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Calculation of phonon dispersion on the ZnSe„110… surface
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We have studied surface phonons on ZnSe~110! 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 III-V~110! surfaces.@S0163-1829~98!05904-9#
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Although the ~110! surface of zinc-blende binary com
pounds has been among the most widely explored, mos
perimental and theoretical studies have been devoted
determination of atomic geometry and electronic states.
atomic geometry of the ZnSe~110! surface were determine
using low-energy electron diffraction1 and elastic low-energy
electron diffraction,2 while surface electronic bands hav
been mapped by angle-resolved photoemission.3 On the the-
oretical side, the atomic geometry of this surface was stud
using a tight-binding model4 and a self-consistent pseudop
tential calculation.5

While He-atom scattering6 and high-resolution electron
energy-loss spectroscopy7 have been used to study surfac
phonon modes of some III-V~110! surfaces, no experimenta
work has been done on the surface-phonons of II-VI~110!.
On the theoretical side, only a rotational surface-phon
mode for ZnSe~110! has been identified by using a tigh
binding total-energy scheme.8 Lattice-dynamical consider
ations are important in determining the electron-phonon
teractions, and also provide a hitherto somewhat negle
probe of surface structure.

Recently, the adiabatic bond-charge model~BCM! was
successfully applied to study the bulk-phonon dispers
curves of II-VI compounds.9 Moreover, we showed that th
adiabatic bond-charge model as a reliable theoretical te
nique for the description of the surface dynamics
III-V ~110!.10–14 Thus, due to structural similarities betwee
II-VI ~110! and III-V~110! surfaces, we applied the BCM t
the ZnSe~110! surface. The structural and electronic inform
tion necessary for these calculations is taken from s
consistent pseudopotential calculation.5 The polarization and
localization of vibrational modes along symmetry directio
on the surface Brillouin zone are discussed. We find that
surface dynamics of ZnSe~110! is characterized by the pres
ence of a rotational mode at the zone center, three aco
modes at a zone edge, and the Fuchs-Kliewer mode a
zone center, similar to what is found for III-V~110! ~Ref. 13!
in general, and for GaAs~110! ~Ref. 10! in particular.

For BCM calculations, we modeled the ZnSe~110! surface
in a repeated slab scheme, similar to that used for pla
wave pseudopotential calculations of atomic geometry
electronic states. The supercell consisted of 11 layers
ZnSe and a vacuum region equivalent to nine atomic lay
Atoms in the top three layers on each side are placed at
relaxed positions obtained from a self-consistent pseudo
570163-1829/98/57~7!/3791~4!/$15.00
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tential calculation,5 while deeper-lying atoms are taken
their bulk positions. The relaxed surface is characterized
fully occupied Se dangling bonds and completely empty
dangling bonds. The position of the Se dangling bond cha
~BC! is obtained from the maximum valence electron de
sity, and is indicated in Fig. 1.

In order to apply the BCM to the ZnSe~110! surface, we
considered three types of interactions:9,10 ~i! the Coulomb
interaction, which acts between all particles~ion-ion, ion-
BC, and BC-BC!, is controlled by the model parameter Z2/«,

FIG. 1. Electronic charge density for the dangling bond char
on ZnSe~110!. The position of the dangling bond charge~BC! is
indicated.
3791 © 1998 The American Physical Society
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3792 57BRIEF REPORTS
with « the dielectric constant,~ii ! a central two-body poten
tial acting between nearest-neighbor particles~i.e., between
ion-ion, ion-BC, and BC-BC!; and ~iii ! a bond-bending po-
tential of the Keating form, involving the BC-ion-BC angl
The surface BCM parameters have been redefined to ach
equilibrium conditions by invoking translational and rot
tional invariance throughout the supercell.10,11,13

The phonon-dispersion curves for the~110! surface of
ZnSe are shown in Fig. 2. Due to the small cation-an
mass difference in ZnSe, there exits no energy gap betw
the bands of the acoustic and optical bulk phonons. In Fi
the phonon density of states of ZnSe~110! is shown together
with the phonon density states of bulk ZnSe. The peaks
beledS1–S4 are dominated by atomic vibrations on the su
face. PeakS1 at around 6 meV mainly results from surfac
acoustic phonons along theX̄- X̄8 direction~see Fig. 2!. The
second peakS2 at around 13.5 meV is characterized b
surface-optical-gap-phonon modes in the lowest-lying sto

ach gap region along theX̄-M̄ and Ḡ -M̄ directions~see Fig.

2!. PeakS3 originates from surface phonons along theḠ - X̄8

and X̄2M̄ directions. Peak S4 at around 27 meV is also
characterized by atomic vibrations on the surface. This p
corresponds to the flat phonon modes along the surface
louin zone, as seen in Fig. 2.

Atomic vibrations along@ 1̄10#, i.e., along the III-V zig-
zag chain direction, are represented asA9 modes, and vibra-

FIG. 2. The dispersion of surface-phonon modes on
ZnSe~110! surface. The calculated results for the are shown
thick solid curves, while the projected bulk ZnSe phonon energ
are shown by hatched regions.
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tions perpendicular to the chain direction are represente
A8. Such a clear classification is not possible along the sy

metry directions Ḡ- X̄ and Ḡ-M̄ on the surface Brillouin
zone. Along these directions modes show a mixture of sh
horizontal and saggital-plane polarizations.

In Table I we list the calculated frequencies and polari

tion characters of some of the surface modes at theḠ point.
For comparsion, in Table I we also list a fewA9 and A8
phonon modes on a number of III-V~110! surfaces. Clearly,
the ZnSe~110! surface is characterized by the presence
modes similar to those on III-V~110!. Figure 4 shows the
displacement pattern for the rotational, bond stretching,
Fuchs-Kliewer modes at 9.80, 17.31, and 30.90 meV, resp
tively. Our calculated rotational mode at 9.80 meV can
compared with a similar mode at 11.7 meV obtained in
work by Wang and Duke.8 The bond-stretching phono
mode at 17.31 meV is due to the first layer atoms vibrat
against each other in the@001# direction. The Fuchs-Kliewer
mode at 30.90 meV corresponds to the first- and seco
layer Zn atoms vibrating against the first- and second-la
Se atoms, with the second- and third-layer atoms makin
significant contribution. Such an observation has also b
made for the GaAs~110! surface.10 In a previous paper,13 we
showed shown that the effective force constant for
Fuchs-Kliewer mode on III-V~110! surfaces is very similar,
and the difference in the energy of this mode is mainly d
to the reduced mass difference. Although the reduced m

FIG. 3. The density of phonon states on the ZnSe~110! surface.
The solid curve is obtained from the~110! slab supercell calculation
with the relaxed geometry, while the dotted curve shows the den
of states of bulk ZnSe.
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TABLE I. Calculated surface-phonon frequencies~in meV! of ZnSe~110! at theḠ point. We also com-
pare these results with those on the III-V~110! surfaces. RM, BS and FK indicate the rotational mod
bond-stretch mode, and Fuchs-Kliewer frequency, respectively.

Surfaces A9 modes A8 modes

ZnSe~110! 10.57 20.55 27.18 9.80 14.30 17.31 22.55 24.83 30.
GaAs~110! ~Ref. 10! 11.95 28.86 32.18 10.99 22.80 35.8
InP~110! ~Ref. 11! 10.10 31.03 46.68 9.10 28.13 43.30
GaP~110! ~Refs. 12 and 13! 16.54 38.79 41.51 14.53 35.13 49.6
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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and lattice constant of ZnSe and GaAs are very close to
another, there is a significant difference in their Fuc
Kliewer frequencies. This difference is due to the differen
in the bulk force-constant parameters and ionicities of th
surfaces.

As we modeled the surface in a repeated slab geome
our calculations also yield plate modes. Such modes ap
as Lamb waves15 @polarized in the saggital~SP! plane# and
Love waves16 @polarized in the shear horizontal~SH! plane#.
The Lamb waves can further be categorized as asymm
@SP(a)] and symmetric@SP(s)] with respect to the middle o
the slab. As an example, at theḠ point we have calculated
SH mode at 1.85 meV, a SP(a) mode at 2.64 and a SP(s)
mode at 4.25 meV.~We have investigated their polarizatio
characteristics at points slightly away from theḠ point.! The
symmetry-related partners of these SP(a) and SP(s) Lamb
waves correspond to the zero frequency. The energie
these plate modes are dependent upon the thickness o
slab. In agreement with this we observed the above th
phonon modes at 1.05, 1.49, and 2.37 meV with 20-lay
thick slabs. All other phonon frequencies presented in
paper, other than these three, are well converged with res
to the slab thickness.

The ZnSe~110! surface exhibits three surface-acoust
phonon modes atX8̄, as found an III-V~110! surfaces13.
These are predicted at energies of 5.85, 5.91, and 6.74 m
The intermediate phonon mode is characterized by a p
shear-horizontal displacement pattern, while the other
are dominated by a pure saggital displacement pattern.
highest surface-optical-phonon mode at 30.07 meV has
same displacement pattern as found on III-V~110! surfaces.13

FIG. 4. Atomic displacement patterns of selected surfa

phonon modes at theḠ point.
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The Rayleigh wave~RW! phonon mode at 6.35 meV atX̄
has a different polarization character from that on t
GaAs~110! surface. This phonon mode on GaAs~110! ~Refs.
10 and 13! is nearly totally polarized as a SP, while it has 5
% SP character for ZnSe~110!. This phonon mode is due th
motion of top-layer Se atoms and second-layer Zn ato
with components in both the@110# and @001# directions for
the ZnSe~110! surface, while it is characterized by the vibr
tions of top-layer Ga and second-layer As atoms along
@110# direction for GaAs~110!. The highest surface-optical
phonon mode at 27.81 meV is due to the motion of seco
layer Zn atoms with components in both the@110# and@001#
directions, while the second-layer Se atoms displace in
zag chain direction.

Atomic displacement patterns of selected surface-pho
modes at theM̄ point are presented in Fig. 5. The RW fre
quency at at 5.86 meV is due to the motion of first-layer
and second-layer Se atoms in the zigzag chain direct
while the first-layer Se and second-layer Zn atoms vibrate
the @001# direction. The frequencies at 13.67, 14.65, a
17.54 are truely localized surface-phonon modes in the lo

-

FIG. 5. Atomic displacement patterns of selected surfa

phonon modes at theM̄ point.
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est stomach gap region. In the same frequency range, we
found three surface modes on GaAs~110!,10 two of which are
resonant with the bulk spectrum below the stomach gap
this symmetry point the highest surface-optical-phon
mode at 27.64 meV comes from the motion of third-lay
atoms, with Zn atoms vibrating with components in both t
@110# and @001# directions, and Se atoms vibrating in th
zigzag chain direction.

In conclusion, we reported the application of the adiaba
bond-charge model in the calculation of phonon modes
the ZnSe~110! surface. The relaxed atomic geometry a
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dangling BC positions were taken from a self-consist
pseudopotential calculation. We presented a detailed acc
of phonon frequencies and polarization of atomic vibratio
along various symmetry directions on the surface Brillou
zone for this surface. The rotational phonon mode predic
by Wang and Duke can be identified in or work, and
general it is found that this surface shows dynamical beh
ior similar to III-V~110! surfaces.
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University of Sakarya, Turkey, for financial support.
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10H. M. Tütüncü and G. P. Srivastava, J. Phys. Condens. Matte8,
,

.

1345 ~1996!.
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