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Results for structural and elastic properties of wurtzité ainc-blende group-II nitrides are calculated using
the recently developed AMO5 exchange-correlation (XCxfiomal. They are compared to calculations based
on the local-density approximation or the generalizediigmrat approximation. We find that AMO5 provides
a better agreement with experimental results. The atonoengtries are used to compute the quasiparticle
band structures within HedinGW approximation, based on an initial electronic structutewdated using the
HSE hybrid XC functional. Important band parameters sucagsenergies, crystal-field splittings, spin-orbit
coupling constants, and momentum matrix elements areatkrivhe less precisely known hole masses of InN
and the anisotropic spin-orbit constants for wurtzite aegljgted. The wave-vector-induced spin-orbit splittings
of the valence and conduction bands are discussed.
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I.  INTRODUCTION

Over the last years group llI-nitride compounds and théayalhave received a lot of attention because of possibliécappns
in optoelectronic devices that operate in the infraredbiésand ultraviolet (UV) spectral region. The intensesgsh and the
commercial interest in the nitride semiconductors haveetrithe substantial progress in the knowledge of their pitigse
and the material quality (see e.g. R&f. In particular, remarkable breakthroughs in the growthni films by means of
molecular beam epitaxy (MBE) have been achie€dSurprisingly, for such samples a band edge as low as 0.64 &V wa
derived from luminescence and optical-absorption measenés?™ which is much smaller than the gap of 1.94 eV obtained
in earlier experiment3Hence, by alloying AIN, GaN and InN, it is possible to tune tiend gap over a wide spectral range
reaching from 0.64 eV up to 6.2 eV, i.e., covering the entitarsspectrunf. In addition, free-electron concentrations smaller
than 168 cm~2 and electron mobilities larger than 2000 @s were achieved.Besides the fundamental gap also the band
dispersion and especially the electron mass can be var&tbowide rangé.The tuning possibilities provide some interesting
applications of the nitrides and their alloys in (i) solalis€ (ii) light-emitting and laser diodes operating in the blusgldJV
spectral rang&? (iii) chemical sensor$? and (iv) electronic devices operating under extreme canditor even for quantum
cryptography applications:

The three group-Ill nitrides AIN, GaN, and InN crystallize the wurtzite 2 structure under ambient conditions, which
corresponds to the Béic (Cgv) space group for vanishing strain in the samples. The grdupttides can also be grown in the
cubic zinc-blendezb) structure with space grop43m (sz) by means of different epitaxy techniques such as MBHowever,
even though high-quality films of AIN, GaN and InN have beentbgsized, research and applications were limited sirrge la
single crystals cannot be grown. Therefore, existing dérpanrtal studies are usually restricted to investigatiohspitaxial
layers and, hence, may be influenced by the respective atdydtre interfaces, and spontaneous as well as piezoekesitls.
Correspondingly, a large variety of experimental resudiste. For instance, the electronic band parameters sutimdamental
gaps, effective electron masses, and valence band (VBeddisms (as well as their variation with strain) are les<igedy
known for the bulk materials. One prominent example is tloemédiscovery of the INN gap smaller than 0.7%€V.

Parameter-free calculations are a promising complemesxgeriment, since they are not only capable of providingemieit
parameters but also give valuable insights into the unawylphysics. Ab-initio studies allow the investigation of arbitrary
crystal structures and, hence, can help to understandzhadzb polytypes of the nitrides including the influence of the attu
atomic geometry on the material parameters. Remarkabtggss in the determination of band gaps, effective massd%, -
parameters has been made recently for the nitrides by aygpigbdern quasiparticle electronic-structure theorygtam the
OEPx4GoW approach® or the self-consister@W method?). However, these calculations were restricted to lattmestants®
or unit-cell volume¥® obtained in experiments. In both papers the hole effectiass®s of InN have not been computed and the
spin-orbit coupling (SOC) has not been taken into accouitheefor thewznor thezbpolytype. However, such calculations are
now possible. For different group-Il oxides the influenc&afC has been successfully included in calculations of #aetrenic
structure and proven to be importdati®

In this paper, the consequences for the quasiparticle (@Blrenic structures upon inclusion of the SOC are investid
for the wz and zb polytypes of the group-Ill nitrides AIN, GaN, and InN. La#i parameters as obtained from three different
approximations to exchange and correlation (XC) withingdgrfunctional theory (DFT) are employed. In Sd¢the theoretical
framework and its numerical implementation are briefly preed. The results for the energetic, structural, andielpsiperties
are compared in Setll . The QP band structures and band structure parameters tesnpithin theGW approximation based
on an electronic structure obtained using a hybrid XC fumal are discussed in the light of recent experimental dafet.

IV. The effect of the SOC is studied on band splittings and basykdsions. SectioW gives a brief summary and concludes
the paper.

II. THEORETICAL FRAMEWORK AND COMPUTATIONAL DETAILS
A. Ground-state properties

Ground-state properties such as the structural and efasterties can be derived from total-energy minimizatiatsin
DFT.1920 The XC functional is not exactly known and approximationgento be used. Both the local density approximation
(LDA) and the semi-local generalized-gradient approxiora{GGA) are commoR? however, the XC choice affects the total
energy and consequently the atomic geometry of the systdras been found that the LDA tends to an overbinding, i.aditey
to lattice constants that are 1 % smaller than found in experiment, whereas commonly uged €inctionals underestimate
the binding and yield too large lattice constants (by up to) 2%demonstrated below.

In contrast, the recently developed AM05 XC functidiaeems to overcome some of the shortcomings related toreastie
sions of the GGA. It has been designed to treat systems wittingaelectron densities (for instance systems that argposed
of bulk- and surface-like regions) by exploiting the sutieys functional schem®. For each region, a different XC subsys-
tem functional is created, and the functionals are joinednigrpolation based on an indékMattssonet al.compared the
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lattice parameters obtained using AMO5 for a large set dftatline solids to the ones calculated via the LDA and oth@AG
XC functionals. They found that AMO5 systematically perfar better with an accuracy almost as good as advanced hybrid
functionals?®

In this work, the parameteis ¢, andu of thewz lattice and the cubieg of the zb lattice are computed by minimizing the
total energyE;o with respect to the atomic coordinates. It has been enshatdhte Hellmann-Feynman forces on the atoms are
smaller than 1 meV/A. Moreover, the isothermal bulk modiyas well as its pressure derivatiB follow from a fit of Eyot(V)
to the Murnaghan equation of sttty denotes the volume of the cells. In order to study the inflaeriche XC functional, the
LDA as parametrized by Perdew and Zurfges used, as well as the PBE-GGA described by Perdew, BurkeEamzerhof®
In addition, the AM05 XC functional is used to partly account for the inhomogeneity of the etectas.

All DFT calculations are performed within the implementatin the ViennaAb-Initio Simulation Package (VASP):28 The
pseudopotentials are generated by means of the projesgmnented-wave methdd. Thereby, the N& N2p, In4d, In5s,
In5p, Ga 3, Gask, Ga4p, Al3s, and the Al D electrons are included in the valence shell. As suggest&@in23, the PBE
PAW pseudopotentials were used for the AMO5 calculatiomsthé region between the atomic cores the wave functions are
expanded into plane waves up to a cutoff energy of 400 eV. Tillw&n zone (BZ) is sampled using 8 8 x 8 (8 x 8 x 6)
Monkhorst-Pack k-points forzb-AIN (wzAIN) and 16 x 16 x 16 (16 x 16 x 12) meshes forb-GaN andzb-InN (wzGaN
andwzInN).

B. Single-particle excitations

The solution of the Kohn-Sham (KS) equatiSrof DFT provides the true ground-state electron density efittieracting
electrons as well as eigenvalues and eigenstates of neraating KS particles. However, experimental techniqueh aas
photoelectron emission, inverse photoelectron speaimysor tunnel spectroscopy, that measure band structudensities of
states (DOS), involve electronic excitations and rathebprsingle-QP energies. Also in transport experiments)qinena of
charged carriers (electrons or holes) and, thereforeireldc excitation effects, play a role.

DFT, however, suffers from the so-called band-gap probléhe KS gaps calculated for semiconductors and insulatgfs si
nificantly underestimate the QP gaps derived from measursHeThe band-gap problem can be solved within the framework
of the many-body perturbation theotywhich yields a QP equatidhthat properly includes the XC self-energy of the electrons
and, hence, accounts for the excitation aspect. The nomitian, non-local, and energy-dependent self-energyusliysde-
scribed by means of HedinGW approximatiort33* whereG denotes the single-particle Green’s function sdepresents the
dynamically screened Coulomb interaction.

Usually it is sufficient to treat the self-energy effectshaitfirst-order-perturbation theo?y. This approach of calculating QP
eigenvalues\?P(k), wherev is the band index ankl the Bloch wave vector in the BZ, is call€&hWp and is also implemented
in the VASP cod€® For relatively homogeneous electronic systems3hég corrections to the KS eigenvalues from DFT-LDA
or DFT-GGA lead to electronic band structures that are isaeable agreement with measureméhts.

However, for compounds with first-row elements, such asitnelas, the LDA/GGAGo\W procedure still underestimates the
band gaps’ The idea of an iterative solution of the QP equation seems tadre promising>38 unfortunately it is inherently
linked to a much higher computational cost. Therefore, astimg the QP energies from one step of perturbation theased
on an initial electronic structure that is closer to the feelf-consistent solution than the KS eigenvalues and stgéss are, is
an efficient alternative. Such an improved starting pointloa obtained from the exact-exchange optimized-effepidtential
(OEPx) approach or by solving a generalized KS equation with a spatially taoal XC potential"4°

The HSE hybrid functional by Heyd, Scuseria, and Ernzéfféf(based on HSEO®: but using a range parameterof= 0.15
a.u! instead ofw = 0.11 a.u-!, see disambiguation in Re#4), which has proven to work well for InN polytyp€$#°
combines one quarten(= 0.25) of the non-local Hartree-Fock exchange with three guarf the local exchange obtained
using the PBE-GGA functional. Therefore, it effectivelynsilates the screened-exchange contribution ta@eself-energy.
The inverse of the prefactar of the Fock operator can be interpreted as static screepimgsponding to a dielectric constant
of 4. Moreover, the parameterdescribes the separation of the Coulomb potential into e-shied a long-range part. The latter
is assumed to be screened in a Thomas-Fermi-like mannelidis, sue to the total valence electron gas.

In this work, SOC is taken into account via a non-collineasaiptiorf® within the calculation of the HSE electronic
structuret>17 It is not just numerically very expensive to employ a full HEBV approach including non-collinear spins,
moreover, the replacement of wave functions by spinors tsenough because of the coupling of orbital and spin motion.
Hence, since the spin is not conserdéa, simple generalization of the available codes is difficklowever, since all orbital
contributions to the mixed states are mogiitke the same influence of the QP corrections can be expéatelle spin-orbit-
split band energies at a given Bloch wave vector. Consetyém SOC should be almost uninfluenced by the QP effects. Th
especially holds for HSE values close to the QP ones. Thaacgof this efficient approximation has been demonstraied f
group-ll monoxides>17

Even though results for the lattice parameters obtained HSE calculations seem to be in better agreement with experi
mental values than results of LDA and GGA studi@s) this work it is strictly distinguished between grounddaxcited-state
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properties. Hence, atomic geometries are only computegidbais the LDA, the PBE-GGA, and the AMO05 XC functionals,
while the QP calculations follow the HSE+®y+SOC approximation.

lll. ENERGETIC, STRUCTURAL AND ELASTIC PARAMETERS

The lattice parametegy (for zbpolytype) as well as, ¢, u, andc/a (for wz polytype) as derived from the DFT calculations
(cf. Sec.IlA) are reported along with the bulk modBj and their pressure derivativ& in Tablel. From comparison to
experimental valué¢§>15354t is confirmed that the LDA leads to an overbinding for theugrdll nitrides; the optimized lattice
constants are smaller than the measured values. In cqnibradattice parameters turn out to be larger when the PBE-GG
used to describe XC, which corresponds to the underbindamgioned before.

Interestingly, the AMOS5 functional indeed yields latticenstants in close agreement to experirfight>3 for AIN and GaN
polytypes. The small overestimationaf0.6 % for theag, a, andc lattice constants obtained for InN using the AMO5 functiona
can be a consequence of the fact that the layers used in treimezents might not be completely unstrained, defect-fneg
polytype-pure. The excellent agreement of the AMOS5 lattimestants with measured values for AIN and GaN leads us ieveel
that this functional also gives reliable lattice constdatdnN.

In contrast to what is observed for the lattice constangnd c of the wz crystals, thec/a ratio and theu parameter are
rather independent of the description of XC (cf. Tah)leThere are only very small changes along the functionala LAMO5,
and PBE-GGA. Along the rowzAIN, wzGaN, andvzInN u takes a less pronounced minimum for GaN. The experimental
u parameter decreases monotonously towards the ideal edi@h value ofu = 0.375, in agreement with the fact that this
parameter is almost indirectly proportional to the bonddities g = 0.794 (AIN), 0.780 (GaN), and 0.853 (InNY.The non-
monotonous behavior of thega ratio for both computed and measured values when going friNroer GaN to InN is because
GaN and InN (as opposed to AIN) have shalldwlectrons. The values remain below the ideal rafi@a= 1.633 in agreement
with the theoretical predictiofithat forc/a < 1.633 a compound crystallizeswestructure under ambient conditions. A similar
non-monotonous behavior is observed for the stability effiblytypes as described by the total energy differencesdssizb
andwz, AEot = Eiot(zb) — Etot(W2). TheAE (cf. Tablel) exhibit a minimum for GaN, indicating thab-GaN most likely can
be grown not too far from equilibrium, whereas that would bererdifficult for AIN and InN from an energetical point of view
TheAEy in Tablel are in rough agreement with values obtained from DFT-LTA.

The pair volumeﬁggir =1/4a3 andQpz, = V/3/4 a%c, that are occupied by one cation-anion pair, are pracyitad same
for thezbor wzpolytypes of each material. In addition, it is found thattircrease along the row AIN, GaN, InN (for instance
Qggir=20.9, 22.7, and 31.3Ras derived using the AMO5 functional), which matches thedref an increasing sum of the
covalent radii of the anion and the cation: 1.93, 2.01 an® A2£’ Moreover, due to the aforementioned overbinding, the
volumes of the unit cells calculated using the LDA are smalian the ones obtained with the AMO5 functional. The PBEAGG

leads to the largest unit-cell volumes, which is in agreemath the underbinding mentioned above.

The inverse compressibilitgy increases along the row InN, GaN, and AIN when the same XCtitumal is used By of one
and the same material also increases when going from PBE-@@AAMO5 to LDA (cf. Tablel). Furthermore, there is an
influence of the polytype oBy: In the case of AIN the values fab are larger than thevzones, while the opposite is true for
GaN and InN. This seems again to be a consequence of thelnditns of the Ga@® or In4d electrons, respectively, to the
chemical bonding. Comparing the calculai@&gto experimental valu&$>* shows that the agreement is quite good forzhe
polymorphs when AMO5 is used. For tiae polymorphs of GaN and InN the measured values are in betweeRBE-GGA
and AMO05 ones. The pressure coefficieB§svary between 3—5 and no clear trend for different XC funaisror materials is
spotted. The large value & = 12.7 measuretf for wzInN arises probably due to sample-quality issues.

IV. QUASIPARTICLE ELECTRONIC STRUCTURE

In Sec.lll it has been shown that the atomic geometries obtained using05 XC functional agree better with measured
results than the LDA or PBE-GGA ones. Hence, only resultslierelectronic QP energies based on the AM05 geometries
are presented. In Re$8 (Ref. 59) the HSE+®50Wp approach has been applied to the DFT-LDA geometries of InINIYAAs
indicated in the text, the LDA or PBE-GGA geometries are usextudy atomic structures that are hydrostatically sediwvith
respect to the AMO5 equilibrium geometries. In these cdsetdirect influence of the XC functional used in the grostate
studies within DFT on the electronic structure (via the atogeometry) and the direct influence of XC according to the GW
self-energy are discussed together.



A. Band structures

The QP band structures of AIN, GaN, and InN calculated forzthéwvz) AMO5 atomic geometries are shown along with
the corresponding DOS in Fid.(Fig. 2). Since the spin-orbit splittings are small, they are navahin these figures and the
notations of the irreducible representations are giveoraliagly %62 All band structures show a pronounced minimum of the
lowest conduction band (CB) near the BZ ceiiteiThe dispersion of this band arouhdncreases along the row AIN, GaN and
InN, thereby closing the fundamental energy gap. This caxpkained by the In&and Ga 4 levels being lower in energy than
the Al 3s oné®® and the reduction of the interatomic interaction along the AIN, GaN, and InN&* The strong CB dispersion
is also visible by the low state density in the lowest parthef émpty DOS (see Figs.and2). Another reason that the gaps of
InN and GaN are much smaller than the one of AIN is the remaekadbhybridization in both material® This effect causes a
strongpd repulsion at” which is not present for AIN and hence rendepsAIN an indirect semiconductor with a CB minimum
situated at th& point.

As can be seen in Fig4. and?2, thed electrons also influence the VB structure. More specific#tllis observed that the
ionic gap between the uppermost three (twofold spin degee)g-like VBs and the lowest (twofold spin degeneratdike VB
does not follow the trend of the charge asymmetry coeffisighThe reason for this behavior is the energetic overlap of the
N 2s states and the Gaidr In 4d states, respectively, the so-calkdihybridization. This effect is symmetry-forbiddeniaf®
however, forzb-GaN andzb-InN it leads to a splitting into a lower and an upper splithend for allk-points away from the BZ
center. In addition, four dispersionless low-lying bandpear at-16 eV (GaN) or—15 eV (InN). All these bands give rise to
pronounced peaks in the DOS which are clearly visible in pémtission experimenfs.

B. Fundamental gaps and their volume/pressure dependence

The fundamental gaps at thepoint of the BZ for AIN, GaN, and InN in theband thewzstructure are summarized in Table
II. They separate CB stateslof; type from VB states of 15, type for thezbcrystals as well aBc-like CB states froni 5,-like
(wzGaN,wzInN) or I'y-like (WzAIN) VB states. Here, the denotation is changed back frogn Ei"s Rashba notatidif) to
the textbook version(s Ref.60). In addition, also the indirect fundamental gaEbfAIN betweenX;c-like andr 15,-like states
is given in Tabldl. These results clearly demonstrate that the approachealdplthis work, i.e., calculating QP energies within
the GW approximation based on an initial electronic structurenfidSE, gives excellent fundamental gaps for the nitrides.
While this is true for the atomic geometries obtained ushrggAMO5 XC functional, the ones calculated based on the LDA
(PBE-GGA) lead to an overestimation (underestimationhef direct gaps in comparison to measured values. Therelgy, it
found that the relative variation of the gap with the cellurok is most drastic for InN, while the influence on the indigep
of zb-AIN is much weaker. This is a consequence of the opposiftsstifi thel 1 and X, levels inzb-AIN when the volume
changes.

Using the changes of the unit-cell volume due to the diffeddd functionals (cf. Tabld) and the fundamental band gaps,
the hydrostatic band-gap deformation potentials= dEy/dInV are derived (cf. Tablél). They are slightly larger than values
from an equally sophisticated QP approaéfihe hydrostatic pressure coefficiemts = —atv /By follow with the bulk moduli
in Tablel. The results fooy andap are in excellent agreement with measured values (see dlgctam in Ref.13).

In Tablelll the fundamental band gaps of thke mononitrides are given as calculated based on the diffeguailibrium
geometries (cf. Tablg and using different levels of approximation for the XC satfergy. These numbers confirm that the KS
eigenvalues obtained using a local/semi-local XC funeti@re smaller compared to the more sophisticated approxinsa
InN even turns out to be a zero-gap semiconductor in theses easce the ordering of tHe. and thel 15, levels is inverted?
Including the screened-exchange contributfoloy using the spatially non-local HSE functional shifts thec&ron and hole
eigenvalues in opposite directiofisConsequently, the gaps are by about 1 eV (AIN, GaN) or 0.3 aM)larger than the KS
gaps (cf. Tabldll). In a next step, the correct screening (including its dyieajras well as the Coulomb hole contributién
are taken into account by calculating QP energies withinG§\ approximation. This leads to an additional increase of the
gaps by about 0.9 eV (AIN), 0.6 eV (GaN), and 0.1 eV (InN), whiorresponds to roughly 20 % of the true fundamental gap.
Therefore, we find that eigenvalues obtained in an HSE catioul significantly improve over the DFT-LDA/DFT-GGA ones.
However, only the full XC self-energy (as approximatelyocadted within the5o\Wp approach) leads to QP gaps that are in good
agreement with measured values.

C. Valence-band splittings

Without SOC the VB maximum of theb nitrides is a threefold degenerate state wWitlg, symmetry which splits into &g,
(fourfold degenerate) andfa, (twofold degenerate) level in the presence of the spintanbéraction®® The corresponding
Dso= £(Tgy) — £(Tey) are compiled in Tablév . These numbers show that the choice of the XC functionatéatly influences
the splittings via the atomic geometry. However, there isclear trend with the (overestimated or underestimatedyéat



constants, since also the mixing of thendd like levels changes and, hence, affects the SOC splittieg lfelow). Moreover,
the values fo\go do not vary strongly for the different cubic group-Ill ndes. The results in Tably agree well with values
from previous DFT-LDA calculatiorf€ from which 20.0, 18.5, and 12.6 meV was derived for AIN, Gahj &N, respectively.
Also the valuesdso = 19, 17, and 5 meV which have been recommended by VurgaftrréiMager are very close.

In the case of GaN and InN thk, are so small compared to AIN since the atomic spin-orbittipdjs’ for the Ga 4 (98
meV) and Ga@d (537 meV) electrons or the Inb(264 meV) and Ind (958 meV) states, respectively, partially compensate
each other. This compensation arises due tgohbybridization of atomic-likep andd states and leads to the values given in
TablelV. Interestingly, for GaN and InN the spin-orbit splittingstiveerl4 s andLg StatesAso(L), are larger than the respective
splittings at thel™ point. In contrast to AIN, the rulé Aso(L)/Aso(I) = 2/3 is violated for GaN and InN. A similar effect has
been observed for other tetrahedrally coordinated Ill-vhpounds with relatively large differences of the covaleii; for
instance InP#

For wz crystals the VB structure is more complex due to the hexdgogatal field which leads to a crystal-field splitting.
Hence, without SOC one finds the twofold degenefajeand the non-degenerdig, states at the VB maximum. Thereby, we
use the Bouckaert, Smoluchowski and Wigner not&fhr 15, which leads td™s, and Iy, instead ofl'g, andly, as in the
Rashba denotati§Aapplied in Fig. 2. Thé s, state splits intd g, andl7, levels and™ 1, becomes a level withz, symmetry in
the presence of SOC.

The values for the crystal-field splittings: in TablelV indicate a small influence of tH@W corrections on the crystal-field
splittings: the QP shifts towards lower band energies agetdor thel 5, states than for thEy, states. Consequently, the QP
corrections reduce the crystal-field splitting fez-GaN andwzInN by about 3—7 meV. In the case wiAIN an enlargement
of the absolute value by about 17—-20 meV is computed due toabative sign of\;. The absolute splittings in Table' are
somewhat larger than the values recommended by Vurgaftnakayer: However, the sign and, hence, the ordering ofltge
andrl ,, states are the same. Moreover, the values calculated iwdinksare in good agreement with othas-initio calculations,
e.g. collection in Ref63and references therein. The QP calculations in R&fend to overestimate the absolute values¥gr

Within k - p theory the energy differences of the uppermost valencdslémea wz crystal, AE; = £(Igy) — €(l'74v) and
AE; = g(T'g,) — £(F7_y), can be described By

AEy,=¢€(Tov) —&(T74/-0)

1 1 1. \%2 8 (1)
— > (Acf-i-ASq‘) F é\/(ACf — §Asq) + §A§oi

In Eq. (1), 3iAsq = (Y|HsdX) and 3Aso. = (Z|Hs(Y) = — <z\Hsy| x) are the spin-orbit splitting parameters; the spin-orbit
interactionHs, is divided according télso = Hsx0x + Hsyoy + Hs-0; by means of the Pauli spin matrices Therein||x), |y), and

|z) describe thep like basis functions &t. In addition,A¢s represents the differences in the VB eigenvalues ofxth@y)) and
the|2) states.

However, Eq. {) indicates a complication for both theory as well as experimIn band-structure calculations and also in all
spectroscopies only energy differences suchEsandAE; are determined. Hence, only two numbers are available evmi@te
the three band-structure parametags Asy, andAsq from Eq. (). If no additional assumption is made, the lack of one
parameter for the determinationy, Asq, andAsq; leads to a parameter fiedd, = Agg (Acr) andAgq) = Agor (Agt) Which is
visualized in Fig3. One possible additional assumption to fix all parametetsigjuasicubic approximatidiyy = Asol = AL
andA¢s = AF. Interestingly, wher\ss > 0 (as found for GaN and InN) the resultidg; are not very different from the values
computed in the absence of SOC (cf. TalMd. For At < 0 (AIN) a further increase of the absolute values is obserlredny
case the quasicubic spin-orbit splitting considitis by nearly a factor of 2 (1.5) smaller than itsvalue for InN (GaN), while
there is no such deviation for AIN, which has delectrons. This has recently been discussed for the firstfirand, according
to the results of the present work, the recommendéatimohoose the same spin-orbit splittings farandzbfails for compounds
with shallowd electrons. Another additional assumption can be derivediéytifying Acs = Agf which leads tQAsq # Asql -
Moreover, theAE; andAE; values in TabldV indicate thatA¢, as computed using the eigenvalues without SOC, is almost in
agreement with the average distar%cﬁe(l'gv) +e(M7yv)—€(M7-y)] = %[AEl + AE;] between the valence levels including SOC.
Therefore, the choicAg = Agf seems to be reasonable. For a more detailed comparisonooétival and experimental values,
the reader is referred to Refs.

D. Band dispersion

In Fig. 4 the large impact of the spin-orbit and crystal-field spiis on the dispersion of the uppermost valence bands around
I" is shown for thd” —X and thel” —L directions in the fcc BZ as well as tlie- A and the™ —M directions in the hexagonal BZ.
Figure 4a illustrates the splittings of the six uppermoss\@thezb polymorphs: while the degeneracy of the heavy-hole (hh)



bands, which belong to thi, andAs irreducible representations, is lifted along fhe L direction, the light hole (Ih) and the
spin-orbit split-off (so) bands remain twofold degenerate

The degeneracy of thie, andLs representations occurs due to the time-reversal symméhgse effects are well known
for otherzb crystal$*’577 as well as for the nitride& The splitting of the hh bands neBralong the [111] direction can be
described by the relati6hAEx, = —2v/2C, - k. Using ourab-initio results we derive values 6f = —0.005,—0.063 and—0.178
eVA for AIN, GaN and InN which are in qualitative agreementiwthe trends found for group-V compounds containing Al, Ga,
and In’4 The strong increase of ti@& going from AIN to GaN or InN can be traced back to the preseffitiesoshallowd states
that contribute to the top of the VBs in GaN and IAN8

Figure4b illustrates the splitting effects for the VBs of the nitrides along thé” —M direction in the BZ. In this case all
the irreducible representations compatible with spin arglg degenerate (except for the BZ center and the BZ boyndér
contrast to that, no spin splitting of the three VBs appelmsgthe hexagondl —A direction since the small point group of
thesek points isCg,. Hence, the irreducible representations that are conlpatiith spin are twofold degenerate like, 7.
andrl;7_ in the BZ centef? Indeed, for GaN and InN a clear splitting of the |h bands igblésin Fig. 4b, whereas the splittings
for the other bands are small.

However, as can be seen for-GaN andwzInN in Fig. 4b, the interpretation of the VBs can be more complex due te sta
mixing and band crossings near theoint. For these materials the definition of spin splittitiyst are linear in th& vector is
impossible. For that reason the spin-orbit splittings &f i, Ih, and ch bands along the-M direction are compared to the
corresponding splitting of the lowest CB in Fig. This shows that the influence of the SOC on the hh band andwest CB
remains relatively small. Contrary, the impact on the |h #r@ch bands is much larger. As observed forzh@olymorphs,
there is a clear chemical trend of increasing SOC splittedgag the row AIN, GaN, and InN. For InN tHevector-induced
splittings even approach the order of magnitudAgf(cf. TablelV). The non-monotonous behavior of the wave-vector-induced
splittings of the |h and ch bands wfzGaN andwzInN is a consequence of the corresponding band crossingg B-M in
Fig. 4b.

E. Effective masses

The band dispersions and curvatures away ffoim Fig. 4 depend not only on the splittings of the valence states lsota@h
the coupling between the lowest CB and the uppermost VBshikikt: p theory?®® this coupling is governed by the interaction
of the s-like CB state|s) and thep—Ilke valence wave functions), |y), hjz ) atl, mediated by the momentum operaporThe
respective matrix elements P= 2mo (s|px|X) = < |py|y> or P = 5 (s|pz| 2) give rise to relatively large values. In units
of energy, the Kane parametdss, /| = 2mo Pz/H calculated using the HSE wave functions Bge= 15.86/13.26/9.50 eV for
zb-AIN/ zb-GaN /zl-InN or E; = 15. 78/12 83/9.39 eV ankt,| = 1592/14.79/10.52 eV in thevzcase. These values are

close to those derived from experimental data forN but seem to underestimate the values suggested for®&8Nrhe
agreement with theoretical valdésalculated from the OEPx wave functions is good. Howeveratireement is worse when
comparing to results for GaN that take B8/ corrections into account.

The effective electron and hole masses are extracted frerll8E band-structure calculations (including spin-onti¢iac-
tion), assuming that the influence of the QP corrections erbtind dispersion is small. Thereby, the complex curvatitteeo
VBs shown in Fig.4 renders the determination of the effective masses difficlit avoid these complications, the lifting of
degeneracies of the Ih and the hh bands occurring away frein goint due to SOC are neglected by using averages over the
k-vector-induced spin-orbit-split band pairs.

In addition, it is essential to employ only the close proxinaf I" for the determination of the effective masses. The use of a
largerk-point region would give rise to larger effective massesheflh band otherwise due to the significant non-parabolicity
of the corresponding bands (cf. F&n). However, the strong warping of the hh and the |h bandsrebddor thezbpolymorphs
is taken into account. In th&z case only wave vectors that are closer to fhgoint than the band-crossing points are taken
into consideration. Figuréb shows that especially the lh masses alondth& direction may sensitively depend on the wave-
vector range chosen for their determination. This is notatyest shortcoming of the theoretical description but alsti$dor
their experimental determination by varying the hole conicgions. For the electron masses the situation is lespleonas
illustrated by the band structures in Figsand?2.

The effective masses of the uppermost three VBs and the t@@@sre given for thezb polytypes in Tablev. While the
HSE+SOC results describe the electron massegf@aN quite well, they slightly overestimate them fd¥InN in comparison
to measured values. Nevertheless, the numbers given i Vabbnfirm the extremely small electron mass for InN found in
experiments. Overall, the results in the present work arsetlto experimentally determined masses than found inqarev
calculations’™® The values ofne, (X) = 0.30mg andmg (X) = 0.53mg calculated for the CB minimum a-AIN in this work

agree well withme, (X) = 0.33mg andmg (X) = 0.52my as derived within the LDA using the experimental latticegmaeters’®

The same holds for the effective masses of AIN and GaN at then®Bnum at the™ point8¢ Especially for AIN and GaN the
hole masses agree very well with the fully relativistic LDAlculations of Ramost al.2* as well as with other first-principles
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calculations based on local or semilocal XC functiorfdlempirical-pseudopotentidfsor the OEPx-6o\Wy approach? In
general and also in our studies, no clear trend of the hole@sasith the different XC functionals is found.

The electron masses at thgoint decrease along the row AIN, GaN, and InN. Qualitayivkey nearly agree with the values
of 0.29, 0.20, and 0.04 obtained using the relatie() /mg = 1/[1+ Ep/Eg]. The hole masses of the spin-orbit split-off VBs
in TableV are isotropic and also decrease from AIN over GaN to InN. Tdlaes in Table/ show that the masses of the |h
band are by a factor afi,n/mp = 3—27 lighter than the hh ones. The masses of the |h bandsagipralues on the order of
the electron effective mass. The fact that the hh and the ¥sesa(Tablé/) are different in the three directions confirms the
well-known warped isoenergy surfaces of the Kane mégel.

The six different hh and Ih masses given in Takleontain more information than is included in the Kane modehe
three uppermost VBs. In the Kane model these bands are ¢eazad by three Luttinger parametass y», andys.8%86 Using

the HSE+SOC values, we determine the Luttinger paramekeng ¢hel" —X and thel’ —L directions using the assumptions
1 001 001 001 119

W = TR/ my Y+ 1/t 1/ 1/mph), = T (a/m® — 1/mpY), and ys = B (1/mp"t — 1/mpt). Using
the masses given in Tablé we obtainy; = 1.478/2.409/7.143y = 0.379/0.592/2.890, angs = 0.595/0.959/3.439 for
AIN/GaN/InN. We find a dramatic increase of the Luttingergraeters from AIN via GaN to InN. The present results are
close to the results of an OEP&\Wp calculation (neglecting SOCY. However, for InN we obtain somewhat larger Luttinger
parameters.

In the case of thevz polymorphs the band anisotropy is influenced by the lowestatysymmetry. The uppermost VBs are
isotropic in the plane perpendicular to tb@xis due to the lift of the degeneracylat Therefore, the curvatures of the bands
along thel" —M and thel” —K directions are nearly the same, whereas they differ frondid@ersions along the—A direction.

As can be seen from the masses forwmpolytypes given in Tabl&/I, the overall agreement (especially for the hh VB as
well as the CB) with other calculatioh$6°° for AIN and GaN (see Tabl¥) is much better than in theb case. This also
holds for the comparison with masses derived from measurenarwzGaN?2>°# It has to be pointed out again that due to the
non-parabolicity especially of the Ih band its mass in ttemplperpendicular to theaxis is sensitive to thk region chosen for
its calculation. Consequently, if largkregions play a role in the measurement, an increase of thadis is expected (cf. Fig.
4b).

As shown for GaN and InN in Figh the averages of the |h and ch in-plane masses are influencia Ispin-orbit splitting
of the corresponding VBs. For example the two Ih masses dreahd 0.24n, for GaN or 0.15 and 0.08y, for InN instead of
0.31my or 0.09my in TableVI. Furthermore, the in-plane hole masses calculated in thik fer wzInN are much smaller than
previous prediction8>9%% This is traced back to the more accurate band-structurelesitens with respect to the gap value
and the inclusion of SOC.

It is observed that the effective masses decrease alonguhezAIN, wzGaN, andwvzInN (cf. TableVl). For the electron
masses this tendency can be explained again by the coulgignd p-statesE,, /|, and the gapssg or Eg + Acr. Using the
estimatesn (7)/mo = 1/[14 Ep /Eg+ Ac] andme, () /Mo = 1/[1+4 Ep, /Eg]®° one findsmg () /mg = 0.28, 0.20, and 0.06
andmgL(r))rno =0.29, 0.22, and 0.06 based on the computed energy values drttiese estimated values are not too far from
the results of the full calculations in Tablé and, hence, explain the chemical trend and the symmetiyeadimass splitting.

V. SUMMARY AND CONCLUSIONS

In this paper the ground-state (energetic, structurastieleand excited-state (energy bands and band paramptepgrties
of thezband thewzpolytypes of AIN, GaN, and InN have been investigated usinegenn parameter-free approaches. From the
comparison of different approximations of XC it has beenngithat the AMO5 XC functional gives rise to atomic geomerie
in excellent agreement with experimental data and, thezefarcumvents the overbinding (underbinding) of the LD?BE-
GGA). Since the atomic positions are an important prerétguisr calculating the excited-state properties, the sdquart of
the paper is based on the AM0O5 geometry results.

The electronic structure has been calculated by solving @@Rtion which includes the XC self-energy of the electrons
and holes within th&g\W, approximation, based on HSE eigenvalues and wave functiims resulting gaps are in excellent
agreement with experimental values. The influence of hydtigsstrain has been studied. Especially the fundamentaby
gap of InN varies dramatically with the strain as indicatgdHe large volume deformation potential.

It has been found that the influence of the relative QP cdoesto the HSE eigenvalues on the VBs arolinid small. The
inclusion of the spin-orbit interaction into the HSE caktidns allowed us to study the corresponding energy sggtand to
determinek - p parameters. Thereby, the validity of the quasicubic appration forwzGaN andwvzInN has been found to be
guestionable, especially due to the influence of the semitetectrons.

In addition, the effective electron and hole masses araulzdtd. In the case of the VBs (especially faz polytypes) band
crossings render a parabolic description unfeasible foddogek regions. Treating XC within the HSE approach, tends to
increase the masses and, hence, to lower the band dispeesidn We demonstrate the importance of the spin-orbit intepacti
for the dispersion and the splittings of the bands aroundtheenter and, hence, for the exact band masses. The coumparis
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with measured effective masses shows good agreement witlothputed values especially for GaN. For InN polytypedatls
effective masses have been derived.
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FIGURES

Figure 1. QP band structures and DOS without spin-orbitaution forzb-AIN, zb-GaN, andzb-InN. The numbers indicate the irreducible
representations at the respective high-symmetry poiritg ube notation according to Bouckaert, Smoluchowski arigiét (see Ref60).
Thel 15 VB maximum is used as energy zero. The fundamental band gagicsited by the shaded region.
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Figure 2. QP band structures and DOS without spin-orbitaatiton forwzAIN, wzGaN, andvzInN. The numbers indicate the irreducible
representations at the respective high-symmetry poiiing tise Rashba notation (see R&?). Thelg (GaN, InN) orl"1 (AIN) VB maximum
is used as energy zero. The fundamental band gap is indibgtin shaded region.

Figure 3. (Color online) Geometric solution of Ed) o relate theAE; , values (cf. TabldV) andAcs, Asgj, andAgq for wzGaN. The
black line representlsy while the blue ellipsoid givedso, . The two crossings indicate the two possible solutions iwithe quasicubic
approximation.

Figure 4. The HSE+SOC results for the uppermost VBs of AINNGand InN in (a) thezb and (b) thewz structure are shown along two
high-symmetry directions in the BZ. Up tg/16 of the pathg —X, I'—-L, andl" =M in the BZ is shown, as well as/12 of thel" —A path.
The heavy-hole (hh), light-hole (Ih), spin-orbit splitt¢$o), and crystal-field split-off (ch) bands are labeled #re top of the VBs is used as
energy zero.

Figure 5. (Color online) The spin-orbit-induced splittafgr thewznitrides in the proximity of” are shown along the—M direction. The hh
(red open circles), the Ih (blue triangles), and the ch (gsepiares) bands are given. For comparison the splittimghédowest CB (black
circles) are included.

TABLES

Table I. The cubic lattice constaag (in A) and the hexagonal lattice parametar (in A) as well asc/a and the internal parametarare
given for AIN, GaN and InN polytypes. The volume per catigriea pairQpair (in A3) is also listed. In addition, also the bulk modBY (in
GPa) and their derivatives with respect to pressjras derived from fits to the Murnaghan equation of state amngiVhe difference of the
total energied\Eqt in (meV/pair) between theband thewz polymorphs is included. Results are derived from calcotegiusing the LDA,
PBE-GGA, and AMO05 XC functionals and, for comparison, expental values are listed.

AMO5 LDA PBE-GGA Expt.
Zb-AIN a0 4374 4343 4.402 4.37
Qpair 20.922 20.482 21.328
Bo 204.7 212.0 193.2 262
B, 4.38 3.22 4.16
= 47 46 41
zbGaN a0 4.495 4.465 4547 449
Qpair 22.710 22.257 23.509
Bo 181.9 188.8 172.0 190
B, 4.07 4.44 3.36
= 15 14 18
zbInN a0 5.005 4.959 5.059 4.98
Qpair 31.346 30.493 32.371
Bo 130.8 144.7 120.2 136
B 4.07 4.95 4.10
= 24 24 70
wzAIN a 3112 3.088 3.129 3f1
c 4.976 4.946 5.018 4.978
c/a 1.599 1.601 1.603 1.661
u 0.380 0.379 0.379 0.382
Qpair 20.869 20.420 21.276
Bo 202.3 210.8 187.2 185
Bg 4.36 3.95 4,02 5%
wzGaN a 3.181 3.158 3.217 3.9
c 5.180 5.145 5.241 5.166—5.185

c/a 1.628 1.629 1.629 1.627
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u 0.376 0.376 0.376 0.3%7
Qpair 22.698 22.219 23.488
Bo 183.2 197.4 172.2 188
Bg 4.17 4.23 4.63 413
wzInN a 3.549 3.517 3.587 3.54
c 5.736 5.685 5.789 5.7%8
c/a 1.616 1.616 1.613 1.613
u 0.378 0.377 0.378 0.3%5
Qpair 31.293 30.451 32.253
Bo 131.3 145.3 120.9 1255
B, 4.76 4.52 5.37 1217

@ Collection of experimental data in Ref9

b Ref. 50 - Force balance method.
¢ Collection of experimental data in R&1

d Ref. 52 - X-ray diffraction.
€ Ref. 53 - X-ray diffraction.

f Ref. 54 - X-ray diffraction.

Table II. EnergiesEg (in eV) of the fundamental band gaps latobtained within HSEG&oWs. For the AMO5 equilibrium geometry, the
hydrostatic pressure coefficierds (in meV/GPa) and the volume deformation potenti|s(in eV) of the fundamental band gap are given.
In the case ofb-AIN the values in parenthesis refer to the indirect gap et andX.

geometry: geometry: geometry: Expt.
AMO5 LDA PBE-GGA
ZbAIN Eq 6.271 6.659 6.071 5.93
(5.198) (5.265) (5.164) (5.8)
av —1011
(—2.40)
ap 49.4
(11.7)
zb-GaN Eq 3.427 3.609 3.158 33
av —-8.60 —7.9°
ap 47.3 40-46
zbInN Eq 0.414 0.540 0.264 0.61
ay —4.48
ap 34.2 31°
wzAIN Eq 6.310 6.553 6.144 6.98
av —10.07
ap 49.8 49
wzGaN Eq 3.659 3.847 3.366 381
av —-852
ap 46.5 37-4P
wzInN Eq 0.638 0.765 0.494 o%e
ay —4.56
ap 34.7 22-3%

@Ref. 68~ Spectroscopic ellipsometry.

b Collection of experimental data in Ré&f1
¢ Ref. 69 - Photoluminescence.

d Collection of experimental data in R&f0
€ Ref. 2 - Photoluminescence.

Table Ill. Fundamental band gafg (in eV) of zb-AIN, zb-GaN, andzb-InN calculated for the LDA, PBE-GGA, and the AMO5 equilitm
geometries. Three different approximations for the XC-sekrgy are compared: (i) “(semi-)local” means that theesXi@ functional as for
the calculation of the atomic geometry has been used. Iniaddihe gaps calculated using (ii) the HSE functional, @iijdthe HSE+GoWo
approach are included.

XC self-energy AMO5 LDA PBE-GGA
zb-AIN (semi-)local 3.198 2.977 3.312
HSE 4.333 4.354 4.316
HSE+GoWo 5.198 5.265 5.164
zb-GaN (semi-)local 1.843 1.925 1.572
HSE 2.844 2.972 2.590
HSE+GoWo 3.427 3.609 3.158
zbInN (semi-)local ~ 0.0 ~ 0.0 ~ 0.0
HSE 0.325 0.416 0.206

HSE+GoWo 0.414 0.540 0.264
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Table IV. Different energy splittings (from HSE calculatg) of the uppermost VB states of the nitrides in three diffieequilibrium geometries
are given in meV: The spin-orbit splitting constants at tized@nter”, Aso = £(Igy) — £(Igy), and at the point,Asq(L) = £(L45) — £(Lg), for
zbpolymorphs as well a8E; = £(Igy) — £(I7+y) @andAE, = £(Mgy) — £(I'7—y) for wzpolymorphs are calculated from the HSE eigenvalues
including SOC. The crystal-field splittingkgf =&(I'5) —&(1) (in the absence of SOC) are also given. The valkgésare derived within the
quasicubic approximation. The spin-orbit interactionstantsAgy as well ashso, are derived usin@gf for the crystal-field splitting (see
text). The respective HSE3p\Wp results are provided in parenthesis.

AMO05 LDA PBE-GGA Expt.
zb-AIN Aso(T) 21.8 21.9 21.8 13
Aso(L) 16.9 17.0 16.8
zbGaN Aso(I) 20.2 19.4 21.6 7
Dso(L) 31.3 31.2 31.6
zbInN Aso(T) 17.4 14.4 20.7 5
Aso(L) 53.7 53.0 54.3
wzAIN A% —2572 —2427 —2172 -169
(-2757) (—2600) (—2343)
= —2504 —2359 —2105
(—2689) (—2532) (—227.6)
= 14.9 (14.9) 14.9 (14.9) 14.9 (14.9)
AF -257.3 —2427 -2173 -230°
(—2758) (—2601) (—2344)
A 21.8(21.8) 21.7 (21.8) 21.7 (21.7) b9
Asy 21.7 (21.7) 21.7 (21.7) 21.6 (21.6)
Asor 22.7 (23.5) 22.1(22.8) 22.5(23.3)
wzGaN A% 32.2(26.4) 40.9 (34.5) 32.0(27.3) b0
= 8.4 (8.4) 8.7 (8.7) 9.0 (9.0)
= 41.8 (36.0) 49.3 (42.9) 42.6 (37.9)
Aqu 35.3(28.5) 43.1(36.1) 35.3 (29.6) 39
A§0 14.9 (15.9) 14.9 (15.5) 16.3 (17.3) o8>
Agy 18.0 (18.0) 17.1(17.1) 19.6 (19.6)
Aso, 22.0(19.7) 21.5 (19.6) 23.2 (21.3)
wzInN A% 34.6 (31.7) 41.3(38.5) 25.1(22.1) %0
= 6.3(6.3) 5.4 (5.4) 6.3 (6.3)
= 42.8 (39.9) 47.4 (44.7) 36.5 (33.5)
Y 38.6 (35.6) 44.1 (41.3) 32.0(28.8) 39
A§§ 10.5 (10.6) 8.7 (8.8) 10.8 (11.0) bg
Dso 14.5 (14.5) 11.5 (11.6) 17.7 (17.7)
Asor 22.4(21.4) 20.1(19.7) 24.7 (23.2)

@ Collection of experimental data in Ref9
b Collection of experimental data in R&f1

Table V. Effective heavy-hole (hh), light-hole (Ih), spanbit split-off hole (so), and electron (e) masses (in uaftthe free-electron massy)

as derived from the HSE band structure (including SOQAIN, zb-GaN andzb-InN. While hh and |h masses along the [100], [110], and
[111] directions are given, only the isotropic mass for thecase is included. The values for the hh and |h masses rep@sErages along
Ir—L andl' —K. For AIN, longitudinal and transverse electron massesrai@ded also for thX point. The results are compared with values
from other calculations and experiment.

111

i e iy ' iy i my m(r)
zb-AIN
This work 1.32 0.44 2.32 0.39 3.98 0.38 0.55 0.30
a 1.44 0.42 3.03 0.37 4.24 0.36 0.63 0.28
b 1.02 0.37 1.89 0.32 2.64 0.30 0.54 0.23
¢ 1.33 0.47 2.63 0.40 3.91 0.38 0.32
d 0.33
zb-GaN
This work 0.83 0.28 1.59 0.25 1.95 0.23 0.34 0.19
a 0.86 0.21 1.65 0.19 2.09 0.19 0.30 0.14
b 0.84 0.22 1.52 0.20 2.07 0.19 0.35 0.14
¢ 0.81 0.27 1.38 0.23 1.81 0.22 0.19
d 0.19
Expt! 0.15
zbInN

This work 0.91 0.079 1.55 0.065 1.89 0.070 0.11 0.052
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¢ 0.84 0.080 1.37 0.078 1.74 0.077 0.054
e 1.26 0.100 2.22 0.097 2.74 0.096 0.19 0.066
Expt9 0.041

ZRef. 84- DFT-LDA.

b Ref. 85- Empirical pseudopotential method - lonic model potential
¢ Ref. 13- DFT-OEPx +Go\Wp.

d Ref. 86- LMTO-LDA.

€ Ref. 87 - Empirical pseudopotential method - lonic model potential
f Ref. 88 - Electron spin resonance measurement.

9 Ref. 89 - Spectroscopic ellipsometry.

Table VI. Effective heavy-hole (hh), light-hole (Ih), ctgsfield split-off hole (ch), and electron (e) masses (iftaiof the free-electron mass
mp) as derived from the HSE band structure including SO@snAIN, wzGaN andwvzInN. The masses are evaluated alongitheA, ' —M,

andl —K direction in the BZ. The results are compared with valuemfather calculations and experiments.

mhh m mh, me i ™ my m'
wzAIN
This work 3.31 3.06 0.26 0.32 6.95 0.35 3.47 0.34
a 2.37 2.37 0.21 0.23 3.06 0.29 1.20 0.24
b 3.68 3.68 0.25 0.33 6.33 0.25 3.68 0.25
c 3.53 3.53 0.26 0.35 11.14 0.33 4.05 0.35
d 0.29 0.34
Expt.| 0.29-0.45 0.29-0.45
wzGaN
This work 2.00 1.22 0.20 0.21 0.57 0.31 0.92 0.21
c 2.00 1.19 0.17 0.35 0.34 0.35 1.27 0.35
e 1.76 1.76 0.14 0.19 1.69 0.14 1.76 0.17
f 1.88 0.92 0.19 0.19 0.33 0.36 1.27 0.21
Expt. 2.20 110 0.30 0.20 0.42 0.51 0.68 0.20
wzInN
This work 1.98 1.02 0.08 0.06 0.44 0.09 0.18 0.06
a 2.44 2.44 0.14 0.14 2.66 0.15 3.42 0.14
e 1.56 1.56 0.10 0.11 1.68 0.11 1.39 0.10
i 1.39 1.39 0.10 0.12 1.41 0.12 1.69 0.11
Expt. 0.07 0.07
k 0.055 0.055

2 Ref. 85 - Empirical pseudopotential method - Tonic model potential

b Ref. 90- DFT-LDA.

¢ Ref. 86 - LMTO-LDA.

d Ref. 91 - Empirical pseudopotential method - Nonlocal pseudogtiaten
€ Ref. 92 - Empirical pseudopotential method - Form factors adjusted
f Ref. 13- DFT-OEPx +GoWb.

9 Ref. 93 - Time-resolved photoluminescence.

h Ref. 94 - Two-photon spectroscopy.

I Collection of experimental data in Ref3

I Ref. 95 - Empirical pseudopotential method - Adjusted pseudoytiaten
k Ref. 96 - Cyclotron effective mass measurement.
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