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In this paper we report the ab-initio theoretical Compton profiles of aluminium nitride (AlN) in
the framework of the Hartree-Fock, density functional theory and hybridization of Hartree-Fock to
density functional theories using the CRYSTAL03 code. To compare our first ever theoretical data,
we have also measured the isotropic Compton profile of AlN, using 59.54 keV γ-rays. The Hartree-
Fock scheme-based Compton profile agrees better with the experiment than the other theories. The
energy bands, density of states and Mulliken’s population analysis, using the CRYSTAL03 code, are
also reported. Our band structure calculations show a large band gap, while Mulliken’s population
analysis shows the ionic nature of bonding in AlN.
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1. Introduction

Compton spectroscopy is a powerful and sensitive
experimental tool for studying the electron momentum
distribution in materials [1, 2]. Using this technique the
chemical properties can be correlated with the elec-
tronic structure through the electron momentum den-
sity n(�p).

The measured one-dimensional quantity, called
Compton profile J(pz), is a projection of the three-
dimensional momentum density n(�p) along the scat-
tering vector parallel to pz. Mathematically

J(pz) =
∫

px

∫

py

n(�p)dpxdpy, (1)

where pz is the electron momentum along the z-
direction, which is along the direction of the experi-
mental scattering vector.

Aluminium nitride (AlN), a tetrahedrally coordi-
nated III-V compound with a hexagonal wurtzite struc-
ture (space group P63mc), is of great technological im-
portance due to its large band gap, high electrical re-
sistivity, high thermal conductivity, large bulk modulus
and piezoelectric behaviour.
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Much experimental and theoretical work has been
devoted to AlN due to its semiconducting and optical
properties; see for example [3 – 17]. Recently a num-
ber of diverse bulk properties of III-V nitrides has been
predicted from first principles within the density func-
tional theory (DFT), using the plane wave ultrasoft
pseudopotential method within both the local density
approximation (LDA) and the generalized gradient ap-
proximation (GGA) [18]. Lepkowski et al. [19] stud-
ied the nonlinear elasticity effects in the wurtzite (WZ)
crystallographic phase of AlN by performing ab-initio
calculations in the framework of plane wave pseudopo-
tential implementation of the DFT.

The DFT has been used effectively to explore struc-
tural and optical properties of III-nitrides in general,
and AlN in particular. However, to our knowledge none
of nitrides has been studied theoretically employing the
DFT to derive the Compton profile, which play a pecu-
liar role in examining the various theoretical models
and is an important observable to unravel bonding and
bands in solids. Therefore, first ever Compton profile
calculations for AlN as a representative of III-nitrides
have been undertaken in the present study.

In this paper we report Compton profiles, energy
bands and density of states (DOS) using a self-con-
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sistent linear combination of atomic orbitals (LCAOs)
calculation within the framework of Hartree-Fock (HF)
and DFT schemes of the CRYSTAL03 code of the
Torino group [20 – 22]. Besides this, using the free
atom profile of Biggs et al. [23], we have calculated
the Compton profiles within an ionic model Al+xN−x

(x varies from 0 to 3). Regarding Compton profile
measurements on AlN, more than three decades ago
Hosoya et al. [24] have reported the Compton profile
of polycrystalline AlN employing X-rays. This mea-
surement has limitations due to the low input energy of
X-ray photons, X-ray doublets, uncertainties in remov-
ing the background, limitations of data analysis, etc.
To compare our theory, we have also measured an ac-
curate isotropic Compton profile of AlN. The isotropic
measurement was made because of nonavailability of
large size (13 mm diameter and 2 mm thickness) single
crystals of AlN.

The paper is organized as follows: Experiment and
data analysis are given in Section 2. A brief description
of the LCAO and ionic model calculations is given in
Section 3. Results and discussion are presented in Sec-
tion 4, while conclusions are given in Section 5.

2. Experimental and Data Analysis

In the present measurement, the γ-ray Compton
spectrometer with an annular 5 Ci 241Am source de-
scribed by Sharma et al. [25] has been used. The poly-
crystalline sheet of 25 mm×25 mm cross-section and
0.64 mm thickness (purity 99.5%) was held vertically
in the scattering chamber. The chamber was evacuated
to about 1.3 Pa to reduce the contribution of air scatter-
ing. The γ-rays of 59.54 keV were allowed to scatter by
the sample through a mean angle of (167±2.5)◦. The
scattered photons were detected and analysed using a
high purity Ge detector (Canberra model, GL0110P),
which was cooled to liquid nitrogen temperature. The
overall momentum resolution of the Compton spec-
trometer was Gaussian with full width at half max-
imum (FWHM) of 0.55 a. u. The spectrum was col-
lected in a multi-channel analyzer (MCA) with 4096
channels having a channel width of 20 eV, which corre-
sponds to about 0.03 a. u. During the exposure time of
30 h about 60,000 counts were collected at the Comp-
ton peak. During the measurements, the stability of
the electronic system was checked from time to time
by a weak 241Am calibration source. The background
was measured separately and then subtracted from the
above data point by point after scaling it to the count-

ing time for the sample. Then, the measured profile
was corrected for the effects of the detector response
function, energy-dependent absorption and scattering
cross-section, according to the scheme described by
the Warwick group [2, 26]. The data reduction for the
detector response function was restricted to stripping
the low energy tail off the resolution function and
smoothing the data, leaving the theory to be convoluted
with a FWHM of 0.55 a. u. After converting the pro-
file to the momentum scale, a Monte Carlo simulation
of the multiple scattering was performed. Finally, the
experimental Compton profile was normalized to 9.63
electrons being the area of the free atom profile [23] in
the momentum range 0 to +7.0 a. u.

3. Theoretical Calculations

3.1. LCAO Calculations

Compton profiles of AlN have been computed in
the LCAO scheme using HF and DFT methods of
the CRYSTAL03 code [20 – 22]. The electron density
within Kohn-Sham (KS) (DFT) and HF approxima-
tions can be written as

nKS/HF(�r) =
∫

BZ

d�k ∑
j=occ

∣∣∣φ k
j,KS/HF(�r)

∣∣∣2
, (2)

where the crystalline orbitals φ k
j,KS/HF are the solution

of

ĥKS/HFφ k
j,KS/HF(�r) = εk

j,KS/HFφ k
j,KS/HF(�r). (3)

Here εk
j,KS/HF are the one-electron energies correspond-

ing to φ k
j,KS/HF.

The one-electron Hamiltonian operator, ĥHF, in the
HF approach is given by

ĥHF = T̂ + V̂ + Ĵ [n(�r)]+ K̂[n(�r,�r ′)], (4)

where T̂ , V̂ , Ĵ and K̂ are the kinetic, external potential,
Coulomb and exchange operators, respectively. In the
HF operator, the exact exchange interaction between
electrons is taken care of. In the DFT, the HF Hamil-
tonian operator is replaced by the Kohn-Sham mono-
electron operator as

ĥKS = T̂ + V̂ + Ĵ [n(�r)]+ ν̂XC(�r). (5)

The exchange-correlation potential operator ν̂XC(�r) in
the DFT is given as

ν̂XC =
∂EXC[n(�r)]

∂n(�r)
, (6)
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where EXC is the exchange-correlation density func-
tional energy and n(�r) is the charge density at a point r.

In the LDA and GGA, EXC is defined as

ELDA
XC [n(�r)] =

∫
n(�r)εXC[n(�r)]d�r, (7)

EGGA
XC [n(�r)] =

∫
n(�r)εXC[n(�r), | n(�r)|]d�r, (8)

where εXC is the exchange-correlation energy per par-
ticle in a uniform electron gas. Further, within the no-
tations of CRYSTAL03 [20], n(�r) can also be written
as

nKS/HF(�r) = ∑
µ,ν,g

Pµ,ν,g
KS/HFχµ(�r)χν (�r), (9)

where χµ(�r) and χν(�r) are atomic orbitals, respec-
tively, associated with the oth and gth cells of the LCAO
periodic HF or KS methods and Pµ,ν,g

KS/HF are the corre-
sponding density matrix elements.

In the momentum space, the electron momentum
density can be calculated as

nKS/HF(�p) = ∑
µ,ν,g

Pµ,ν,g
KS/HFχµ(�p)χν (�p), (10)

where χ(�p) =
∫

χ(�r)e−i�p·�rd�r.
In the DFT-LDA we have chosen the Dirac-Slater

exchange as given in [22] and the Perdew-Zunger
[27] correlation functionals, whereas for DFT-GGA we
have used the exchange functional of Becke [28] and
the correlation functional of Perdew and Wang [29].
Following recent attempts of splitting the exchange
and correlation contributions [30], we have also per-
formed calculations using the B3LYP scheme. In the
B3LYP, EXC is defined as

EXC = 0.80 · (ELDA
X + 0.90 ·∆EBECKE

X
)

+ 0.20 ·EHF
X + 0.19 ·EVWN

C + 0.81 ·ELYP
C .

(11)

EHF
X and ELDA

X are the exchange energies of HF and
Dirac-Slater, respectively. ∆EBECKE

X is Becke’s gradi-
ent correction to the exchange functional, while EVWN

C
and ELYP

C are the correlation energies of Vosko-Wilk-
Nusair [31] and Lee-Yang-Parr [32], respectively.

Therefore, the B3LYP functional is a hybrid of the
exact (HF) exchange with local and gradient-corrected
exchange and correlation terms, as first suggested by
Becke [33]. The standard prefactors, with which dif-
ferent weightage for exchange and correlation energies

enter in (11), were also suggested by Becke [33]. These
prefactors were based on fitting to heats of formation
of molecules. In the B3LYP functional the values of
the prefactors are taken as such along with LYP for the
correlation functional.

In the present calculations, the all-electron basis
sets of Gaussian-type orbitals (GTOs) for Al and N
have been adopted after optimization, using BILLY
software [20]. The all-electron basis sets of Al (85-
11G∗) and for N (7-311G) are taken from [34]. The
optimization has been performed for the WZ struc-
ture of AlN with the lattice parameters a = 3.111 Å
and c = 4.978 Å [35]. The integration in the reciprocal
space has been carried out on a grid of 133�k points in
the irreducible Brillouin zone.

3.2. Ionic Model

The theoretical Compton profiles of AlN for dif-
ferent ionic configurations were calculated from the
free atom profiles of Al and N as taken from Biggs
et al. [23]. The valence profiles for various Al+xN−x (x
varies from 0 to 3) configurations were calculated by
transferring x electrons from the 3p and 3s shell of Al
to the 2p shell of N.

For ANB8−N materials like AlN, the valence pro-
file was normalized to four electrons in the momentum
range 0 – 7 a. u. and was added to the free atom core
contributions [23], to get the total profiles. In the case
of HF and DFT calculations, the core profiles gener-
ated by the CRYSTAL03 code were used. All profiles
were then normalized to 9.63 electrons, as described
earlier.

4. Results and Discussion

In Figs. 1 and 2, we have plotted the energy bands
and corresponding DOS using DFT-LDA and B3LYP
schemes in the energy range −0.75 to +0.50 Hartree.
Since the band dispersions in case of the DFT-GGA
were almost identical to the DFT-LDA, we have not
shown the bands corresponding to DFT-GGA scheme.
The Fermi energy EF is shown using a horizontal solid
line. The topology of our energy bands is found to
agree with those given by Rubio et al. [36] and Ar-
menta et al. [37]. The values of the band gap com-
puted using DFT-LDA, DFT-GGA and B3LYP along
with the available data [36 – 41] are listed in Table 1.
The large band gaps computed using the DFT with
LDA and GGA agree with the data reported by Stampfl
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Fig. 1. Band structure (E-k relation) and density of states of wurtzite AlN along with high symmetry directions of the first
Brillouin zone within DFT-LDA. The horizontal solid line corresponds to the Fermi energy. The band gap is calculated at
Γ point. The positions of the A, L, M, Γ , A, H, K and Γ vertices correspond to (0, 0, 1/2), (1/2, 0, 1/2), (1/2, 0, 0), (0, 0, 0),
(0, 0, 1/2), (1/3, 1/3, 1/2), (1/3, 1/3, 0) and (0, 0, 0). One Hartree is equal to 27.212 eV.

Fig. 2. Same as in Fig. 1 except for the scheme, which is B3LYP.

and Van de Walle [38], in which the authors have used
pseudopotential plane waves with LDA approach. The

band gap computed within B3LYP is close to the ex-
perimental band gap reported by Berger [39]. It is seen
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Fig. 3. Difference in the directional Compton profiles computed using various schemes of the CRYSTAL03 code for (a) un-
convoluted and (b) convoluted with a representative Gaussian of FWHM 0.55 a.u. The solid lines connecting the symbols are
drawn to guide the eyes.

Scheme Band gap
at Γ point

(i) Our work
(a) DFT-LDA 4.80
(b) DFT-GGA 4.77
(c) B3LYP 6.68

(ii) Rubio et al. [36]
(a) LDA 3.90
(b) GW 5.80

(iii) Armenta et al. [37]
(a) HF + PZB (6-21G) 5.47
(b) HF+ PZB (6-21 G∗) 5.25

(iv) Pseudopotential [38] 4.74
(v) LCAO [40] 4.44
(vi) GDFT-LDA [41] 6.01
(vii) Experiment [39] 6.28

Table 1. Band gap
(in eV) of wurtzite
AlN. One Hartree is
equal to 27.212 eV.

from Table 1 that our DFT calculations overestimate
the band gap in comparison to LCAO data reported
by Ching and Harmon [40] and LDA data of Rubio
et al. [36]. On the other hand, it is lower than the gener-
alized DFT-LDA data of Remediakis and Kaxiras [41]
and GW (G stands for Green function, while W stands
for the screened Coulomb interaction) data of Rubio
et al. [36]. In a separate calculation we have also cal-

culated the band gap using a pure HF scheme, which
was found to be higher. This trend is consistent with
the general observation that the HF calculation overes-
timates the band gap, while the DFT-LDA calculation
underestimates it [42]. Except for some fine structures,
the overall shape of the DOS in Figs. 1 and 2 is similar
to an earlier work reported by Ching and Harmon [40].

A Mulliken population analysis within the DFT-
LDA and DFT-GGA calculations shows the corre-
sponding charge transfer of 2.29 and 2.32 electrons
from Al to N. An overlap population of about 0.106
electrons between Al and N indicates the strong ionic
nature of bonding in AlN. It may be noted that Mul-
liken’s population is reliable in the present case, be-
cause the overlap population is relatively low and the
external atomic orbitals of Al and N are not too diffuse.
This is supported by the values of the exponents of the
external basis set, which are 0.4409 and 0.5504 for Al
and 0.4288 and 0.1302 for N. It is also seen that the
charge transfer and overlap population from B3LYP
are almost the same as from DFT-GGA.

In Fig. 3, we have plotted the unconvoluted and con-
voluted anisotropies between the theoretical Compton
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Table 2. The unconvoluted spherically averaged theoretical Compton profiles (HF, DFT with LDA and GGA) of AlN as
computed using CRYSTAL03 code. The B3LYP corresponds to hybridization of HF and DFT methods. The ionic Compton
profiles (best agreed) along with experimental profiles are also listed. The statistical errors at a few points (±σ) are also
given.

pz (a. u.) J(pz) (e/a.u.)
HF DFT-LDA DFT-GGA B3LYP Ionic Al+2.6N−2.6 Experimental

0.0 6.094 6.154 6.171 6.129 5.991 5.861±0.014
0.1 6.065 6.124 6.140 6.100 5.858 5.834
0.2 5.975 6.030 6.045 6.010 5.674 5.748
0.3 5.830 5.871 5.885 5.859 5.458 5.604
0.4 5.626 5.654 5.666 5.647 5.217 5.407
0.5 5.363 5.386 5.397 5.376 4.946 5.163
0.6 5.048 5.067 5.075 5.053 4.650 4.879
0.7 4.688 4.693 4.699 4.685 4.338 4.564
0.8 4.288 4.273 4.275 4.278 4.021 4.226
1.0 3.433 3.383 3.378 3.404 3.414 3.507±0.011
1.2 2.670 2.627 2.620 2.638 2.880 2.829
1.4 2.148 2.124 2.118 2.130 2.434 2.299
1.6 1.818 1.807 1.803 1.813 2.069 1.902
1.8 1.581 1.579 1.577 1.582 1.774 1.630
2.0 1.390 1.391 1.389 1.392 1.532 1.414±0.007
3.0 0.769 0.771 0.769 0.771 0.792 0.773±0.005
4.0 0.445 0.446 0.445 0.446 0.452 0.453±0.004
5.0 0.276 0.276 0.275 0.276 0.279 0.295±0.003
6.0 0.182 0.182 0.181 0.181 0.182 0.193±0.002
7.0 0.125 0.125 0.125 0.125 0.129 0.132±0.002

profiles. To see the effect of resolution in the mea-
surement of anisotropies using a conventional 241Am
spectrometer like the present one, we have convoluted
the theoretical profiles with a representative Gaussian
function of FWHM 0.55 a. u. From Fig. 3a, it can
be seen that the maximal anisotropy is between the
[110] and [001] directions. The trend of anisotropies
between [110] and [001] and also [110] and [100]
is almost equal. A small amplitude of anisotropy be-
tween [100] and [001] can be explained on the basis
of energy bands in the respective branches, namely
Γ -M and Γ -A. Along the Γ -M direction, just below
EF, there are many allowed states, while two degen-
erate states are seen at A point of the Γ -A branch.
So both branches contribute almost a similar momen-
tum density which roughly cancels J100-J001, leading
to a small amplitude of the anisotropy. On the con-
trary, such a type of cancellation is absent in J110-
J001 and J110-J100. As depicted by Fig. 3b, the ampli-
tude of differences derived from the convoluted the-
oretical profiles is lower than the unconvoluted pro-
files, which shows that in such experiments, with 0.55
a. u. resolution, the difference between LDA and GGA
is hardly significant and is small with respect to HF
also. Therefore, high resolution directional Compton
profile measurements are needed to examine these
calculations.

The unconvoluted spherically averaged theoretical
Compton profiles (HF, DFT with LDA and GGA and
B3LYP) and best-agreed ionic Compton profile of AlN
along with experimental profiles are listed in Table 2.
It is seen from Table 2 that there is a small difference
between the DFT profiles computed within the LDA
and GGA schemes.

In order to examine quantitatively the agreement of
various theoretical profiles of AlN with the experiment,
theoretical profiles have been convoluted with a Gaus-
sian function of 0.55 a. u. to incorporate the instrumen-
tal smearing.

In Fig. 4, we show the difference curves in exper-
imental and various theoretical Compton profiles to-
gether with experimental errors at a few points. All the
theoretical profiles considered here include solid state
effects, except the best ionic arrangement, and all are
duly convoluted. The agreement between theory and
experiment is very poor for the ionic model. It im-
proves for CRYSTAL03-based theories.

Due to different kinds of exchange and correlation
approximations in band calculations, these profiles dif-
fer on the low momentum side (pz ≤ 2 a. u.). In the
high momentum region (pz > 3 a. u.), all the theoreti-
cal profiles are effectively the same, which is expected
because the contribution from inner electrons is iden-
tical in all the calculations, and the Compton profile
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Fig. 4. Difference between the con-
voluted theoretical profiles (HF, DFT
with LDA and GGA, B3LYP and best
ionic model) and the isotropic experi-
mental profile. The solid lines connect-
ing the symbols are drawn to guide the
eyes. Statistical error is shown for a
few representative values.

contribution of the valence electrons is insignificant in
this region. From Fig. 4 it can be judged that in the
low momentum region the HF theory shows less devi-
ation from the experimental data, in comparison to the
DFT. On the basis of χ2 tests and this figure, it is seen
that the HF gives the best overall agreement amongst
all the theories. It is worth mentioning here that such a
trend has also been observed in our earlier data of II-
VI semiconductors, namely ZnSe, CdS and CdTe [42],
and a zero band gap semimetal, namely Sn [43]. The
difference between theoretical and experimental pro-
files near pz = 0 a. u. may be due to (a) limitations of
a finite number of basis sets, (b) neglect of the cor-
relation effect in the HF theory, and (c) approximate
inclusion of exchange correlation effects in DFT.

5. Conclusions

In this paper, we have presented the results of a
Compton scattering study of a III-V semiconductor,
namely AlN. The measured isotropic Compton profile
is compared with an ionic model and various schemes
(Hartree-Fock and density functional theory) of the

CRYSTAL03 code. The present HF and DFT calcula-
tions deal with all electron Gaussians to describe accu-
rately the electronic distributions in both the valence
and core regions. The HF scheme has described the
electronic behaviour of AlN in a better way than the
DFT, in sharp contrast to the metals. The computed
energy bands agree with the available data and con-
firm the wide band gap of AlN. Mulliken’s population
analysis shows a large charge transfer from Al to N,
which indicates the ionic nature of bonding in AlN.
All the inferences would seem to get strengthened with
the synchrotron-based high resolution measurements
along the principal directions.
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