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Theoretical studies of atomic vibrations on the Sj001)(2x 1) surface
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We present adiabatic bond-charge model studies of surface-phonon modes on the symmetric and asymmetric
dimer models of the $001)(2x1) surface. The structural and electronic information necessary for these
calculations is obtained using ttab initio pseudopotential method. We find that dimerization leads to the
formation of new peaks in the phonon density of states. In particular, the peak in the stomach gap at around 30
meV is a strong signature of dimer formatig&0163-1827)08931-5

. INTRODUCTION non frequency at thé point (corner of surface Brillouin
zone has been placed at a significantly lower energy than in
The S{001)(2x1) surface has been among the mostany of the tight-binding calculatiorf§-3°

widely studied of semiconductor surfaces because of its im- As a phenomenological theoretical scheme, the adiabatic
portance to device physics. Over the past two decades, molsond-charge modé¢BCM) has been found to be successful
experimental and theoretical works have been devoted to thie studies of phonon modes in bulk semiconductdré,on
determination of surface atomic geometry and surface elecsemiconductor surfacé$? as well as on the hydrogen-
tronic states. Structural studies using low energy electro§overed silicon surfac€:*® In the present paper, we have
diffraction~ reflection high energy electron diffractidn, used this model to study atomic vibrations at the
x-rays®~7 and He atonfsindicate an asymmetric dimer ge- Si(001)(2x1) surface within a rep_eated slgb scheme. The
ometry for the top surface layer, while surface electronicond-charge model represents an intermediate level of theory

bands have been mapped by photoemis&mithough the between tight-binding andb initio calculations, in the sense

symmetric dimer geometry is supported by some older theot-hat it requires far fewer parameters than the former, yet far

retical works™®recent well-convergeb initio pseudopo- less computer time than the latter. In view of the disagree-

tential total energy calculations favor the asymmetric dimelment betw_een existing t|ght-b|nd_|ng amh initio calcula-
configurationt4-16 t||ons]: of lattice r(ilyr;]amms, there tra]xsts a cleellr need for further
' . clarification, which our approach can su .
In truth, the low temperature clean(801) surface is now bp bply

d d . 4% 2) oh L ¢ First of all we present results of a initio pseudopoten-
understood to reconstruct intocg4 X 2) phase consisting of 5| caiculatiort® for the relaxed atomic geometry and the

alternately buckled asymmetric dimers Correlated dy- corresponding electronic states. Dangling BC positions are
namic flipping of these dimers can lead to room temperaturgetermined from the calculated valence electron charge den-
scanning tunneling microscopy detecting only ax(B) ity for the dangling bonds. The relaxed ionic and the corre-
periodicity® Computational practicalities have thus far re- sponding BC positions are used as input to our BCM calcu-
stricted theoretical calculations of thg4Xx2) phase to a |ations. We present a detailed discussion on the polarization
small number of structural / electronit,;?® and lattice  and localization of vibrational modes along symmetry direc-
dynamicat>'82° studies. Nevertheless, the study of thetions on the surface Brillouin zone. We also provide discus-
(2Xx1) reconstructed surface is expected to reveal similasion on the effect of surface relaxation on localized phonon
underlying physics to the(4X2) phase, since both are modes on this surface. Our results are compared with avail-
composed of the same asymmetric dimer building blocksable theoretical and experimental results.
Investigation of the $001)(2x 1) surface is thus a vital first
step towards a thorough understanding ofaf#x 2) recon-
structed surface. Il. THEORY

While He-atom-scatterirfg?®> and high-resolution elec-
tron energy-loss spectroscopy* have been used to study
surface-phonon modes of some II[A0) surfaces, only one The atomic geometry required as input for the phonon
experimental work(Brillouin light scattering® has been studies was calculated within the local density approximation
done on the surface phonons of(&i1)(2x1). On the theo- to the density functional theory. The electron-ion interaction
retical side, Allan and Mef& presented the first study of the was dealt with by means of thab initio pseudopotential
surface-phonon spectrum of(801)(2x1) by using a tight- schemé’ employing a basis set of plane waves up to a ki-
binding theory. The tight-binding model has since been apnetic energy cutoff of 8 Ry. The surface was modeled within
plied to the Sj001)(2x 1) surface by several group5.3°Re-  a supercell containing eight layers of Si and the equivalent of
cently, Fritsch and Pavofehave used a linear response four atomic layers of vacuum. One side of the Si slab was
approach, based on the density functional perturbativéerminated with H atoms arranged in a dihydride structure
scheme, to study surface phonons on this surface. One of tHer the purpose of passivating the back surface. The other
important points to note in their work is that the lowest pho-side constituted the surface of interest and was left clean,

A. Atomic geometry and electronic states
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with Si dimer formation in thg110] direction. The atomic TABLE I. Force-constant parameters used in the study of
degree of freedom was relaxed using a conjugate gradiefi(00)(2x1) in units of €%/V,, whereV, is the bulk unit cell
technique' with total energy and forces Supp"ed at each itVOlUme andro is the bond Iength between nearest-neighbor ions.
eration by solving the Kohn-Sham equation. One semire=
laxed geometry was determined by constraining the dimer t&i-i ¢lsc  d-ilfo HlsceumacdTo B Zle
be symmetric, while a second fully relaxed geometry was!8-63 ~ 19.41  —1.99 —0.66 8.60 0.145
determined in which the dimer took its optimum asymmetric
form. Our results for the asymmetric model were briefly dis-
cussed in a recent publicatiof.

We present a detailed comparison of the phonon modes
for both the symmetric and asymmetric dimer configurations,
and also the unrelaxed geometry.

The model includes three types of interactions.

(i) The long-range Coulomb interaction between all par-

In the BCM lattice dynamics of semiconductor structuresticles (i.e., ions and bond chargeis controlled by the model
characterized by a large degree of covalency are studied Bysrameterz?/e, wheree is the dielectric constant of the
incorporating the effect of valence electrons in terms of bondsemiconductor. The Coulomb matrix is of dimension

charges (BC's). In the adiabatic BCM for tetrahedrally 300x 300, corresponding to a total of 100 charged particles
bonded structures the valence electron charge density is regs the supercell:

resented by massless point particles, viz. BC'’s, located at the
maximum charge density between neighboring atoms. e2 72| 4Cyr —2C;
For lattice dynamical studies we have modeled the CSpory KK |Q)= V.5 l—2ct ¢ }
Si(001)-(2X% 1) surface in a repeated slab scheme, similar to a ® T S
that used for our plane-wave pseudopotential calculations afhere Cr,C+,C1 ,Cs denote the ion-ion, ion-BC, BC-ion,
atomic geometry and electronic states. The supercell corand BC-BC matrices, respectively, aN{ is the volume of
sisted of 16 layers of Si and a vacuum region equivalent tgulk unit cell. These matrices are taken into account by an
eight atomic layers. In this case we do not passivate ongwald techniqué® We find that the self term ion-ion Cou-
surface with H, but instead use a relaxed geometry, takepmb force constant matrices are nonzero because of broken
from ourab initio pseudopotential calculations, for each sidepulk symmetry in the presence of the surface.
of the slab. Atoms in the top three layers on each side are (ji) ¢, 5. denotes the ion-BC central potential agel ;
placed at their relaxed positions, while deeper lying atomghows nearest neighbor interaction potential between ions. In
are taken at their bulk positions. Bond charges were, in gengrder to get the first derivative af;_gc and ¢;_;, we have
eral, placed midway between nearest-neighbor Si ions anghposed the equilibrium condition for the unit cell described
given charge Ze. In order to maintain overall charge neutralahove. From this condition, we find that the first derivative
|ty within each bulk unit cell, the Siions were given a ChargeOf ¢i—BC at the surface has a negative Va(lsee Table )|’
of —2 Ze. However, the bond charges representing the danhile in the bulk such a parameter is assumed to be Zero.
gling bonds of the dimer were instead positioned andrhe second derivatives of the potentials do not appear for
charged according to the positions and magnitudes of thgjs equilibrium condition and thus are taken as their bulk
maxima in the partial electronic charge densities obtained fogajyes, since the relative distances between ion-BC, ion-ion,
those states from theb initio pseudopotential calculation. In 3nd BC-BC are nearly the same as the bulk values. The

test calculations, we have found that changing the danglingentral force constant matrix between two particles can then
bond-charge positions by up to 10% of the ion-BC distanceye calculated 38

results in changes to phonon frequencies of substantially less
than 1%. Lo XaXg | o, 1,
In all, there were 32 ions within the supercell and 62 Pap=xy. 7K/ K)=—7" | b, (N =T (1)
ordinary BC’s. In the semirelaxed ca§ee., the symmetric
dimer geometry the three dangling-bond-related orbital Oap
lobes on each side of the slab have maxima of equal magni- + e b e (1) @
tude [see Fig. 2a)], and so we assign a BC to each with a
charge of 0.33 Ze. For the fully relaxed cdse. asymmetric Wherer denotes magnitude of the relative distance between
dimer geometrythese orbital lobes are inequivalg¢aee Fig. ~ particlex in /th unit cell, andx" in /’th unit cell, ande,,
2(b)] and are assigned charges of 0.55 Ze, 0.35 Ze, and 0.T¥@presents interparticle central potentiah (gc or ¢;_;).
Ze. In test calculations, we have found that redistributing ug=rom the above equation, we have observed that the central
to 0.05 Ze between these lobes alters phonon frequencies f§rce-constant matrices between top three layer atoms and
much less than 1%. In total, there were 100 charged particleBC's are very different from their bulk values, indicating
within the supercell for the both the relaxed and the semireclearly that a careful consideration of the ion-BC force-
laxed geometries. constant matrix is very important for a study of surface dy-
Additionally, we have performed calculations for the un- hamics.
relaxed geometry, in which the surface atoms are not dimer- (i) A bond-bending potential of the Keating forihjn-
ized and possess two dangling bonds each, which we repr&olving the BC-ion-BC angle, is considered to be controlled
sent by BC’s of charge Ze/2 positioned along the tetrahedrddy the parameteB, ,
bonding directions at the bulk BC-ion distance. Once again A)_1 221, 2
there are 100 charged particles within thex(2) supercell. Vo =2 Balrairaj+ajz)/4ay, 2

B. Lattice dynamics
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whereB, is the Keating force constant,; andr,; are the (@)

position vectors between the ion of typeand its neighbor- ‘{5.6_2_/“\_
ing bond charges, andii is the equilibrium value of T
Irai-Tajl- Although we have takeB, as the same as its bulk

value, the elements of the short range Keating ion-BC’s ma-

trices between the top layer atoms and their neighboring

BC’s become very much different from their bulk values
because the angle between neighboring BC’s changes con- )
siderably on the relaxed surface.

The above two-body and bond-bending potentials are
used to generate the elements of the short range BCM force-
constant matrices. Thus, the total short range interaction ma-
trix can be divided into three groups, the ion-ion force con-
stant matrixR (derived from ¢;_;), the ion-BC constant
matrix T (derived from ¢;_gc and Vﬁb), and the BC-BC
force constant matri$ (derived fromV,;,). The coupled dy-
namical equations for the ion and BC displacement vectors
(Uion andUge) are

[001]

[110]

[110])

(©)
[110]

ZZ

ZZ
R+ T CR) Uiont

T-— CT> Ugc,
©)

2 —
Mion@“Ujon= [110]

ZZ
S+ ? CS) UBC .
4

In the adiabatic approximation we assumg: as zero, and
thus the effective ion-ion matrixR¢) is found as

272
mBCwZUBC: ( T - T C? ) Uiont

FIG. 1. Schemati¢a) side and(b) top views of the asymmetric
relaxed surface geometry of the Si(001)}2) surface. Also
shown is(c) the surface Brillouin zone.

2 2 2 -1
Resi= R+£ Cr|—|T—— C+ S+Z— Cs charge transfer denudes one of the outer lobes, while the
& € & other is enhanceésee Fig. 2 Three bond charges are as-
2 signed to mimic these lobes, with a total charge equivalent to
X T+_T Cq|. (5)  two electrons. The charge and position of each individual

bond charge is determined by the magnitude and position of
The eigensolutions of the dynamical problem are obtained bjhe charge density maximum of the lobe which it mimics

solving the secular equation (see discussion in Sec. 1B
The electronic band structure of the asymmetric dimer

1 5 geometry is shown in Fig. 3. The-bonded dangling-bond
M Re(d) — @1 |Uion() =0, 6) orbital appears as the highest occupied surface state, just
] o ) encroaching into the fundamental gap, while a
whereM is the ionic mass matrix. «* -antibonding orbital accounts for the lowest unoccupied
surface state. Comparison with experimental refllts
. RESULTS good, but not perfect. Experiment reveals two occupied sur-

face states. The lower lying of these matches our results very
well, but the higher lying band has never been reported in
In Fig. 1, we show schematic side and top views of theany previous theoretical calculation for the Si(00LX(R)
relaxed surface geometry of the Si(001)X2) surface. surfacé®and does not appear in ours. Such a band has, how-
Dimerization is considered alori§10], leading to a doubled ever, been noted by Northrtfpand by Fritsch and Pavotte
periodicity in this direction, and to the formation of dimer in calculations for thes(4X 2) reconstructed surface.
rows along[ 110]. Constraining the Si dimer to be symmet-
ric, we obtain a dimer bond length of 2.20 A somewhat B. Surface phonons
shorter than our theoretically calculated bulk Si-Si bond ) _ _
length of 2.35 A. However, removing the constraint, we find " Fig. 4, we have plotted the projected bulk Si phonon
that the asymmetric dimer geometry is energetically favor€nergieshatched regionand the results for the asymmetric
able by 0.12 eV per dimer over the symmetric dimer geom_d|mer geometry are ;hown by thick lines, while the results
etry. The asymmetric dimer is buckled by 16.1° and has 40r the symmetric dimer geometry are shown by dashed
bond length of 2.25 A® lines. For surface phonons with wave vector aldig, we
In both the symmetric and asymmetric geometries, thdind no appreciable change in the dispersion between the two
dang"ng bonds on the Si dimer atoms formﬂebonding models_,ﬂhlle for those with a finite wave vector component
orbital with three lobes, although in the asymmetric casealong I'-J’ (the dimer row directioh there is noticeable

A. Surface atomic geometry and electronic states
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(b) @ 5

on Si(001)(2< 1): (a) symmetric dimer(b) asymmetric dimer. The
electron density is normalized to the number of electrons in the
supercell(i.e., 68 in all the pseudopotential calculations reported

here.
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FIG. 4. The dispersion of surface-phonon modes on the
Si(001)(2< 1) surface. The calculated results for the asymmetric
surface geometry are shown by thick solid curves. The results for
the symmetric surface geometry are shown by dashed curves.

change in the dispersion. In general the tilt of the dimer
results in the energy of zone-edge surface phonons dropping
by up to 2 meV. We have observed that the lowest surface-
phonon mod€Rayleigh branchbecomes more distinct &t

from the bulk phonon modes than was the case for the sym-
metric dimer geometry.

We have also presentgfFig. 5 the phonon density of

_ _ _ states of the repeated slab with the asymmetric relaxed sur-
FIG. 2. Electronic charge density for the dangling bond chargeg, ¢ geometry. For comparison, the phonon density of states

for bulk Si is shown by the dashed curve. Some peaks char-
acterized by atomic vibrations on the Si(001)(2) surface

are labeleds, to Sy in the figure. The peals; at around 7
meV is due to the Rayleigh waves mainly along thel
direction, whileS, and S; are peaks due to localized stom-
ach gap phonon states. The peaks lab&8ednd Sy are the
two surface states lying above the bulk continu(gee also
Fig. 4).
(i) The effect of surface relaxation on vibratiorisor the

unrelaxed surface calculation we have considered the ideally
terminated bulk positions for the ions, and placed bond
charges of magnitude Ze/2 at their bulk positions along each
of the dangling bonds from the top layer ions. In Fig. 6, we

Density of states (arb. units)

FIG. 3. Surface electronic states for the asymmetric dimer

model of Si(001)(x 1). Solid lines show theoretical results, while
filled circles show the experimental results of Uhrbetgal. (Ref.

et al. (Ref. 10.

300

250—2
200—2
150—3
1oo—f

50

Energy (meV)

FIG. 5. The density of phonon states for the slab supercell with
9) and open circles show the experimental results of Johanssaime asymmetric surface geometsplid curve is compared with the
bulk density of stategdotted curve S;-Ss represent surface peaks.
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300 -7 cies at 5.42, 5.43, and 7.72 meV are acoustic modes with all
1 atoms in the top two surface layers moving in phase. The
250 0 lowest frequency 5.42 meV results from the vibrations of the

first layer and second layer atoms in the dimer row direction,
[110]. The second nonzero surface frequency at 5.43 meV is
due to the motion of the atoms in the top two layers in the
dimer bond direction[110]. The third nonzero surface fre-
guency at 7.72 meV is due to vibrations of the top two layer
atoms perpendicular to the surface.

These lowest three phonon modes are actually Lamb
wave$! (i.e. plate modes, rather than true surface mpdes
The lowest energy pair are antisymmetric “flexural” modes,
while the other is symmetric. At the zone center, only three
such modes are expected. Lamb wave frequencies are depen-
dent upon the thickness of the slab, and tend towards that of

FIG. 6. The density of phonon states oi0Bi1). The solid curve ~ the Rayleigh wave as the slab thickness tends to infinity.
is obtained from th€001) slab supercell calculation with the asym- This may be clearly seen in Fig. 8, which shows the zone
metric surface geometry, while the dotted curve shows the densitgenter Lamb wave frequencies dropping towards zero as the
of states with the ideally terminated surface geometry. slab thickness is increased in test calculations. All phonon

frequencies presented in this paper, other than these three,

have plotted the phonon density of states of the repeated slafe well-converged with respect to the slab thickness, since
with the ideally terminated surface geomefdashed curve  (hey are not Lamb waves.

and with the asymmetric relaxed surface geomesylid The phonon mode at 14.86 meV has a complex character
curvg. The peaksS, at around 30 meV an8; ataround 42 iy viprations from the top two layer atoms. The phonon

meV are due to localized surface states in the stomach gaps, ; ; : ; ;
) ode at 25.49 meV is a dimer rocking mode with opposin
The peakS, is not observed for the unrelaxed surface geom- g PP 9

etry, that is, it clearly arises due to the formation of surfac vibrations of the first layer atoms. This phonon mode has

dimers, as do peaks, andS. On the other hand, the peak een reported at 21.2 meV in a recahtinitio calculation®®
S; can, be seepn with the uﬁrelaxed surface ge’ometey al:l'he phonon mode at 32.89 meV is characterized by parallel
though it is not in the gap region for this geometry " “"motion of the first layer atoms, while the second layer atoms

(ii) Polarization and localization of surface modda this ~ Vibrate perpendicular to each other. The phonon mode at

section we will present discussion on polarization and local#8-50 MeV is due to opposing vibrations of the first and
ization of surface-phonon modes for which vibrational am-Second layer atoms. The phonon mode at 58.05 meV comes

plitudes are largest for the first and second layer atoms. Duom the vibrations of the second layer atoms perpendicular
to 3° of freedom per atom and a total of four atoms pert© eagh ot_her while the first layer atoms vibrate in the dimer
surface unit cell, we have 12 surface vibrational modes for 40W direction. The phonon mode at 61.32 meV is character-
chosen phonon wave vector, with the lowest three bein¢Z€d by opposing vibrations of the top two layer atoms in the
acoustic. In the following discussion, diagrams of displacedimer row direction. Finally, we have observed the highest
ment patterns have been provided for those phonon modésirface optical frequency at tHe point at 69.25 meV. For
whose eigenvectors have negligible imaginary componentshis phonon mode, the first layer atoms vibrate against each
Where the imaginary components are non-negligible, the poether while the second layer atoms vibrate perpendicular to
larization characteristics have been described, but it is no¢ach other.
possible to display displacement patterns graphically for We have estimated the Rayleigh wa{®@W) velocity
such cases. In selected cases we also list the parity of phonaiose to thel” point by averaging the velocities in both the
modes relative to the mirror plane containing the dimer.  T-J andI-J’ directions. The RW velocity was found to be
(@) At thel™ point In Table Il, we present our calculated Vgy=4930 ms?, in good agreement with the experimental
surface-phonon modes on Si(001){2). We also present value of Vah=5020 ms* measured by Dutchest al. using
the displacement patterns of 12 surface phonon modes at tiillouin light scattering?® and the value of Vgy
I point in Fig. 7. The lowest three nonzero surface frequen=4860 ms* calculated by Fritsch and Pavohe.

200 ]
150
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Density of states (arb. units)

50

0 = e e
0 0. 20 30 40 50 60 70 80

Energy (meV)

TABLE IlI. Calculated surface-phonon frequencies of0BI)(2x 1) at theF_point and their comparison
with a recentab initio calculation. The symmetry is defined with respect to the mirror plane perpendicular to
the dimer rowd+ is even,— is odd. Frequencies are given in meV.

Reference Modes atIT

Present results 5.42 543 7.72 1486 17.28 2549 3289 37.74 4850 58.05 61.32 69.25
Symmetry - + + + - + + + + - - +
(Reference 16 21.2 63.6
Symmetry + +
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[110]

v=542 meV v=17.28 meV v=58.05 meV v=61.32 meV

@ and Q) first layer atoms
@ and @ second layer atoms

[001]

[110]

v=5.43 meV v=14.86 meV

v=137.74 meV

v=132.89 meV v=48.50 meV

v=69.25 meV

FIG. 7. Atomic displacement patterns of twelve surface-phonon modes ﬁpbint.

(b) At thed’ point Away from thel point, it is conve- all 16 layers in the slabfor some modes on Si(001)
nient to describe phonon modes as having either sagittak(2x 1) at the’ point. We also compare our results with
plane(SP or shear horizontalSH) polarization. The sagittal egarlier theoretical calculatioré22:30:15
plane is defined as that plane containing both the two- The RW phonon mode at 13.60 meV is totally polarized
dimensional phonon wave vector and the surface normals sp with parallel vibrations of the first layer atoms in the
vector, while shear horizontal vibrations are those which ocsrface normal direction. A similar displacement pattern for
cur perpendicular to the sagittal plane. In Table Ill, wegpyig phonon mode has also been found by Fritsch and
present calculated surface- phonon frequencies and their pg\,onds42\with a much lower energy. In other words, while
larization character&alculated including contributions from i our work we find the RW in resonance with the bulk

spectrum, the work of Fritsch and Pavone characterizes it as
12 4 a true surface mode below the bulk continuum. On the other
10 hand, the energy of our RW modeHtagrees well with two
earlier tight-binding calculations by Alerhand and Mé&le,
and by Mazur and Pollmanfi.

The phonon mode at 14.98 meV has a displacement pat-
tern similar to the RW mode. The phonon mode at 15.55
| meV is mainly due to the second layer atoms vibrating in
4- phase along the surface normal. Fritsch and Pavone also ob-
1 tained a phonon mode at 12.53 meV with a similar displace-
2 ment pattern. The phonon mode at 18.05 meV is 80% SP

1 polarized and corresponds to vibrations of the first layer at-
0 T T T T T T T T oms with components in both the surface normal and dimer

16 15 20 25 30 35 40 45 50 bond directions, while second layer atoms vibrate in the

Number of layers in the slab dimer row direction. The phonon mode at 21.56 meV agrees

with the phonon mode at 20.63 meV in the theoretical work

FIG. 8. Variation of zone center Lamb wave frequencies withof Fritsch and Pavor{é with respect to its energy location
slab thickness. and polarization behavior. For this phonon mode, the first

=
|

Energy (meV)
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TABLE Ill. Comparison of calculated surface phonons of081)(2x1) at theJ’ point with results of
earlier theoretical calculations. Also tabulated are normalized summations of the ionic displacements in the
shear horizontal plan€SH) and the sagittal plan€éSP), including contributions from all layers in the super-
cell. Frequencies are given in meV.

Reference Modes at]’

Present results  13.60 14.98 15.55 18.05 21.56 27.63 29.83 38.10 45.94 51.66 53.12 65.12
[ZUép] 1.00 091 0.88 0.78 0.37 0.83 0.78 092 056 0.77 0.80 0.28
[EUéH] 0.00 0.09 0.12 0.22 063 0.17 0.22 0.08 044 0.23 0.20 0.72
Reference 27 ~68.7
Reference 29 13.6 61.1
Reference 30 ~13.7 ~64.0

Reference 15 9.24 12.53 20.63

layer atoms vibrate against each other in the surface normdal0.30 meV for the RW. On the other hand, our calculated
direction while they move parallel to each other in the dimerenergy for this phonon mode is in agreement with earlier
bond direction. tight-binding calculation results*®

The phonon mode at 29.83 meV is a true localizéd The phonon mode at 18.88 meV kit results from the
surface-phonon mode with 80% SP polarization. The phonoliprations of the first and second layer atoms in the dimer
mode at 38.1 meV corresponds to the motion of the firsf,,; ang surface normal directions, respectively. The phonon

Ie;yer ato_rt‘)nsgn thﬁhdimer row ditrect:iotrrw] V.Vhitlﬁ the s;acond Iayer||”node at 20.92 meV is a rocking phonon mode with opposing
:nodm;n\]/:err%c?n(\;w direccf')[:”(r)]r?gn'(le'ﬂes h%nolrr: mc? d:ua:tafse 920:;1 ibrations of the first layer atoms. This phonon mode has
' P ) een reported at 20.0 meV in the work of Fritsch and

comes from the motion of the second layer atoms in th$avon 592 espectively

dimer bond direction while the first layer atoms vibrate in
both the dimer bond and surface normal directions. The pho- The phonon modes at 29.40 meV, 43.20 meV, 45.73

non mode at 51.66 meV has 77% SP character with vibra'—nev' and 53.97 meV are localized stomach gap phonon

tions of the second layer atoms in the dimer bond directionmOdes and their displacement patterns are shown in Fig. 9.

The highest surface optical mode at 65.12 meV has 72% SI]|—he. phonoq mode at 29‘40. meV comes fm”? opposing vi-
character and mainly corresponds to the vibrations of secon pations of first layer atoms in the dlmer'row d'rec“or.‘ Wh.'le
e second layer atoms move in the dimer bond direction.

layer atoms with components in both the surface normal and :
4 P ritsch and Pavorf2*? have observed a phonon mode at

dimer bond directions. . . , ;

©) At the?point Some of the phonon frequencies and 35.2 meV in the §tomach gap region also.wnh large phspl.ace-
their comparison with earlier theoretical calculatigre 315 ments from the first layer atoms in the dimer row direction.

— ) ) ) The phonon mode at 43.20 meV is a swinging mode with
atK are listed in Table IV. Note that the Rayleigh wave only yiprations of the first layer atoms in the dimer row direction.
becomes a true surface localized state aldiigand close to  This phonon mode can be compared to the phonon modes at
K alongK-J'. The RW frequency of 15.77 meV at the  44.2 meV and 41.1 meV in the works of Allan and M&le
point corresponds to the vibrations of the first layer atomsand Fritsch and Pavorte respectively.
with components in both the surface normal and dimer bond We have observed a dimer stretching phonon mode at
directions, while the second layer atoms move in the dimen5.77 meV which has been reported at 42.7 meV by Fritsch
row direction. A similar displacement pattern for this phononand Pavoné® The phonon mode at 61.64 meV corresponds
mode also has been observed by Fritsch and Patfddew-  to opposing vibrations of the first layer atoms in the dimer
ever, they have obtained a significantly lower frequency otbond direction. The highest surface optical frequency is due

TABLE IV. Calculated surface-phonon frequencies ofdBil)(2x1) at theK point and their comparison
with earlier theoretical calculations. Also tabulated are normalized summations of the ionic displacements in
the shear horizontal plang&H) and the sagittal planéSP), including contributions from all layers in the
supercell. Frequencies are given in meV.

Reference Modes atK_

Present results 15.77 18.88 20.92 29.40 43.2 45,77 53.97 61.64 65.48
[EU%P] 0.70 0.87 0.73 0.48 0.67 0.61 0.80 0.45 0.34
[EU%H] 0.30 0.13 0.27 0.52 0.33 0.39 0.20 0.55 0.66
Reference 27 ~68.0
Reference 29 14.4 61.2
Reference 30 ~14.5 ~63.2
Reference 15 10.3 20.0 ~35.2 41.1 42.7 59.3
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(110} [001] The phonon mode at 22.37 meV has been placed at 22.6
meV in the work of Fritsch and Pavolteand is a rocking
phonon mode with the vibrations of the first layer atoms in
both the surface normal and dimer bond directions. The pho-
non mode at 50.14 meV is totally SP polarized and mainly
corresponds to the opposing motion of the second layer at-
oms in the surface normal direction. The phonon mode at
58.75 meV is due to the opposing vibrations of the first and
second layer atoms in the dimer row direction. The phonon
mode at 62.13 meV is totally SP with vibrations of the top
two layer atoms in both the surface normal and dimer bond
direction. The highest surface-phonon mode at 69.45 meV is
due to vibrations of the first and second layer atoms with
components in both the surface normal and dimer bond di-
rections. Finally, comparing the displacement patterns of the
highest surface optical phonon mode at the symmetry points,
@ and @ firstlayer atoms we find that the atomic displacement patterns corresponding
©® and @ second layer atoms to the highest surface optical phonon mode are wave vector
dependenti.e., are different at different points on the surface
Brillouin zone.

[110] [110]

v=45.73 meV

v=53.97 meV IV. SUMMARY

FIG. 9. Atimi(.: displacement patterns of localized gap phonon | this paper, we have presented a study of the phonon

modes at th& point. modes for the symmetric and asymmetric dimer models of
the Si(001)(2< 1) surface calculated within the phenomeno-

to the vibrations of the second layer atoms with componentfogical adiabatic bond-charge model. The atomic geometry
both in the surface normal and dimer bond directions whileand dangling bond charges are taken from am initio
the first layer atoms vibrate in the dimer row direction. Allan pseudopotential calculation. In general, our results are in
and Melé® also observed large vibrational amplitudes fromagreement with earlier theoretical calculations. For relaxed
the second layer atoms for this phonon mfsiee Fig. &) in  symmetric and asymmetric dimer models we find that the tilt
Ref. 26. of the dimer results in the energy of zone-edge surface

(d) At the Jpoint. Some of the phonon energies and theirphonons dropping by up to 2 meV, with the consequence that
comparison with earlier theoretical calculati6h®°*°at  the Rayleigh modethe lowest surface-phonon modbe-
theJ point are given in Table V. The Rayleigh phonon modecomes more distinct from the bulk phonon modes for the
at 8.38 meV is purely sagittal and mainly corresponds to thdilted dimer. In particular, we have obtained the energy of the
vibrations of the first layer atoms with components both inRayleigh frequency & in agreement with tight-binding cal-
the surface normal and dimer bond directions. The phonorulations, whereas a receab initio calculation by Fritsch
mode of 10.30 meV is characterized by the vibrations of theand Pavone obtained a significantly lower energy for this
first and second layer atoms with components both in thenode.
surface normal and dimer bond directions. The phonon mode Comparison of our results for relaxed and unrelaxed ge-
at 16.24 meV is purely shear horizontal and results fromometries reveals that dimerization leads to new peaks in the
vibrations of the top three layer atoms in the dimer row di-phonon density of states. In particular, the stomach gap peak
rection. at around 30 meV is a strong signature of dimer formation,

TABLE V. Comparison of calculated surface phonons o0&l (2x1) at theJ point with results of
earlier theoretical calculations. Also tabulated are normalized summations of the ionic displacements in the
shear horizontal plan€SH) and the sagittal plan€éSP), including contributions from all layers in the super-
cell. Frequencies are given in meV.

Reference Modes atJ_

Present results 8.39 10.30 16.24 22.37 50.14 58.75 62.13 69.45
[EU%P] 1.00 1.00 0.00 1.00 1.00 0.00 1.00 1.00
[EU%H] 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00
Reference 27 ~70.3
Reference 29 ~8.0 ~64.6
Reference 30 ~8.8 ~65.0

Reference 15 9.0 22.6 ~63.9
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since no stomach gap phonon modes are obtained for th&1). Future work will concentrate on the vibrational prop-
unrelaxed surface geometry. We have also presented a distties of thec(4 X 2) reconstruction of thé001) surface, and
cussion on the location and polarization characteristics obf overlayers on th€¢001) surface.

some surface-phonon modes at the symmetry points. It is

also found that the atomic displacement pattern correspond-
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