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Structural and dynamical properties of the zinc-blende bulk phase and thes110d surface of the nitride
materials GaN, AlN and BN have been studied by employing anab initio pseudopotential method and a linear
response scheme, within the generalized gradient approximation. Trends in surface atomic geometry and
energetic locations of surface phonon modes across the nitrides have been discussed. The presentab initio
results for surface phonons have been compared and contrasted with recently published results obtained from
the application of an adiabatic bond charge model, providing thereby a further assessment of the latter scheme
for surface lattice dynamics.
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I. INTRODUCTION

III-N semiconductors have attracted a lot of attention re-
cently, since they are promising materials for light emitting
optoelectronic devices in the green and blue color spectrum.1

These materials are potentially good for protective coatings
due to their hardness, high melting point and high thermal
conductivity. Current activities in optoelectronic devices
have led to significant interest in studies of structural and
electronic properties in both wurtzite2–6 and zinc, blende4,7–19

phases of III-N semiconductors. Recently, the lattice dynam-
ics of the zinc-blende and wurtzite phases of III-N has been
studied using theab initio pseudopotential method20–25 and
an adiabatic bond-charge model.26,27 On the experimental
side, Raman spectroscopy28–33 has been used to obtain the
zone-center phonon frequencies of these materials. This tech-
nique has the disadvantage that it can measure only the
phonons with small wave vectors. Recently, the lattice dy-
namics of wurtzite AlN and GaN has been investigated by
inelastic x-ray scattering.34,35 An accurate determination of
phonon dispersion curves is important in studies of a wide
variety of physical properties of solids, such as specific heat,
thermal expansion, electron-phonon interaction, and lattice
thermal conduction.

Recently, the atomic geometry and electronic structure of
the s110d surface of GaN, AlN and BN have attracted
attention.17,19,36–41The atomic and electronic structures of
these surfaces have been investigated using anab initio
pseudopotential method.17,19,40 However, to the best of our
knowledge, only an adiabatic bond-charge modelsBCMd has
been applied to investigate the lattice dynamics of these
surfaces.42 In order to reconfirm the results obtained from the
BCM, or otherwise, it is important to present a systematic
study of the lattice dynamics of these surfaces by employing
an ab initio theoretical technique.

The objective of this paper is to employ theab initio
pseudopotential method and the density functional theory,
within a generalized gradient approximation, to obtain struc-
tural properties of the cubic phase of GaN, AlN and BN and
to provide a comparison with previous calculations and ex-
perimental data in the literature. This is followed by the ap-

plication of a linear response scheme for the calculation of
phonon dispersion curves. The work on the bulk materials is
followed by studies of thes110d surface of these materials. In
particular, we aim to provide a systematic study of the trend
in the relaxed geometry of the top surface layers across these
nitrides, and comment on differences with non-nitride sur-
faces. The presently calculated surface lattice dynamical re-
sults are compared and contrasted with the previously re-
ported BCM results.42 In addition, we point out surface
phonon features which are obtained for III-Ns110d but not for
non-nitride III-Vs110d surfaces.

II. THEORY

We use a first-principles pseudopotential method based on
the density functional theory. The pseudopotentials for Al,
Ga, B and N atoms are generated according to the scheme of
Troullier and Martins.43 Besides the valence electrons, the
semicore Ga 3d states are treated following a nonlinear core
correction scheme. The density functional theory has been
implemented within a generalized gradient approximation,
using the Perdew-Burke-Ernzerhof method.44 A basis set
containing all plane waves up to the cutoff energy of 40 Ry
for AlN sor BNd and 60 Ry for GaN has been used. In order
to perform accurate Brillouin zone integrations for bulk AlN,
GaN and BN, we use ten specialk points within the irreduc-
ible part of the bulk Brillouin zone. For the vibrational prop-
erties of these materials, we have applied the density func-
tional perturbation theory scheme within the pseudopotential
theory, using thepwscf computer code.45,46 The dynamical
matrices have been computed on a 43434 q-point mesh,
and a Fourier interpolation has been used to obtain complete
phonon dispersion curves of these materials.

For surface calculations, we use a supercell method to
solve the Kohn-Sham equations self-consistently for elec-
tronic and ionic degrees of freedom. The energy cutoff was
the same as for the bulk calculations, but the surface Bril-
louin zone was sampled by six specialk points. The unit cell
alongf110g was 11 atomic layers thick, with a vacuum layer
equivalent to at least 4 atomic layers. All atoms were allowed
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to relax into their minimum energy configuration, except for
the atoms in the middle of slab which were kept frozen. We
calculated dynamical matrices at fiveq points along each of
the principal symmetry directionsḠ-X̄ and Ḡ-X8. Phonon
modes were then calculated at an arbitrarily large number of
q points along these directions by employing a one-
dimensional Fourier transform.46

III. RESULTS

A. Bulk

1. Structural properties

The total energy of the zincblende phase of the III-N ma-
terials has been calculated for different values of the lattice
constant parameter and fitted to Murnaghan’s equation
state47 in order to obtain the equilibrium lattice constanta,
bulk modulus B and pressure derivative of bulk modulus B8.
The calculated static propertiessa, B and B8d are given
in Table I. In general, our results are in good agreement
with avaliable experimental7,8,10,13–15 and theoretical
results.3,17,19–21,24 In particular, the calculated bulk lattice
constant values of 3.58 Å, 4.36 Å and 4.46 Å for BN, AlN
and GaN compares very well with experimental values of
3.62 Å,8 4.38 Å13,15 and 4.50 Å.13,15 In this table, we also
report the calculated values of the effective charges and di-
electric constants. The dielectric constant is found to be 5.95
for GaN, 4.50 for AlN and 4.51 for BN which can be com-
pared with experimental findings at 5.30,14 4.68,7 and 4.46.10

Moreover, our calculated Born effective charge values for
these materials show good agreement with previousab initio
calculations.20,21,24

2. Phonon dispersion curves and density of states

The phonon band structures and the corresponding den-
sity of states for GaN, AlN and BN are plotted in Fig. 1. The

calculated results for all these materials are shown by solid
curves while experimental datasclosed squaresd are taken
from Ref. 33 for AlN, Ref. 30 for GaN and Ref. 12 for BN.
In this figure, we have also compared our results with previ-
ous theoretical calculations: open circles for BCM results26

and closed triangles for previousab initio results.24 In gen-
eral, our results compare very well with these previous
theoretical24,26 and experimental findings.12,30,33The general
shape of phonon dispersion curves in GaN and AlN are simi-
lar to each other. However, there is a large energy gap be-
tween acoustic and optical phonons for GaN due to heavy Ga
atoms. Second, transverse opticsTOd phonon modes for AlN
show the flatness along all high symmetry directions. Due to
this flatness, we have observed a very sharp peak in the
phonon density of states of AlN. On the other hand, the
longitudinal opticsLOd phonon modes for GaN show a very
small dispersion along theG-X andG-L directions. As a re-
sult of this, there is a sharp peak in the phonon density states
of GaN which is characterized by LO phonon modes. The
phonon spectrum of BN is a very different from those of AlN
and GaN due-to nearly equal masses of B and N atoms. As
can be seen from Fig. 1, there is no clear gap between acous-
tic and optical phonon modes for BN. The dispersion of LO
phonon modes in BN is similar to the dispersion of LO pho-
non modes in AlN along the main symmetry directions.
Thus, there is no sharp peak due to LO phonon modes in the
phonon density of states. Moreover, the transverse acoustic
sTAd branches for this material are not flat close to the zone
edges and thus there is no clear peak due to these phonons in
the phonon density of states.

For all the materials, the longitudinal acousticsLA d pho-
non mode is characterized by the motion of heavier atoms at
the X point. We find that this phonon mode scales almost
linearly with 1/a.Mheavy atom

1/2 , where a is the cubic lattice
constantfsee Fig. 2sadg. At this q point, the LO phonon mode

TABLE I. Lattice constanta, bulk modulus B, the pressure derivative of bulk modulus B8, macroscopic
dielectric tensor«` and Born effective charge ZB of zincblende GaN, AlN and BN. The presently calculated
results are compared with other theoretical and experimental data.

III-N a sÅd B sMbard B8 sMbard «` ZB

GaN 4.46 2.00 4.42 5.95 2.68

CalculatedsRef. 17d 4.43 2.38

CalculatedsRefs. 21,24d 4.46 1.95 3.94 5.41 2.65

ExperimentalsRefs. 13,15d 4.50 1.90

ExperimentalsRef. 14d 5.30

AlN 4.36 1.94 3.83 4.50 2.54

CalculatedsRef. 3d 4.32 2.15 4.6

CalculatedsRef. 19d 4.35 1.86

CalculatedsRefs. 20,24d 4.34 2.09 3.30 4.46 2.56

ExperimentalsRef. 7d 4.68

ExperimentalsRefs. 13,15d 4.38 2.02

BN 3.58 3.80 3.56 4.51 1.92

CalculatedsRef. 17d 3.60 3.21

CalculatedsRefs. 20,24d 3.60 4.01 3.6 4.54 1.93

ExperimentalsRef. 8d 3.62 3.69 4.0

ExperimentalsRef. 10d 4.46
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originates from the motion of the lighter atom for all consid-
ered materials. Thus, the energy difference in the LO phonon
mode of GaN, AlN and BN can be directly related to the
difference in the lattice constant as well as the difference in
the mass of the lighter atom between these materials. Thus,
we can calculate the LO phonon mode of BN from the
corresponding phonon mode of AlN and GaN by using
the relation

vsLOdBN =
asAlN or GaNd

asBNd
ÎMN

MB
vsLOdAlN or GaN. s1d

The above relation can be used without any consideration of
masses for AlN and GaN because the lighter mass in these
materials is of the same atomsNd. As can be seen from Fig.
1, for both AlN and GaN, the LO mode frequency is almost

FIG. 1. Calculated phonon dispersions and density of states for GaN, AlN and BN. Experimental data are denoted by closed squares
sfrom Ref. 30 for GaN, Ref. 33 for AlN and Ref. 12 for BNd while previous theoretical calculations are shown by open circles for the
adiabatic bond-charge model resultssRef. 26d and closed triangles for previousab initio resultssRef. 24d.
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the same at the X and L points. Thus, the same relationship
can be expected for the LO phonon modes in GaN and AlN
at the L point. Finally, the atomic vibrational pattern of the
TA phonon mode at the L point is pictured by a mixture of
the motion of group III atoms and N atoms. The effect of the
difference in the total mass and of the difference in the lattice
constant on the TA phonon mode at the L point is also shown
in Fig. 2sbd.

B. (110) surfaces of GaN, AlN and BN

1. Structural properties

The atomic relaxation pattern on the III-Ns110d surfaces is
similar to that for all studied zincblendes110d surfaces:48 at
the top-layer group-III surface atoms relax inward, while the
N atoms are shifted above the surface. The driving mecha-
nism of this atomic rearrangement is the desire forsp2 bond-
ing configuration of cation surface atoms with their group-V
neighbors. On the other hand, the first layer anions prefer to
be situated in ap-bonding configuration with their group-III
neighbors. This leads to a rotation of the surface chains by a
tilt angle v1 as shown in Fig. 3. Table II summarizes our

results for the relaxation parameters of thes110d surfaces of
GaN, AlN and BN, together with previous theoretical
results.19,36,40 In general, the calculated parameters are in
good agreement with a recentab initio calculation by Miotto
et al.19 Our calculated tilt angle of the first layer is found to
be 12.0 deg for AlNs110d, 16.0 deg for GaNs110d and 17.9
deg for BNs110d. These values compare well with the work
of Miotto et al.19 who reported the tilt angle of 11.9 deg for
AlN s110d, 17.5 deg for GaNs110d and 16.6 deg for BNs110d.

It is interesting to compare and contrast the geometrical
characteristics of the III-Ns110d surfaces with non-nitride
zincblendes110d surfaces. First, for non-nitride
zincblendes110d the surface tilt anglev1 assumes a nearly
constant value in the range 28 deg,v1,32 deg.48 A similar
result is obtained for the III-Ns110d surfaces,albeit with a
smaller value of the mean rotation angle: 12 deg,v1
,18 deg. Second, the surface bucklingD1,' increases al-
most monotonically with the bulk lattice constanta for both
non-nitride and nitride surfaces. The relationshipD1,'~a is
an empirical one, first proposed by Duke,49 and is based on
the implicit assumption of bond-length conservation at the
surface. While the surface bond length is nearly conserved
for non-nitrides110d surfaces, from Table II it is clear that the
III-N surface bond length contracts in the range 4%–7%
compared to its bulk value. This difference in the character-
istics of the surface bond length between the non-nitride and
nitride surfaces spoils the empirical relationshipD1,'~a
when we try to make a generalization across all
zincblendes110d surfaces. The theoretical investigations by
Miotto et al.19 suggests that a better empirical relationship is
D1,'~d, whered is the surface bond length, and our results
agree with this.

2. Phonons on GaN(110)

In Fig. 4, we display the phonon dispersion curves of the

GaNs110d surface along theḠ-X̄ and Ḡ-X8 directions. It is
important to note that there are three localized gap phonon
states in the acoustic-optical gap range. The lower two of
these phonon states are nearly flat along the both symmetry
directions, with the energy difference of about 15 meV. We
have observed that the highest surface optical phonon mode

shows a dispersion along theḠ-X̄ direction while it is nearly
flat in the other symmetry direction.

FIG. 2. sad Variation of the LA phonon energy at the X point
with respect to the lattice constant and heavier basis mass.sbd The
variation of the TA phonon energy at the L point with respect to the
lattice constant and heavier basis mass.

FIG. 3. Schematic relaxed side view of III-Ns110d.
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The surface phonons at the center of the surface Brillouin
zone can be classified according to the irreducible represen-
tations ofCs sor md, the point group symmetry of the surface
unit cell. Thereby A9 modes describe lattice distortions along

the f1 1̄ 0g, and A8 modes correspond to atomic movements
perpendicular to the chain direction. At the zone center, we
have found three localized phonon modes with energies of
22.0, 77.4 and 91.7 meV with an A9 character while there are
five localized A8 phonon modes with energies of 41.0, 57.0,

68.0, 75.0 and 88.0 meV. These phonon modes can be com-
pared with corresponding previous BCM results42 with ener-
gies of 24.0 and 84.4 meV with an A9 character and 40.1,
62.8, 75.8 and 91.0 meV with an A8 character. The lowest A9
phonon mode obtained from the presentab initio calculation

is due to a dispersionless branch along theḠ-X̄ direction. For
this phonon mode, the cation atoms have larger atomic dis-
placements than anionic atoms and thus it can be called a
cationic chain mode. The atomic displacement patterns of the

TABLE II. Calculated structural parameters and their comparison with previous theoretical calculations for the AlNs110d, GaNs110d and
BNs110d surfaces. Distances are in Å.dd/d represents the fractional reduction in surface bond length compared to the bulk value.

D1,' D2,' D1,y D2,y d12,' d23,' v1 v2
dd
d s%d

AlN

Present 0.185 0.04 0.87 1.08 1.49 1.59 12.0 deg 2.1 deg 5.7

ab initio sRef. 36d 0.303 0.891 20.8 deg

ab initio sRef. 40d 0.131 0.891 11.6 deg

ab inito sRef. 19d 0.182 0.04 1.485 11.9 deg 2.08 deg

GaN

Present 0.270 0.040 0.94 1.10 1.511 1.61 16.0 deg 2.10 deg 3.6

ab inito sRef. 36d 0.315 19.4 deg

ab inito sRef. 40d 0.32 1.103 14.3 deg

ab inito sRef. 19d 0.281 0.043 1.454 17.5 deg 2.25 deg

BN

Present 0.213 0.029 0.66 0.87 1.124 1.3 17.9 deg 1.90 deg 7.4

ab initio sRef. 36d 0.276 21.7 deg

ab initio sRef. 40d 0.187 0.837 15.7 deg

ab initio sRef. 19d 0.203 0.027 1.149 16.6 deg 1.75 deg

FIG. 4. Surface phonon dispersion curves of GaNs110d. The projected bulk phonon dispersion is shown by a hatched region.
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second A9 phonon mode has been pictured by vibrations of
second layer N atoms. The highest surface optical phonon
mode mainly originates from the atomic motion of the first-
layer atoms in the zig-zag chain direction, i.e., is an A9
mode. The A8 phonon mode with the lowest energy can be
also interpreted as a cationic mode due to large atomic vi-
brations of second and third layer Ga atoms. The most inter-
esting phonon modes are found in the acoustic and optical
phonons gap region. There are two gap phonon modes in this
region with energies of 57.0 and 68.0 meV. The lower mode
at 57.0 meV has a rotational character and is nearly flat along
both the symmetry directions. The energy and atomic dis-
placement character of this phonon mode can be compared
with the BCM phonon mode at 62.8 meV.42 The higher
acoustic-optical gap mode is also dispersionless and origi-
nates from the vibrations of N atoms in the top three layers.
Due to the very large mass difference between Ga and N
atoms, the higher energy A8 modes at 75.0 meV and 88.0
meV are also mainly localized on the N atoms.

Surface acoustic waves are found to be localized phonon

modes for larger wave vectors along theḠ-X8 direction. The
lowest acoustic phonon mode with energy of 8.5 meV is the
Rayleigh wavesRWd. The symmetry character of this pho-
non modes is A8 with in-phase vibrations of surface layer
atoms in thef001g direction. The BCM method42 also pre-
dicts the A8 character for this phonon mode but the energy of
this mode is 2.5 meV higher than the RW phonon mode from

our ab initio work. Along theḠ-X8 direction, we identify a
flat branch with an energy of about 23 meV which turns into
a localized gap phonon mode close to theX8 point. In our
BCM work,42 the energy of this phonon mode is found to be
25 meV with a similar polarization character. The acoustic

and optical gap region phonon modes are found at 55.9 meV
and 65.1 meV. These phonon modes have an A8 polarization
character. The second one compares very well with the gap
phonon mode at 64.6 meV in our BCM work.42 Finally, the

highest surface optical phonon mode along theḠ-X8 direc-
tion does not change its energy and polarization character.
Again, this phonon mode is due to the opposing motion of
surface layer atoms in the zig-zag chain direction with en-
ergy of 91.5 meV.

The phonon modes along theḠ-X̄ direction show a mix-
ture of the A8 and A9 character. The energy of the RW pho-
non mode is found to be 16 meV which compares very well
with the corresponding phonon mode 16.5 meV in our BCM
work.42 The energy locations of the acoustic-optical gap re-
gion phonon modes are similar to the corresponding phonon
modes at the zone center but their vibrational patterns are
different. The lower one at 55.6 meV is generated by motion
of first layer Ga atoms in the zig-zag chain direction while
the first layer N atoms move in thef110g direction. The
higher one at 68.5 meV is an anionic phonon mode with the
motion of second layer N atoms in the surface normal direc-
tion. Along this direction, the highest surface optical phonon
mode shows a large dispersion close to the zone center.
However, for large wave vectors, this phonon branch be-
comes flat with energy of about 100 meV. This phonon mode
is also an anionic phonon mode due to the motion of first
layer N atoms in the zig-zag chain direction.

3. Phonons on AlN(110)

We show the phonon spectrum of the AlNs110d surface
together with the surface projected bulk structure in Fig. 5.
For this surface, the lowest surface acoustic mode turn into a

FIG. 5. Phonon spectrum of the AlNs110d surface. The projected bulk phonon dispersion is shown by a hatched region.
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truly localized state along both symmetry directions. The
highest optical phonon mode on this surface shows disper-
sion which is similar to that on the GaNs110d surface. Theab
initio A8 phonon mode at 40 meV corresponds to a nearly
dispersionless state along theḠ-X̄ direction. This phonon
mode is mainly characterized by opposing motion of first and
second layer Al atoms in the surface normal direction. In
addition to this A8 mode, we have identified five localized
A8 modes with energies of 42.5, 48.5, 54.2, 71.0 and 87.0
meV. The atomic displacement patterns of three phonon
modes with energies of 48.5, 54.2 and 87.0 meV includes a
rotational character due to the opposing motion of first layer
atoms in the surface normal direction. The highest one can
be compared with the rotational phonon mode of the BCM
model42 at 90.0 meV. Due to the mass difference between Al
and N atoms, this phonon mode includes larger atomic vi-
brations from the first three layer N atoms. Finally, the high-
est surface optical phonon mode at 111.0 meV with an A8
character has displacement patterns similar to its correspond-
ing zone-center phonon mode on the GaNs110d surface.

At the X8 point of the surface Brillouin zone, with the
surface phonon wave vector directed alongf001g, two acous-
tic phonon frequencies are found to be 17.3 meV and 20.9
meV. These phonon modes have A8 and A9 characters, re-
spectively. These phonon modes are basically drawn out of
the bulk acoustic modes, but lie below the bulk phonons due
to reduced coordination of surface atoms. The RW phonon
mode at 17.3 meV has been placed at 19.3 meV in our BCM
calculations42 with an A8 polarization character. We find that
the second acoustic phonon mode is a strongly localized on
the first layer atoms due to the vibrations in the zig-zag chain
direction. At this symmetry point, we have observed a stom-
ach gap phonon mode at 36.3 meV which is dominated by
the motion of top layer atoms with components both in the
f110g and f001g directions. The energy of this phonon mode
compares very well with the corresponding BCM phonon
mode at 38 meV.42 In agreement with BCM calculations,42

ab initio calculations yield two localized phonon modes in
the acoustic and optical phonons gap region with energies of
75.1 meV and 78.0 meV. The lower gap phonon mode in-
cludes a bond-stretching character which has been also ob-
served for the corresponding phonon mode at 73.4 meV in
our BCM calculations.42 However, these two phonon modes
are also characterized by large atomic vibrations of second
and third layer N atoms, respectively. In addition to these gap
phonon modes, there are two more gap phonon modes in the
bulk optical-optical gap region. The zone-boundary frequen-
cies of these modes are 84.3 meV and 88.5 meV. The first
one has an A8 character and is identified as a subsurface
layer chain mode with the opposing vibrations of second
layer atoms in the zig-zag chain direction. However, the sec-
ond gap phonon mode is an anionic phonon mode due to
large vibrations of first and second layer N atoms perpen-
dicular to the zig-zag chain direction. At thisq point, the
energy and polarization character of the highest surface op-
tical phonon mode is similar to the corresponding phonon
mode at the zone center.

We have found that the RW phonon mode at theX̄ point
comes from the motion of first layer Al atoms in the chain

direction while first layer N and second layer Al atoms move
perpendicular to the chain direction. The energy of this pho-
non mode is found to be 28.0 meV which compares very
well with the RW phonon mode of the BCM model at 27.0
meV.42 At this q point, we obtain two localized gap phonon
modes at energies 74.4 meV and 76.9 meV in the acoustic-
optical gap region. The lower is mainly characterized by the
motion of second layer atoms with components both in the
f110g and f001g directions while the second one is mainly
localized on the third layer N atoms. The highest surface
frequency includes very large atomic vibration from first
layer N atoms in the chain direction while surface layer Al
atoms move in thef001g direction with a smaller amplitude.
As a result, with increased phonon energies, atomic vibra-
tions of N atoms become very important due to the mass
difference between Al and N atoms.

4. Phonons on BN(110)

The phonon dispersion calculated for BNs110d is illus-
trated in Fig. 6. The highest surface optical phonon mode lies

below the bulk phonons along theḠ-X8 direction. Due to a
very small mass difference between cation and anion atoms
there is no significant band gap between the acoustic and
optical phonon modes. For this surface, the RW phonon
mode lies well below the project bulk phonon spectrum
along both the symmetry directions. At the zone center, the
lowest A8 phonon mode found at 75.0 meV is generated by
the opposing motion of the first and second layer atoms in
the surface normal direction. We found a bond stretching
mode at 117.4 meV and a rotational phonon mode at 139.5
meV. In view of the fact that theoretical estimates have error
margins of 2.0 meV, it should be said that the calculated
rotational phonon mode compares well with the correspond-
ing BCM phonon mode at 140.0 meV.42 For this surface, the
highest zone-center frequency is observed at 158.0 meV with
an A8 polarization character. The surface phonon modes with
a group symmetry representation A9 are found at energies
131.0 meV and 150.5 meV. The higher one is a surface layer
zig-zag chain mode while the lower-lying mode corresponds
to opposing motion of second layer atoms in the zig-zag
chain direction.

At the zone edge pointX8, we identify the RW phonon
mode at 36.0 meV with an A8 polarization character. This
phonon frequency is characterized by displacements of sur-
face layer atoms in thef001g direction. A similar observation
has been made in our BCM calculation42 which places it at
38.0 meV. The second frequency, which is at 42.0 meV, is
also an acoustic mode with first layer atoms vibrating in the
A9 mode. This frequency is also in very good agreement
with the BCM A9 phonon mode at 41.8 meV.42 The lowest
surface optical frequency at 74.0 meV is a stomach gap pho-
non mode with an A8 character. At thisq point, we have
identified another gap phonon mode at 131.0 meV. This pho-
non mode has an A9 character and similar displacement pat-
terns to the corresponding zone-center phonon mode at the
same energy. Again, the atomic displacement pattern of the
highest lying A9 phonon mode at 149.9 meV is similar to a
surface layer zig-zag chain mode at the zone center. Finally,
the phonon mode at 157.5 meV is A8 phonon mode and
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belongs to the highest surface optical branch.
The BNs110d surface exhibits two surface acoustic pho-

non modes atX̄, as found on the GaNs110d and AlNs110d
surfaces. These are predicted at energies of 57.5 meV and
63.2 meV. The polarization character of the RW phonon
mode is a quite similar to the RW phonon mode at 57.9 meV
in our BCM calculations.42 Two localized gap phonon modes
have been identified with energies 97.7 meV and 132.0 meV

at theX̄ point. The second one has been placed at 135.0 meV
by using the BCM method.42 Different from theX8 point, the
highest surface optical phonon mode lies above the projected
phonon spectrum at thisq point. In addition to this, the po-
larization character of this phonon mode includes a large
contribution of atomic vibrations from the first-layer B atoms
in the zig-zag chain direction while the first-layer N and the
second-layer B atoms move with components both in the
f110g and f001g directions.

5. Similarities and differences

The most important trends with variations in the mass and
lattice constant for the surface phonon modes on GaNs110d,
AlN s110d and BNs110d surfaces can be observed for the
highest surface optical phonon branch along both symmetry
directions. This phonon branch is mainly due to opposing
motion of first-layer atoms. Thus, the energy locations of the
highest surface optical phonon mode can be linked to the
differences in the reduced mass and lattice constant of these

materials. For example, the average energy along theḠ-X̄

and Ḡ-X8 directions of this phonon mode shows the ratio
1.20/1.00 for AlNs110d and GaNs110d, 1.43/1.00 for
BNs110d and AlNs110d and 1.70/1.00 for BNs110d and

GaNs110d. These values correlate very well with the ratio
abigger/asmaller3Îmbigger/Îmsmaller, which is 1.23/1.00 for
AlN and GaN, 1.47/1.00 for BN and AlN, 1.72/1.00 for BN
and GaN, respectively. For all the considered surfaces, the
RW phonon mode at theX8 point is found to lie below the
projected bulk phonon spectrum with an A8 polarization
character. Due to the mass difference between Gasor Ald and
N atoms, a cationic phonon mode has been identified for
GaNs110d and AlNs110d surfaces. Finally, the localized gap
phonon modes in the acoustic and optical gap region are only
clearly observed for the GaNs110d surface. One of these
modes lies in the middle of the acoustic-optical gap region,
which can be understood to be due to a heavy cation mass-
similar observation has been made for GaPs110d, InPs110d
and InAss110d surfaces which also have heavier cation
masses.50,51

In order to highlight differences and similarities between
phonons on nitride surfaces and non-nitride surfaces, we
have compared selected surface phonon modes on GaNs110d
with the corresponding phonon modes on GaPs110d and
InPs110d surfaces51 at theX8 point in Table III. Due to the
large mass difference between cation and anion atoms, a di-
rect comparison is possible for these surfaces. In general,
surface phonon modes on GaNs110d lie higher energies than
the corresponding surface phonon modes on these non-
nitride surfaces because of smaller reduced-total masses and
the lattice constant of GaN. Table III clearly shows that most
of the phonon modes on the GaNs110d surface have similar
polarization characters with their counterparts on non-nitride
surfaces. However, the main difference between lattice dy-
namics of GaNs110d and non-nitride surfaces has been ob-
served in the polarization character of the highest surface
optical phonon mode. This phonon mode has an A9 polariza-

FIG. 6. Phonon spectrum of the BNs110d surface. The projected bulk phonon dispersion is shown by a hatched region.
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tion character for the GaNs110d surface while it is an A8
phonon mode for the non-nitride surfaces. Moreover, this
phonon mode is mainly localized on the surface layer atoms
while it includes large atomic vibrations from second and
third layer atoms for non-nitride surfaces.50,51 A similar ob-
servation has been made for the highest zone-center phonon
mode on a GaNs110d surface. In addition to this, this phonon
mode also has an A9 character for the AlNs110d surface at

the Ḡ andX8 points. However, the polarization character of
this phonon mode for BNs110d is different from those for
AlN s110d and GaNs110d surfaces. This phonon mode has an
A8 character for the BNs110d surface at the zone center and
X8 symmetry points. This can be due to small mass differ-
ences between the B and N atoms. As a result of this small
mass difference, this surface shows a dynamical behavior
similar to that observed for the GaAss110d surface.52,53How-
ever, the position of the Al and N atoms in the Periodic Table
indicates that the dynamical properties of AlN should be
similar to SiC. In one of our works,54 we have observed that
the highest surface optical phonon mode of the SiCs110d
surface originates from the opposing motion of first-layer
atoms in the zig-zag chain direction with A9 character at the

Ḡ andX8 symmetry points.
In general, ourab initio results are in agreement with the

previous BCM results.42 However, some differences between
phonon calculations obtained from the application of the
BCM and ab initio methods are inevitable. This difference
can be due to a proper treatment in theab initio work of the
interatomic force constant and effective charges at the sur-
face layer. The most notable difference betweenab initio and
BCM results lies in the location of the highest surface optical
phonon mode. Ourab initio work indicates that this phonon

mode lies above the bulk continuum along theḠ-X̄ direction
while the BCM predicts it as resonant with bulk along the
same symmetry direction. Another difference has been ob-
served in the gap phonon modes of the GaNs110d surface. In
our ab initio calculations, two surface-localized phonon
states appear in the acoustic-optical gap range while the
BCM work reports only one localized phonon mode in this
gap region.

IV. SUMMARY

In the first part of this paper, a first-principles study, using
a linear-response approach based on the pseudopotential

method and the generalized gradient approximation scheme,
has been carried out for structural and dynamical properties
of zincblende GaN, AlN and BN. The equilibrium lattice
constants, bulk modulus and its pressure derivative for all
considered III-N are in good agreement with previous theo-
retical and experimental findings. The effective charges and
dielectric constants for all considered III-N are also found to
be in good agreement with previous theoretical and experi-
mental results. The obtained phonon dispersion curves for
these III-N compare very well with the zone-center Raman
measurements and previous theoretical results.

In the second part of this paper, we have investigated the
structural properties of thes110d surface of III-N compounds
GaN, AlN and BN. The calculated structural parameters for
these surfaces are in good agreement with previousab initio
calculations. Using our atomic geometry, we calculated the

phonon dispersion curves of these surfaces along theḠ-X̄

andḠ-X8 symmetry directions by applying a linear-response
approach based on the pseudopotential method. From the
phonon dispersion of these surfaces, we have made several
observations: first, the highest surface optical phonon branch

shows a dispersion along theḠ-X̄ direction while it is nearly
flat along the other symmetry direction. Second, the
acoustic-optical gap phonon modes throughout the surface
Brillouin zone are only found for the GaNs110d surface due
to a large mass difference between Ga and N atoms. Third,
the vibrational pattern of the highest surface optical phonon
mode on the BNs110d surface is different from those on the
GaNs110d and AlNs110d surfaces. Finally, in agreement with
BCM calculations, the energy location of this phonon mode
for GaNs110d, AlNs110d and BNs110d surfaces can be ex-
plained in terms of the differences in the lattice constant and
reduced mass.

Although most calculated surface phonon modes compare
well with results obtained from recent BCM calculations at
the symmetry points, some differences have been observed
due to the different physical natures of both models. Al-
though there is an overall agreement between the BCM and
the present results, in the present work we highlight the im-
portance of first-principles calculations by pointing out that
the energy location and dispersion of some modes obtained
from the BCM are found to differ from the first-principles
results appreciably.

TABLE III. Calculated surface phonons on the GaNs110d surface at theX8 point and their comparison
with those on the GaPs110d and InPs110d surfacessRef. 51d. Various modes are identified as follows:
Rayleigh wavesRWd, stomach gap phonon modesSGPMd, first localized gap phonon modesFLGPMd,
second localized gap phonon modesSLGPMd and highest surface optical phonon modesHSOPMd.

Surface RW SGPM FLGPM SLGPM HSOPM

GaNs110d 8.50sA8d 23.00sA8d 55.90sA8d 65.10sA8d 91.5sA9d
GaPs110d sRef. 51d 7.71sA8d 15.91sA8d 37.21sA8d 39.01sA8d 50.35sA8d
InPs110d sRef. 51d 5.56sA8d 11.55sA8d 34.50sA8d 36.81sA8d 44.75sA8d
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