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Structural and dynamical properties of the zinc-blende bulk phase andlilde surface of the nitride
materials GaN, AIN and BN have been studied by employinglamitio 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. Thalpie#ent
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 plication of a linear response scheme for the calculation of

I1-N semiconductors have attracted a lot of attention re-Phonon dispersion curves. The work on the bulk materials is
cently, since they are promising materials for light emittingfollowed by studies of th€110) surface of these materials. In
optoelectronic devices in the green and blue color spectrumparticular, we aim to provide a systematic study of the trend
These materials are potentially good for protective coatingd? the relaxed geometry of the top surface layers across these
due to their hardness, high melting point and high thermanitrides, and comment on differences with non-nitride sur-
conductivity. Current activities in optoelectronic devicesfaces. The presently calculated surface lattice dynamical re-
have led to significant interest in studies of structural andsults are compared and contrasted with the previously re-
electronic properties in both wurtz#& and zinc, blend&”™19  ported BCM resulté? In addition, we point out surface
phases of IlI-N semiconductors. Recently, the lattice dynamphonon features which are obtained for [1{240) but not for
ics of the zinc-blende and wurtzite phases of IlI-N has beemon-nitride 111-V(110) surfaces.
studied using theb initio pseudopotential methd42° and
an adiabatic bond-charge modef’ On the experimental Il THEORY
side, Raman spectroscdfy®® has been used to obtain the '
zone-center phonon frequencies of these materials. This tech- We use a first-principles pseudopotential method based on
nigue has the disadvantage that it can measure only thiae density functional theory. The pseudopotentials for Al,
phonons with small wave vectors. Recently, the lattice dy-Ga, B and N atoms are generated according to the scheme of
namics of wurtzite AIN and GaN has been investigated byTroullier and Marting’® Besides the valence electrons, the
inelastic x-ray scatteringf-3® An accurate determination of semicore Ga @ states are treated following a nonlinear core
phonon dispersion curves is important in studies of a widecorrection scheme. The density functional theory has been
variety of physical properties of solids, such as specific heaimplemented within a generalized gradient approximation,
thermal expansion, electron-phonon interaction, and latticeising the Perdew-Burke-Ernzerhof metH8dA basis set
thermal conduction. containing all plane waves up to the cutoff energy of 40 Ry

Recently, the atomic geometry and electronic structure ofor AIN (or BN) and 60 Ry for GaN has been used. In order
the (110 surface of GaN, AIN and BN have attracted to perform accurate Brillouin zone integrations for bulk AIN,
attentiont”1936-41The atomic and electronic structures of GaN and BN, we use ten speckapoints within the irreduc-
these surfaces have been investigated usingatannitio  ible part of the bulk Brillouin zone. For the vibrational prop-
pseudopotential methdd:1°4°However, to the best of our erties of these materials, we have applied the density func-
knowledge, only an adiabatic bond-charge md&&M) has tional perturbation theory scheme within the pseudopotential
been applied to investigate the lattice dynamics of thesg¢heory, using thepwscf computer codé®>6 The dynamical
surfaces? In order to reconfirm the results obtained from the matrices have been computed on & 4x 4 g-point mesh,
BCM, or otherwise, it is important to present a systematicand a Fourier interpolation has been used to obtain complete
study of the lattice dynamics of these surfaces by employingghonon dispersion curves of these materials.
an ab initio theoretical technique. For surface calculations, we use a supercell method to

The objective of this paper is to employ tlab initio  solve the Kohn-Sham equations self-consistently for elec-
pseudopotential method and the density functional theorytronic and ionic degrees of freedom. The energy cutoff was
within a generalized gradient approximation, to obtain structhe same as for the bulk calculations, but the surface Bril-
tural properties of the cubic phase of GaN, AIN and BN andlouin zone was sampled by six spediapoints. The unit cell
to provide a comparison with previous calculations and exalong[110] was 11 atomic layers thick, with a vacuum layer
perimental data in the literature. This is followed by the ap-equivalent to at least 4 atomic layers. All atoms were allowed
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TABLE |. Lattice constant, bulk modulus B, the pressure derivative of bulk modulds iBacroscopic
dielectric tensok., and Born effective charge®Zof zincblende GaN, AIN and BN. The presently calculated
results are compared with other theoretical and experimental data.

nI-N a(h) B (Mbarn) B’ (Mbar) & ZB
GaN 4.46 2.00 4.42 5.95 2.68
Calculated(Ref. 19 4.43 2.38
Calculated(Refs. 21,24 4.46 1.95 3.94 541 2.65
ExperimentalRefs. 13,15 4.50 1.90
Experimental(Ref. 14 5.30
AIN 4.36 1.94 3.83 4.50 2.54
Calculated(Ref. 3 4.32 2.15 4.6
Calculated(Ref. 19 4.35 1.86
Calculated(Refs. 20,24 4.34 2.09 3.30 4.46 2.56
ExperimentalRef. 7) 4.68
Experimental(Refs. 13,15 4.38 2.02
BN 3.58 3.80 3.56 451 1.92
Calculated(Ref. 19 3.60 3.21
Calculated(Refs. 20,24 3.60 4.01 3.6 454 1.93
Experimental(Ref. 8 3.62 3.69 4.0
Experimental(Ref. 10 4.46

to relax into their minimum energy configuration, except for calculated results for all these materials are shown by solid
the atoms in the middle of slab which were kept frozen. Wecurves while experimental daf@losed squargsare taken
calculated dynamical matrices at figgpoints along each of from Ref. 33 for AIN, Ref. 30 for GaN and Ref. 12 for BN.

the principal symmetry directions-X and I'-X’. Phonon In this figure, we have also compared our results with previ-
modes were then calculated at an arbitrarily large number g?us theoretical calculations: open circles for BCM resBits
q points a|ong these directions by emp|oying a One-and closed tl’lang|eS for prEVIOIaﬂ) initio resultsz. In gen-

dimensional Fourier transforf§. eral, our results compare very well with these previous
theoreticad*?% and experimental finding€:2%33The general
. RESULTS shape of phonon dispersion curves in GaN and AIN 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
1. Structural properties atoms. Second, transverse offi©) phonon modes for AIN

The total energy of the zincblende phase of the IlI-N ma_show the flatness along all high symmetry directions. Due to

terials has been calculated for different values of the Iatticéhrils flatngss, we Pave obsefrveld a ver% sharzp pﬁak dm r:he
constant parameter and fitted to Murnaghan’s equation'? onon ensny of states of AIN. On the other hand, the
staté” in order to obtain the equilibrium lattice constamt longitudinal optic(LO) phonon modes for GaN show a very
bulk modulus B and pressure derivative of bulk modulus B Small dispersion along thE-X andI'-L directions. As a re-
The calculated static propertigs, B and B) are given Sult of this, there is a sharp peak in the phonon density states
in Table I. In general, our results are in good agreemen®f GaN which is characterized by LO phonon modes. The
with avaliable experimenta$1013-15 and theoretical Phonon spectrum of BN is a very different from those of AIN

results317.19-21.24|n particular, the calculated bulk lattice and GaN due-to nearly equal masses of B and N atoms. As
constant values of 3.58 A, 4.36 A and 4.46 A for BN, AIN can be seen from Fig. 1, there is no clear gap between acous-
and GaN compares very well with experimental values oftic and optical phonon modes for BN. The dispersion of LO
3.62 A8 4.38 Al315 and 4.50 AL315 |n this table, we also Phonon modes in BN is similar to the dispersion of LO pho-
report the calculated values of the effective charges and dfon modes in AIN along the main symmetry directions.
electric constants. The dielectric constant is found to be 5.98hus, there is no sharp peak due to LO phonon modes in the
for GaN, 4.50 for AIN and 4.51 for BN which can be com- phonon density of states. Moreover, the transverse acoustic
pared with experimental findings at 5.804.687 and 4.46t°  (TA) branches for this material are not flat close to the zone
Moreover, our calculated Born effective charge values foredges and thus there is no clear peak due to these phonons in
these materials show good agreement with previduimitio  the phonon density of states.

A. Bulk

calculationg0.21.24 For all the materials, the longitudinal acousti®A) pho-
) ) ) non mode is characterized by the motion of heavier atoms at
2. Phonon dispersion curves and density of states the X point. We find that this phonon mode scales almost

The phonon band structures and the corresponding detinearly with 1/a.Mﬁf32a\,yatom where a is the cubic lattice

sity of states for GaN, AIN and BN are plotted in Fig. 1. The constanfsee Fig. 2a)]. At this g point, the LO phonon mode
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FIG. 1. Calculated phonon dispersions and density of states for GaN, AIN and BN. Experimental data are denoted by closed squares
(from Ref. 30 for GaN, Ref. 33 for AIN and Ref. 12 for BNvhile previous theoretical calculations are shown by open circles for the
adiabatic bond-charge model resul®ef. 26 and closed triangles for previoadb initio results(Ref. 24.

originates from the motion of the lighter atom for all consid- a(AIN or GaN)  [My
ered materials. Thus, the energy difference in the LO phonon ~ @(LO)gy = T aBN) Ww(LO)AIN or Gan- (1)
mode of GaN, AIN and BN can be directly related to the a(BN) B

difference in the lattice constant as well as the difference in

the mass of the lighter atom between these materials. Thu$he above relation can be used without any consideration of
we can calculate the LO phonon mode of BN from themasses for AIN and GaN because the lighter mass in these
corresponding phonon mode of AIN and GaN by usingmaterials is of the same atofi). As can be seen from Fig.
the relation 1, for both AIN and GaN, the LO mode frequency is almost

195309-3



TUTUNCU et al.

120
@ BN

8
|

o

hv.a (meV.A)

AIN

=
S
1
—_

60 |
GaN

0.1

——
0.125

0.15

—
0.175

-172
M

T
0.2

——
0.225

(an)

0.25

0.275

PHYSICAL REVIEW B 71, 195309(2005

[110]

|_ [001]

FIG. 3. Schematic relaxed side view of [lI¢NLO).

heavy atom

results for the relaxation parameters of ti&0) surfaces of
GaN, AIN and BN, together with previous theoretical
resultst®3640 |In general, the calculated parameters are in
good agreement with a receath initio calculation by Miotto

et all® Our calculated tilt angle of the first layer is found to
be 12.0 deg for AINL10), 16.0 deg for GakL10 and 17.9
deg for BN110. These values compare well with the work
of Miotto et all® who reported the tilt angle of 11.9 deg for
AIN(110), 17.5 deg for GaL10 and 16.6 deg for BNL10).

! It is interesting to compare and contrast the geometrical
GaN characteristics of the 11I-N10 surfaces with non-nitride
zincblend€110  surfaces. First, for  non-nitride
zincblend€110) the surface tilt angles; assumes a nearly
constant value in the range 28 deg, <32 deg®® A similar
result is obtained for the 1I-N.10) surfacesalbeit with a
smaller value of the mean rotation angle: 12 dag;

FIG. 2. (a) Variation of the LA phonon energy at the X point <18 deg. Second, the surface bucklidg ;, increases al-
with respect to the lattice constant and heavier basis nlas¥he =~ most monotonically with the bulk lattice constamfor both
variation of the TA phonon energy at the L point with respect to thenon-nitride and nitride surfaces. The relationsiip, «a is
lattice constant and heavier basis mass. an empirical one, first proposed by Dukeand is based on
the implicit assumption of bond-length conservation at the

the same at the X and L points. Thus, the same relationshipurface. While the surface bond length is nearly conserved
can be expected for the LO phonon modes in GaN and AINOF non-nitridg110) surfaces, from Table Il it is clear that the
at the L point. Finally, the atomic vibrational pattern of the Ill-N surface bond length contracts in the range 4%—7%
TA phonon mode at the L point is pictured by a mixture of compared to its bulk value. This difference in the character-
the motion of group 11l atoms and N atoms. The effect of theistics of the surface bond length between the non-nitride and
difference in the total mass and of the difference in the latticenitride surfaces spoils the empirical relationshig , <a

constant on the TA phonon mode at the L point is also showivhen we try to make a generalization across all
in Fig. 2(b). zincblendé110 surfaces. The theoretical investigations by

Miotto et all® suggests that a better empirical relationship is
Ay | «d, whered is the surface bond length, and our results
agree with this.
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B. (110) surfaces of GaN, AIN and BN

1. Structural properties

2. Phonons on GaN(110)

The atomic relaxation pattern on the IlIENLO) surfaces is . . . .
similar to that for all studied zincblentEL0) surfaces® at In Fig. 4, we display the phonon gsBersjmn F:urves (?f the
the top-layer group-IIl surface atoms relax inward, while theGaN(110 surface along thd™-X and I'-X" directions. It is
N atoms are shifted above the surface. The driving mechdmportant to note that there are three localized gap phonon
nism of this atomic rearrangement is the desiresidrbond- ~ States in the acoustic-optical gap range. The lower two of
ing configuration of cation surface atoms with their group-vthese phonon states are nearly flat along the both symmetry
neighbors. On the other hand, the first layer anions prefer tgirections, with the energy difference of about 15 meV. We
be situated in a-bonding configuration with their group-Ill have observed that the highest surface optical phonon mode
neighbors. This leads to a rotation of the surface chains by shows a dispersion along tfieX direction while it is nearly
tilt angle w; as shown in Fig. 3. Table Il summarizes our flat in the other symmetry direction.
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TABLE Il. Calculated structural parameters and their comparison with previous theoretical calculations for thE0AIBaN110 and
BN(110 surfaces. Distances are in &d/d represents the fractional reduction in surface bond length compared to the bulk value.

Ay Ay Ay Ayy dip | Oos 1 1 ) %d (%)
AIN
Present 0.185 0.04 0.87 1.08 1.49 1.59 12.0 deg 2.1 deg 5.7
ab initio (Ref. 36 0.303 0.891 20.8 deg
ab initio (Ref. 40 0.131 0.891 11.6 deg
ab inito (Ref. 19 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 (Ref. 36 0.315 19.4 deg
ab inito (Ref. 40 0.32 1.103 14.3 deg
ab inito (Ref. 19 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 (Ref. 36 0.276 21.7 deg
ab initio (Ref. 40 0.187 0.837 15.7 deg
ab initio (Ref. 19 0.203 0.027 1.149 16.6 deg 1.75 deg

The surface phonons at the center of the surface Brillouir68.0, 75.0 and 88.0 meV. These phonon modes can be com-
zone can be classified according to the irreducible represemared with corresponding previous BCM resttwith ener-
tations ofC (or m), the point group symmetry of the surface gies of 24.0 and 84.4 meV with an”/Aharacter and 40.1,
unit cell. Thereby A modes describe lattice distortions along 62.8, 75.8 and 91.0 meV with an’ Aharacter. The lowest’A

the[1 10], and A modes correspond to atomic movementsPhonon mode obtained from the presabtinitio calculation
perpendicular to the chain direction. At the zone center, weés due to a dispersionless branch alonglth¥ direction. For
have found three localized phonon modes with energies ahis phonon mode, the cation atoms have larger atomic dis-
22.0, 77.4 and 91.7 meV with an’&haracter while there are placements than anionic atoms and thus it can be called a
five localized A phonon modes with energies of 41.0, 57.0, cationic chain mode. The atomic displacement patterns of the
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FIG. 4. Surface phonon dispersion curves of GEIN). The projected bulk phonon dispersion is shown by a hatched region.
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FIG. 5. Phonon spectrum of the AINLO) surface. The projected bulk phonon dispersion is shown by a hatched region.

second A phonon mode has been pictured by vibrations ofand optical gap region phonon modes are found at 55.9 meV
second layer N atoms. The highest surface optical phonoand 65.1 meV. These phonon modes have apdarization
mode mainly originates from the atomic motion of the first- character. The second one compares very well with the gap
layer atoms in the zig-zag chain direction, i.e., is ai A phonon mode at 64.6 meV in our BCM woﬁ(EinaIIy, the
mode. The A phonon mode with the lowest energy can bepighest surface optical phonon mode along Fha’ direc-

also interpreted as a cationic mode due to large atomic Vigon does not change its energy and polarization character.
brations of second and third layer Ga atoms. The most 'nterAgain this phonon mode is due to the opposing motion of

esting phonon modes are found in the acoustic and optical,face |ayer atoms in the zig-zag chain direction with en-
phonons gap region. There are two gap phonon modes in thg,rgy of 91.5 meV.

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 alon "
both the symmetry directions. The energy and atomic disfTiJre of the A and A’ character. The energy of the RW pho-

. n mode is found to be 16 meV which compares very well
wﬁlﬁemgnééﬁrzﬁtggocg trf:]|cs)d|c;h(;?o6r12ngogqeég(/:rzll_r;]:ehi(;ohrgfar with the corresponding phonon mode 16.5 meV in our BCM

42 i ic-oDti -
acoustic-optical gap mode is also dispersionless and origwork' The energy locations of the acoustic-optical gap re

nates from the vibrations of N atoms in the top three Iayers.g
Due to the very large mass difference between Ga and
atoms, the higher energy’Amodes at 75.0 meV and 88.0
meV are also mainly localized on the N atoms.

The phonon modes along theX direction show a mix-

ion phonon modes are similar to the corresponding phonon
odes at the zone center but their vibrational patterns are
ifferent. The lower one at 55.6 meV is generated by motion
of first layer Ga atoms in the zig-zag chain direction while
Surface acoustic waves are found to be localized phonoﬁ?e first layer N atoms move in thﬂlo] direction. T_he
— . igher one at 68.5 meV is an anionic phonon mode with the
modes for larger wave vectors along theX’ direction. The  5tion of second layer N atoms in the surface normal direc-

lowest acoustic phonon mode with energy of 8.5 meV is thg;on along this direction, the highest surface optical phonon
Rayleigh wave(RW). The symmetry character of this pho- mode shows a large dispersion close to the zone center.

non modes is A with in-phase vibrations of surface layer poyever, for large wave vectors, this phonon branch be-
atoms in the[001] direction. The BCM methdt also pre-  ¢omes flat with energy of about 100 meV. This phonon mode
dicts the A character for this phonon mode but the energy ofis 5150 an anionic phonon mode due to the motion of first
this mode is 2.5 meV higher than the RW phonon mode fror‘qayer N atoms in the zig-zag chain direction.

our ab initio work. Along thel-X’ direction, we identify a

flat branch with an energy of about 23 meV which turns into 3. Phonons on AIN(110)

a localized gap phonon mode close to ¥epoint. In our We show the phonon spectrum of the AINO) surface
BCM work,*? the energy of this phonon mode is found to betogether with the surface projected bulk structure in Fig. 5.
25 meV with a similar polarization character. The acousticFor this surface, the lowest surface acoustic mode turn into a
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truly localized state along both symmetry directions. Thedirection while first layer N and second layer Al atoms move
highest optical phonon mode on this surface shows dispeperpendicular to the chain direction. The energy of this pho-
sion which is similar to that on the G&NLO) surface. Th@b  non mode is found to be 28.0 meV which compares very
initio A" phonon mode at 40 meV corresponds to a nearlywell with the RW phonon mode of the BCM model at 27.0
dispersionless state along tfieX direction. This phonon meV*? At this g point, we obtain two localized gap phonon
mode is mainly characterized by opposing motion of first andnodes at energies 74.4 meV and 76.9 meV in the acoustic-
second layer Al atoms in the surface normal direction. Inoptical gap region. The lower is mainly characterized by the
addition to this A mode, we have identified five localized motion of second layer atoms with components both in the
A’ modes with energies of 42.5, 48.5, 54.2, 71.0 and 87.0110] and [001] directions while the second one is mainly
meV. The atomic displacement patterns of three phonotocalized on the third layer N atoms. The highest surface
modes with energies of 48.5, 54.2 and 87.0 meV includes frequency includes very large atomic vibration from first
rotational character due to the opposing motion of first layetayer N atoms in the chain direction while surface layer Al
atoms in the surface normal direction. The highest one caatoms move in th¢001] direction with a smaller amplitude.
be compared with the rotational phonon mode of the BCMAS a result, with increased phonon energies, atomic vibra-
modef? at 90.0 meV. Due to the mass difference between Ations of N atoms become very important due to the mass
and N atoms, this phonon mode includes larger atomic vidifference between Al and N atoms.

brations from the first three layer N atoms. Finally, the high-
est surface optical phonon mode at 111.0 meV with d@n A 4. Phonons on BN(110)

character has displacement patterns similar to its correspond- The phonon dispersion calculated for BNO) is illus-

ing zone-center phonon mode on the GAN) surface. trated in Fig. 6. The highest surface optical phonon mode lies

At the X" point of the surface Brillouin zone, with the pelow the bulk phonons along tHe X' direction. Due to a
surface phonon wave vector directed al¢Q1], two acous-  very small mass difference between cation and anion atoms
tic phonon frequencies are found to be 17.3 meV and 20.¢here is no significant band gap between the acoustic and
meV. These phonon modes haveé and A’ characters, re- gptical phonon modes. For this surface, the RW phonon
spectively. These phonon modes are basically drawn out ghode lies well below the project bulk phonon spectrum
the bulk acoustic modes, but lie below the bulk phonons dugjong both the symmetry directions. At the zone center, the
to reduced coordination of surface atoms. The RW phonofyywest A’ phonon mode found at 75.0 meV is generated by
mode at 17.3 meV has been placed at 19.3 meV in our BCMhe opposing motion of the first and second layer atoms in
CalCUlationéz with an A/ pOIarization character. We find that the surface normal direction. We found a bond Stretching
the second acoustic phonon mode is a strongly localized opode at 117.4 meV and a rotational phonon mode at 139.5
the first layer atoms due to the vibrations in the zig-zag chaifinev. In view of the fact that theoretical estimates have error
direction. At this symmetry point, we have observed a stommargins of 2.0 meV, it should be said that the calculated
ach gap phonon mode at 36.3 meV which is dominated byotational phonon mode compares well with the correspond-
the motion of top layer atoms with components both in theing BCM phonon mode at 140.0 mé¥For this surface, the
[110] and[001] directions. The energy of this phonon mode highest zone-center frequency is observed at 158.0 meV with
compares very well with the corresponding BCM phonongn A’ polarization character. The surface phonon modes with
mode at 38 me¥” In agreement with BCM calculatio8, 5 group symmetry representatiorf Are found at energies
ab initio calculations yield two localized phonon modes in 131.0 meV and 150.5 meV. The higher one is a surface layer
the acoustic and optical phonons gap region with energies afig-zag chain mode while the lower-lying mode corresponds
75.1 meV and 78.0 meV. The lower gap phonon mode into opposing motion of second layer atoms in the zig-zag
cludes a bond-stretching character which has been also oBhgin direction.

served for the corresponding phonon mode at 73.4 meV in At the zone edge poin?, we identify the RW phonon
our BCM calculations? However, these two phonon modes mode at 36.0 meV with an Apolarization character. This
are also characterized by large atomic vibrations of seconghonon frequency is characterized by displacements of sur-
and third layer N atoms, respectively. In addition to these gapace layer atoms in thgd01] direction. A similar observation
phonon modes, there are two more gap phonon modes in thfys been made in our BCM calculatf@mwhich places it at
bulk optical-optical gap region. The zone-boundary frequensg o meV. The second frequency, which is at 42.0 meV, is
cies of these modes are 84.3 meV and 88.5 meV. The firg|so an acoustic mode with first layer atoms vibrating in the
one haS an AChal’aCter and iS |dent|f|ed as a SubsurfaceA” mode. This frequency is also in Very good agreement
layer chain mode with the opposing vibrations of secondyith the BCM A" phonon mode at 41.8 me¥.The lowest
Iayer atoms in the Zig-Zag chain direction. However, the S€Csyrface optica| frequency at 74.0 meV is a stomach gap pho_
ond gap phonon mode is an anionic phonon mode due tAon mode with an A character. At thisg point, we have
large vibrations of first and second layer N atoms perpenigentified another gap phonon mode at 131.0 meV. This pho-
dicular to the zig-zag chain direction. At thts point, the  non mode has an’Acharacter and similar displacement pat-
energy and polarization character of the highest surface operns to the corresponding zone-center phonon mode at the
tical phonon mode is similar to the corresponding phononsame energy. Again, the atomic displacement pattern of the
mode at the zone center. _ highest lying A phonon mode at 149.9 meV is similar to a
We have found that the RW phonon mode at ¥wpoint  surface layer zig-zag chain mode at the zone center. Finally,
comes from the motion of first layer Al atoms in the chainthe phonon mode at 157.5 meV is’ AAhonon mode and
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FIG. 6. Phonon spectrum of the BNLO) surface. The projected bulk phonon dispersion is shown by a hatched region.

belongs to the highest surface optical branch. GaN(110. These values correlate very well with the ratio
The BN(110 surface exhibits two surface acoustic pho- ayigger @smalierX Vibigger Msmatien Which is 1.23/1.00 for
non modes a»T, as found on the Gal410 and AIN(110) AIN and GaN, 1.47/1.00 for BN and AIN, 1.72/1.00 for BN

surfaces. These are predicted at energies of 57.5 meV af'd GaN. respectively. For all the considered surfaces, the
63.2 meV. The polarization character of the RW phononRW. phonon mode at th&’ point is fqund tca lie bellow.the
mode is a quite similar to the RW phonon mode at 57.9 me\prOJected bulk phonon spectrum with an’ Aolarization

in our BCM calculations? Two localized gap phonon modes character. Due to the mass difference betweeitdBAl) and

. e ; . N atoms, a cationic phonon mode has been identified for
have been identified with energies 97.7 meV and 132.0 me aN(110 and AIN(110) surfaces. Finally, the localized gap

at theX point. The second one has been placed at 135.0 meghonon modes in the acoustic and optical gap region are only
by using the BCM methotf. Different from theX’ point, the  clearly observed for the Gd&ML0) surface. One of these
highest surface optical phonon mode lies above the projectaetiodes lies in the middle of the acoustic-optical gap region,
phonon spectrum at thig point. In addition to this, the po- which can be understood to be due to a heavy cation mass-
larization character of this phonon mode includes a largesimilar observation has been made for GdR), InP(110
contribution of atomic vibrations from the first-layer B atoms and InA$110 surfaces which also have heavier cation
in the zig-zag chain direction while the first-layer N and themasse$%>!

second-layer B atoms move with components both in the In order to highlight differences and similarities between

[110] and[001] directions. phonons on nitride surfaces and non-nitride surfaces, we
have compared selected surface phonon modes ori1G@N
5. Similarities and differences with the corresponding phonon modes on 4P and

The most important trends with variations in the mass anq\np(llo) surface$' at theX' point in Table Iil. Due to the
. P arge mass difference between cation and anion atoms, a di-
lattice constant for the surface phonon modes on Ga0),

rect comparison is possible for these surfaces. In general,
AIN(llO) and BI\(l_lO) surfaces can be observed for the surface ka)mnon modpes on GANO lie higher energies gtJhan
h!ghest surfac_e optical phonon b.ranch.along both symmetr%e corresponding surface phonon modes on these non-
d're.Ct'O”S'.Th'S phonon branch is mainly due o OPPOSING,iiride surfaces because of smaller reduced-total masses and
motion of first-layer atoms. Thus, the energy locations of th

. . . he lattice constant of GaN. Table Il clearly shows that most
h!ghest surface optical phonon mode can be linked to th%f the phonon modes on the GENO surface have similar
d|ﬁergnces In the reduced mass and lattice constant of the?)%Iarization characters with their counterparts on non-nitride
materials. For example, the average energy alonglh€  syrfaces. However, the main difference between lattice dy-
and I'-X’ directions of this phonon mode shows the rationamics of GaNl10) and non-nitride surfaces has been ob-
1.20/1.00 for AIN110 and GaN110, 1.43/1.00 for served in the polarization character of the highest surface

BN(110 and AIN(110 and 1.70/1.00 for BNL10) and optical phonon mode. This phonon mode has dmpélariza-
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TABLE lIl. Calculated surface phonons on the GAlO) surface at thex” point and their comparison
with those on the GaR10 and InR110 surfaces(Ref. 51). Various modes are identified as follows:
Rayleigh wave(RW), stomach gap phonon mod&GPM), first localized gap phonon modé&LGPM),
second localized gap phonon mo@&L.GPM) and highest surface optical phonon mde&tSOPM.

Surface RW SGPM FLGPM SLGPM HSOPM

GaN(110 8.50A") 23.00A") 55.90A") 65.10A") 91.5A")
GaR110 (Ref. 51 7.71A") 15.91A’) 37.21A") 39.01A") 50.35A")
InP(110 (Ref. 51 5.56A") 11.55A") 34.50A") 36.81A") 44.75A")

tion character for the GaM10 surface while it is an A method and the generalized gradient approximation scheme,
phonon mode for the non-nitride surfaces. Moreover, thishas been carried out for structural and dynamical properties
phonon mode is mainly localized on the surface layer atomsf zincblende GaN, AIN and BN. The equilibrium lattice
while it includes large atomic vibrations from second andconstants, bulk modulus and its pressure derivative for all
third layer atoms for non-nitride surfac#s* A similar ob-  considered I1I-N are in good agreement with previous theo-
servation has been made for the highest zone-center phonegtical and experimental findings. The effective charges and
mode on a GaNL10 surface. In addition to this, this phonon gjglectric constants for all considered I11-N are also found to
mode also has an"Acharacter for the AIRL10) surface at e in good agreement with previous theoretical and experi-
the " and X’ points. However, the polarization character of mental results. The obtained phonon dispersion curves for
this phonon mode for BN10) is different from those for these 11I-N compare very well with the zone-center Raman
AIN (110 and GaN110 surfaces. This phonon mode has anmeasurements and previous theoretical results.

A’ character for the BNL10) surface at the zone center and | the second part of this paper, we have investigated the
X' symmetry points. This can be due to small mass differyctural properties of thel10) surface of Ill-N compounds
ences between the B and N atoms. As a result of this smagsan AIN and BN. The calculated structural parameters for
gi]ri?lsardtlc]:r(tarzgpg?)'s,grl\l/z ds?c?;&:ﬁi ég%";%)as‘u‘jr%’;feq;"g?l:g@hav'%ese surfaces are in good agreement with prevaduitio
ever, the position of the Al and N atoms in the Periodic TablecaICUIa“o'?S' Us_mg our atomic geometry, we calculated the
indicates that the dynamical properties of AIN should bePhonon dispersion curves of these surfaces alongl'tie
similar to SiC. In one of our work¥ we have observed that andI’-X’ symmetry directions by applying a linear-response
the highest surface optical phonon mode of the (510 approach based on the pseudopotential method. From the
surface originates from the opposing motion of first-layerphonon dispersion of these surfaces, we have made several
atoms in the zig-zag chain direction with’ Aharacter at the observations: first, the highest surface optical phonon branch

I and X" symmetry points. shows a dispersion along tfieX direction while it is nearly

In general, oumb initio results are in agreement with the flat along the other symmetry direction. Second, the
previous BCM results? However, some differences between acoustic-optical gap phonon modes throughout the surface
phonon calculations obtained from the application of thegyjjiouin zone are only found for the GAML0) surface due
BCM and ab initio methods are inevitable. This difference {5 4 large mass difference between Ga and N atoms. Third,
can be due to a proper treatment in #teinitio work of the  {ha yiiprational pattern of the highest surface optical phonon
interatomic force constant and effective charges at the sUyode on the BXL10) surface is different from those on the
face layer. Th_e m_ost notable_ dlfference_betwabnnltlo and_ GaN(110) and AIN(110 surfaces. Finally, in agreement with
BCM results lies in the location of the highest surface opticalgcp calculations, the energy location of this phonon mode
phonon mode. Ouab initio work indicates that this phonon o, GaN(110), AIN(110) and BN110 surfaces can be ex-
mode lies above the bulk continuum along e direction  plained in terms of the differences in the lattice constant and
while the BCM predicts it as resonant with bulk along thereduced mass.
same symmetry direction. Another difference has been ob- Although most calculated surface phonon modes compare
served in the gap phonon modes of the GHIN) surface. I well with results obtained from recent BCM calculations at
our ab initio calculations, two surface-localized phononthe symmetry points, some differences have been observed
states appear in the acoustic-optical gap range while thgue to the different physical natures of both models. Al-
BCM work reports only one localized phonon mode in thisthough there is an overall agreement between the BCM and
gap region. the present results, in the present work we highlight the im-
IV SUMMARY portance of first-principles calculations by pointing out that

' the energy location and dispersion of some modes obtained

In the first part of this paper, a first-principles study, usingfrom the BCM are found to differ from the first-principles

a linear-response approach based on the pseudopotentiakults appreciably.
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