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Calculation of phonon dispersion on the ZnS€110) surface
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We have studied surface phonons on Z{i%6) using the adiabatic bond-charge model. The structural and
electronic information necessary for these calculations is taken from a self-consistent pseudopotential calcula-
tion. We have presented a discussion on the location and polarization of surface phonon modes at the sym-
metry points of the surface Brillouin zone. We have also compared the results for surface phonons on this
surface with those on the 111{410 surfaces[S0163-182808)05904-9

Although the (110 surface of zinc-blende binary com- tential calculatior?, while deeper-lying atoms are taken at
pounds has been among the most widely explored, most exheir bulk positions. The relaxed surface is characterized by
perimental and theoretical studies have been devoted to fally occupied Se dangling bonds and completely empty Zn
determination of atomic geometry and electronic states. Théangling bonds. The position of the Se dangling bond charge
atomic geometry of the Zngk10) surface were determined (BC) is obtained from the maximum valence electron den-
using low-energy electron diffractidrand elastic low-energy Sity, and is indicated in Fig. 1.
electron diffractior? while surface electronic bands have In order to apply the BCM to the Zn§kLO surface, we
been mapped by angle-resolved photoemis$iom. the the- considered three types of interactioh¥: (i) the Coulomb
oretical side, the atomic geometry of this surface was studiefteraction, which acts between all particl@en-ion, ion-
using a tight-binding mod&knd a self-consistent pseudopo- BC, and BC-BG, is controlled by the model parametef/z,
tential calculatior?.

While He-atom scatteriffgand high-resolution electron-
energy-loss spectroscopfiave been used to study surface- Q 7Zn atoms
phonon modes of some 11I{{10 surfaces, no experimental
work has been done on the surface-phonons of (EW0).
On the theoretical side, only a rotational surface-phonon ‘ Se atoms
mode for ZnS€L10 has been identified by using a tight-
binding total-energy schenfeLattice-dynamical consider-
ations are important in determining the electron-phonon in- o Dangling BC
teractions, and also provide a hitherto somewhat neglected
probe of surface structure.

Recently, the adiabatic bond-charge mo@CM) was
successfully applied to study the bulk-phonon dispersion
curves of 11-VI compound$€.Moreover, we showed that the
adiabatic bond-charge model as a reliable theoretical tech-
nigue for the description of the surface dynamics of
1-V (110.1°7** Thus, due to structural similarities between
[1-VI (110 and I1I-V(110 surfaces, we applied the BCM to
the ZnS¢€110 surface. The structural and electronic informa-
tion necessary for these calculations is taken from self-
consistent pseudopotential calculatiofihe polarization and
localization of vibrational modes along symmetry directions
on the surface Brillouin zone are discussed. We find that the
surface dynamics of Zn&ELO is characterized by the pres-
ence of a rotational mode at the zone center, three acoustic
modes at a zone edge, and the Fuchs-Kliewer mode at the
zone center, similar to what is found for 11I{¥10 (Ref. 13
in general, and for GaA%10 (Ref. 10 in particular.

For BCM calculations, we modeled the Zri{$&0) surface
in a repeated slab scheme, similar to that used for plane-
wave pseudopotential calculations of atomic geometry and
electronic states. The supercell consisted of 11 layers of
ZnSe and a vacuum region equivalent to nine atomic layers. FIG. 1. Electronic charge density for the dangling bond charges
Atoms in the top three layers on each side are placed at theith ZnS¢110). The position of the dangling bond char@C) is
relaxed positions obtained from a self-consistent pseudopondicated.
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. . FIG. 3. The density of phonon states on the Z1136) surface.
FIG. 2. The dispersion of surface-phonon modes on the’I'he solid curve is obtained from tti&10) slab supercell calculation

ZnSe{llQ) surface. The calcula‘Fed results for the are shown .bywith the relaxed geometry, while the dotted curve shows the density
thick solid curves, while the projected bulk ZnSe phonon energie

are shown by hatched regions. ¥f states of bulk ZnSe.

with & the dielectric constantji) a central two-body poten- ticens perpendicular to _t_he (_:hai_n direction_are represented as
tial acting between nearest-neighbor partidies., between A~ Such a clear classification is not possible along the sym-
ion-ion, ion-BC, and BC-BE and (iii) a bond-bending po- metry directionsI’-X and I'-M on the surface Brillouin
tential of the Keating form, involving the BC-ion-BC angle. zone. Along these directions modes show a mixture of shear-
The surface BCM parameters have been redefined to achievwrizontal and saggital-plane polarizations.

equilibrium conditions by invoking translational and rota- In Table | we list the calculated frequencies and polariza-

tional invariance throughout the superceit'** tion characters of some of the surface modes aflthmint.

The phonon-dispersion curves for ti#10 surface of  por comparsion, in Table | we also list a fel’ and A’
ZnSe are shown in Fig. 2. Due to the small cation-anionyhonon modes on a number of 111KV10) surfaces. Clearly,
mass difference in ZnSe, there exits no energy gap betweg§Re znS¢110) surface is characterized by the presence of
the bands of the acoustic and optical bglk phonons. In Fig. $y0des similar to those on 4210. Figure 4 shows the
the phonon density of states of Zr($&0) is shown together  gigplacement pattern for the rotational, bond stretching, and
with the phonon density states of bulk ZnSe. The peaks lagchs-Kliewer modes at 9.80, 17.31, and 30.90 meV, respec-
beledS'-S"* are dominated by atomic vibrations on the sur-tjyely. Our calculated rotational mode at 9.80 meV can be
face. PeakS' at around 6 meV mainly results from surface compared with a similar mode at 11.7 meV obtained in the
acoustic phonons along thé- X’ direction(see Fig. 2 The  work by Wang and Duk&. The bond-stretching phonon
second peaks? at around 13.5 meV is characterized by mode at 17.31 meV is due to the first layer atoms vibrating
surface-optical-gap-phonon modes in the lowest-lying stomagainst each other in tj801] direction. The Fuchs-Kliewer
ach gap region along th¥-M and I'-M directions(see Fig. mode at 30.90 meV corresponds to the first- and second-
2). Peaks? originates from surface phonons along FeX layer Zn atoms vibrating against the first- and second-layer

T IR ) Se atoms, with the second- and third-layer atoms making a
and X—M directions. Peak $at around 27 meV is also sjgnificant contribution. Such an observation has also been
characterized by atomic vibrations on the surface. This peaj,ade for the GaA410 surface' In a previous paper’ we
corresponds to the flat phonon modes along the surface Brikhowed shown that the effective force constant for the
louin zone, as seen in Flg-é Fuchs-Kliewer mode on 11I-Y110 surfaces is very similar,

Atomic vibrations alond 110], i.e., along the IlI-V zig- and the difference in the energy of this mode is mainly due
zag chain direction, are represented®smodes, and vibra- to the reduced mass difference. Although the reduced mass

TABLE I. Calculated surface-phonon frequenci@s meV) of ZnS€110) at theF_point. We also com-
pare these results with those on the 11120 surfaces. RM, BS and FK indicate the rotational mode,
bond-stretch mode, and Fuchs-Kliewer frequency, respectively.

Surfaces A” modes A’ modes

ZnS€110 10.57 2055 27.18 9.80 1430 17.31 2255 24.83 30.90
GaAq110 (Ref. 10 11.95 28.86 32.18 10.99 22.80 35.80
InP(110 (Ref. 1) 10.10 31.03 46.68 9.10 28.13 43.30
GaR110 (Refs. 12 and 18 16.54 38.79 4151 14.53 35.13 49.69
INAs(110 (Refs. 13 and 14 10.33 25.85 28.74 9.29 20.82 29.50

RM BS FK
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FIG. 4. Atomic displacement patterns of selected surface- v=17.54 meV
phonon modes at thE point. 6

and lattice constant of ZnSe and GaAs are very close to ont
another, there is a significant difference in their Fuchs-
Kliewer frequencies. This difference is due to the difference

in the bulk force-constant parameters and ionicities of these =~ &-————— Q
surfaces.
As we modeled the surface in a repeated slab geometry, v =26.84 meV

our calculations also yield plate modes. Such modes appear
as Lamb wave's [polarized in the saggitalSP plang and
Love wave$® [polarized in the shear horizontéH) pland.
The Lamb waves can further be categorized as asymmetric

[SP(@)] and symmetri¢ SP(s)] with respect to the middle of ~ The Rayleigh wavéRW) phonon mode at 6.35 meV Xt
the slab. As an example, at tlepoint we have calculated a has a different polarization character from that on the
SH mode at 1.85 meV, a S& mode at 2.64 and a S§)( GaAg110 surface. This phonon mode on G4A%0 (Refs.
mode at 4.25 meV(We have investigated their polarization 10 and 13 is nearly totally polarized as a SP, while it has 58

characteristics at points slightly away from thepoint) The % SP character for Zn&EL0). This phonon mode is due the
symmetry-related partners of these 8Pénd SP§) Lamb  motion of top-layer Se atoms and second-layer Zn atoms
waves correspond to the zero frequency. The energies afith components in both thEl10] and[001] directions for
these plate modes are dependent upon the thickness of thiee ZnS€110) surface, while it is characterized by the vibra-
slab. In agreement with this we observed the above threttions of top-layer Ga and second-layer As atoms along the
phonon modes at 1.05, 1.49, and 2.37 meV with 20-layerf110] direction for GaA§110. The highest surface-optical-
thick slabs. All other phonon frequencies presented in thiphonon mode at 27.81 meV is due to the motion of second-
paper, other than these three, are well converged with respelayer Zn atoms with components in both {i€10] and[001]

FIG. 5. Atomic displacement patterns of selected surface-
phonon modes at thl point.

to the slab thickness. directions, while the second-layer Se atoms displace in zig-
The ZnS€110 surface exhibits three surface-acoustic-zag chain direction.
phonon modes aX’, as found an 1I-\(110) surface¥. Atomic displacement patterns of selected surface-phonon

These are predicted at energies of 5.85, 5.91, and 6.74 meYhodes at theM point are presented in Fig. 5. The RW fre-
The intermediate phonon mode is characterized by a purguency at at 5.86 meV is due to the motion of first-layer Zn
shear-horizontal displacement pattern, while the other twa@nd second-layer Se atoms in the zigzag chain direction,
are dominated by a pure saggital displacement pattern. Thehile the first-layer Se and second-layer Zn atoms vibrate in
highest surface-optical-phonon mode at 30.07 meV has théne [001] direction. The frequencies at 13.67, 14.65, and
same displacement pattern as found on I(EY0) surfaces®  17.54 are truely localized surface-phonon modes in the low-
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est stomach gap region. In the same frequency range, we alslangling BC positions were taken from a self-consistent
found three surface modes on G&Ak0),*° two of which are pseudopotential calculation. We presented a detailed account
resonant with the bulk spectrum below the stomach gap. Abf phonon frequencies and polarization of atomic vibrations
this symmetry point the highest surface-optical-phonoralong various symmetry directions on the surface Brillouin
mode at 27.64 meV comes from the motion of third-layerzone for this surface. The rotational phonon mode predicted
atoms, with Zn atoms vibrating with components in both theby Wang and Duke can be identified in or work, and in
[110] and [001] directions, and Se atoms vibrating in the general it is found that this surface shows dynamical behav-

zigzag chain direction. o ~_jor similar to 111-V(110) surfaces.
In conclusion, we reported the application of the adiabatic

bond-charge model in the calculation of phonon modes on H. M. T. wishes to express his sincere thanks to the
the ZnS¢110 surface. The relaxed atomic geometry andUniversity of Sakarya, Turkey, for financial support.

1p. Mark, G. Cisneros, M. Bonn, A. Kahn, C. B. Duke, A. Paton,  1345(1996.

and A. R. Lubinsky, J. Vac. Sci. Techndl4, 910(1977. 114, M. Titincu and G. P. Srivastava, Phys. Rev.58, 15 675
2C. B. Duke, A. Paton, A. Kahn, and D. W. Tu, J. Vac. Sci. (1996.

Technol. B2, 366(1989. 124 M. Titincuand G. P. Srivastav&hysics of Semiconductors:
SA. Ebina, T. Unno, Y. Suda, H. Koinuma, and T. Takahashi, J. Proceedings of the 23th International Conferenesdited by M.

Vac. Sci. Technol19, 301 (1981J). Scheffler and R. Zimmerman(fWorld Scientific, Singapore,
4C. Mailhiot, C. B. Duke, and Y. C. Chang, Phys. Rev3& 1109 1996, p. 859.

(1984. 134, M. Titincu and G. P. Srivastava, J. Phys. Chem. Sofis
5G. P. Srivastava and A. C. Ferraz, J. Physl9:3987(1986. 685(1997.
6U. Harten and J. P. Toennies, Europhys. L4tt833(1987). 144, M. Tltuncuand G. P. Srivastava, Surf. S&77, 304 (1997).
"H. Nienhaus and W. Much Surf. Sci328 L561 (1995. 15|, A. Viktorov, Rayleigh and Lamb Wavé&®lenum, New York,
8Y. R. Wang and C. B. Duke, Surf. S@05, L755 (1988. 1967, Chap. 2.
B. D. Rajput, D. A. Browne, Phys. Rev. B3, 9052(1996. 18G. Nadeau/ntroduction to Elasticity(Holt, Rinehart and Win-

04, M. Titincland G. P. Srivastava, J. Phys. Condens. Mater ston, New York, 1964 Chap. 9.



