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Density-functional calculations for IlI-V nitrides using the local-density approximation
and the generalized gradient approximation
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We have performed density-functional calculations for I1l-V nitrides using the pseudopotential plane-wave
method where thd states of the Ga and In atoms are included as valence states. Results obtained using both
the local-density approximatiofi. DA) and the generalized gradient approximati@GA) for the exchange-
correlation functional are compared. Bulk properties, including lattice constants, bulk moduli and derivatives,
cohesive energies, and band structures are reported for AIN, GaN, and InN in zinc-blende and wurtzite
structures. We also report calculations for some of the bulk phases of the constituent elements. The perfor-
mance of our pseudopotentials and various convergence tests are discussed. We find that the GGA yields
improved physical properties for bulk Al, N and bulk AIN compared to the LDA. For GaN and InN,
essentially no improvement is found: the LDA exhibits overbinding, but the GGA shows a tendency for
underbinding. The degree of underbinding and the overestimate of the lattice constant as obtained within the
GGA increases on going from GaN to InN. Band structures are found to be very similar within the LDA and
GGA. For the IlI-V nitrides, the GGA therefore does not offer any significant advantages; in particular, no
improvement is found with respect to the band-gap prob[86163-182009)06107-X]

. INTRODUCTION band gaps in semiconductdrs:?as well as to overbinding.
An additional problem for GaN and InN is that the LDA

The group-IIl nitrides(AIN, GaN, InN, and their alloys predicts that the GadBand In 4 states overlap with the N
have attracted much attention in recent years due to thes band forming two sets of bandsRecent experiments
great potential for technological applicatiofsee e.g., Refs. have shown, however, that thel dands of GaN lie several
1-5, and references therginn the wurtzite(ground-state eV below the N 2 band**~'” The same problems may be
structure, AIN, GaN, and InN have direct energy band gapgxpected for InN. This has been explained as being due to
of 6.2, 3.4, and 1.9 eV, respectivelyanging from the ultra- neglect in the LDA of a combination of self-interaction and
violet (UV) to the visible regions of the spectrum. This im- final-state screening effects.
plies that the AlGa _,InN alloy system can be used to fab-  Use of the generalized gradient approximat{@GA) in
ricate optical devices operating at wavelengths ranging fromiensity-functional-theory calculations is currently receiving
red into the UV. In addition, AIN and GaN have a high increasing attention as a possible improvement over the
melting point, a high thermal conductivity, and a large bulkLDA. The GGA has generally been found to improve the
modulus® These properties, as well as the wide band gapsiescription of total energies, ionization energies, electron af-
are closely related to their strorignic and covalentbond- finities of atoms, atomization energies of molectfe€®and
ing. These materials can therefore be used for shortproperties of solidé:~2* Improvements have also been re-
wavelength light-emitting diode€LED’s) laser diodes, and ported for adsorption energies of adparticles on surfaéés
optical detectors, as well as for high-temperature, highand for reaction energi€$?® Furthermore, the GGA has
power, and high-frequency devices. Bright and highly effi-been shown to be crucial in obtaining activation energies
cient blué and greehLEDs are already commercially avail- consistent with experiment for Hlissociatior?>3° The rela-
able, and diode lasers have been reported, emitting in thiéve stability of structural phases also appears to be better
blue-violet range initially under pulsed conditidrend sub-  described for magnefit and nonmagnetic systen&>® Re-
sequently under continuous operatidn. cent studies by Dufek and co-work&s® for transition-

In order to help understand and control the materials andnetal oxides reported a significant improvement in the band
device properties, theoretical studies can be most valuable. structure when using the GGA. In an earlier publication,
growing number of first-principles calculations have beenhowever, Leung, Chan, and Harnibneported no significant
performed for these materials over the past few years. Mosthange in the band structure between LDA and GGA results
of these calculations are based on density-functional theorfor the same materials. Thus the effect of the GGA on the
employing the local-density approximati¢hDA), either in  band structure is still unclear.
an all-electron formalism or using the pseudopotential plane- Given the large ionicity and wide band gap of the lll
wave approach. A number of studies have also been carriattrides, it is important to investigate the effects that the
out usingab initio Hartree-Fock methods; however, these GGA may have on the electronic structure, in particular,
methods are much more computationally demanding than thehether it would lead to an improvement in the band gap.
LDA, and they significantly overestimate the band gap. It isSince the GGA affects binding energies in other systems,
well known that the LDA leads to an underestimate of theone may also expect a difference in defect formation ener-
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gies depending on the LDA or GGA treatment; the issue ofnitialization scheme to improve the convergence of the
defect formation is of prime interest in the nitrid®’As a  strong N 2, Ga 3, and In 4 potentials, which are in-
first step, we have performed a comprehensive study of theluded as valence states. Details of the method and program
bulk materials in the present work. To our knowledge therecan be found in Ref. 48.

has only been one published calculation for the group-lll  We useab initio fully separable soft pseudopotentials cre-
nitrides employing the GGARef. 38: in that work only  ated by the scheme of Troullier and Marfthén which we
selected lattice constants were reported. include the GGA in the creation of the respective

Only a few of the published calculations have gone bepseudopotentiat®®! as well as in the self-consistent total-
yond the LDA: for wurtzite and zinc-blende AIR,and for  energy calculations. This approach is to be distinguished
wurtzite®® and zinc-blende GaNRefs. 39-41 using aGW  from the use of LDA pseudopotentials in an otherwise self-
approach, and for wurtzite and zinc-blende GaN usingconsistent GGA total energy calculation, i.e., where the
simple quasiparticle schem&sThe calculations employing exchange-correlation energy is treated in the GGA but the
the GW approximation to the quasiparticle self-energy pseudopotentials are nGhconsistent treatment of the GGA,
showed its effects not only on the band gaps but also on theee Ref. 51, or from apostLDA treatment where the elec-
position of the N & band and the bandwidth. Quasiparticle tronic total energy is first minimized within the LDA and
calculations essentially overcome the underestimate of th#hen corrected perturbatively for the GGA exchange-
band gap as obtained using the LDA, and yield band struceorrelation energy. In the present work the GGA is thus
tures in much better agreement with experiment; they ardyeated in a fully consistent way. Relativistic effects are taken
however, time consuming and do not, as yet, produce selfinto account for the Ga and In atoms using weighted spin-
consistent total-energy values. TB&V calculations for GaN averaged pseudopotentials. Specific details concerning en-
also did not include thd states as valence states, but treatecergy cutoff andk-point sampling for the investigated sys-
them as part of the pseudopotential core. For completenes¢sms are described in the corresponding sections along with
we mention two other recently introduced approaches thathe results.
aim to obtain an improved electronic structure of wide-band-
gap semiconductors(i) the use of self-interaction- and
relaxation-corrected pseudopotentifisnd(ii) a scheme in-

volving generalization of the LDA known as the “screened  Essential tests for the pseudopotential plane-wave method

exchange” method®>** involve the pseudopotential itself, e.g., logarithmic deriva-
In the present study we perform density-functional-theorytives, ghost states, and transferability, as well as the physical

calculations for AIN, GaN, and InN, using the pseudopoten-properties of the systems of interest. We tested a number of

tial plane-wave method and treating the Ga and #tates as  different nitrogen pseudopotentials, in particular, we varied

valence, where we employed both the LDA and GGA for thethe reference electronic configuration and the cutoff radii

exchange-correlation functional. We report lattice constantsgnd considered the inclusion or absence of tHes@attering

bulk moduli and derivatives, cohesive energies, and banghannel. The LDA and GGA pseudopotentials that we de-

structures for AIN, GaN, and InN in the zinc-blende andcided to use were based on best agreement with experimental

wurtzite structures. We also present results for some of theasylts for the bond length, binding energy, and vibrational

bulk phases of the constituent elements. frequencies of the Ndimer, while still requiring a manage-
Before undertaking extensive calculations for a new sysaple basis set for the total-energy calculations. These poten-

tem, it is mandatory to perform various tests to assess thgals were generated in the non-spin-polarized ground-state

quality of the calculations and to establish acceptable basigglence electronic configurations2p3, with cutoff radii

sets. Comprehensive information about the performance and— P—1 37, . In the total-energy calculations we take the

accuracy of our pseudopotentials is provided here, includin@p channel as local. We found that including ttiehannel,

an investigation of ghost stat&s|ogarithmic derivatives, generated in the electronic configuratiors?2p33d® or

and transferability® We compare our results with experi- 2s12p 753025

4 ! i > , resulted in bond lengths that were some-
ment where possible, and with other first-principles calculay, 4t o0 short, and binding energies and frequencies that

tions, where we have made an effort to collect as many a§ere too large with respect to experiment, with the latter
possible of theab initio results. _electronic configuration yielding the largest deviatidhén
_The paper is organized as follows. In Sec. Il we give ayis work we discuss mainly the GGA pseudopotentials, but
brief description of the calculational method, and in Secs. lll,;o 450 performed analogous tests for all the LDA pseudo-
IV, V, and VI we report results for nitrogefand the N yhentials: the quality of the results was similar in both cases.
dimen, AIN (and bulk A), GaN, and InN, respectively. Sec- * 4 computational efficiency it is convenient to transform
tion VII discusses the stability of the zinc-blende and wurtz-o semilocal form of the pseudopotential operator into the
ite structures, and Sec. VIII contains the conclusions. fully separable nonlocal form as introduced by Kleinman and
Bylander>® Transferable pseudopotentials should closely
Il. CALCULATIONAL METHOD preserve th(_e aII—_eIectrpn gtomic scattering_ propert.ies as given
by the logarithmic derivatives at some radius outside the core
We use density-functional-theory and the local densityregion over the range of valence energies relevant to chemi-
approximatiofi” as well as the generalized gradient approxi-cal bonding. In the left panel of Fig. 1 we show the logarith-
mation of Perdewetal® (PWII) for the exchange- mic derivatives of the all-electron radial wave functi@olid
correlation functional. The wave functions are expanded in &urve and the pseudo-wave-functiorisemilocal, dashed
plane-wave basis set, and we use an optimized tight-bindintine; separable, dot-dashed [ljnélemonstrating the close

Ill. NITROGEN
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agreement of the pseudopotential and all-electron result<g ,, *’\n& eooeh 000 &,
over the relevant energy range, and the apparent absence . ef"& . ' . . ‘
“ghost states.” When using the separable form, it is impor- 00 10 20 30 00 05 10 15 20
tant to ensure that problems associated with ghost states ai 2p occupancy 2s occupancy

avoided. These states cannot always be easily identified by FIG. 3. Deviati o th o _ £ H
inspection of the logarithmic derivatives so we used the, ' Gi | ?V'at'ons dm tte ?.X(l:'tat'gn“enfr?'egqf' Iae'tW erée
scheme of Gonze,Stump,and Scheffes mplementedn 20 0100 11 Pl e b 3L oo
the programrHiPP>® For all pseudopotentials discussed in gy el 8sp gen p .

o as a function of occupation compared to all-electron results with
the present paper, we verified that no ghost states we

I‘F'é . .

. 4 _~ . 'réspect to the ground-state configuration. The left panel shows re-
pres%m' Flgur.ef @ gnﬂ 4b) Sh‘;)w,l rESpecnvgly’”th? I0NIC " 5its as a function of occupation of the 8tate(with a constant 8
pseudopotential, and the pseudoelectron and all-electron r@E:cupation of 2 electronsand the right panel shows results as a

dial wave functions. The N2 potential is quite deep, result-  gnction of electron transfer from thes2o the 2 state (plotted
ing in the need for a large plane-wave cutoff, as we will seyjth respect to 2 occupation.
below. We also note that the ionic pseudopotential exhibits

small short-ranged oscillations near the origin; we make ngjon However, the pseudopotentials should also yield accu-
attempt to remove these, with the understanding that thesgye results in a wide range of atomic environments, i.e., they
oscillations are largely filtered by means of the plane-wavespo|q be transferable. In order to achieve this, it is neces-
basis energy cutoff: _ sary that the pseudopotential reproduces the all-electron re-
Pseudopotentials are congtrugted so that they will reprog,its(total energy and eigenvalue® within the accuracy of
duce the all-electron calculation in the reference configurag,q underlying frozen-core approximation, for different va-
lence electron densities of the at@eg., excited atomic con-

’ ‘ ‘ T s Al © figurations and over a desired energy range. We therefore
o 10 = or ] test the transferability of the pseudop_otential by mor_litoring
g & 4 3d = the ps_eudo-atom “ha_rdness” in a variety of electr(_)nlc con-
§ § ol P ] f|gurat|ons. To do thl_s we compare the chan_gelln energy
30 T ] eigenvalues and excitatiofmeutral chargeand ionization
o ‘ ‘ ] ‘ ‘ L (positive chargeenergies as a function of electron occupa-
00 05 10 LS 00 05 100 15 20 tion as obtained using pseudopotential and all-electron cal-
L0 A o AN culations. In Fig. 3 we plot thdifferenceof these quantities
N (b) Al (d between the pseudopotential and all-electron results. In the
05 L A 1 sk 3s o left panel, emptying of the N |2 state is considered, and in
g 2 g the right panel excitatiottor electron transferof electrons
oo i S oo T from the & into the 2 level. It can be seen that the eigen-
- values and excitation energies of the pseudopotential differ
05 L 05 L increasingly from those of the all-electron potential for larger
0 L r(ﬁn) B o ! Zr(aﬂf vo3 deviations from the reference electronic configuration

(2s%2p®). Given that we are considering rather large ioniza-
FIG. 2. lonic GGA pseudopotentials) and all-electron and tion and excitation energigg maximum of 3.23 H and 0.85
pseudopotentialdashed ling wave function(b) for the nittogen H, respectively the magnitude of the deviation is quite
atom. (c) and (d) Same a<a) and (b) but for the aluminum atom.  small, indicating good transferability for normal physical ap-
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Bond length (A)
Binding energy (eV)

PRB 59

] TABLE I. Calculated bond length, frequencyr, and binding

®) energyE, for the N, dimer. The particular functional used is en-
closed in brackets; for the values taken from Ref. 19, the function-
als are separated into exchange and correlation. The exchange part
corresponds to SlatgiRef. 56 (S or Becke (Ref. 57 (B). For
correlation, either the LSOlocal electron spin densittheory of
Vosko, Wilk, and NusaitRef. 58 (VWN) or the gradient-corrected
functional of Lee, Yang, and PattYP) (Ref. 59 was used. PWII
(Ref. 18 is the GGA employed in the present work and PWI is the
earlier GGA of Perdew and Wan@Ref. 60. Present values are
calculated with an energy cutoff of 70 Ry in a 15-bohr cubic super-

-~ 2500 1= - cell using one special poinf). Experimental values are included
8 = for comparison.
52300 é’ ) LDA calculation bA veml E, (eV)
é = Present 1.099 2384 11.587
2100 L Ref. 20 1.09 2380 11.6
30 40 50 60 70 Ref. 19 G-VWN) 1.111 2401 11.16
E_.(Ry)
GGA calculation b(A) wv(eml) E, (eV)
FIG. 4. Convergence of th@) bond length(b) binding energy,
(c) frequency, andd) total energy for N as a function of cutoff Present 1.105 2346 9.867
energyE.,. Solid and dashed lines represent LDA and GGA re-Ref. 61 (PWII) 1.104 2332 10.243
sults, respectively. Ref. 19 B-LYP) 1.118 2337 10.03
Ref. 20(PWI) 1.10 2320 10.1
plications. These results can be compared, for example, tgef- 20(PWII) 1.10 2330 103
those in Refs. 46, 51, 54, and 55. Expt. (taken from Ref. 20 1.10 2360 9.9

The pseudopotential should also yield accurate physical
properties of the DM dimer. In Figs. 4a)—4(d) we show, re-
spectively, the calculated bond length, binding energy, vibranave been reported for other small moleculsse, for ex-
tional frequency, and total energy as a function of the energmample, Ref. 18
cutoff E.;. The equilibrium bond-length, vibrational fre-
guency, and total energy are obtained using a third-order
polynomial fit to the total energy versus,Nbond-length i _ _ _
curve. Corrections to the theoretical values of the binding M this section we first discuss the performance of our Al

energy for zero-point energies are not included: these argseudopotentlal and calculations for bulk Al, and then de-

expected to be on the order of a few tenths of an eV. ZeroScribe results for AIN in the zinc-blende and wurtzite struc-

point energies are also not included in the cohesive energietgres'
reported in subsequent sections.

Although the absolute value of the total energy is not A Al
converged at 50 Ry, the other properties seem reasonably For the Al pseudopotential we again use the non-spin-
well converged at this cutofDifferencesof total energies polarized electronic ground-state configuration to create the
are known to converge notably faster than the absolute enetDA and GGA pseudopotentials, i.e.s38p'3d°. The cut-
gies. Even a 40-Ry cutoff yields reasonable results, but fooff radii were taken to beS=1.80a,, rP=2.10,, andr?
energy cutoffs lower than 40 Ry, the results exhibit a clear=2.00,. In the total-energy calculations th&l Zhannel is
lack of convergence. taken as local. The right panel of Fig. 1 shows the logarith-

Values of the calculated physical properties are listed immic derivatives of the all-electron radial wave functi@olid
Table | (obtained using a 15-bohr cubic supercell and ancurve and the pseudo-wave-functio(semilocal, dashed
energy cutoff of 70 Ry with thd’-point for the k-space line; separable, dot-dashed ljrfer the Al atom, again show-
sampling. The binding energydefined here as a positive ing a close tracking to the all-electron results in the relevant
value is obtained as the energy difference of twice the totalenergy range. At higher energiésbove 0.5 Hl notable de-
energy of aspherical N pseudoatom and the total energy of viations occur for thel channel, but this energy range is well
the N, dimer. The spin-polarization energy of the atomic above that of interest in the present work. In Fig&) 2nd
ground state of the free N atom is taken into account; thi®(d) we show the ionic pseudopotential, and the pseudoelec-
energy was calculated to be 2.893 eV using the LDA andron and all-electron radial wave functions. The much softer
3.151 eV using the GGARef. 62; that of the free N dimer  potential of the Al atom is apparent, as reflected by the sig-
is negligible. The present results agree well with previousiificantly faster convergence of the physical properties of
LDA and GGA calculations. Compared to the LDA results, bulk Al as a function of energy cutofsee Fig. 5 as com-
the GGA vyields very similar, but slightly longer bond pared to that of N (Fig. 4). Results of the transferability tests
lengths, slightly lower frequencies, and significantly smallerare collected in Table II; emptying of the valence electrons
binding energies that are closer to experiment. Similar trend&as considered her@ositive ionization of the atojn The

IV. ALUMINUM NITRIDE
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4.10 . . . 4.2 T T T TABLE lll. Lattice constanta, bulk modulusB and derivative
” a (a) % a0l I () B B’, and cohesive enerdy., of bulk Al. Present values were ob-
= 405k el 1 Ea tained using an energy cutoff of 40 Ry and 18%oints. Experi-
§ ’ e S Z 38 : mental results are included for comparison.
§ g
[ L 4
g 400 ¢ 1 % 36 LDA calculation a(A) B (Mbar) B’ E. (eV)
E 234 %re--memomo- o----- 4
S \\‘9\9—— 3 Present 3.961 0.830 4605  4.034
3.95 1'0 2'0 3'0 0 3.2 1'0 2'0 3'0 20 Ref. 51 3.97 0.83 4.09
E '(Ry) E '(Ry) Ref. 21 3.96 0.87 4.05
- 0.90 T T T T T T Ref. 22 3.93 0.877 4.14
g © o CY Ref. 23 3.96 0.808 4.06
B 085 \/\9”‘@ 207 e |
3 23 2.08 | | GGA calculation a(d) B (Mban B’ E. (eV)
=2 080 - 1g
g 2 é 209 1 Present 4.042 0.744 4.417 3.415
MOTSE N e 48 o \\9\*_ Ref. 51 4.05 0.790 3.52
& o’ ° Ref. 21 4.04 0.79 3.09
0.70 L— : : 2.11 : : :
10 20 30 40 0 20 30 a0  Ref.22 4.03 0.793 3.45
E_(Ry) E_(Ry) Ref. 23 4.03 0.720 3.51
FIG. 5. Convergence of thé) lattice constant(b) cohesive  EXpt. (Ref. 64 4.05 0.773 3.39

energy, (c) bulk modulus, andd) total energy for bulk Al as a

function of cutoff energyE.,. Solid and dashed lines represent ) ) .
LDA and GGA resuh:sy respective|y. The Calculated Va|UeS Obta'ned USIEgut= 40 Ry W|th

182k points in the irreducible part of the Brillouin zone are

values in Table Il are sufficiently small to indicate satisfac-collected in Table IIl. It can be seen that good agreement is
tory transferability(see Refs. 46, 51, 54, and )55 obtained with other LDA and GGA calculations, all of which

In Fig. 5 the convergence of the physical properties ofwere calculated using the pseudopotential plane-wave
bulk Al is tested with respect to the energy cutoff. We ob-method. Our GGA results show a 2.07% larger lattice con-
tained the equilibrium geometry by computing the total en-stant, an 11.26% smaller bulk modulus, and a 0.619-eV
ergy per atom in bulk, varying the lattice constant within smaller cohesive energy than our LDA results, and are in
about +5% of the equilibrium value and using the Mur- better agreement with experiment.
naghan equation of stat® From these data we also derived
the bulk modulus and its derivative. To calculate the cohe-
sive energy(defined here as a positive vajueve take into
account the spin-polarization energy of the free Al atom The ground-state structure of AIN is wurtzite, but AIN has
which is calculated to be 0.136 eV for the LDA and 0.188also been reported to stabilize in the zinc-bler(dabic
eV for the GGA®? At aboutE =12 Ry the system may be structure(see Ref. 6 and references thejeifhe zinc-blende
regarded as being satisfactorily converged, i.e., the differand wurtzite structures are schematically depicted in Figs.
ences in the values of the lattice constant, cohesive energ§(@ and @b). For the zinc-blende structure, determination of
and bulk modulus obtained at 12 and 40 Ry ar@.005 A, the theoretical equilibrium geometry is straightforward since
0.015 eV, and 0.014 Mbar, respectively, for the LDA, andthere is just one lattice constaatwith two atoms per unit
—0.008 A, 0.019 eV, and 0.022 Mbar, respectively, forcell, one at (0,0,0) and the other a,£,3)a, with unit
GGA. Our results indicate that the rates of convergence Ofgctors a=(0,2,%)a, b=(%,04)a, and c=(3,3,0)a. For
the various physical properties are very similar for the LDA
and GGA.

B. AIN

wurtzite there are four atoms per hexagonal unit cell. With
the unit vectorsa=(3,3/2,0)a, b=(%,—/3/2,0)a, andc

TABLE II. Eigenvalue differences AE;,AE;) and  =(0,0c/a)a, the positions of the atoms, in units af b,
ionization/excitation energy differenceAE;,exd (in €V) for the
aluminum atom between the pseudopotenti@GA) and all-
electron calculations for various electronic configurations with re-
spect to the ground-state configuration.

Configuration AEgg AEg, AEion/exc ¢
3s?3pt 0.00 0.00 0.00
3s?3p%° 0.0003 —0.0005 0.0005 v
3s?3p° —0.0002 —0.0024 —0.0054
3s'53p° 0.0192 0.0023 0.0055
3st03p° 0.0792 0.0298 —0.0304
3s%53p° 0.3370 0.1997 —-0.1301 FIG. 6. Schematic illustration ofa) the zinc-blende structure
3st03pt0 0.0295 0.0077 —0.0087 and(b) the wurtzite structure. Larger and smaller spheres represent

cations and anions, respectively.
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FIG. 7. Convergence of thé) lattice constant(b) cohesive
energy,(c) bulk modulus, andd) total energy for AIN in the zinc-
blende structure as a function of cutoff enerBy,;. Solid and
dashed lines represent LDA and GGA results, respectively.

andc are (0,0,0) and%,3,3) for atoms of the first type, and
(0,0u) and (,3,u+3) for atoms of the second type, where

the unit cel), c/a, andu as follows: In the first step, we
assume the ideal wurtzite structure and determine the equi-
librium volume by varying the lattice constamtThen, keep-
ing the equilibrium volume fixed and= £, the c/a ratio is
varied (generally in the range of 1.593 to 1.663 in steps of
0.0]) to find the optimum value. At the new/a ratio we
once again vary the lattice constagtto determine the new
equilibrium volumeV’. Then, having found/a andV’, we
vary the internal parameter(generally from 0.365 to 0.390
in steps of 0.00bto minimize the total energy.

To check convergence of the calculations as a function of
energy cutoffE.; we calculated the bulk properties of AIN
in the zinc-blende structure as a functionEy{,;. The cohe-
sive energyE. is obtained as the difference between the total
energy of the bulk materiaE g (per cation-anion pal and
that of the free atomsE2?™. We choose to define this en-
ergy as positive, i.eE.= — EL4k+ 3,EZ™ | The results are
shown in Fig. 7. A convergence behavior similar to that of
the N, dimer can be observed in that below 40 Ry the physi-
cal quantities are poorly converged. These results reflect the
fact that the N pseudopotential is dictating the rate of con-
vergence for AIN.

In Tables IV and V, our calculated bulk properties of AIN
in the zinc-blende and wurtzite structures are presented and
compared with experiment and with other publiskabdnitio
calculations. These results were obtained using an energy
cutoff of 80 Ry with ten and 24« points in the irreducible
part of the Brillouin zone, for the zinc-blende and wurtzite

u is the dimensionless internal parameter. For the ideaitryctures, respectively. Calculations for the zinc-blende
wurtzite structurec/a= \/§ andu=32.

To determine the equilibrium geometry of the wurtzite louin zone showed almost identical results, as was the case
phase, we optimize the independent paramatdimlume of

structure with 60k points in the irreducible part of the Bril-

for GaN and InN.

TABLE IV. Lattice constant, bulk modulusB and derivativeB’, cohesive energk., and band gaﬁg
of zinc-blende AIN, calculated at the theoretical lattice constant. Methods include pseudopotential plane-
wave (PPPW, pseudopotential Gaussian bagiP-GB, all-electron(AE), and Hartree-FockHF). Present
values were obtained using an energy cutoff of 80 Ry ankl pfints. Experimental results are included for

comparison.
Method LDA a(h) B (Mban B’ E. (eV) Eq (€V)
calculation
PPPW Present 4.310 2.06 3.86 13.242 4.75
Ref. 65 4,342 2.07 4.35
Ref. 66 4.37 2.02 4.09
Ref. 67 4.34 2.14 3.3
Ref. 68 4.365
Ref. 69 4.421 1.95
Ref. 70 4.339 2.04 4.06 17.990 4.50
PP-GB Ref. 43 4.29
AE Ref. 71 4.32 2.03 3.2
Ref. 72 4.334 2.16
Ref. 38 4.345 2.07
HF Ref. 73 4.3742 2.18 10.88
Method GGA calculation a(A) B (Mbar) B’ E. (eV) Eg (eV)
PPPW Present 4.394 1.91 3.81 11.361 4.13
AE Ref. 38 4.40
Expt. (Ref. 6 4.37
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TABLE V. Lattice constantsa andc, c/a, internal parameteu, bulk modulusB and derivativeB’,
cohesive energg., and band gaﬁg of wurtzite AIN, calculated at the theoretical lattice constants. Methods
include pseudopotential plane-walPPW, pseudopotential Gaussian ba®-GB, all-electron(AE), and
Hartree-FockHF). Present values were obtained using an energy cutoff of 80 Ry akdp@inhts. Experi-
mental values are included for comparison.

Method LDA calculation aA) cA) cla u B(Mba) B’ E;(eV) Eg (eV)
PPPW Present 3.057 4.943 1.617 0.3802 2.09 5.58 13.286 4,74
Ref. 65 3.084 4948 1.604 0.3814 2.05 4.41
Ref. 66 3.09 5006 1.62 0.378 1.99 4.44
Ref. 67 3.082 4945 1.604 0.3821 2.15 3.63
Ref. 74 3.129 4988 1594 0.3825 1.95 3.74 3.09
Ref. 75 3.110 4979 1.601 0.382 2.02
Ref. 68 3.099 4,997 1.612 0.381
Ref. 69 3.144 5.046 1.605 0.381 1.94
Ref. 70 3.077 4981 1.619 0.380 2.071 3.82 18.032 4.56
PP-GB Ref. 43 3.05 489 1.603 0.382 4.2
AE Ref. 71 3.06 491 1.60 0.383 2.02 3.8
Ref. 722 3.072 4904 159 0.382 2.05 4.52
Ref. 38 3.091 4952 1.602 0.381 2.12
HF Ref. 76° 3.117 4982 1.598 0.3828 2.39 3.77 10.11
Ref. 76° 3.101 4.975 1.604 0.3817 2.39 4.19 11.09
Ref. 73 3.1002 4.9888 1.6092 0.3805
Ref. 77 3.114 4984 1.6005 0.3824

Method GGA calculation ad) cA) cla u B(Mba) B’ E(eV) Eg (eV)

PPPW Present 3.113 5.041 1.6193 0.3798 1.92 3.96 11.403 4.245
AE Ref. 38 3.135 5.022 1.602 0.381

Expt. (Refs. 6, 71, and 73 3.111 4.978 1.601 0.385 1.85-2.12 5.7-6.3 11.669 6.28

&This result was obtained by optimizinga and u, but the equilibrium volume was taken to be that of
experiment.

PAll-electron results.

‘Pseudopotential results.

We sectioned the entries in Tables IV and V according to We also calculated the heat of formatidnd; of AIN in
the calculational method for ease of comparison: pseudopahe zinc-blende structure &.,=80 Ry to be —3.4 eV
t?ntial plang-wave. pseugomtﬁngal Gf;\)tllssian tE)IasidS. allLDA) and — 3.0 eV(GGA). The heat of formation is calcu-
electron, and Hartree-Fock methods. Table (dhc-blende — phulk AIN _ =bulk Al _ Ny i
structuré shows that the lattice constants a(nd bulk modulilated as AH=Ei Erot V2 , (ie. AH, S

. ) negative for a stable structyreThe experimental value is

agree fairly well for all calculation methods. The largest de—_3 3 eV The absolute value of the heat of formation of the
viation in lattice constant was reported in Ref. 69, where the =~ =" . . :
obtained value was somewhat larger than the others. We notdurtzite ;tructure will .be larger by the zinc-blende/wurtzite
that for zinc-blende AIN the band gap is indirect; the entriesEneray difference, which we calculate to bet4 meV (see

in Table IV correspond to the direct band gaplat Table XiI). _ _
From Table V(wurtzite structurgwe can see that the HF ~ Our lattice constants as obtained using the GGA are about

methods yield slightly larger lattice constants than the LDA1.95% and 1.83% larger than the LDA values, for the zinc-
results; this is a well-known effect. Table V shows no Sig_blende and wurtzite structures, respectively. For the zinc-
nificant difference in the results of the physical properties ofblende structure the LDA result is 1.3% smaller than experi-
the all-electron and pseudopotential methods for AIN. Wement, and the GGA result 0.55% larger. The values of the
note that the cohesive energies obtained by Sate#.®are  bulk moduli are also lower when calculated within the GGA:
significantly larger than those of the present wéolg 4.748  about 8% smaller than the LDA results for both the zinc-
and 4.746 eV for the zinc-blende and wurtzite structuresblende and wurtzite structures. The cohesive energies as ob-
respectively. This is surprising since both Sath al’s and  tained by the GGA are 1.881 el¢inc blend¢ and 1.883 eV
our approach takes spin-polarization of the free atoms int@wurtzite) smaller than the LDA results, largely correcting
account. For GaNTables VII and VII) and InN(Tables X  the overbinding of the LDA. The GGA values are therefore
and Xl) the agreement is much clos@vith results differing  in significantly better agreement with experiment, as was the
by less than 0.36 eV case for bulk Al and the Ndimer.
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FIG. 9. Logarithmic derivative$d In R(r)/dr, whereR(r) is
the radial wave functiofws energyE of the all-electron radial wave
function (solid curve and the (GGA) pseudo-wave-functions

(semilocal, dashed line; separable, dot-dashed firethe gallium
r atom (left pane) and the indium atontright pane).

FIG. 8. Band structure of zinc-blende AIN as obtained using the
LDA (solid curve and the GGA(dashed curve at the theoretical good scattering properties, as indicated by the close agree-
lattice constants appropriate for the LDA and GGA. ment of the all-electron and pseudopotential results in the

relevant energy range. In Figs.(@and 1@b) we show the

In Fig. 8 the band structure of AIN in the zinc-blende ionic pseudopotential and the pseudoelectron and all-electron
structure is displayed for calculations using the L@sblid  radial wave functions. The depth of the Gd Botential in-
curve and GGA (dashed curve The band structures are dicates that a large energy cutoff is necessary to treat the Ga
calculated at the appropriate theoretical equilibrium lattice3d states, as we will see below.
constants for the LDA and GGA, respectively. We see that Results of the transferability or “hardness” tests are col-
the band structures are very similar, except that the band gdpcted in Table VI. Similar to our tests for the Al atom, we
atI' for the GGA result is about 0.61 eV<(13%) smaller  consider emptying of the valence states in accord with the
than the LDA result. The conduction bands in the GGA cal-cationic nature of Ga in GaN. We also considered two ex-
culation are shifted down slightly in energy, but the shift iscited electronic configurations. Good transferability is ob-
not constant and depends on thgoint and energy. Slight served; these values can be compared with those reported in
differences are also seen in the valence bands: in this cag®ef. 54 in which the transferability of a Ga pseudopotential
the GGA bands lie higher in energy than those of the LDA,was also considered. In that work, however, the @astate
leading to slightly reduced bandwidths. The differences bewas included in the core. The authors of Ref. 54 found that
tween the LDA and GGA observed in Fig. 8 are primarily the partial core correction scheMesubstantially improved
due to the larger lattice constant obtained using the GGAhe transferability, while without it the transferability was not
compared to the LDA, i.e., to deformation-potential effects.very satisfactory. A similar improvement when using the
If, instead, the experimental lattice constant is used, the cal-
culated band gap for the zinc-blende structure is the same tn o — T
within 0.02 eV for the LDA and GGA. ! Ga (a)] [

The LDA band structure compares well with that reported U
in Ref. 6. The band structure for AIN in the wurtzite phase =
(not shown exhibits a qualitatively similar behavior: the di- \;-
rect band gap for the GGA result is found to be 0.49 eV

(=~10%) smaller than the LDA result. @ R
0 1 2 3

IIn‘(c)

V(r) Ry)

a0 L ]

V. GALLIUM NITRIDE T T T

As for AIN, the ground-state structure of GaN is wurtzite. tr
Stabilization of the zinc-blende structure has been reportecE
for growth on(001) GaAs, cubic SiC, MgO, an@01)Si (see ~

4s

ry(r)

Ref. 1 and references thergin

The LDA and GGA Ga pseudopotentials were generated
in the ground-state valence electronic configuration
3d'%s?4p?, with cutoff radii r$=2.08,r?=2.30, andr?

0

04

-0.8

3
(ay)

=2.08. To avoid ghost states it was necessary to takeshe 4 FIG. 10. lonic GGA pseudopotentidh) and all-electron and

channel as local in the total-energy calculations. The lefpseudopotentialdashed ling wave function(b) for the gallium
panel of Fig. 9 shows that the logarithmic derivatives displayatom.(c) and(d) Same aga) and(b) but for the indium atom.
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TABLE VI. Eigenvalue differences AEzq,AE,s,AE,p,) and 4.60 T . 11 . . .
ionization/excitation energy differenceA Eyex9 for the gallium = A OV % /e\ese(’b)_‘
atom (in eV) between pseudopotenti@dGA) and all-electron cal- «‘é ! ‘;;B 10¢ ]
culations for various electronic configurations with respect to the g g
ground-state configuration. g 455 1 &°9¢ 1
Configuration AEgq AE AE,p AEion/exc K| B — g
3d'%s24pt 0.00 0.00 0.00 0.00 4.50 ' ' ' "o 6 70 80 90
3d*4s?4p°s 0.0090 0.0013 0.0003  0.0003 E_. (Ry)
3d1%4s24p00 0.0163 0.0024 0.0003  0.0005 760 . . .
3d%%s*4p0 —0.0317 —0.0003 —0.0003  0.0008 g )
3d'%s'%4p° —-0.1013 -0.0102 —0.0049  0.0043 = 18 X
3d'%s®%4p®  -0.2005 -0.0315 -0.0155  0.0158 2 SRR 1
3d¥%st%p'®  -0.0807 —0.0017 0.0013  0.0014 £ g
3d'%s%p?®  —-0.0870 —0.0022 0.0015  0.0022 g Lak e e 3 770 o 1
E 12+ 1F
. . - 1.0 ’ ! ’ -71.5 . > L
partial core correction has been reported for sili¢bm the 50 60 70 80 90 50 60 70 80 90
present work we explicitly treat thaéstates as valence states, E.(Ry) E. Ry)

resulting in good transferability.

For zinc-blende GaN we calculated the lattice constant

FIG. 11. Convergence of th@) lattice constant(b) cohesive

cohesive energy, bulk modulus, and total energy as a funcé:nergy’ (c) bulk modulus, andd) total energy, for GaN in the

tion of energy cutofE;. Figure 11 shows that a cutoff of at
least 60 Ry is required to yield satisfactory results; the value

zinc-blende structure as a function of cutoff enekgyy;. Solid and
gashed lines represent LDA and GGA results, respectively.

of the bulk properties obtained using a 50-Ry cutoff are stillpoints in the irreducible part of the Brillouin zone, respec-
tively. For calculating the cohesive energy we again take into
In Tables VII and VIII the values of the various bulk account the spin-polarization energy of the constituent at-
properties are listed for the zinc-blende and wurtzite strucoms. For the Ga atom the values are 0.133 eV for the LDA
tures, as obtained using an 80-Ry cutoff and ten andk 24 and 0.182 eV for the GGA? We find that the lattice constant

significantly different from those at 60 Ry and higher.

TABLE VII. Lattice constant, bulk modulusB and derivativeB’, cohesive energk., and band gaﬁg
of bulk zinc-blende GaN, calculated at the theoretical lattice constant. Methods include pseudopotential
plane-wave(PPPW, pseudopotential Gaussian ba@fP-GB, all-electron(AE), and Hartree-FockHF).
Present values were obtained using an energy cutoff of 80 Ry ard ddints. Experimental values are

included for comparison.

Method LDA calculation a(A) B (Mbar B’ E. (eV) Eg (eV)
PPPW (3) Present 4.518 1.91 4.14 10.179 1.60
Ref. 65 4.460 1.87 1.89
Ref. 41 4,524 2.06 3.7 10.53
Ref. 70 4.519 2.00 415 10.536 2.00
PP-GB Ref. 43 4.45 1.60
PPPW(no 3d) Ref. 66 451 1.92 2.15
Ref. 68 4.364
Ref. 69 4.446 1.95
Ref. 78 4.30 2.51 2.76
AE Ref. 71 4.46 2.01 3.9
Ref. 80 4.466 1.98 10.88 2.0
Ref. 38 4.464 1.99
HF Ref. 73 45215 2.54 8.358
Ref. 81 4.510 2.30 3.6
Method GGA calculation a(A) B (Mban B’ E. (eV) Eg (eV)
PPPW (3) Present 4.590 1.56 4.25 8.253 1.28
AE Ref. 38 4.570
Expt. (Refs. 6, 71, and 82 4.50, 4.531 1.90 3.45,3.21
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TABLE VIII. Lattice constantsa, ¢, andc/a, internal parametar, bulk modulusB and derivativeB’, cohesive energk., and band gap
Eg of bulk wurtzite GaN, calculated at the theoretical lattice constants. Methods include pseudopotential plafleRPaNe pseudopo-
tential Gaussian bas{®P-GB, all-electron(AE), and Hartree-FockHF). Present values were obtained using an energy cutoff of 80 Ry and
24 k points. Experimental values are included for comparison.

Method LDA calculation  a (A) cA) cla u B (Mba) B’ E.(eV) Eg (eV)
PPPW (3) Present 3.193 5.218 1.634 0.376 10.187 1.76
Ref. 65 3.162 5.142 1.626 0.377 2.02 2.04
Ref. 41 3.19 5228 1.639 0.375 2.03 4.2 10.77
Ref. 70 3.196 5.222 1.634 0.375 2.13 4.50 10.547 2.13
PP-GB Ref. 43 3.15 5.13 1.628 0.372 1.70
PPPW Ref. 66 3.2 5.216 1.63 0.376 1.91 2.29
(no 3d) Ref. 68 3.095 5.000 1.633 0.378
Ref. 74 3.126 5.119
Ref. 75 3.160 5.126 1.622 0.377 1.95
Ref. 54 3.043 4972 1.634 0.375 2.4 8.187 3.0
Ref. 69 3.146 5125 1.629 0.377 1.95
AE Ref. 71 3.17 5.13 1.62 0.379 2.07 4.5
Ref. 38 3.160 5.138 1.626 0.377 1.99
HF Ref. 73 3.2011 5.1970 1.6235 0.3775
Ref. 81 3.199 5.176 1.618 0.380 2.51 2.7
Method GGA calculation a (A) cA) cla u B (Mba B’ E.(eV) Eg (eV)
PPPW (3) Present 3.245 5.296 1.632 0.3762 1.72 5.11 8.265 1.45
Expt. (Refs. 6, 71, 82. and 73 3.180,3.192 5.166 1.624 0.375 1.88-2.45 3.24.3 9.058 3.65, 3.44, 3.41

in the GGA is 1.59% and 1.63% larger than in the LDA for larger. In this case the LDA all-electron results yield lattice
the zinc-blende and wurtzite structures, respectively. Correeonstants about 0.8% smaller than experiment. The cohesive
spondingly, the bulk modulus is smaller by 18% for zinc energies, similarly to what we found for AIN, are also sig-
blende and 15% for wurtzite. For the zinc-blende structuranificantly smaller using the GGA as compared to the LDA:
we find that the LDA yields a slightly larger lattice constantby 1.926 and 1.923 eV for the zinc-blende and wurtzite
than experimentby 0.4%), while that of the GGA is 2% structures, respectively. The GGA cohesive energies are in
slightly better agreement with experiment than the LDA val-

16 ues, but indicate an underbinding as opposed to the
14 overbinding of the LDA. It appears therefore that the GGA
12 does not bring about a significant improvement over the
10 = LDA for GaN.
< In Fig. 12 the zinc-blende band structure of GaN is dis-
. played as calculated using the LD&olid curve and the
~ 4F TABLE IX. Eigenvalue differences AE,q,AEss,AEs5,) and
?\3 2 excitation energy differencesAE;ynex9 for the indium atom(in
B0 eV) between pseudopotenti@fGGA) and all-electron calculations
8 for various electronic configurations with respect to the ground-
[fl 4 state configuration.
-6 [, Configuration AE.q AEc, AEs,  AEinex
-13 4d%%5s%5pt 0.00 0.00 0.00 0.00
b 40095525005 0.0142  0.0012  0.0002 0.0055
4005525000 0.0334  0.0024  0.0003 0.0013
~l4 4019551550 00533  0.0080  0.0024 0.0003
-16 4d%0%5st950 0.0754  0.0185  0.0079 —0.0041
k r X K r 40109550550 0.0996 0.0388  0.0221 —0.0152
FIG. 12. Band structure of zinc-blende GaN as obtained usingtd'%5s!%p*? 0.0272  0.0091 0.0039 —0.0014
the LDA (solid curve and the GGA(dashed curve at the theoret-  4d'%5s%95p20 —0.0053 0.0037 0.0016 0.0000

ical lattice constants appropriate for the LDA and GGA.
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VI. INDIUM NITRIDE

o

a
s10f \ﬂ———‘*“e(')"- Indium nitride is perhaps the least studied of the group-IlI
nitrides. The equilibrium crystal structure is wurtzite but the
zinc-blende structure also has been reported to foBimilar
to the Ga pseudopotential construction, we created the LDA
and GGA pseudopotentials for In assuming the ground-state
valence electronic configuratiord#’5s?5p! with cutoff ra-

dii r$=2.08a4, rP=2.30, andrl=2.08,. For the total-
energy calculations we again find it necessary to takesthe
channel as local to avoid ghost states. The right panel of Fig.
9 contains the logarithmic derivatives of the GGA In poten-
tial. They appear similar to those of Ga, and display good
scattering properties. In Figs. @) and 1Qd) we show, re-
spectively, the ionic pseudopotential, and the pseudoelectron
and all-electron radial wave functions. It can be noted that
the In 4d potential is shallower than that of Gad3and
deeper than that of N. Results of the transferability tests of
the pseudopotential are given in Table IX. Again, good be-
havior is seen.

The convergence of lattice constant, cohesive energy,
bulk modulus, and total energy as a function of cutoff energy
E.. for the zinc-blende structure is given in Fig. 13. We find
that the properties of InN converge slightly faster than for
GaN, but an energy cutoff oE. =50 Ry or more is re-
GGA (dashed curve at the respective theoretical lattice con- quired. The values at 40 Ry cutoff are still notably different
stants. As in the case of AIN, the band structures look rathefrom those at 50 Ry and higher.
similar. The band gap is about 0.33 e¥ 20%) smaller for In Tables X and Xl the structural parameters, bulk moduli
the GGA as compared to the LDA. Similar results are ob-and derivatives, cohesive energies, and band gaps are given
tained for the wurtzite structur@ot shown: the GGA yields  for the zinc-blende and wurtzite structures as calculated in
a band gap approximately 0.31 e% (8%) smaller than the the present work and as taken from other publications. We
LDA. This, as mentioned earlier, can be primarily attributedused an 80-Ry cutoff and ten and R4oints in the irreduc-
to the larger GGA lattice constant. ible part of the Brillouin zone for the zinc-blende and wurtz-
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FIG. 13. Convergence of th@) lattice constant(b) cohesive
energy,(c) bulk modulus, andd) total energy, for InN in the zinc-
blende structure as a function of cutoff enerBy,;. Solid and
dashed lines represent LDA and GGA results, respectively.

TABLE X. Lattice constant, bulk modulusB and derivativeB’, cohesive energk., and band gaﬁg
of zinc-blende InN calculated at the theoretical lattice constant. Methods include pseudopotential plane-wave
(PPPW, pseudopotential Gaussian ba@g¥-GB, all-electron(AE), and Hartree-FockHF). Present values
were obtained using an energy cutoff of 80 Ry andkiL@oints. Experimental values are included for

comparison.

Method LDA calculation a(®) B (Mbar) B’ E. (eV) Eg (eV)

PPPW (3) Present 5.004 1.40 4.38 8.676 —0.40
Ref. 65 4.932 1.40 —-0.35
Ref. 70 4.974 1.49 4.41 8.779

PP-GB Ref. 43 4.97

PPPW(no 3d) Ref. 66 5.01 1.58 0.16
Ref. 68 4.983

AE Feibelman(from Ref. 65 4.953 1.44 -0.20
Ref. 71 4.92 1.39 4.4
Ref. 83 4.929 1.38
Ref. 38 4,957 141

HF Ref. 73 4.9870 1.59 6.990

Method GGA calculation a(d) B (Mban B’ Ec (eV) Eg (eV)

PPPW (3) Present 5.109 1.1696 4.4305 6.855 —0.55

AE Ref. 38 5.06

Expt. (Ref. 6 4.98 1.37
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TABLE XI. Lattice constants, ¢, andc/a, internal parametan, bulk modulusB and derivativeB’, cohesive energg., and band gap
Eg of wurtzite InN, calculated at the theoretical lattice constants. Methods include pseudopotential plan@fRW pseudopotential
Gaussian basiPP-GB, all-electron(AE), and Hartree-FockHF). Present values were obtained using an energy cutoff of 80 Ry akd 24
points. Experimental values are included for comparison.

Method LDA calculation a (A) c(A) cla u B (Mbar) B’ Ec(eV) Eg (eV)
PPPW (3) Present 3.544 5.762 1.626 0.377 1.40 6.03 8.694 —0.27
Ref. 65 3.501 5.669 1.619 0.3784 1.39 —-0.04
Ref. 65 3.524 5.733 1.627 0.377 1.49 4.12 8.799
PP-GB Ref. 43 3.53 5.72 1.620 0.378 -04
PPPW(no 3d) Ref. 66 3.55 5.787 1.63 0.375 1.62 0.16
AE Ref. 68 3.536 5.709 1.615 0.380
Ref. 71 3.53 5.54 1.57 0.388 1.46 34
Ref. 38 3.528 5.684 1.611 0.380 1.41
HF Ref. 73 3.5428 5.7287 1.6170 0.3784
GGA aA) c(A) cla u B(Mbar) B’ E,(eV) Eg(eV)
PPPW (3) Present 3.614 5.884 1.628 0.377 1.161 7.33 6.872 —0.37
Expt. (Refs. 6, 71, and 73 3.533 5.693 1.611 0.375 1.25 12.7 7.970 1.9

ite structures, respectively. We included the spin-polarizatiomelated to the pseudopotential treatment, for example, select-

energy of the N and In atoms in obtaining the cohesive ening thef channel as local and allowing a nonlocal description

ergy, where the values for the indium atom were calculatedor each of thes, p, andd channels may improve the results;

to be 0.126 eV for the LDA and 0.168 eV for the GEA. or it could be related to relativistic effects which increase

The values of thénegative band gaps af', given in Tables with atomic number. In these respects, consisteil

X and XI, were obtained by evaluating the band gap as a&lectroncalculations for the cohesive energies would be in-

function of lattice constant, and extrapolating to the obtainedormative.

equilibrium lattice constant. In Fig. 14 the zinc-blende band structure is displayed for
The heat of formation of InN is found to be quite small the LDA (solid curvg and GGA(dashed curvecalculations,

within the LDA, namely,—0.103 eV(obtained using an en- at the theoretical lattice constants. In both cases InN is me-

ergy cutoff of 80 Ry. Within the GGA, the value at 80 Ry is tallic; neither exchange-correlation functional yields a posi-

found to be 0.394 e\i.e., unstable. Reported experimental tive band gap.

values range from-0.22 to—1.49 eV® Growth of InN re-

quires low temperature@round 650 °C) due to the thermal 16 s
instability of INN which is consistent with the calculated 14 ____,(/h
small values of the heat of formation. 12 r
We find that our lattice constants as obtained using the 10
GGA are 2.10% and 1.95% larger than those obtained using 8 | ;
the LDA for the zinc-blende and wurtzite structures, respec- 6 F
tively. With respect to experiment, the zinc-blende LDA and 4l
GGA lattice constants are too large by 0.5% and 2.6%, re- = 5 F
spectively. The bulk moduli as obtained using the GGA are \“i >
about 16% smaller for zinc blende, and 17% smaller for o0 0L
wurtzite. The cohesive energies, similarly to what we found ;_]:) 20
for AIN and GaN, are also notably smaller for the G@E#y -4 cedemd
1.821 eV for zinc blende and 1.822 eV for wurtzitess com- -6 .
pared to the LDA. We note that the LDA/GGdifferencesn -5 I i
cohesive energies are very similar for AIN, GaN, and InN. Z10 I ]
In comparison with experiment we see that, as for GaN, A F T ]
the GGA values are somewhat too small, whereas the LDA _i \ / \ =
values are too large. For InN the degree to which the GGA P e s

underbinds is larger than for GaN. Thus we find the tendency
of the LDA to overbind decreases on going from GaN to
InN, while the tendency of the GGA to underbitehd over- FIG. 14. Band structure of zinc-blende InN as obtained using
estimate the lattice constamcreases on going from GaN to the LDA (solid curvé and the GGA(dashed curve at the theoret-
INN. The reason for this is at present unclear. It could becal lattice constants appropriate for the LDA and GGA.

L r X K r
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zinc-blende structure is metastable, in accordance with ex-

between the wurtzite and zinc-blende structures of the group-liperiment.
nitrides. A negative value indicates the wurtzite structure is more

stable. VIIl. CONCLUSIONS
: We have calculated various physical properties of AlN,
Method Caleulation AN GaN _ InN GaN, and InN, in the zinc-blende and wurtzite structures, as
PPPW (1) PreseniLDA) —43.7 —84 —-21.4 well as of the N dimer and bulk Al, using both the local-
Presen{GGA) —416 —11.6 —17.3 density approximation and the generalized gradient approxi-
Ref. 70 —42 —11 -20 mation for the exchange-correlation functional. In addition
we have reported tests of our pseudopotentials and of the
PPPW(no 3d) Ref. 69 —374 —116 convergence of the total-energy calculations. For the 1lI-V
Ref. 68 —36.8 —19.8 —22.9 nitrides we find that using the GGA the lattice constants are
Ref. 74 —21.2 1.6—-2.1% larger, the bulk moduli 8—18 % smaller, and the
Ref. 83 -30 cohesive energies approximately 14—-20% smaller, as com-
Ref. 54 +17.7 pared to the LDA results. For AIN, N and bulk Al, this
results in a significant improvement in the physical proper-
HF Ref. 732 —97.9 —35.4 —62.6 ties obtained using the GGA. For GaN and InN, although the
Ref. 73° —-81.6 —27.2 —40.8 LDA/GGA deviations are very similar to those of AIN, the
Ref. 81 - 60 GGA does not appear to bring about any essential improve-
ment, when compared with experiment. The GGA exhibits a
AE Ref. 72 —86.6 tendency to underbind for these materials, which increases
Palummoet al. in Ref. 2 +70

8 lectron correlation energy contributions included.
®Electron correlation energy contributions omitted.

VIl. ENERGY DIFFERENCE BETWEEN WURTZITE
AND ZINC BLENDE

From the calculations described above we obtain energy
differences between the wurtzite and zinc-blende structure
which are given in Table XII. They are compared to results
of other first-principles calculations. We find a trend of de-

on going from GaN to InN. The underlying reason for this is
unclear. The wurtzite/zinc-blende energy difference is found
to be largest for AIN and smallest for GaN, with that of InN
in between. In each case the wurtzite structure is the ground-
state configuration, in agreement with experiment.

The band structures are found to be very similar in the
LDA and GGA, when calculated at the experimental lattice
onstant. When calculated at the appropriate theoretical lat-
ce constants, some differences are found, with a smaller
band gap in the case of the GGA, this is essentially a
deformation-potential effect. We conclude that for the I1I-V
nitrides the GGA does not offer any advantage with respect

creasing energy difference on going from AIN to InN to
GaN; this trend is the same as that found in all the othef® the band-gap problem.
studies. It can be seen, however, that there is considerable
scatter in the magnitud@and in two cases, thsign of the
energy differences. These values are obviously quite small, This work was supported in part by DARPA under Agree-
and sensitive to the technical details and approximationsnent No. MDA972-96-3-014. C.S. gratefully acknowledges
used in the various calculation methods. In spite of this, mossupport from the DFGDeutsche Forschungsgemeinschaft
calculations(with the two noted exceptiondind that the and thanks A. P. Seitsonen and M. Fuchs for the spin-
wurtzite structure is the ground-state configuration and th@olarization energy values and for stimulating discussions.
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