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Phonons on II-VI „110… semiconductor surfaces
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~Received 16 November 1999; revised manuscript received 26 June 2000!

We have studied the phonon dispersion and density-of-states on the~110! surface of II-VI compounds CdTe,
ZnTe, and ZnS in their zinc-blende phase by applying the adiabatic bond charge model. The relaxed surface
atomic geometry and the corresponding bond charge information is obtained from the application of anab
initio pseudopotential calculation. The origins of various surface phonon modes are discussed and their varia-
tion for different compounds are analyzed in terms of the reduced mass and total mass differences. Further-
more, we have related some differences between surface modes on II-VI~110! and III-V ~110! in terms of the
ionicity factor.
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I. INTRODUCTION

Microscopic investigations of atomic geometry, electron
states, and phonon modes on semiconductor surfaces
very important in view of their increasing role in electron
and optoelectronic devices. In general, most investigati
have concentrated on atomic and electronic structure of
faces of IV and III-V materials. In particular, studies of su
face phonons have mostly been performed on the Si~001!
and III-V ~110! surfaces.1,2 Relatively less attention has bee
paid towards investigations of surfaces of II-VI compoun
The atomic geometry of the~110! surface of zinc-blende
II-VI compounds has been studied by low-energy elect
diffraction ~LEED!3–6 and x-ray standing-wave measur
ments~XSW!.7 While angle-resolved photoemission~ARPE!
experiments8–12have been used to map out the occupied s
face electronic states of the ZnTe~110! and CdTe~110! sur-
faces, no such measurements are available for ZnS~110!. On
the theoretical side, atomic and electronic structures of II
~110! surfaces have been calculated using a tight-bind
method13,14 and a pseudopotential method within the loc
density approximation.15 However, no systematic effort
have been made to study phonon modes on II-VI~110! sur-
faces.

The adiabatic bond charge model, developed originally
Weber and co-workers for tetrahedrally bonded b
materials,16,17 has been extended to investigate phonons
surfaces of such materials.18 Recently we have successful
employed the adiabatic bond charge model, in conjunc
with atomic geometry and bonding results fromab initio
pseudopotential method, to investigate phonon disper
and density-of-states on III-V~110! surfaces.19–21The results
obtained are in very good agreement with experimen
measurements22–24 as well as with ab initio
calculations.22,25,26More recently, we have applied this pro
cedure to study surface phonons on a ZnSe~110! surface.27

A thorough study of surface phonons on II-VI~110! is
desirable. First of all, available results on III-V~110! sur-
faces will enable us to make comparison between sur
phonons on III-V ~110! surfaces and II-VI~110! surfaces.
PRB 620163-1829/2000/62~23!/15797~9!/$15.00
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Although the bulk dispersion curves of these materials
similar to each other qualitatively, ionicity differences fo
these semiconductors produce quantitative differences in
phonon energies of II-VI compounds and III-V
compounds.28 For example InSb and CdTe have nearly t
same bond length and average mass but the zone-cente
zone-edge phonon frequencies for CdTe are lower than
InSb due to a higher ionicity factor. The larger ionicity o
CdTe also causes a much larger LO-TO splitting at theG
point and much larger LO-LA splitting at theX point ~see
Ref. 28!. It can thus be expected that characteristics of s
face phonons on II-VI~110! would be different from those
on III-V ~110!.

In this paper we present a detailed and systematic stud
surface phonons on ZnTe~110!, CdTe~110!, and ZnS~110!
using the adiabatic bond charge model. The character
relaxed atomic geometry at these surfaces is determine
employing theab initio pseudopotential method. The resu
of the pseudopotential calculations are also used to asce
the bond charge along the dangling surface orbital.

II. METHOD

The main concept in the BCM is that the valence elect
charge-density distribution in covalent bonded semicond
tors is represented by massless bond charges~BC’s!, en-
dowed with translational degrees of freedom. The inter
tions included in the BCM are the Coulomb interactio
between all particles~ion-ion, ion-BC, and BC-BC!, a central
short-range interaction between nearest-neighbor partic
and a bond-bending interaction involving the BC-ion-B
angle.16,17,28 This model produces bulk phonon dispersi
curves for homopolar as well as heteropolar semiconduct
which are in very good agreement with experimen
neutron-scattering data29–32 and ab initio phonon
calculations.33,34

In general a BC is placed at the maximum of the ele
tronic charge density along a bond. Thus BC’s in homopo
semiconductors~such as Ge and Si! are positioned in the
middle of bond lengths, while in III-V semiconductors the
15 797 ©2000 The American Physical Society
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are displaced towards anions, dividing a bond in the ra
3:5. On the other hand, the maxima of electronic charge d
sity along the tetrahedral bonds in II-VI semiconductors
not divide the bond lengths in the ratio 2:6 but in the ra
close to 1:2.35 We also observed this ratio for the II-VI com
pounds in ourab initio pseudopotential calculations, as d
scribed below. Ifr 0 indicates the bond length andr 15(1
1p)r 0/2 and r 25(12p)r 0/2 indicate the cation-BC and
anion-BC distances respectively, then the parameterp takes
the values 0, 1/4, and 1/3 for IV, III-V, and II-VI semicon
ductors, respectively.

For surface phonon calculations we have modeled
II-VI ~110! surface in a repeated slab scheme. The supe
consisted of 11 layers of II-VI, and a vacuum region equiv
lent to eight atomic layers. The atoms in the top three lay
on each side were placed at their relaxed positions w
deeper lying atoms were taken in their bulk positions. Bo
charges were, in general, placed along the bonds betw
two ions using thep factor described earlier. However, th
BC’s representing the surface dangling bonds were pla
according to the maximum valence electron density obtai
from the pseudopotential calculations~see Results section!.

In order to apply the BCM to the II-VI~110! surfaces, the
interactions described above are used. However, as the
environments in the bulk and at the surface are different,
force constants for bulk and surface geometries will also
different. For the surface calculations we have scaled
second derivatives of the central ion-ion and ion-BC pot
tials (f9) as

fsurface9 5
r bulk

2

r surface
2

fbulk9 , ~2.1!

where rbulk and rsurface denote the magnitude of the relativ
distance between particles~ion-ion, ion-BC, and BC-BC! for
bulk and surface, respectively. The validity of this assum
tion has been established in tight-binding electronic struc
calculations.36,37 The bond-bending potential used in bu
BCM calculations is given as

Vbb
(s)5

1

2
Bs~rs i•rs j1as

2 !2/4as
2 , ~2.2!

wherersk is the distance vector between the ion types and
its neighboring bond chargek, as

2 is the equilibrium value of
urs i•rs j u, and Bs is the bond-bending force constant. Th
bulk values of the bond-bending force constant parame
B1 andB2 were also used for surface calculations. Howev
it should be appreciated that the elements of the short-ra
bond-bending ion-BC matrices between the top layer ato
and their neighboring BC’s will become very different fro
their bulk values because the dot productrs i•rs j for neigh-
boring BC’s will change considerably for the relaxed geo
etries of surfaces.

In order to calculate the relaxed atomic geometry
modeled the II-VI~110! surface in a repeated slab schem
and employed a self-consistent pseudopotential met
within the local-density approximation.2 We considered an
atomic slab with seven layers of II-VI substrates and
vacuum region equivalent of six substrate atomic layers.
electron-ion interaction was considered in the form ofab
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initio norm conserving pseudopotentials.38 The electron-
electron exchange-correlation interaction was conside
within the local-density approximation.39 The 3d electrons in
Zn and the 4d electrons in Cd were treated as core electro
but their influence on valence states was taken into acco
by applying the nonlinear core correction.40 The calculated
bulk lattice constant values of 6.43 Å, 6.08 Å, and 5.35
for CdTe, ZnTe, and ZnS, respectively, were used for surf
atomic geometry optimization as well as for surface phon
calculations. Self-consistent solutions to the Kohn-Sh
equations were obtained by employing a set of four specik
points within the irreducible part of the surface Brillou
zone.2 Well converged atomic geometry and electronic stru
ture results were obtained by considering a basis of pl
waves up to the kinetic-energy cutoff of 16 Ry.

III. RESULTS

A. Atomic geometry and electronic structure

Before discussing our results for surface phonons, we
discuss the results for atomic geometry and electronic st
ture. The calculated surface structural parameters, indic
in Fig. 1, are shown in Table I. A comparison of our resu
with previous experimental and theoretical results is a
presented. As seen in Fig. 1, the II-VI~110! surfaces show a
well-established relaxation pattern. At the surface layer
anion moves away from the bulk in favor of ans2p3 bonding
with three neighboring cations, resulting in a pyramidal g
ometry. The cation on the surface moves into the bulk
favor of ansp2 bonding with three neighboring anions re
sulting in a planar geometry. The relative displacement
the cation and the anion defines a tilt angle,v1, which char-
acterizes the extent of surface relaxation. The tilt angles
ZnTe~110!, CdTe~110!, and ZnS~110! surfaces are found to
be 29.6°, 30.4°, and 27.1°, respectively. The vertical bu
ling of the top layer, D1,' , is 0.195 Å, 0.199 Å, and
0.191 Å for ZnTe~110!, CdTe~110!, and ZnS~110!, respec-
tively. The presently calculated values of the key surfa
structural parametersv1 , D1,' , d12,' , andD1,y are in good
agreement with the results obtained from LEED studies,4,3,6

XSW studies,7 and previous theoretical calculations.7,14,15

The electronic band structures for ZnTe~110!, CdTe~110!,
and ZnS~110! are shown in Fig. 2. Our results compare w
with the available angle-resolved photoemission results8,11,12

FIG. 1. ~a! Schematic relaxed side view of II-V~110! surface.
~b! The corresponding surface Brillouin zone.



-
n terms

PRB 62 15 799PHONONS ON II-VI ~110! SEMICONDUCTOR SURFACES
TABLE I. Atomic geometry of the ZnTe~110!, CdTe~110!, and ZnS~110! surfaces. The presently calcu
lated results are compared with other theoretical and experimental data. All of the distance are given i
of the bulk lattice constant (a0) while the angles are in degrees.

a0 (Å) d12,' d12,y D1,' D1,y D2,' D2,y v1 v2

ZnTe~110!
Present 6.08 0.248 0.426 0.111 0.195 0.017 0.248 29.624.0
LEED ~Ref. 4! 28

CdTe~110!
Present 6.43 0.252 0.422 0.117 0.199 0.023 0.253 30.425.2
LEED ~Ref. 3! 0.241 0.594 0.127 0.215 0.028 30.5
LEED ~Ref. 6! 0.245 0.560 0.127 0.215 0.013 30.5
TB ~Ref. 14! 0.247 0.580 0.117 0.208 0.039 29.3
XSW ~Ref. 7! 0.120 0.219 28.7
LDA ~Ref. 7! 0.255 0.573 0.114 0.201 0.020 29.5

ZnS~110!
Present 5.35 0.254 0.435 0.098 0.191 0.017 0.248 27.124.1
LEED ~Ref. 4! 25
TB ~Ref. 13! 0.259 0.566 0.114 0.221 27.40
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for ZnTe~110! and CdTe~110!. In general, the number o
surface states on these II-VI~110! surfaces, and their energ
locations, are very similar to that obtained for III-V~110!
surfaces,41 and thus will not be discussed in detail. Howev
it will be useful for surface phonon calculations to point o
that for the relaxed atomic geometry the dangling bonds
the surface cations result in an empty band near the b
conduction-band minimum and that the dangling bonds
the anions give rise to a rather dispersionless filled band
the bulk valence-band maximum. Figure 2 also presents
location of the anion dangling BC for all the surfaces co
sidered in this paper.

B. Phonon-dispersion curve and density-of-states

The force constants used for the adibatic bond charge
culations of the bulk phonon spectra for CdTe, ZnTe, a
ZnS are taken from Ref. 28. These are then modified for
surface calculations according to Eq.~2.1!. The calculated
surface phonon dispersion curves and the density-of-st
for CdTe~110!, ZnTe~110!, and ZnS~110! are shown in Fig.
3. Also shown in that figure are the bulk spectra projected
the ~110! surface~hatched regions! and the bulk density-of-
states~dashed curve!. We first briefly discuss the bulk pho
non characteristics. We find that there is a trend in the b
phonon spectrum of the compounds studied here: the ac
tic and optical band-edge frequencies, as well as
acoustic-optical band gap, increase as we move along C
ZnSe, and ZnS. In addition, we find that ZnS is characteri
by two almost equal intensity peaks in the density-of-sta
in the optical range.

The calculated surface phonon modes are in general e
localized modes or resonant modes. Surface localized m
are in general found below the acoustic spectrum at the z
edges~known as Rayleigh modes42! in stomach gaps within
the projected bulk acoustic spectrum, within the band ga
and above the optical spectrum~known as the Fuchs-Kliewe
mode43!. The Rayleigh modes, which arise from reduc
atomic coordination at the surface, are found to lie sligh
below the acoustic spectrum for ZnTe~110! and ZnS~110!.
,
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There are three localized modes lying in the acoustic sto
ach gap for CdTe~110!, while for ZnTe~110! and ZnS~110!
there are only two such modes. For ZnS~110! we obtained a
total of four surface phonon branches in the large acous
optical bulk band gap, three of which are truely localiz
through the surface Brillouin zone. These modes give rise
a clear peak in the density-of-states between the bulk ac
tic and optical-phonon regions for ZnS. For CdTe~110! and
ZnTe~110! we have found only one surface state, leading
a rather small peak in the density-of-states within t
acoustic-optical gap region. For all the three surfaces
found the highest surface optical mode~the so-called Fuchs
Kliewer mode! to be truly localized for wave vectors alon
the directionsX̄-M̄ andM̄ -X8.

C. Characteristics of surface phonons

In this section we analyze the polarization characteris
of phonons on these surfaces. To facilitate the discussion
will present the results at the zone center in some detail
analyze changes as the wave vector moves away from
zone center. It is useful to note that the cation/anion m
ratio is 0.88, 0.51, and 2.04 for CdTe, ZnTe, and ZnS, res
cively.

1. Zone center phonons

At the zone center we have identified four interesti
types of surface modes on II-VI~110!, similar to those seen
on III-V ~110! surfaces.19 These are rotational, bond stretc
ing, gap, and Fuchs-Kliewer phonon modes.

The lowest optical surface modes at the zone center
calculated at 5.90, 7.71, and 12.34 meV for CdTe~110!,
ZnTe~110!, and ZnS~110!, respectively. These results com
pare well with the rotational mode at 4.8 and 13.7 m
calculated by Wang and Duke44 for CdTe~110! and
ZnS~110!, respectively. Although these modes involve vibr
tions of atoms up to four atomic layers, as shown in Fig.
the most significant contribution comes from the top lay
atoms in the form of rotation of the cation-anion bond. F
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all the surfaces considered we have identified a bo
stretching phonon mode that lies at 14.30, 16.50, and 23
meV for CdTe~110!, ZnTe~110!, and ZnS~110!, respectively.
This mode~see Fig. 5! results mainly from roughly equa
magnitudes of cationic and anionic vibrations at the top la
on CdTe~110! and ZnTe~110!, but also shows significant ca
ionic vibrations in the second and third layers for ZnS~110!.

The acoustic-optical gap is the smallest for CdTe and
largest for ZnS, in accordance with their cation-anion m
differences. We have calculated one gap localized mode
CdTe~110! and ZnTe~110!, and three such modes fo
ZnS~110!. The atomic vibrational pattern for the three tru
localized modes on ZnS~110! are shown in Fig. 6. The mod

FIG. 2. The electronic band structure and electronic charge d
sity for the highest occupied dangling bond states of the II-VI~110!
surface. The projected bulk spectrum is shown by hatched reg
The calculated localized electronic states are shown by solid cur
The ARPE data for CdTe~110! are shown as open squares~Ref. 8!,
and as open triangles and open diamonds~Ref. 12!. The ARPE data
for ZnTe~110! ~Ref. 11! are shown as open diamonds~23 eV pho-
ton energy!, open circles~25 eV!, and open triangles~31 eV!.
-
43

r

e
s
or

with the lowest energy can be interpreted as a bond stre
ing mode in the top two surface layers. It is interesting
note that this mode has a similar bond-stretching behavio
that found at 23.43 meV~cf. Fig. 5!, except that at this en
ergy it is the anion~with smaller mass than cation! which has
a much larger atomic vibrational amplitude. The second g
mode is totally polarized along the cation-anion chain in
top surface layer, i.e., has theA9 representation.19 The third
gap mode is also an anionic vibrational mode, charateri
by the opposing motion of the first- and second-layerS at-
oms along the surface normal direction. The zone-center
modes at 15.94 meV and 18.91 meV in the acoustic-opt
gap of CdTe and ZnTe, respectively, have theA8 represen-
tation, i.e., are polarized in a plane normal to the chain
rection.

The frequency of the Fuchs-Kliewer surface phon
mode can be calculated45 from the expression

n-

s.
s.

FIG. 3. Phonon-dispersion curves and density of phonon st
of the II-VI ~110! surfaces. For phonon-dispersion curves, the c
culated results are shown by thick-solid curves while bulk proj
tion is shown by hatched region. For the density of phonon sta
the solid curve is obtained from the~110! slab supercell calculation
with the relaxed surface geometry, while the dotted curve shows
bulk density-of-states.
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vFK5vTO@~«011!/~«`11!#1/2. ~3.1!

Accordingly, using experimental values forvTO, «0, and
«` ,45,46 this mode should occur at 22.0, 25.0, and 42.0 m
for CdTe~110!, ZnTe~110!, and ZnS~110!, respectively.
From our work, we have calculated this mode at 21.

FIG. 4. Atomic displacement patterns for the rotational phon
mode on the ZnTe~110!, CdTe~110!, and ZnS~110! surfaces at the

Ḡ point.
V

,

25.80, and 43.25 meV for CdTe~110!, ZnTe~110!, and
ZnS~110!, respectively, lending strong support to the valid
of Eq. ~3.1!. For all the three surfaces this mode originat
from the vibrations of the second- and third-layer atoms,
shown in Fig. 7. However, there is a difference in the deta
of the atomic displacement pattern at these surfaces.

n FIG. 5. Atomic displacement patterns for the bond-stretch
phonon mode on the ZnTe~110!, CdTe~110!, and ZnS~110! surfaces

at theḠ point.
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CdTe~110! and ZnTe~110! the cation and anion in each o
the second and third layers vibrate against each other.
behavior is similar to that observed on the InSb~110!
surface20,48 for which the cation and anion masses are nea
equal. The vibrational pattern for ZnS~110! is very different:
the anion vibrate with very large amplitude due to their mu
smaller mass. Similar behavior has been found for GaP~110!
and InP~110!, where anionic mass is much smaller than t
cationic mass.19,47

2. Phonon modes away from the zone center

Surface phonon modes in general show some disper
as the surface wave vector increases from the zone ce
towards a zone boundary. However, the modes that are
calized at the zone center tend to remain so throughout
zone. In addition, some of the modes that are resonant a
zone center, turn into localized modes in different parts

the zone. In particular, along the directionsḠ-M̄ , X̄-M̄ , and
M̄ -X8 localized modes develop in the ‘‘stomach’’ gap with
the acoustic region. At the zone edges there is a clear de
opment of the Rayleigh mode below the acoustic continuu
Also, the Fuchs-Kliewer mode becomes a localized mo
with frequency above the bulk optical continuum, along t

directionsḠ-M̄ , X̄-M̄ , andM̄ -X8.
We have identified up to three surface acoustic pho

modes at the zone edgesX̄ andX8. The frequencies of thes
modes lie close to the lower end of the bulk acoustic c
tinuum. For CdTe~110! atX8 their frequencies are 3.84, 4.5
and 4.79 meV, and the corresponding vibrational patterns
polarized asA8, A9, andA8, respectively. TheA8 modes are
contributed by the higher-lying transverse acoustic (T1A)
and longitudinal acoustic~LA ! bulk modes and theA9 mode
is derived from the lower-lying transverse acoustic bulk T2A
modes. For ZnTe~110! we have identified only two such
modes, at 4.76 meV with polarizationA8 and at 5.51 meV
with polarizationA9. For ZnS~110! we could only identify
the lowest mode at 8.18 meV with theA8 polarization.
Clearly, thus, the lowest-lying surface acoustic mode on
these surfaces, i.e., the Rayleigh mode, is of theA8 character.
The mixed T1A^ LA character of the Rayleigh mode atX8

FIG. 6. Atomic displacement patterns of gap phonon modes

the ZnS~110! surface at theḠ point.
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is also observed at theX̄ point. However, we find that the
Rayleigh mode at a given symmetry point on the zone can
contributed by the surface anions and cations vibrating
different directions. For example, atX8 we find that for
CdTe~110! the displacement pattern of this mode consists
the top layer and the second-layer anion atoms vibra

n

FIG. 7. Atomic displacement patterns of the Fuchs-Kliewer ph
non mode on the ZnTe~110!, CdTe~110!, and ZnS~110! surfaces at

the Ḡ point.
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along the surface normal direction. In contrast, for the sa
mode on ZnS~110! the roles of cation and anion are e
changed.

The lowest-energy acoustic-optical gap mode
ZnS~110!, with a bond-stretching character, is nearly fl
along the surface Brillouin zone. The third gap phonon mo
on ZnS~110! originates from vibrations mainly of the first
and second-layer anions and shows little dispersion throu
the zone. The second gap mode, with energy 33.00 meV
polarizationA9 at the zone center, shows appreciable disp

sion along theḠ-X̄ and M̄ -X̄ directions. However, it is al-

most dispersionless alongḠ-X8, indicating that the interac
tion between the vibrations of neighboring chains on
surface is negligible. This is a characteristic feature of theA9
gap phonon mode seen on many III-V~110! surfaces.19

D. Similarities and mass trends

Our paper shows that surface phonons on II-VI~110!
have many similarities with their counterparts on III-V~110!.
In addition, we find that, as observed for III-V~110!, there
are predictable mass trends for some of the phonon mode
II-VI ~110!. The original observation by Wang and Duke44 of
a zone-center rotational phonon mode on III-V~110! and
II-VI ~110! has been verified in several other works, inclu
ing this one. This phonon mode is a surface optical-pho
mode with opposing motions of first-layer atoms in the s
face normal direction. Figure 8~a! shows the variation of the
frequency of this phonon mode on a few II-VI~110! surfaces
against the square root of the inverse reduced mass o
cation and anion. The results suggest that the energy of
phonon mode for different II-VI~110! surfaces has a clea
linear dependence on the reduced mass. As seen in Fig.~a!,
the frequencies of the rotational mode, bond-stretching m
and the Fuchs-Kliewer phonon mode also show a lin
variation with the reduced mass. The frequency of the R
leigh mode shows a linear variation with the inverse squ
root of the total mass~i.e., sum of the cation and anio
masses!, as it can be seen in Fig. 8~b!. Such a variation is
expected as the Rayleigh mode is a surface acoustic mo

E. Comparison of surface phonons on the CdTe„110…
and InSb„1110…

It is interesting to compare the phonon modes on
CdTe~110! and InSb~110! surfaces. While CdTe and InS
have similar lattice constant and similar total as well as
duced mass per unit primitive cell, CdTe is much more io
than InSb. This, in general, has the effect of lowering
phonon frequencies, and producing a larger LO-TO splitt
at theG point and a much larger LO-LA splitting at theX
point in CdTe when compared to InSb.28 The characteristics
of surface phonon modes on CdTe~110! and InSb~110! sur-
faces reflect the differences mentioned above. We h
noted, for example, that there is a finite amount of acous
optical gap in CdTe, due to larger LO-LA splitting, allowin
the development of localized gap surface modes in
range.

Table II lists a comparison of the calculated48 surface
phonon modes on CdTe~110! and InSb~110! according to
their energy locations and theA8, A9 polarization characters
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at theḠ andX8 points. All the modes listed in the table hav
similar displacement pattern for the two surfaces, and si
the average and reduced masses are similar, the differe
in their energies can be explained on the basis of the ioni
difference. As the surface acoustic modes are not affecte
ionicity, such modes are found to lie at similar energies
the two surfaces~cf. columns 1 and 3 at theX8 point in Table
II !. In general, the surface optical modes on CdTe~110! are
found at lower energies than their counterparts on InSb~110!.
In addition, the presence of one localized phonon mode
the acoustic-optical gap region for CdTe~110! can be as-
cribed to the larger ionicity of this material. In contrast, n
such localized modes are observed on InSb~110!.20

IV. SUMMARY

We have presented the results of adiabatic bond-cha
calculations for surface phonons on the~110! surface of

FIG. 8. ~a! The rotational, bond-stretching and Fuchs-Kliew

frequencies of II-VI~110! surfaces at theḠ point against the square
root of the reduced mass (m) of the cation and anion.~b! The

Rayleigh mode on II-VI~110! surfaces at theX̄ point against the
square root of inverse total mass of surface cation and anion.
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TABLE II. Calculated surface phonon frequencies~in meV! for InSb~110! and CdTe~110! at theḠ andX8
points. RM, BS, and FK indicate the rotational mode, bond-stretching mode and the Fuchs-Kliewe
quency, respectively.

Mode A9 A8

At the Ḡ point
InSb~110! ~Refs. 48,20! 19.95 21.98 6.92 15.62 20.94 24.03
CdTe~110! 17.93 18.84 5.90 14.30 18.35 21.05

RM BS FK

At the X8 point
InSb~110! ~Refs. 48,20! 4.05 19.95 3.92 16.51 20.25 23.69
CdTe~110! 4.52 17.99 3.84 13.74 18.38 21.63
w
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the

to

cal
CdTe, ZnTe, and ZnS. In order to make such calculations
have inputted the relaxed atomic geometry and electro
structure of these surfaces, which in turn have been obta
from first-principles total-energy calculations. The presen
calculated surface atomic geometry is in good agreem
with the results obtained from LEED studies and from p
vious theoretical calculations. Similarly, our calculated s
face electronic structures for CdTe~110! and ZnTe~110! are
in good agreement with angle-resolved photoemission m
surements.

In general, the surface phonon modes follow certain m
trends: the energy of surface acoustic Rayleigh mode va
linearly with the inverse square root of the sum of the cat
and anion masses, and the energy of surface optical m
~such as the rotational, bond-stretch, gap, and Fuchs-Klie
modes! varies linearly with the inverse square root of t
reduced mass. However, the polarization characteristic
es

ys

C
a-

v

n

.

.

e
ic
ed
y
nt
-
-

a-

ss
es
n
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of

some surface optical modes on ZnS~110! are different from
their counterparts for CdTe~110! and ZnTe~110!. This is
largely due to the much larger cation-anion mass differe
for ZnS than for the other two materials. The influence of t
mass difference between Zn and S is reflected in the fact
the highest surface optical mode on ZnS~110! is exclusively
an anionic mode. Finally, it has been pointed out that
difference in the surface lattice dynamics on the~110! sur-
face of the isoelectronic materials CdTe and InSb is due
these being characterized by different levels of ionicity.
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