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We have investigated the electronic properties, in different crystal phases of4Ne Bépha and befaAIN

(wurtzite and zinc blendeand MgN,, compounds within an all-electroab initio linear combination of

atomic orbitals self-consistent-field-Hartree-Fock approximation w&ithosteriori density-functional correc-

tion. Results include lattice parameters, bulk moduli and its derivative, band structure, density-of-states, charge
density, and Mulliken population analysis. We also presented aluminum nitride band calculations obtained by
various methods, showing that our results lie within previously calculated values and in good agreement with
experimental data. Addionally the alpha phase of beryllium nitride, presents a direct band gap of 4.47 eV and
might have application in blue/UV light-emitting diodes and lasers.

[. INTRODUCTION between these compounds as well as on the bonding proper-
ties of the beryllium, aluminum, and magnesium cations, re-
Considerable interest has arisen in the wide band gafated to the ionic/covalent character of the bonds in the con-
Group-IlI-V nitrides as possible candidates for applicationssidered compounds.
of blue/ultraviolet (UV) light-emitting diodes and laser The calculations presented in this paper were motivated
diodes'? The demonstration of stimulated emission in theby the search of new materials with relevant technological
blue region has served to further increase awareness of tleharacteristics. This paper is organized as follows: in Sec. Il
potential of nitride based devicd$ These Group-IlI-V com-  we give a brief description of the calculation method, in Sec.
pounds, has been extensively studibdcause they show in 1l we report results and discussion of the structural and elec-
addition to wide band gap, high-thermal conductivity andtronic properties, and Sec. IV contains the conclusions.
large bulk moduli making them promising materials.
In the area of optoelectronics, they fulfill the need for
materials emitting light of short wavelengths. Blue light [l. CALCULATION METHOD
emission is needed for full color displays and UV emission is
optimal for optical communications because of its higher in-
formation density’’ The beryllium nitride has two known phases: alpha and
As far as the gaps themselves are concerned, nitridddeta. The alpha phase is a cubic bcc structure like anti-
seem to be leading with gaps as high as 6.28 eV for AIN. Mn,0; (bixbyte),"*** which is stable between 20-1200°C
Furthermore, the wurtzite compounds AIN, GaN, and InN all(Refs. 12 and 1Band at temperatures over 1400 °C changes
have direct gaps. This is an important advantage for optoto a hexagonal structure, which is the beta pHa3de alpha
electronic light-emitting devices. beryllium-, and magnesium-nitride crystallize in the bixbyte
In this paper we studied the electronic properties ofstructure:® the unit cell is formed by 80 aton{Fig. 1(a)],
BesN, (alpha and betaAIN (wurtzite and zinc blendeand ~ With lattice  parameters a=8.145 A and 9.96 A,
MgsN,. In our search, we did not find any papers aboutrespectively,’and the space group is 14206)." The primi-
electronic properties of the-beryllium and magnesium ni- tive cell has 40 atoms, 24 B&1g) and 16 N, with a total of
tride, thus to our knowledge, this is the first-principles deter208 (400) electrons. Theg-Be;N, phaseFig. 1(b)], has pa-
mination of the electronic structure on these compounds. Weametersa=2.8413 A anct=9.693 A and the space group
performed all-electronab initio calculations using Hartree- is P6Bmaq194) ™ The primitive cell has 10 atoms, 6 Be and
Fock with linear combination of atomic orbitals method 4 N, with a total of 52 electrons per cell. AIN has a wurtzite-
(LCAO), a posterioridensity-functionalDFT) corrections.  type structure[Fig. 1(c)] with P6;mc (186), a=3.111 A
Considerations about hardness, melting point, and ioni@ndc=4.978 A!> The primitive cell has 4 atoms, 2 Al and
potential(rate charge to radilissuggests that berylliumis an 2 N, with a total of 40 electrons per cell. The zinc-blende
exception of the Group-IlIA family, and it is more like the phase of AIN has a F48 (216 space group anch
aluminum family? We can compare the aluminum and be- =4.365 A[Fig. 1(d)]. The primitive cell has 2 atoms, 1 Al
ryllium nitride characteristics, studying their electronic struc-and 1 N, with a total of 20 electrons per cell.
ture. Calculations were performed within all-electrab initio
We focus our attention on differences in the band gagself-consistent field (SCH periodic Hartree-Fock(HF)

A. Crystal Structure
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FIG. 2. Total energyws volume for @-Be;N,. Continuous line
represents fit with Murnaghan’s state equation.

penetration for integral of Gaussian function on a different

FIG. 1. Unit cell of (&) a-Be;N, and MgN,, (b) B-B&;Nz, (©)  center, which define cutoff limits for series summation. The
AIN (wurtzite), and (d) AIN (zinc blende. Gray balls represent values used in the present calculations were

cations atoms and black balls nitrogen atoms. 10610610 % 10°° and 108

LCAO procedure as implemented in CRYSTAL ¥5A pos-

teriori density-functional corrections to the Hartree-Fock re- IIl. RESULTS AND DISCUSSION
sults for the total energy have been included, with the corre- A. Structural properties

lation functional proposed by Perdew, Zunger, and Becke

(PZB).2® A description of the periodic HF-LCAO-SCF com- The ground-state properties of the nitrides structures are
putational scheme in this program has been previousl btain_ed by minimization of _the total energy with respect to
described® and will be omitted here. he unit-cell volumgV). A uniform compression and expan-

Regarding the basis set in crystal, the Bloch functions argion of the lattice, with the relative positions within the unit
constructed from localized atomic orbitals, which in turn arece" held constant, were used to make isotropical variation of
linear combinations of Gaussian-type functions, that are thi'e céll volume. In Fig. 2, we show the calculated total en-
product of a Gaussian and a real solid spherical harmonic. AST9Y for a-BesN,, as a function of the cell vqlume.ﬁ'l%we
in the molecular Hartree-Fock calculations, the results can bg(V) curve was fitted by the Murnaghanﬁ%quatlon-pf- te
quite sensitive to the choice of the basic ¥efor the present Y using the Levenberg-Marquardt methodo obtain the
calculations thell-electronbasis set 6-21G for Be, Al, Mg, lattice parameters of the equilibrium structure, and to evalu-
and N have been used. They contain 9 functions for Be an@t€ the bulk modulugB). The E(V)s curves for the rest of

N (a contraction of 6, 2, and 1 Gaussian type function for th¢"€ compounds are not shown because they are all similar,
1s, 2sp, and 3p shelly from tables 4.39.1 and 7.77.1, but the results are summarized in Table Il. As we can see,

respectively?? and 15 for Mg and Al6-6-2-1 contraction for (Table Il) the lattice parameters are in excellent agreement
1s, 2sp, 3sp, 4sp shelly from tables 12.16.1 and 13.19.1 with the experimental values for all nitride structures. Our
respectively?? The addition ofd-type polarization functions €sults of bulk modulus for the AIN wurtzite phase differ by
on all atoms give the 6-21G* basis set. In order to make the-1% with largest expgrlmental data;.thls discrepancy may be
basis set more adequate for crystal calculations the last edU€ 0 the fact that in transformation procedures an ideal

ponent of each base set was reoptimized using the valuduurtzite structure is assumed, neglecting the relaxation of the
proposed in Refs. 18, 23, and 24, see Table I. lattice constant rati@/a and the internal parameterfrom

The level of numerical approximation, in evaluating the their ideal values.
Coulomb and exchange series appearing in the SCF equa-
tions for periodics systems, is controlled by five tolerance B. Band structure and density-of-states
parameteré® These are related to estimates of overlap o The Hartree-Fock method for periodic systems usually
overestimate the optical gap and bandwidth because they do
not take into account electronic correlation. In order to make
adjustments we perforra posterioriDFT calculations. Fig-
ure 3 shows the calculated band structure, usihglectron

TABLE I. Exponents for the most diffuse Gaussian functions
adopted for the present paper.

Atoms asp 6-21G asp 6-21G* g 6-21G basis set 6-21G*. Figure(8 shows the band structure for
Be 0.2 0.2 0.8 a-BesN, (usual symmetry reference points for bce are indi-
Al 0.3 0.15 0.51 cated. The central Brillouin-zone gamma poirkt ) exhibits

Mg 0.3 0.2 0.178 a direct band gap of 4.28 eV. The valence band is separated
N 0.3 0.28 0.8 in two regions by a 6.057 eV band gap, the upper bandwidth

is 7.49 eV, while the lower bandwidth is 3.11 eV. For optical
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TABLE II. Lattice parameters, bulk modulud), and its derivative(B’), and total energy per cell,
obtained by mean ddll-electron Hartree-Fock calculations with 6-21G basis, for AIN,;Blg, and MgN,

Experimental results are included for comparison.

a(A) c(R) B (Mbar) B’ E, a.u./cell
a-BesN, present calc. 8.155 2.57 293 —1224.411
exp.? 8.145
B-BesN, present calc. 2.847 9.720 2.36 3.60 —306.009
calc.” 2.842 9.695 2.39 3.29 —306.139
exp.© 2.841 9.693
AIN present calc. 3.082 4.935 2.69 3.49 —576.257
(wurtzite) calc.? 3.082 4,946 2.15 3.6
calc® 3.129 4.988 1.95 3.74
exp.f 3.111 4.978 2.08
exp.” 2.37
AIN present calc. 4.336 2.68 3.30 —289.125
(zinc blende calc.® 4.337 2.14 3.3
exp.? 4.365
MagsN, present calc. 9.858 1.65 3.66 —5662.67
exp.? 9.96

8Reference 16.
bReference 23.
‘Reference 28.
dreference 29.

®Reference 30.
Reference 15.
9Reference 31.
PReference 32.

applications, not only the magnitude of the gap is importanGautieret al>® As for the upper valence zone, the calculated
but whether or not it is a direct or indirect gap is very im- and experimental values are 5.93 eV an 6.0 eV, respectively.
portant. The only semiconductor with a direct band gap The band structure from aluminum nitride zinc-blende
larger than 5 eV known to date, seems to be wurtzite AlNphase is shown in Fig.(8). It has a valence band split into
(6.28 e\). There are other semiconductors with direct bandwwo sections by a 6.89 eV gap, the upper width with a value
gap, but not greater that 3.76 é¥Therefore, a material with of 5.63 eV and a lower width of 2.49 eV. Comparing both
a dire<_:t gap well into the ultraviolg¢tJV) range would be_ of phaseswurtzite and zinc blendewe observed thaDy_y
great interest. The band gap calculated for &h&e;N, is presents close values, 3.07 A and 3.09 A, respectively, and
4.28 eV or(4.47 eV without polarization functionlocating consequence the upper valence-band widths are very simi-

it in the UV range. | . . . R
. . ar. With respect to the optical gap, while wurtzite is direct,
In Fig. 3(b), we show the band structure for beryllium AIN zinc blende is indirect {-X).

nitride hexagonal phase, the valence band also is separated in . .

two regions by an 5.85 eV gap. The bandwidth of fhe In Ftlg.tﬁ(et) :Ee tt))an(; struc'gur_e gf M‘?‘lz IS d"cfplaf(i aEnd

band is strongly correlated to the distance between the nea re note that the band gap 1S Indirect occurring between
the valence-band maximyrmand a point along th&N line

est nitrogen atomsOy_y).>* The difference between the : oI alc
two bandwidths(7.66 eV for B-Be;N, and 7.44 eV for (the conduction-band minimum The indirect band-gap
value is 2.25 eV while the direct is 2.26 eV. The occupied

a-Be;N,) may be attributed to the clod®y,_y values in the k
two structures (2.84 A and 2.71 A, respectivelJhis dif- bands fall into two groups separated by a 7.94 eV band gap,

ference is smaller by 0.22 eV. In compounds with markedh€ upper valence band has a width of 3.89 eV and the lower
ionic character this difference is as high as 1-2 eV. On th&alence band a width of 1.29 eV.

other hand, thep derived valence-band widths of 7.66 ev  In Table Ill we summarize our results for the band struc-
and 7.44 eV indicate that the wave function ionic sites argure and those from literature. We show that our results for
less localized compared with more ionic compounds as NaCAIN lie within previously calculated values and in good
and KCI%® agreement with experimental daféable Il1).

The principal difference lies in the evaluation of the opti- Comparing the nitrides structures in the paper, we see that
cal gap, where the beta phase present an indirect band gapfat the compounds with hexagonal symmetry, the top of the
I'-M and the alpha phase present a direct band g&p @his  valence bandI{ poin) is split into two levels, in contrast to
effect is also observed in the widely used Group-lIl-V semi-the cubic structures where the top of the valence band is
conductors. triply degenerate.

AIN in the wurtzite phase|,Fig. 3(c)] shown a direct band AIN compounds(zinc blende and wurtzije have a coor-
gap atl’ point of 5.25 eV(or 5.47 eV without polarization dination number lc)=4 and Group-ll-nitrides B#N, and
function), this value is close to the experimental value of MgzN, (bixbyte) haveNc=4 andN-=6 in the cation and
6.28 eV. The calculated width of the total valence bandanion, respectively. In the fourfold coordinated sites she
(15.32 eV agrees well with the value of 16 eV estimated valence electrons are fully hybridized and fosp® valence
from photoemission and x-ray emission spectroscopic data afrbitals. In the sixfold coordinated sites, ta@nd p® bonds
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FIG. 3. Band structure for the nitrides under stu@,a-Be;N,, (b) 8-BesN,, (c) AIN (wurtzite), (d) AIN (zinc blendg, and(e) MgsN,.
The zero in energy corresponds to valence-band top.

do not hybridize and the dominant valence orbitals are the The width in the antisymmetric gafable I1l) shows that
Px» Py, andp,. The bandwidths of the and p band be- the variation in MgN, is the largest and that the variation in
come, in the ionic limit, small compared to the anisip Be;N, is the smallest for both phases; this gap is related to
energy difference. the ionicity of the semiconductdt.

We observed that Be and Al nitrides show similars prop- We noticed that when we use the 6-21G* basis set, this
erties such as: ionic/covalent character, optical gap, and vdeads to a reduction of the band gap and valence bandwidths,
lence bandwidth, in spite of different structures and differ-as is evident from the values on Table Ill. The main effect of
ences in the coordination numbers. That confirms thaincluding thed states is to put strength into the upper valence
beryllium is like aluminum. band and lower the conduction band.
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TABLE lIl. Results of band calculations for AlNwurtzite), AIN (zinc blende, a-Be;N,, 3-Be;N,, and
MgsN,, accomplished with different methods, is shown the value of the band-gap mirtigalte valency
bandwidth, and antisymmetric gafE{). Methods include pseudopotencial plane-wa®PPW, local-
density approximatiolLDA), linear combination of atomic orbitalE CAO), generalized density functional
theory in the local-density approximatid@DFT/LDA), Hartree-Fock HF), Hartree-Fock with correlation
functional proposed by Perdew-Zunger and Be@{E+PZB). Present values were obtained using basis set
6-21G and 6-21G*. Experimental values are included for comparison.
Compound Calculation Eq(eV) Valence bandwidth Ep
a-BesN, Present paper Direct() Upper Total
HF 12.69
HF+PZB (6-21G 4.47 7.58 16.75 6.02
HF+PZB (6-21G* 4.28 7.49 16.65 6.06
B-BesN, Present paper Indirect’(—= M)
HF 12.36
HF+PZB (6-21G 4.46 7.79 16.87 5.80
HF+PZB (6-21G* 4.05 7.66 16.77 5.85
AIN Present paper Directl()
(wurtzite) HF 14.40
HF+PZB (6-21G 5.47 6.28 15.64 6.74
HF+PZB (6-21G* 5.25 5.93 15.32 6.86
HF 2 14.36 8.27
PPPW 4.74
LCAO® 4.44
GDFT/LDA® 6.01
LDA ¢ 3.9 6.10 15.20 6.3
Gw ¢ 5.8 6.90 17.40 7.7
Experimental 6.28 6.00 16.00
AIN Present paper Indirect (— X)
(zinc blende HF 13.19
HF+PZB (6-21G 4.45 6.08 15.41 6.80
HF+PZB(6-21G* 4.26 5.63 15.01 6.89
LDA © 3.2 6.00 15.10 6.3
Gw*® 4.9 6.70 17.00 7.6
MgsN, cubic Present paper Indireck & N)
HF+PZB (6-21G 2.06 4.21 13.37 7.74
HF-+PZB (6-21G* 2.25 3.89 13.12 7.94
3Reference 24. YReference 39.
bReference 37. ®Reference 40.
‘Reference 38. Reference 8.
The calculated total density-of-states and its orbital- N N
projected contributions for nitrides are displayed in Fig. 4. p(r)=2 2 P,®,P,, (1)
The general features of these diagrams, show that they are wov

similar among them. The valence band is split by the so-

called ionicity gap in two subbands: the upper one lying justvhereP ,, are elements of the density matrix afigu, P v
below in the top valence band, is essentially dominated byepresent basis functions. It is desirable to allocate the elec-
the nitrogen P states, with a minor presencefnds[Be,  trons in some fractional manner among the various parts of a
Al]ors, p, andd [Mg] states and the lowest one is formed by molecule(atoms, bonds, etc.Suggestions about how to do
the Zs levels from nitrogen, with a negligible contribution of thjs, starting from the density matrix, were made by
s[Be, Al, Mg] orbitals. While the bottom of the conduction Mulliken.*? Collectively they now constitute the topic of

band is due to the Be, Al, or Mg andp orbitals. Mulliken population analysis. Integration of E€}) leads to
The contribution of thel-type polarization function to the

valence band is negligible, while their participation in the

N N N N
conduction band is more important, especially for Al and Mg _ f _ B
atoms. p(r)dT—% ~ PMU q)ﬂq)vdT_; ” S,uvPMu_n:

2
C. Electron density and Mulliken population analysis
The electron probability distribution functiop(r), is a  whereS,, is the overlap matrix. The sum of nondiagonal
three-dimensional function defined such tit)dr is the  components of Eq2) is referred to as overlap populatfn
probability of finding an electron in a small volume element, (see Table 1V.
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FIG. 4. Total and projected densities-of-states for different nitrides in this study. The energy zero is the valence-band top.

The electron charge density is calculated at the nodes of adic array of noninteracting atomnmiinus the charge density
one-dimensional array in a domain defined by the segmerdf the same crystal structure.
AB, where A and B represents the atoffls. We calculate the electron charge difference, to explore the
The charge difference density is defined as the differencdegree of electronic charge transference in these materials
between the superposition of atomic charge densifesi- along the Be-N, Al-N, and Mg-N bonds. The positifreega-
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TABLE IV. A Mulliken population analysis of the crystal wave functions from calculations performed
with and withoutd orbitals. Distances and overlap populations are indicated for the differents bonds.

Distance between Overlap
Compound Atomic charge neighbor atoids) population
6-21G 6-21G* 6-21G 6-21G*
a-BesN, 8.051 7.993 1.731 N-Be 0.165 0.172
8.038 7.978 1.744 N-Be 0.146 0.151
3.306 3.346 1.750 N-Be 0.160 0.166
1.761 N-Be 0.170 0.178
B-BesN, 8.061 7.946 1.640 Be-N 0.185 0.202
8.057 8.023 1.696 Be-N 0.204 0.211
3.253 3.324 1.794 Be-N 0.148 0.153
3.314 3.354
AIN 8.256 8.249 1.881 AI-N 0.197 0.210
(wurtzite) 11.744 11.751 1.931 AI-N 0.187 0.206
AIN 8.241 8.224 1.890 AI-N 0.204 0.221
(zinc blende 11.759 11.778
MgsN, 7.934 7.874 2.116 Mg-N 0.149 0.165
7.925 7.880 2.133 Mg-N 0.119 0.168
11.382 11.414 2.140 Mg-N 0.143 0.162
2.154 Mg-N 0.164 0.153

tive) charge redistribution can be identified with electronlower. On the other hand the aluminum and magne<ioen
transfer into bonding(antibonding electronic states. We ryllium) atoms have morgminug core electrons and a
know that is not possible to obtain a quantitative value forhigher (lower) total density near the nuclear position, while
the ionicity directly from the electron densit§.The bond the nitrogen atoms are more spread out with the larger num-
has a ionic component that can be identified with the chargber of valence electrons. A difference between the total elec-
transfer from the cation to the anion. On the other hand, théron density calculated with the 6-21@&o shown and the
increase of charge density along the bond direction indicate8-21G* basis set indicate that the effectadbtype polariza-
strong covalent bonding. tion functions is a slightly accumulation of charge density in
In order to check the ionic behavior of the calculatedthe bonding regions. Our calculated electron density in AIN
compounds, we present the charge density difference alorig in good agreement with the results performed using plane-
the representative bonds through the unit cell, as plotted imave pseudopotencial approach.
Fig. 5. Since the different bond lengths have been normal- In Table IV we present Mulliken population values. It can
ized to the same value, only a qualitative analysis of thébe observed that modified basis witttype orbitals results in
shape of these curves is possible. The different ionicities o& small reduction of the ionicity of the structures, as can be
chemical bonds in AIN, BéN,, and MgN, can be already observed in the minimum increase of the overlap population
seen from representation of the valence-charge density alorfgr the different bonds, and that the atomic charge is reduced
the bond direction as shown in Fig. 5. In comparison to théby nitrogen atoms and it is increased by aluminum, magne-
Be atoms in BgN,, the probability to find valence electrons sium, and beryllium atoms.
around the Al and Mg atoms in AIN and MY, is much Mulliken population data per orbital shell of N, Al, Be,
and Mg atoms is reported in Table V. Significant contribu-
AN cubic tions are observed from theeshells of the Mg and Al atoms.
0.1 — - - AN hex This does not occur for Be and N where the effectishells
is negligible. Theseal orbital effects have been found to be
quite negligible for elements of the first and second row.

A IV. CONCLUSIONS

This is the firstab initio determination of the electronic
structure of thew-Be;N, and MgN, compounds.
\ It is observed that-BesN, and AIN (wurtzite) presents a
0 02 04 06 s 1o direct gap of 4.47 eV and 5.47 eV, respectively. When the
N Normalized bond length Be palculgtlons are performgd y\nth a 6—.21G* basis @hat is
Al including thed-type polarization functionsthe gap 0.19 eV
and 0.22 eV respectively. The-Be;N, has characteristics of
FIG. 5. Charge-density difference vs normalized bond lengtha material with an important application for optoelectronic
along the Be-N, Al-N, and Mg-N bonds. light-emitting devices.
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TABLE V. Mulliken population data for the structures in the paper with basis set 6-21G* in atomic

orbital shell.
AIN AIN

a-BesN, B-BesN, (wurtzite) (zinc blende MgsN,

Be N Be N Al N Al N Mg N
2sp 1.266 2165 1.251 2134 7.896  2.190 7.899 2.194 7922 2114
3sp 0.052 3825 0.175 3.886 1.479  4.058 1.518 4.030 0.628 3.766
4sp 0.223 0.202 0.510
3d 0.030 0.007 0.029 0.007 0.152 0.004 0.155 0.004 0.361  0.002

The B-BesN,, MgsN,, and AIN (zinc-blende structures
show an indirect gap. According to our results, /Mg could

increasing order of the ionicity8-BesN,=< a-BesN,<AIN
(wurtzite)<AIN (zinc blendge<Mg;N,.

be considered a material with a direct gap, because the dif-

ference between the dire2.26 e\) and indirect(2.25 eV}
gap is very small.
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