! since this mechanism induces a change
local c(432) to p(232) symmetry and vice versa, we g
contributions to the scattering intensities from both rec
structions;~iv! simultaneous flipping of the dimers along
row requires a significant correlation which manifests its
also in the energy difference between the HOR and
p(231) phase of 0.08 eV per dimer.

VIII. APPLICATION OF LCT TO Si „001…

For the application of LCT to Si~001! we can use addi-
tional information since the dynamical matrix at theJ point
of the c(432) geometry has been computed also by me
of DFPT. This enables us to calculate the phonons of
HOR with higher precision.

First we consider the force-constant matrix of Si~001!
c(432). Neglecting masses, the dynamical matrix at so
q point is given by

Di j ~k,k8uq!5 (
l 1 ,l 2

Ki j ~k0,0,k8 l 1 ,l 2!eiq•Rl 1 ,l 2.

In this section,k,k8 and l 1 ,l 2 are indices for the atoms an
surface unit cells, respectively. Considering the rapid de
of the interatomic coupling for large distances, any pairk,k8
of atoms can be classified according to one of the follow
two cases.

In the first case, the dynamical matrixDi j (k,k8uq) essen-
tially has contributions from one coupling consta
Ki , j (k

0,0,k8 l̂ 1 , l̂ 2) only. In Fig. 8 we have illustrated as a
e
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example the force constants between one of the upper d
atoms 10,0 and the corresponding lower dimer atom 3l 1 ,l 2 in
different unit cells. We can neglect all contributions exce
the nearest-neighbor couplingKi j (1

0,0,30,0) and set
Ki j (k

0,0,k8 l 1 ,l 2) to

Di j ~k,k8uq!e2 iq–Rl 1 ,l 2, $ l 1 ,l 2%5$ l̂ 1 , l̂ 2%,

0, $ l 1 ,l 2%Þ$ l̂ 1 , l̂ 2%.

In the second case, there are two contributio

Ki j (k
0,0,k8 l̂ 1

1 , l̂ 2
1
) and Ki j (k

0,0,k8 l̂ 1
2 , l̂ 2

2
) to be taken into ac-

count for the determination of the dynamical matrix. As d
picted in Fig. 8, the matrixDi j (1,2uq), e.g., has major con
tributions from the coupling between the upper dimer at
10,0 and the lower atom 2 of the two neighboring dime
along a row. These two (333) force-constant matrices
however, are not independent of one another for symm
reasons~reflection about a plane through the central dime!.
In fact, for q equal to theJ point of thec(432) geometry,
these two force constants add up to

Ki j ~k0,0,k8 l̂ 1
1 , l̂ 2

1
!eiq•Rl̂ 1

1 , l̂ 2
1
1Ki j ~k0,0,k8 l̂ 1

2 , l̂ 2
2
!eiq•Rl̂ 1

2 , l̂ 2
2

52eiq•Rl̂ 1
1 , l̂ 2

1S a11 0 a13

0 a22 0

a31 0 a33

D
since the two phases are equal at theJ point and

Ki j ~k0,0,k8 l̂ 1
1 , l̂ 2

1
!5S a11 a12 a13

a21 a22 a23

a31 a32 a33

D ,

Ki j ~k0,0,k8 l̂ 1
2 , l̂ 2

2
!5S a11 2a12 a13

2a21 a22 2a23

a31 2a32 a33

D .

Consequently we obtain the elementsa11, a22, a33, a13,
and a31 of the two considered force-constant matric
through the investigation of the dynamical matrix. Unfort
nately, the elementsa12, a21, a23, anda32 are not accessible

FIG. 8. Top view of the Si~001! c(432) reconstruction. The
atomic indexk and the two-dimensional lattice vectorRl 1 ,l 2

of
some assorted atoms in the notationk l 1 ,l 2 are indicated.
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in this way. From the bulk and thep(231) geometry, how-
ever, we know that the diagonal elementsa11, a22, a33 of
the coupling between second-nearest neighbors are dom
in magnitude. Hence, a transfer of the elementsa12, a21,
a23, anda32 from thep(231) phase to thec(432) geom-
etry will produce little error. Therefore, we can determine t
force constants between any pair of atoms in the whole
with a maximal error on the order of a typical third-neare
neighbor coupling. In contrast to that, the uncertainties in
described procedure for Ge correspond to typical seco
nearest-neighbor coupling constants since data only from
p(231) structure were used for the local-coupling transf
Furthermore, if we recalculate the dynamical matrix at thJ
point of Si~001! c(432), we reproduce exactly the matri
determined by DFPT. Especially flat surface bands are th
fore reproduced very accurately by our approach.

The force-constant matrix of thep(232) phase of
Ge~001! was calculated by transferring the coupling co
stants of thep(231) phase. This yielded a good approxim
tion since the local structural characteristics, namely til
dimers, are present on both surfaces. Since the force
stants of Si~001! c(432) are known more precisely, we ca
go one step further for Si and transfer the coupling consta
from c(432) to p(232). This yields very accurate resul
since both surfaces exhibit the same structure along a w
dimer row.

In fact, the differences in the atomic positions of equiv
lent atoms of the HOR in the area markedrow 1 in Fig. 9 are
negligible. Hence the bonding lengths and bonding dir
tions within a dimer row are identical. This in turn mean
according to the general ideas of the LCT approach, that
coupling between atoms within one dimer row can direc
be transferred from thec(432) to thep(232) reconstruc-
tion. There is no need to further manipulate the force c
stants like in the case of Ge.

Differences only arise when we consider the coupling
tween atoms at different dimer rows. By means of symme
however, the remaining unknown terms can be easily de
mined. Consider, for example, the coupling of atom 11
Fig. 9 to the closest upper-layer atom of the neighbor
dimer row marked atoma. The respective force constan
corresponds to the coupling of atom 11 to a lower dim
atom in thec(432) phase, but to a higher dimer atom in th
p(232) geometry. Since the symmetry operationsx maps
the upper dimer atom 4 of the central dimer row ontoa in the

FIG. 9. Side view of the HOR atomic geometry. The ar
markedrow 1 indicates a unit cell as used in our computations. T
unit cell is chosen to incorporate the atoms displayed in the fig
and two more per layer behind those. The atomic index of the a
behind the atomk is k11. As an example, the index 1 correspon
to an upper dimer atom. The lower first-layer atom of the neighb
ing dimer along the row has index 2.
ant
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p(232) reconstruction and 12 onto 11, the force const
between the atoms 12 and 4 can be transferred to the
pling between 11 anda.

As in this example, all important coupling parameters c
be related to a coupling constant between atoms withinrow
1. Since these parameters are approximately the same
both structures, the force-constant matrix of thep(232) re-
construction is obtained very easily from that of thec(4
32) phase, just by considering the symmetry of the resp
tive structure. Furthermore, variations of the force consta
between atoms at greater distances that cannot be obtain
the above-mentioned way have only a very small effect
the dispersion of the surface bands. We estimate an erro
all the phonon frequencies of the HOR of Si~001! of no more
than 0.6 meV in the Si frequency scale.

IX. COMPARISON OF THE PHONONS OF THE HOR
OF Ge„001… AND Si„001…

In Figs. 10 and 11 we display the phonon dispersion
the HOR of Ge~001! and Si~001! along the@110#, @11̄0#, and
@100# directions. For the interpretation of experimental da
it is important to note that scattering experiments may pro
the @110# and@11̄0# directions simultaneously, if monatomi

e
re
m

r-

FIG. 10. Phonon dispersion of thec(432) surfaces of Ge and
Si along theJ G ~@110#!, G J8 ~@11̄0#!, andM G ~@100#! directions

according to Fig. 1. In thec(432) geometry theM andJ8 points
correspond to theJ point. Only eigenmodes with significant dis
placements of the first-layer atoms are plotted. At theJ point we
denote in parentheses the polarization~SP, SH! of the first-layer
atoms, as well as the6 classification of the displacement vectors
neighboring dimers along a row as described in the text. Surf
bands that are weakly localized because of a strong couplin
subsurface layer vibrations are marked with a superscriptw. The
shaded areas represent the surface projected band structure
bulk. Since the Si frequencies given in the text have been resca
we denote at the right the Ge as well as the Si frequency scale
the windows sketched at low frequencies we observe six to e
bulk resonant bands with diffuse displacement patterns. There
several bulk resonant bands in the area markedr that correspond to
a rocking motion of the dimer atoms.
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steps are present on the surfaces at room temperature
@100# direction, however, is equivalent in all terraces. B
cause of the large size of the unit cells, there is a wealth
surface features to be observed in every reconstruction.

Along the G J direction, all modes can be classified
even or odd modes with respect to the reflection abou
plane perpendicular to the rows. The symmetry plane c
tains a surface dimer. In even~odd! modes the dimer atom
vibrate in the sagittal plane~along the row!. Unlike in the
p(231) phase, the motion of the second-layer atoms is
restricted to SP or SH polarization through symmetry. C
sequently, we observe more complicated displacement
terns in the HOR. Furthermore, the displacement pattern
neighboring dimers along a row are correlated because o
sx symmetry. At the high-symmetry pointsG, J, J8, andM
of the Brillouin zones, the reflected displacement vector
one dimer is either in-phase~1! or out-of-phase~2! with the
vector of the neighboring dimer.

Because of the lack of symmetry in theG M direction, the
displacement patterns of the respective eigenvectors
rather complicated. In addition, most features are stron
bulk resonant. Since there is the possibility to classify e
mode alongG J according to SH or SP polarization, we di
cuss the observed surface bands in this direction.

Pronounced surface phonons in the low-energy spect
have already been presented in Sec. VII. In the following,
frequencies of Si have been rescaled. In the energy rang
12.7–15.2 meV in Ge and Si we find several bulk reson
modes corresponding to a rocking motion of the surfa
dimers, with an oscillation of the dimer tilt angle. At ene
gies greater than 19 meV, a lot of surface states can be fo
with an increasing variation of the bond lengths betwe
adjacent atoms.

There are two possible displacement patterns for the
modes, namely an in-phase and an out-of-phase movem
of the two atoms of one dimer. This corresponds to a swi
ing (s) or a twisting motion (t) of the first-layer atoms. We

FIG. 11. Phonon dispersion of thep(232) surfaces of Ge and
Si along theJ G ~@110#!, G J8 ~@11̄0#!, andG M ~@100#! directions
according to Fig. 1. In thep(232) geometry theM andJ8 points
correspond to theG point.
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can identify five to eight mostly bulk resonant SH mod
between 20~20.4! meV and 33.5~35! meV in Ge ~Si!.
Among the SP modes in the medium-energy range of
dispersion, we identify severaldrs modes with a displace
ment pattern that is somewhat in between a pure rock
motion and a bond stretch vibration of the dimer atoms. T
corresponding energy range is 19.5~20.7!–25.5~26.2! meV
in Ge ~Si!. At higher frequencies the bond-length oscillatio
is dominating. Consequently, we find three to four dim
stretch modes (ds) with energies between 27~28.1! and 35
~35! meV in Ge~Si!.

Finally, two high-frequency modes can be found in pa
of the dispersion of all the considered systems, namelyt
mode at 35.8~36.3! to 36.1 ~36.7! meV and ads band
slightly below thet feature. These two bands correspond
the sb mode of thep(231) phase. Thet mode as an ex-
ample is related to the folding of thesb mode at theJ8 (G)
point of the p(231) phase onto theJ point of the c(4
32) „p(232)… geometry.

The latter two modes as well as the low-energetict band
in the acoustic region of the phonon dispersion at theJ point
have been described in great detail in Ref. 8. In
molecular-dynamics simulations performed by Shkreb
et al. for Si~001!, dimer flipping events have been shown
be coupled to large twisting amplitudes of the dimers in
@100# direction. Hence, the low energy of thet mode espe-
cially in Si~001! indicates that important contributions t
dimer flipping processes arise from the thermal excitation
these surface phonons. A corresponding low-energetic
ture in thep(231) geometry cannot be found since the d
placement of the second-layer atoms is constrained by s
metry to the direction of the dimer rows. This is not the ca
for the HOR. There, the subsurface-layer atoms can mov
such a way that bond lengths can be kept nearly const
enabling the remarkably low energy of this nonacoustic f
ture. Considering the similarities of the Ge~001! and Si~001!
surfaces, it seems likely that the calculated frequency of
t band in Ge~001! is too high. As already mentioned, thet
band was the only surface band that could not be predic
with an uncertainty of less than 1 meV by our error analys
In contrast, thet band in Si~001! c(432) and Si~001! p(2
32) is obtained very accurately because the coupling c
stants could have been determined with higher precision
our LCT approach for Si~001!.

X. SUMMARY

In this paper we have presented the results fromab initio
calculations for the structural and vibrational properties
Ge~001! and Si~001!. The calculations have been performe
within density-functional theory and density-functional pe
turbation theory using a geometry of periodically repea
thin crystal films and describing the electron-ion interacti
by norm-conserving nonlocal pseudopotentials.

Similarly to Si~001!, the asymmetric configuration of th
p(231) reconstruction of Ge~001! turns out to be 0.19 eV
per dimer lower in energy than the symmetric one. A furth
reduction of the energy by 0.08 eV is found for the HO
The bond lengths of the relaxed structures do not differ fr
the bulk value by more than 4% throughout the crystal film
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The tilt angles are between 17° and 18° for the three til
dimer configurations of Ge. Whereas the interatomic d
tances in the HOR are nearly identical, the bond lengths
the dimers are shortened by 0.05 Å as compared to thep(2
31) geometry. The relaxation parameters compare well w
other theoretical studies and experimental data.

We have calculated the phonon dispersion of Ge~001!
p(231) and compared our results with Si~001!. The most
significant surface bands are present in both Ge and
Whereas the dispersion of bulk Ge and bulk Si are nearly
same up to a scaling factor, characteristic shifts occur for
surface modes, reflecting chemical trends in reconstruc
behavior. Ge avoids double bonding to a larger extent t
Si. Hence the bond lengths in Si are shorter than in Ge in
surface region, distances being already rescaled to the
spective lattice constants. Smaller bond lengths yield str
ger force constants in Si. Consequently, all the modes ex
for the three acoustic surface bands RW,A1 , andA2 and the
rocking moder are more energetic. This trend could be ge
eralized by including the case of C~001!, which reconstructs
in the symmetric configuration. Diamond exhibits a stro
tendency ofp-bond formation, which results in even stro
ger bonds between nearest neighbors. This in turn lead
particularly high frequencies of surface vibrations which
volve bond-length oscillations.

The magnitude of the coupling constants decreases
idly with increasing interatomic distances. Hence the int
action between nearest neighbors plays the most impo
role not only for structural and electronic but also for t
vibrational properties. This fact led us to the developmen
the LCT approach, which involves the following general fe
tures.

~i! Applicability: We can compute the phonon dispersi
of large-size superstructures in the whole SBZ, provided
force-constant matrix of a similar system~basic system! is
known.

~ii ! Common subunits: Properties of subunits which
characteristic for the two systems are extracted by a deta
analysis of the force-constant matrix of thebasicreconstruc-
tion. The coupling constantsKi j (R,R8) are then transferred
to the supercell according to equivalent local bonding en
ronments such as the tilted dimers or equivalent dimer ro
~by symmetry adaptation, if necessary!. Furthermore, the
coupling constants are adapted to the occurrence of s
changes in the bond lengths and the symmetry of the su
cell under investigation.

~iii ! Advantages of LCT: The major advantage of th
model is the possibility to describe large-size superc
inaccessible to computationally demanding theories s
as DFPT. A detailed error analysis is obtained throug
thorough inspection of thebasic force-constant matrix.
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The coupling constants of the HOR of Ge~001! have been
calculated by transferring the coupling constants of thep(2
31) phase. For the HOR of Si~001!, some of the force con-
stants had to be transferred from thep(231) phase, while
the most important coupling parameters were adapted f
the dynamical matrix computed within DFPT for thec(4
32) reconstruction at theJ point. The transfer from the
c(432) to the p(232) phase yields very accurate resu
since the two surfaces of the HOR exhibit the same struc
along a whole dimer row.

Due to the large size of the unit cells, we observe a wea
of surface states including rocking, twisting, swinging, a
stretching motions of surface atoms in each considered
construction. The phonon-dispersion curves of the HOR
Ge~001! and Si~001! are similar, the bands of Si being i
general more energetic, just as in thep(231) reconstruc-
tion.

The phonon dispersion of Ge~001! has been compared t
the measured data from inelastic He-atom scatter
Whereas poor agreement is observed for thep(231) struc-
ture, the calculated surface bands of the HOR reproduce
well the experimentally resolved surface features as wel
the scattering intensities. Analogous to the results from
cent molecular-dynamics studies and photoemission exp
ments for Si~001!, we conclude that the HOR are present
room temperature also in Ge~001!, indicating a short-range
correlation between adjacent dimers. We get contribution
the scattering intensities from both reconstructions. Con
quently, thermally induced correlated flipping processes
not change the antiferromagnetic ordering of the tilt
dimers along a row at a local scale. This correlation a
manifests itself in the energy difference between the H
and thep(231) phase of 0.08 eV per dimer.

So far we have investigated only nonpolar covalen
bonded systems with the LCT approach. An extension
polar materials could be undertaken by separation of the c
pling constants into short-range and long-range contri
tions. The latter arise from the effective charges of the ato
which could be transferred from thebasic structure to
equivalent atoms of the supercell.
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