
PHYSICAL REVIEW B, VOLUME 64, 035305
Electronic structure of 1Ã1 GaN„0001… and GaN„0001̄… surfaces

Fu-He Wang,* Peter Krüger, and Johannes Pollmann
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~Received 5 December 2000; published 14 June 2001!

The electronic structure of clean and Ga- or N-covered 131 GaN~0001! and GaN(0001̄) surfaces is studied
using the local-density approximation of density-functional theory employingab initio pseudopotentials to-
gether with Gaussian orbital basis sets. We use both standard and self-interaction- and relaxation-corrected
pseudopotentials. The latter allow for a most accurate description of the electronic structure of these surfaces.
Comparing the formation energies for the clean and adatom-covered 131 configurations, we determine opti-
mal surface structures for various growth conditions. For the GaN~0001! surface in the Ga-rich case, we find
a structural model consisting of Ga adatoms adsorbed inT4 positions above the substrate surface to be most
favorable. In the N-rich case, the clean GaN~0001! surface is the most stable 131 configuration. For the

GaN(0001̄) surface, our results for both Ga- and N-rich growth conditions indicate that a full monolayer of Ga
adatoms adsorbed in on top positions is the most stable configuration. Our theoretical results allow for a
comparison of full calculations of the surface electronic structure for a number of optimized structural models
with most recent angle-resolved photoemission spectroscopy data.

DOI: 10.1103/PhysRevB.64.035305 PACS number~s!: 68.35.Bs, 73.20.At, 71.20.Nr
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I. INTRODUCTION

Group-III nitrides have very promising potential for sho
wavelength light-emitting diodes,1 semiconductor lasers,2,3

and optical detectors.4 In view of these exciting challenge
they are currently under intensive theoretical and experim
tal investigations.5–16 A fundamental understanding of th
electronic structure of group-III nitrides is required if the
are to achieve their full technological potential. To this en
understanding the electronic properties of clean a
adsorbate-covered surfaces is of particular importance, s
it is the first step in understanding fundamental issues
contact formation, chemical reactivity, growth processes,
structural stability. GaN is a highly ionic wide-band-ga
semiconductor due to the cationic and anionic character
Ga and N, respectively, on the one hand, and to the str
disparity of the covalent radii of Ga (r c

Ga51.25 Å) and N
(r c

N50.70 Å), on the other hand. The usual growth dire

tion of hexagonal GaN crystals is along the@0001# or @0001̄#
axes, where cation and anion layers alternate. The respe
polar surfaces show a variety of reconstructions. F
GaN~0001!, 131, 232, 434, 535, and 634 surface unit
cells have been reported, while for GaN(0001)̄ 131, 333,
and 636 reconstruction patterns have been observed.5,6,16

The structure of some of the more complex reconstructi
was previously addressed by first-principles calculatio
concentrating, in particular, on GaN(0001)-(232)
structures.12,13 Interestingly enough, the apparently mo
simple 131 surface turns out to be particularly intriguin
since it is not fully understood as yet.

The atomic structureof hexagonal 131 GaN surfaces
was addressed in a number of investigations. Sharp 131
patterns were observed in various low-energy electr
diffraction ~LEED! and reflection high-energy electron
diffraction ~RHEED! studies.8,11 However, the surface polar
ity, as well as its correlation to the surface structure, were
well established in some of these investigations.11,14 Sung
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et al.8 and Ahn et al.9 concluded from their time-of-flight
scattering and recoiling spectrometry and LEED studies

both GaN~0001! and GaN(0001̄) surfaces are neither recon
structed nor relaxed. Nevertheless, a small amount of
sidual C and O atoms seems to be responsible for the s
lization of the ideal~0001! surfaces in these experiment

while the observed (131)-(0001̄) structure turns out to be
induced by adsorbed H atoms. Smith and co-workers stud

the reconstruction of GaN~0001! and GaN(0001̄) surfaces by
scanning tunneling microscopy~STM! and first-principles

theory.5,6 They found that on the GaN(0001)̄ surface a
monolayer of Ga bonded to the topmost N-terminated G
bilayer is the most stable 131 structure. On GaN~0001!, two
or three additional monolayers of Ga bonded to the topm
Ga-terminated bilayer form a pseudo-(131) structure. Both
of these surfaces were found to be metallic.6

Theelectronic structureof hexagonal 131 GaN surfaces
was addressed more recently in experiment by an
resolved photoemission spectroscopy~ARPES!. Dhesi
et al.10 investigated the bulk electronic structure of thin-fil
wurtzite GaN grown by molecular beam epitaxy. In additi
to the bulk bands, the authors observed a dispersion
surface-state band near the valence-band maximum~VBM !,
as well. More recently, Chaoet al.11 reported a more com
plete account on the electronic structure of hexagonal G
131 surfaces using synchrotron-radiation-excited ARPE
In the latter case, the samples were grown by metal-orga
chemical-vapor deposition~MOCVD!. ARPES does not pro-
vide unambiguous direct information on the termination
polarity of thin-film sample surfaces. The authors of Ref.
thus used the label GaN~0001!, synonymous for both the
~0001! and (0001̄) surfaces, since they could not different
ate between the two. Chaoet al.11 observed two distinct
surface-state bands. The identification of the respective
face states was confirmed by the photon-energy indep
dence of their dispersion, as well as their sensitivity to h
©2001 The American Physical Society05-1
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FU-HE WANG, PETER KRÜGER, AND JOHANNES POLLMANN PHYSICAL REVIEW B64 035305
drogen adsorption. One band, near the VBM, was found
be weakly dispersive and very sensitive to hydrogen ads
tion, suggesting it is a dangling-bond band.11 The other ob-
served band displays a strong dispersion throughout the
dimensional surface Brillouin zone~SBZ!, and was found to
depend strongly on the quality of the structure of the 131
surface, as monitored by LEED. For an analysis of the
gins of these surface states, respective electronic struc
calculations are needed. Since these were not available a
time, Chaoet al. used the linearly polarized nature of th
synchrotron radiation to obtain at least some information
the symmetry and the wave-function character of the surf
states involved. They found that both surface-state bands
comprised of states of even symmetry with respect to
surface-perpendicular mirror plane containing the@ 1̄21̄0#
direction, and which have strongpz character. In view of this
intriguing situation, as far as experimental data on the h
agonal 131 GaN surfaces is concerned, it seems particula
interesting and useful to find out which surface electro
structure of which surface atomic structure compares b
with experiment and allows for a convincing interpretati
of the data. If this goal can be achieved, at the same tim
would allow for some conjectures concerning the actual s
face structure under investigation in experiment.11

Trying to resolve the issues raised above, at least to c
tribute to a better understanding of the origins of the el
tronic surface states seen in experiment,10,11 we present and
discuss the results of ourab initio calculations of the atomic
and electronic structures of various conceivable 131 struc-
tural models for hexagonal GaN surfaces. In these calc
tions, we have employed both standard pseudopotential
well as our self-interaction- and relaxation-correct
pseudopotentials.17 The latter overcome the well know
local-density-approximation~LDA ! gap problem to a large
extent.

In Sec. II, the calculational method is briefly outlined.
Sec. III, we discuss our results for clean as well as Ga
N-covered surfaces, as obtained by standard pseudopote
calculations. The grandcanonical potential or formation
ergy for the different models is compared in this section, a
an assessment of the most stable configurations is mad
Sec. IV, we address the improvements introduced in the
culated band structures by employing self-interaction- a
relaxation-corrected pseudopotentials~SIRC-PP’s!. In Sec.
V, we compare our results with experimental ARPES data
short summary concludes the paper in Sec. VI.

II. THEORY

Our calculations are carried out within the LDA o
density-functional theory~DFT! using the Ceperley-Alde
exchange-correlation potential.18 In our standard pseudopo
tential calculations, we apply soft pseudopotentials
Troullier-Martins type,19 and expand the wave functions
terms of Gaussian orbitals withs,p,d, and s* symmetry.
The d electrons of Ga are fully retained in the valence el
tron shell. In our basis set we have used 40 Gaussian orb
per Ga atom and 30 orbitals per N atom. The decay const
for Ga atoms are 0.21, 0.72, 2.27, and 8.02, while de
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constants of 0.21, 0.84, and 3.60 have been used for th
atoms. All constants are given in atomic units. Superc
including eight atomic layers, i.e., four GaN bilayers, a
about 10 Å of vacuum region are employed. The lowest t
bilayers are fixed in the bulk configuration with experimen
lattice constantsa53.19 Å andc51.63 Å. For calcula-
tions of the GaN~0001! surfaces, pseudohydrogen atom
with a charge of 0.75e passivate the N-terminated face at t
bottom of the slabs, while for the study of GaN(0001)̄ sur-
faces, pseudo hydrogen atoms with a charge of 1.25e passi-
vate the Ga-terminated bottom faces.20 For each of the satu
rating H atoms we have used ten Gaussian orbitals wit
decay constant of 0.35 in the expansion of the wave funct
All computations are performed with a well converged set
12 ki points in the 131 SBZ. The optimal surface relaxatio
is determined by calculating the forces.

In order to compare the energies of different systems h
ing a varying number of atoms, we use the formation ene
of the surface defined as

Ef orm5Ead2Eclean2DnGamGa2DnNmN ~1!

whereEad andEclean are the total energies of the adsorba
covered and clean surfaces, respectively.mGa (DnGa) and
mN (DnN) are the chemical potentials~differences in the
number of atoms per unit cell! of Ga and N. If a system
consisting of a GaN crystal and Ga and N atoms in the
phase is in thermodynamic equilibrium, the following rel
tion holds:

mGa1mN5mGaN
bulk . ~2!

HeremGaN
bulk is the chemical potential of bulk GaN. Intro

ducing the heat of formationDH f of bulk GaN, the chemical
potential of Ga in its bulk phasemGa

bulk and the chemical
potential of an N2 moleculemN2

, we obtain

mGaN
bulk5mGa

bulk1mN2
2DH f . ~3!

The relative stabilities of possible 131 structures for both
the ~0001! and (0001̄) polarities are determined within th
thermodynamically allowed range of the Ga chemical pot
tial: mGa

bulk2DH f,mGa,mGa
bulk . Our calculation of the hea

of formationDH f of GaN yields a value ofDH f51.15 eV
in agreement with the experimental value of 1.15 eV.21

III. RESULTS

A. Clean and Ga- or N-covered GaN„0001… surfaces

According to conventional notation, the clean GaN~0001!
surface ends with a GaN bilayer which is Ga terminat
Side and top views of this surface are shown in Figs. 1~a!
and 1~c!. The structure parametersd12 andd23 characterizing
the clean relaxed 131 surface are introduced in the figure
well. In addition, most likely adsorption sites for Ga or
adatoms in a single adlayer are indicated in the top view
Fig. 1~c!. We have considered single adlayers of Ga or
atoms adsorbed in on top,T4, or H3 positions. Adatoms in
on top positions reside directly above the Ga atoms of
first GaN~0001! substrate layer. Adatoms inT4 positions re-
5-2
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ELECTRONIC STRUCTURE OF 131 GaN~0001! AND . . . PHYSICAL REVIEW B 64 035305
side above the N atoms of the second substrate layer. Fin
adatoms inH3 positions are located in hollow sites above t
substrate surface.

The calculated formation energies for seven configu
tions, i.e., for the clean, Ga-covered or N-cover
GaN~0001! surfaces, are shown in Fig. 2. The figure revea
that for all allowed values of the Ga chemical potentia
monolayer of Ga adatoms adsorbed on the surface in on
H3, or T4 positions, respectively, has very similar formatio
energies~within 0.03 eV per 131 unit cell!. In particular,
we find that the relaxed clean GaN~0001! surface is favored

FIG. 1. Side view of~a! the ideal GaN~0001! surface and~b! the

ideal GaN(0001̄) surface. Bonds lying in the drawing plane or pa
allel to it are shown as full lines while those forming an angle w
the drawing plane are shown by dashed lines. Top view~c! of the

GaN~0001! and ~d! of the GaN(0001̄) surface in which the 131
unit cell is indicated by heavy dotted lines. The shaded circles
dicate the three different adsorption positions on top,T4, andH3 in
each case. In the top views, the adatoms are shown by the la
and the second layer atoms by the smallest circles.

FIG. 2. Comparison of formation energies~relative to that of the
relaxed clean surface! for six different structural models~see the
text! of the GaN~0001! surface as a function of the chemical pote
tial mGa for the allowed range.
03530
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under N-rich growth conditions, while a Ga adlayer inT4

positions is most favorable under Ga-rich growth conditio
This result is in good agreement with earlier theoreti
results.5,22 On the other hand, a monolayer of N adatom
adsorbed on the GaN~0001! surface is very unfavorable in
the whole range of the Ga chemical potential and for all th
adsorption sites considered. When the comparatively sma
adatoms (r c

N50.70 Å) are adsorbed in on top position
e.g., they have three unsaturated and almost noninterac
dangling bonds which are filled by only 3.75 electrons
total. Such a configuration is energetically very unfavora
as compared to N2 molecules in the gas phase.

The calculated vertical distances between the first lay
of the two energetically most favorable structures in the
lowed range ofmGa are given in Table I. At the clean Ga
terminated GaN~0001! surface, the topmost GaN bilaye
moves almost rigidly outward by roughly 0.07 Å with re
spect to its ideal bulk position. In the case of the Ga adla
adsorbed inT4 positions above the Ga-terminated substra
nondirectional metallic bonds are established between at
in the two topmost Ga layers. The vertical distance betw
the Ga adlayer and the Ga substrate surface layer isdad
51.97 Å. This value translates into a bond length
2.70 Å between the atoms of the two Ga top layers which
very close to the Ga-Ga bond length of 2.71 Å in bulk G

We have calculated the surface electronic structure of
clean GaN~0001! surface and for all adsorption models d
scribed above. For the sake of brevity, we restrict oursel
to a discussion of the surface band structure of the two
ergetically most favorable structures. Figure 3~a! shows the
LDA surface band structure of the relaxed clean GaN~0001!
surface as calculated using standardab initio pseudopoten-
tials ~cf. Sec. II!. The vertically shaded areas represent
projected band structure~PBS! of hexagonal bulk GaN. The
PBS has a direct gap of 1.43 eV at theG point of the SBZ. It
is considerably smaller than the experimental gap of 3.5
due to well-known shortcomings of DFT-LDA. Most salien
the surface band structure shows a Ga-derived dangling-b
band (DGa) in the projected fundamental gap. This band
partially occupied by 3/4 of an electron, giving rise to
metallic clean surface and pinning the intrinsic Fermi lev
The considerable dispersion of 1.61 eV of this band res
from a significant overlap of the dangling-bond wave fun
tions of neighboring Ga atoms in the surface layer. For
Ga monolayer adsorbed inT4 positions above the

TABLE I. Structural parameters of surface relaxations. The d
tances between adsorbed and top layers, the first and second la
and the second and third layers are labeleddad , d12, and d23,
respectively, and are given in Å. The normal distances betw
respective layers in bulk GaN ared12

b50.65 Å andd23
b51.94 Å.

System dad d12 d23

clean GaN~0001! 0.72 2.01
Ga(T4):GaN(0001) 1.97 0.65 1.92

clean GaN(0001̄) 0.37 2.01

Ga(on top):GaN(0001)̄ 2.06 0.68 1.95

-

est
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FU-HE WANG, PETER KRÜGER, AND JOHANNES POLLMANN PHYSICAL REVIEW B64 035305
GaN~0001! surface, which we label in the following a
Ga(T4):GaN(0001), there are three Ga-derived bands in
projected gap@Fig. 3~b!#. The energetically lowest one o
them (DGa) is derived from Ga dangling bonds at th
Ga(T4) adatoms. The character of the surface-state w
functions forming this band is mostly Gas andpz like. Con-
trary to theDGa band at the clean surface, this band is co
pletely occupied. The additional adatom-induced bandsM
andB are partially occupied. They originate from states b
tween the two Ga layers~M! or from bridge states~B! within
the Ga adlayer, respectively. Their strong dispersion or
nates from strong Ga-Ga interactions in the Ga double la
on top of this system.23

B. Clean and Ga- or N-covered GaN„0001̄… surfaces

Since it is not clear which one of the hexagonal G
surfaces has been studied in the ARPES experiments,10,11we
have also investigated several structural models of
GaN(0001̄) surface. Side and top views of this surface a
given in Figs. 1~b! and 1~d!. Also, in this case we have
considered the clean surface as well as Ga or N adlaye
on top,T4, or H3 positions. These adsorption sites are in
cated in Fig. 1~d! as well. Reactions of the clean surface w
N adatoms lead to an abstraction of N surface atoms
formation of N2 molecules due to the very strong N-N m
lecular bond of 9.8 eV.21 After N abstraction, the resulting
surface structure corresponds to the case of Ga adsorptio

FIG. 3. Surface band structures of~a! the relaxed clean
GaN~0001! surface~top panel! and~b! the Ga(T4):GaN(0001) sur-
face~bottom panel!. The projected bulk band structure is shown
vertically dashed lines. The labels of the bands are introduced in
main text.
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the clean GaN(0001)̄ surface~see below!. Therefore, we re-
strict ourselves to a discussion of the clean and Ga-cove
GaN(0001̄) surfaces.

The formation energies resulting from our calculations
the remaining four different models are given in Fig. 4. It
found that a monolayer of Ga atoms adsorbed in on
positions is the most stable configuration under both Ga-
N-rich conditions. This result is in good agreement with t
findings of other calculations of the surface atom
structure5,22 and experimental results.15

The calculated structural relaxation parameters of t
configuration are also given in Table I together with those
the relaxed clean surface. At the clean surface, a consi
able nonrigid surface relaxation of the topmost bilayer
obtained. In the case of the Ga-covered GaN(0001)̄ surface,
strong directional Ga-N bonds are established when the
adatoms are adsorbed in on top positions. In this case
resulting interlayer distancesd12 andd23 are very close to the
respective bulk distances~see Table I!.

To shed some more light on the physical properties of
optimized adsorption system, in Fig. 5 we show the el
tronic charge-density differencedistribution induced by
Ga~on top! adsorption. Obviously, the electronic charge de
sity increases near the N atoms and decreases near th
adatoms, so that they become more anionic or cationic,
spectively. In addition, there is a significant increase in
electronic charge density between the Ga adatoms in the
face plane to be noted indicating the formation of meta
bonds between neighboring Ga adatoms. So there is a
dimensional metallic Ga layer on top of the N-terminat
GaN(0001̄) surface. Figure 5 also reveals that the change
the charge density show a considerable spatial extent into
substrate.

The calculated band structure of the clean GaN(000)̄
surface and of the energetically most favorable Ga~on top!
configuration are shown in Fig. 6. At the clean GaN(000)̄
surface @Fig. 6~a!#, there is one N-derived dangling-bon
band (DN) in the fundamental gap. This band is partial

he

FIG. 4. Comparison of formation energies~relative to that of the
relaxed clean surface! for three different structural models~see text!

of the GaN(0001̄) surface as a function of the chemical potent
mGa for the allowed range.
5-4



lli
he
e
r

nds

da-
he
on-
ave
ng
ons
-
very
er-

l
e

to
rgy-
he
e

and

of

nic
rst
ns.
o
s of
lly
ard
x-

up-

o

e

0
p

nd

1

ELECTRONIC STRUCTURE OF 131 GaN~0001! AND . . . PHYSICAL REVIEW B 64 035305
occupied by 5/4 electrons. Therefore, this surface is meta
and theDN band pins the Fermi level. The dispersion of t
DN band is very small, since the interaction between the v
localized dangling bonds on the second-nearest-neighbo

FIG. 5. Contours of the electronic charge density difference

the Ga(on top):GaN(0001)̄ surface obtained by subtracting th

charge density of free Ga adatoms and of the clean GaN(00)̄
surface from that of the adsorbate system. The contours are
sented in thex-z plane@see Fig. 1~d!#. Solid ~dashed! lines represent
an increase~decrease! of charge density.

FIG. 6. Surface band structures of~a! the relaxed clean

GaN(0001̄) surface ~top panel! and ~b! the

Ga(on top):GaN(0001)̄ surface ~bottom panel!. The projected
bulk band structure is shown by vertically dashed lines.
03530
c,
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N

atoms in the surface layer is very weak. In the Ga~on top!
configuration, there are three Ga adatom-derived ba
within the projected fundamental band gap@Fig. 6~b!#. The
DGa band originates from the dangling bonds at the Ga a
toms and from theN atoms at the substrate surface layer. T
dispersion of this band of about 1.19 eV results from a c
siderable overlap between neighboring dangling-bond w
functions of the relatively large Ga cations. Additional stro
interactions between neighboring Ga adatom wave functi
give rise to the bandsB1 andB2, whose corresponding dis
persions are very large. These two latter bands behave
much like backfolded parabolic free-electron bands, und
lining their metallic character anew. The bandDGa is fully
occupied, while the bandB2 is only occupied to a very smal
extent. The bandB1 is completely empty. Thus this surfac
is metallic, as well.

The wave-function character of the states giving rise
these surface bands becomes most obvious in the ene
andk-vector-resolved charge densities shown in Fig. 7. T
left panel shows theDGa dangling-bond state whose charg
density exhibits strong contributions at the Ga adatoms
at the N atoms in the topmost substrate layer. TheB1 state,
conversely, is fully localized at the adlayer, and consists
Ga px andpy contributions~see the right panel of Fig. 7!.

IV. RESULTS OF SIRC-PP CALCULATIONS

Before comparing our results for the surface electro
structure with experimental data, it seems useful to fi
briefly address the accuracy of the above LDA calculatio
It is well known that standard DFT-LDA calculations fail t
correctly describe excited states in general, and band gap
semiconductors and insulators in particular. This is partia
due to unphysical self-interactions contained in any stand
LDA calculation, and due to the neglect of electronic rela
ation. SIRC-PP’s~Refs. 24 and 25! have been shown to
overcome these obstacles for group-III nitrides and gro
II-VI compounds to a large extent.17,25 To overcome these

f

1
re-

FIG. 7. Electronic charge density contours of the dangling bo
DGa ~left panel! and the bridge bondB1 ~right panel! states at theK

point of the surface Brillouin zone of the Ga(on top):GaN(000)̄
surface. The contours are presented in thex-z plane@see Fig. 1~d!#.
5-5
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problems in the present case, we have used SIRC pseud
tentials to calculate the electronic properties of the GaN s
face systems studied in this work. For the sake of brevity

Fig. 8 we only show results for the clean GaN(0001)̄ surface

and the Ga(on top):GaN(0001)̄ adsorbate system~see Fig.
6, for comparison!, respectively. The global topology of th
band structures in Figs. 6 and 8, respectively, is simi
However, the bulk band gap opens up from 1.43 to 3.92
when SIRC pseudopotentials are used. The position and
persion of the N-derived dangling-bond bandDN at the clean

GaN(0001̄) surface remains largely unchanged@compare
Figs. 6~a! and 8~a!#. This is due to the fact that this band
basically derived from N bulk valence states which har
change when we employ SIRC pseudopotentials. The w
of the Ga-derived dangling-bond bandDGa of the

Ga(on top):GaN(0001)̄ system increased by 0.76 eV in Fi
8~b!, as compared to Fig. 6~b!. Interestingly enough, the dis
persion of theB1 band and theB2 band for energies large
than 1 eV is not changed by the SIRC pseudopotentials. O
their absolute energy position is shifted up by 0.87 eV~cf.
the bottom ofB1). This confirms again that these bands a
free-electron-like metallic Ga bands. They are basica
shifted upward rigidly, since the energy difference betwe
the Ga and N atomic term values increases by going fr
standard to SIRC pseudopotentials.17

FIG. 8. Surface band structures of~a! the relaxed clean

GaN(0001̄) surface ~top panel! and ~b! the

Ga(on top):GaN(0001)̄ surface~bottom panel! resulting from our
calculations using SIRC pseudopotentials. The projected bulk b
structure is shown by vertically dashed lines. Note the signific
increase of the projected gap~by 2.39 eV, from 1.43 to 3.82 eV!, as
compared to Figs. 3 and 6.
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The occupation of theDN band at the clean N-terminate

surface and of theDGa band at the Ga(on top):GaN(0001)̄
surface, as calculated with standard pseudopotentials, do
change when SIRC pseudopotentials are employed.
band (DN) at the VBM has a very small dispersion and on
3/4 electrons per 131 unit cell are missing to fully occupy
the band. There is a large gap of roughly 3.64 eV above

band. For the Ga(on top):GaN(0001)̄ surface, theDGa

band is fully occupied and theB1 band is only partially filled
with electrons, so that this system remains metallic as w
In this latter case, the bulk gap is completely closed by
adatom-induced surface-state bands. The topology of the
per part of the resulting band structure is close to that
ordinarysp-like metals. Therefore, the screening and tra
port properties of the Ga adlayer system are drastically
ferent from those of the clean surface. This kind of meta
behavior is in accord with the results of scanning tunnel
spectroscopy experiments.6 A very strong dependence of th
tunneling current on the nature of the STM probe tip in the
measurements did not allow for a more detailed experime
investigation of the electronic properties in those studies6

We have also calculated the surface band structures o
clean GaN~0001! surface and the Ga(T4):GaN(0001) adsor-
bate system using SIRC pseudopotentials. The resul
changes with respect to the standard LDA band structu
given in Fig. 3 show largely the same global behavior
those discussed above for the 131 GaN(0001̄) systems.
Therefore, we also refrain from showing these band str
tures.

V. COMPARISON WITH EXPERIMENT

In Sec. I we mentioned that Chaoet al.11 recently carried
out synchrotron radiation excited ARPES measurements
hexagonal MOCVD-grown GaN surfaces which show ve
sharp 131 LEED patterns. Two dominant features ha
been detected in the recorded spectra throughout the w
surface Brillouin zone, and have been shown by appror
means to be surface derived. The upper band near the V
exhibits only a very weak dispersion, while the lower ba
shows a strong dispersion fromEVBM at the zone center to
ward the bottom of the valence bands at theK point. Since
Chaoet al.11 could not unambigously identify the termina
tion or polarity of their samples, we have compared the
perimental ARPES data of Ref. 11 with all of our results f
the electronic structure of the models studied in this work.
Fig. 9 we show the data of Chaoet al.11 by open squares
The comparison of the data with all of our theoretical resu
revealed that there is no way to reconcile the ARPES d
with the electronic structure of the clean GaN~0001! or the
optimal Ga(T4):GaN(0001) surface~Fig. 3!. The same holds
for our results of respective SIRC calculations for these t
surface structures. Also the SIRC-PP band structure for
optimal Ga(on top):GaN(0001)̄ surface@Fig. 8~b!# does not
allow for any convincing interpretation of the data. Intere
ingly enough, only the surface band structure of the cle
N-terminated GaN(0001)̄-(131) surface@Fig. 8~a!# is in
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reasonable accord with the measured data. We have su
imposed the results of our SIRC pseudopotential calcula
from Fig. 8~a! onto the measured two-dimensional bands26 in
Fig. 9. The dispersion of the N-derived dangling bond ba
DN nicely agrees with the flat measured band alongM -G and
from G to GK/2. Near theK point, there are larger deviation
between theory and experiment. At this point, the meas
ments show two structures: one with a slightly larger disp
sion than in the theoretical results, and a second band w
remarkably stronger dispersion of some 2 eV. There is
surface-state bandin the theoretical results for the clea
GaN(0001̄) surface corresponding to this feature. The cal
lated N-derived resonanceBN agrees well with the experi
mental data in the energy region from 0 to –3 eV. For lar
binding energiesE<23 eV, however, the measured dispe
sion is larger than the calculated one. In the energy reg
below–3 eV andk region betweenM and GM /2, we find
only a pronounced supercell band~i.e., bulklike! which does
not have a very strong surface character.

In the interpretation of their results, Chaoet al.11 identi-
fied the symmetry of the observed surface states with res
to the mirror plane of the surface system, which contains

@ 1̄21̄0# direction.27 In their experimental setup they cou
only detect even states with respect to the mirror plane.
k vectors corresponding to the mirror plane are along
M -G direction. We can unambiguously resolve our surfa
bands with respect to even or odd symmetry fromM to G.
Accordingly, we have plotted bands of even symmetry
full lines and bands of odd symmetry by dotted lines fromG
to M in Fig. 9. The figure reveals that the two bands detec
in experiment are comprised of even surface states, w
bands originating from states with odd symmetry have
been observed. Along theG-K andK-M lines, the states are
superpositions of contributions with even and o
symmetries.27

From our comparison we conclude that a clear signa
of N-derived dangling-bond states was observed

FIG. 9. Comparison between the calculated SIRC band struc

of the clean relaxed GaN(0001)̄ surface@cf. Fig. 8~a!# with experi-
mental ARPES data~open squares! from Ref. 11. Bands from theM
point to theG point originating from even~odd! states with respec
to the mirror plane of the surface are shown by full~dotted! lines.
The bands fromG over K to M ~full lines! do not have a definite
symmetry with respect to the mirror plane~see Ref. 27!.
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experiment.11 There is encouraging agreement between
considerable part of the calculated surface band structur
the clean GaN(0001)̄ surface and experiment. Even the e
perimentally detected symmetry of the observed surf
states is confirmed by the calculations. Obviously, the inv
tigated sample surface was not a Ga(on top):GaN(00)̄
structure, which is favored by our structure optimization c
culations. The deviations between theory and experim
might be related to the existence of domains, facets, or
fects near the surface,28,29 or to order-disorder transitions.30

Additional experimental investigations on well-define
well-ordered, and defect-free single-crystal surfaces wo
be most useful to clarify these points.

VI. SUMMARY

We have calculated formation energies and band st
tures of conceivable clean and Ga or N covered 131
GaN~0001! and GaN(0001̄) surface configurations. In the
case of the GaN(0001)-(131) surface, a monolayer of G
adsorbed inT4 sites is the most stable structure under G
rich conditions, while the relaxed clean Ga-terminated s
face is the most stable structure under N-rich conditions
the case of the GaN(0001)̄-(131) surface, a full monolayer
of Ga adsorbed in on top positions is the most stable c
figuration throughout the allowed range of the Ga chemi
potential. The surface band structures of the cle
GaN~0001! and GaN(0001̄) surfaces show one salient Ga-
N-derived dangling bond band in the gap energy region,
spectively. The surface band structures for the adlayer c
figurations are dominated by metallic, highly dispersive
induced bands in the projected fundamental bulk band g
This holds for the results of our calculations using stand
LDA pseudopotentials, as well as, for the results of our c
culations employing SIRC pseudopotentials. Scann
tunneling spectroscopy experiments support meta
surfaces. Our results for the clean GaN~0001!, the clean
GaN(0001̄), as well as, the Ga(T4):GaN(0001) and
Ga(on top):GaN(0001)̄ surfaces are in general agreeme
with this finding. They are all metallic. The results of rece
angle-resolved photoemission measurements cannot be i
preted in terms of the surface band structures of the
cussed Ga adsorbate systems. Instead, only the surface
structure of the clean N-terminated GaN(0001)̄ surface is in
favorable agreement with experiment.
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