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The structural properties of scandium nitride compound (ScN) in the rocksalt phase (RS) have been cal-
culated using the full potential linearized augmented plane wave (FP-LAPW) method within the local
density (LDA), Predew–Burke–Ernzerhof (PBE-GGA), Wu–Cohen (WC-GGA), and Engel–Vosko (EV-GGA)
approximations. The influence of electron correlation has also been considered in calculating the elec-
tronic structure of RS–ScN within the LDA+USIC, PBE-GGA+USIC, WC-GGA+USIC, and EV-GGA+USIC approx-
imations. For the system of interest, the calculations show that EV-GGA and PBE-GGA approximations
give more accurate values for the lattice parameter (a0) and bulk modulus (B0) than LDA and WC-GGA
approximations. The calculations also show that EV-GGA+USIC approach improves the description of
the electron structure of RS–ScN than LDA+USIC, WC-GGA+USIC and PBE-GGA+USIC methods. The energy
band gap of RS–ScN within EV-GGA+USIC scheme is found to be 1.09 eV. This value is in excellent agree-
ment with the experimental value of about 0.8–1.6 eV.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The well-known IIIA-N (such as GaN, InN, AlN, and their alloys)
were extensively studied both experimentally and theoretically
due to their important in electronic and optoelectronic devices.
On the other hand, IIIB-N (such as ScN, YN, and LaN) have been less
studied in spite of their importance technological applications. In
particular, ScN has very interesting physical properties. It has a
high melting point (�2600 �C), hardness and mechanical strength.
Its high melting point makes ScN suitable for high temperature oh-
mic contacts for IIIA-N [1].

ScN was investigated by Scalar [2]. He made electrical and opti-
cal measurements on pressed-powder samples of ScN. He found
that ScN has metallic behaviour. In contrast, his optical transmis-
sion measurements on evaporated films of ScN predicted a semi-
conductor behaviour with an energy gap of 2.6 eV. Travaglini
et al. prepared ScN samples and made optical reflecting measure-
ments in photon energy range between 12 eV down to 1 meV at
room temperature [3]. They also measured their electrical resistiv-
ity by four prob method and Hall effect at room temperature. They
concluded that ScN has metallic character. Zheng et al. reported
the crystal growth of ScN on a tungsten foils by sublimation–
recondensation method in the temperature range of 1840–
2060 C�, pressure range of 15–230 Torr under nitrogen atmosphere
ll rights reserved.
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eh).
[4]. They found that the crystal structure is rocksalt with lattice
constant 4.5005 A�. On the other hand, Bai and Kordesch prepared
ScN samples by two methods, plasma assisted physical vapour
deposition (PAPVD) and reactive rf-sputtering [1]. The average lat-
tice constant obtained was 4.4717 A�, and optical band gap values
2.73–3.2 eV, for films prepared by PAPVD and 2.26–2.77 eV for
films by sputtering. Niewa et al. prepared ScN samples, and they
reported a rocksalt crystal structure (RS) with lattice constant
4.512 A� [5]. Gall et al. studied the electronic structure of ScN by
optical spectroscopy, photoemission and preformed an ab initio
Khon–Sham approach, which treats the exchange interaction ex-
actly with density functional theory [6]. From their experimental
and calculation investigations, they concluded that ScN is a semi-
conductor with an indirect C–X band gap of 1.3 ± 0.3 eV and direct
band gap at C of 2.4 ± 0.3 eV [6]. ScN thin films have been prepared
using chemical vapour deposition [7], molecular beam epitaxy
[9,10], magnetron sputtering [8]. Recently, Moram et al. reported
the growth of ScN thin films on silicon substrates by molecular
beam epitaxy at low relative temperature (�850 C�) [11].

Various computational methods have also been used in
calculating the electronic structure of ScN. Lambrecht used linear
muffin-tin orbitals (LMTO) method in the atomic sphere approxi-
mation (ASA) in studying the electronic structure of ScN and GdN
[12]. He found that ScN is a semiconductor with indirect gap C–
X of 0.9 eV, direct gap at X of 2.0 eV and direct gap at C of 4.3 eV.
Later on Takeuchi [13] used full potential linearized augmented
plane wave (FP-LAPW) method as implemented in WIEN97 code

http://dx.doi.org/10.1016/j.commatsci.2010.07.001
mailto:alabdeh@aauj.edu
http://dx.doi.org/10.1016/j.commatsci.2010.07.001
http://www.sciencedirect.com/science/journal/09270256
http://www.elsevier.com/locate/commatsci


270 M.S. Abu-Jafar et al. / Computational Materials Science 50 (2010) 269–273
[14]. He obtained good structural parameters, but zero-energy gap.
Using screened exchange (SX) LDA approach, Stampfl et al. calcu-
lated the electronic structure for ScN, YN and LaN [15]. They found
that all of these materials are indirect semiconductors of energy
gaps 1.58, 0.85, and 0.75 eV, respectively. Recently, Qteish et al.
used exact based quasiparticle energy calculations (KS-DFT) within
an ab initio pseudopotential in calculating the electronic structure
of ScN [16]. They obtained energy gap of 0.9 ± 0.1 eV. On April
2007, Tran et al. have reported GGA calculations with the
Engel–Vosko functional for semiconductors and insulators [17].
They found that ScN is a semiconductor with energy gap of 0.2 eV.

As seen above there are some contradictions in the published
reports about the band gap energy of RS–ScN. Some reports claim
that RS–ScN is a semiconductor with a small energy gap between N
2p valance band and Sc 3d conduction band [3,17–19], while others
claim that RS–ScN is a semiconductor of indirect energy band gap
with band gap energy of 0.8–1.6 eV [4,6,7,12,16]. In contrast, some
reports claim that Rs–ScN is a semimetal [20–22].

Since many physical properties depend on the band gap energy,
the aim of this study is to cure the energy band gap of RS–ScN com-
pound using LDA, PBE-GGA, WC-GGA, and EV-GGA approaches
plus an appropriate value of an on site Coulomb self-interaction-
like correction potential (USIC). Adding an appropriate value of
(USIC) leads to a discontinuity in the exchange-correction potential
and thus improves the band gap energies of semiconductors, espe-
cially the strongly correlated d or f semiconductors [23–26]. In the
present paper, we have also examine the structural properties of
RS–ScN using FP-LAPW method within LDA, PBE-GGA, WC-GGA,
and EV-GGA approximations.

After a description of the computational details, we present and
discuss the structural and electronic properties of the RS–ScN
material. The conclusion is given in Section 4.
2. Computational details

The calculations were performed using FP-LAPW method as
implemented in the WIEN2K code [27] within the framework of
density functional theory (DFT) [28]. The structural and electronic
properties of ScN in the RS phase were calculated using LDA
[29,30], PBE-GGA [31,32], WC-GGA [33], and EV-GGA [34]
approximations.

In order to get a better value of the band gap energy for RS–ScN
phase, we have applied LDA, PBE-GGA, WC-GGA, and EV-GGA plus
an on-site Coulomb self-interaction correction potential (U). Threre
are two versions of the LDA+U method, LDA+USIC [35,37] and
LDA+UAMF [38]. LDA+USIC method is suitable for strongly correlated
systems such as ScN, while LDA+UAMF is suitable for less strongly
correlated systems. So, in this paper LDA+USIC, PBE-GGA+USIC,
WC-GGA+USIC, and EV-GGA+USIC approximations were used to cal-
culate the band structure of the RS-ScN phase. The LDA+USIC, PBE-
GGA+USIC, WC-GGA+USIC, and EV-GGA+USIC methods were used
with the ‘‘SIC” double-counting scheme of Anisimov et al. [37],
which is appropriate for strongly d or f correlated electrons as
mentioned earlier.

In the LDA+USIC, PBE-GGA+USIC, WC-GGA+USIC, and EV-GGA+USIC

methods, the strong correlation between localized d-electrons is
explicitly taken into account through the screened effective elec-
tron-electron interaction parameter Ueff = USIC � J, where USIC and
J denote the coulomb and exchange integrals, respectively [35–
37]. To obtain the best agreement with experiment, the present re-
sults were obtained with USIC = 6 eV and J = 0 (i.e., Ueff = 6 eV). The
value of the USIC correction (i.e., 6 eV) was determined by optimiz-
ing the band gap energy to the experimental value. This means that
we have increased the value of USIC until we get a very closed en-
ergy band gap to the experimental value. However, it was found
that changing USIC does not affect the values of the lattice constant
and bulk modulus.

It is worth noting that we have done the band structure the cal-
culations using LSDA approximation (local spin density approxi-
mation), but we found that the band gap energy would not be
changed and the magnetic moment per unit cell was found to
be zero. Therefore, LSDA calculations are not needed here. On the
other hand, this paper does not include the calculations of the
effective mass; so that spin orbit coupling is also not needed here.

The Sc 3d electrons were treated as valence. Inside the atomic
spheres, the partial waves were expanded up to lmax = 10. Whereas,
in the interstitial region they are expanded in terms of plane waves
(PWs). The number of plane waves cut-off was limited by
RMTKmax = 8.0 for LDA and LDA+USIC, and RMTKmax = 9.0 for PBE-
GGA, PBE-GGA+USIC, WC-GGA, WC-GGA+USIC, EV-GGA, and
EV-GGA+USIC calculations, where Kmax is the maximal value of
the reciprocal lattice vector used in the plane wave expansion,
and RMT is the smallest muffin-tin radius in the unit cell. In the unit
cell, the atomic spheres radii were chosen in such a way that they
are just touching. With this choice for RMT, the spheres of Sc and N
are sufficiently large so that the leakage of the d electrons outside
the spheres is very small. The muffin-tin radii RMT were chosen as
2.02 bohr, and 1.79 bohr for Sc and N, respectively.

The charge density was Fourier-expanded with Gmax = 14Ry1/2

for LDA and LDA+USIC, and Gmax = 16Ry1/2 for PBE-GGA, WC-GGA,
EV-GGA, PBE-GGA+USIC, WC-GGA+USIC, and EV-GGA+USIC.

A K-mesh of 3000 K-points in the full Brillouin zone or 104
K-points in the irreducible Brillouin zone (IBZ) was used. A suffi-
ciently dense K-point grid was used to achieve a convergence of
the total energy to better than 0.1 mRy, namely a regular
14 � 14 � 14 Monkhorst–Pack (MP) mesh for the RS phase [39].
3. Results and discussion

3.1. Structural properties

The lattice constant a0, bulk modulus B0 and its pressure deriv-
ative B00 were calculated from the Murnaghan’s equation of state
[40] using LDA, PBE-GGA, WC-GGA, and EV-GGA approximations.
We first determine the equilibrium volume of the ground state of
the RS phase of ScN compound by calculating the total energy
per primitive unit cell as a function of the volume. The Murna-
ghan’s equation of state is then used to fit the calculated energy-
volume data.

The structural parameters a0, B0, and B00 are listed in Table 1. The
results of other ab initio calculations and experimental values are
also listed in Table 1. The data shown in Table 1 indicate that
LDA underestimates a0 by 1.56%, PBE-GGA overestimates a0 by
0.39%, WC-GGA underestimates a0 by 0.63% and EV-GGA overesti-
mates a0 by 0.29%. GGAs calculations, therefore, improve a0 signif-
icantly over LDA. The data listed in Table 1 also show that the GGAs
calculations produce more accurate bulk modulus than LDA. This
clearly demonstrates that the GGAs approaches are associated with
some correlation effects beyond LDA scheme.
3.2. Electronic properties

The calculated relativistic electronic band structures of ScN in
the RS phase at ambient pressure along principal high symmetry
points in the Brillouin zone using LDA, LDA+USIC, WC-GGA, WC-
GGA+USIC, PBE-GGA, PBE-GGA+USIC, EV-GGA, and EV-GGA+USIC

are displaced in Figs. 1–4, respectively. The band structures have
been calculated at the experimental lattice constant a0 = 4.501 A�.
The zero-energy reference is the valence-band maximum. It occurs



Table 1
Calculated lattice constant a0, bulk modulus B0 and its first derivative B00 of ScN in RS phase.

Present calculations Experiment Other calculations

LDA PBE-GGA WC-GGA EV-GGA Ref. [7] –

a0 (A�) 4.431 4.518 4.473 4.514 4.501 4.455a, 4.533b

B0 (GPa) 222 193 207 194 182 ± 40 221a, 196b

B00 4.24 4.01 4.14 4.06 – 4.27a, 4.36b

a PP-PW (LDA).
b PP-PW (GGA) Ref. [16].
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Fig. 1. Energy band structure of RS–ScN using (a) LDA and (b) LDA+USIC methods.
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Fig. 2. Energy band structure of RS–ScN using (a) WC-GGA and (b) WC-GGA+USIC methods.
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at the C -point. The conduction band minimum occurs at the
X-point. The energy band gap of RS–ScN is C–X indirect band gap.

In Figs. 1a, 2a, 3a, and 4b, the LDA, PBE-GGA , WC-GGA, and EV-
GGA approximations have been shown to give indirect band gap
energies of�0.15 eV,�0.03 eV,�0.10 eV, and 0.46 eV, respectively,
between the valence-band maximum (at C-point) and the conduc-
tion band minimum (at the X -point). These calculated gaps are
listed in Table 2. In LDA, PBE-GGA, and WC-GGA calculations RS-
ScN is a metallic like compound, while in EV-GGA calculation it
is a semiconductor. Despite the many successes of the LDA, PBE-
GGA, and WC-GGA approximations, they are still insufficient for
studying the electronic structure of strong correlated materials
such as ScN. They show ScN to be metal, while in reality it is a
semiconductor with a measured band gap energy of about 0.8–
1.6 eV [6,7]. The improved energy band gap obtained by EV-GGA
method, however, makes it more suitable for treatment of the sys-
tems with strong electron correlation. Although EV-GGA approach
has been shown to give band gap energy for RS–ScN in better
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Fig. 3. Energy band structure of RS–ScN using (a) PBE-GGA and (b) PBE-GGA+USIC methods.
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Fig. 4. Energy band structure of RS–ScN using (a) EV-GGA and (b) EV-GGA+USIC methods.

Table 2
Calculated and experimental energy band gap (Eg) of RS–ScN (in eV).

Approach EC—X
g EX—X

g EC—C
g

Present calculations
LDA �0.15 0.78 2.34
PBE-GGA �0.03 0.90 2.44
WC-GGA �0.10 0.83 2.40
EV-GGA 0.46 1.33 2.61
LDA+USIC 0.40 1.40 3.25
WC-GGA+USIC 0.47 1.47 3.34
PBE-GGA+USIC 0.55 1.55 3.39
EV-GGA+USIC 1.09 2.03 3.61

Other theoretical calculations Ref. [16]
LDA-GoWo 1.14 2.06 3.71
OEPX (CLDA) 0.84 1.98 3.51
(GoWo)average 0.99 2.02 3.62
PP-PW (GGA) �0.03 0.87 2.43
PP-PW (LDA) �0.15 0.75 2.34

Experiment
– 1.3 ± 0.3a 2.4a 3.8a

– 0.9 ± 0.1b 2.15b –

a Ref. [6].
b Ref. [7].
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agreement with experimental than LDA, PBE-GGA, and WC-GGA
approaches, its improvement is small for highly correlated systems
such as ScN.

In order to solve the band gap problem for RS–ScN, we have ap-
plied LDA, PBE-GGA, WC-GGA, and EV-GGA plus an on-site Cou-
lomb self-interaction correction potential (USIC). As mentioned
before, a USIC of 6 eV is used. In Figs. 1b, 2b, 3b, and 4b the LDA+U-
SIC, WC-GGA+USIC, PBE-GGA+USIC, and EV-GGA+USIC have been
shown to give band gap energies of 0.4 eV, 0.47 eV, 0.55 eV, and
1.09 eV, respectively. These calculated gaps are also listed in Table
2. The self-interaction correction potential (USIC), therefore, opens
the band gap of Rs–ScN and hence yields a semiconductor behav-
iour. Similar to the EV-GGA method, the gap obtained by LDA+USIC,
WC-GGA+USIC and PBE-GGA+USIC approaches is smaller than the
experimental gap, whereas the EV-GGA+USIC approximation pro-
duces the correct band gap energy (0.8–1.6 eV). It is clearly seen
that the band gap energy of RS–ScN is strongly improved using
EV-GGA+USIC approach when the suitable value of the USIC is con-
sidered. Therefore, we get an excellent result compared to other
theoretical calculations, like pseudopotential calculations [16],
and to experimental value [6,7] when USIC is considered to be
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6 eV. It seems that the EV-GGA+USIC is more efficient method for
treatment the compounds involving d-orbitals such as ScN.

4. Conclusion

In the present work we propose the structural and electronic
properties of ScN in the RS phase using LDA, PBE-GGA, WC-GGA,
and EV-GGA approaches as implemented in the WIEN2K program.
The lattice constant and bulk modulus produced by the GGAs
approaches are found to be in a very good agreement with the
available experimental results, while the band gap energy pro-
duced by LDA, PBE-GGA, and WC-GGA approaches is far from the
measured value. While RS–ScN is found to be semimetallic com-
pound (an almost zero indirect band gap) in LDA, PBE-GGA, and
WC-GGA calculations, it is a semiconductor compound (with small
indirect band gap energy) in the EV-GGA calculation.

To obtain the best agreement with experiment, we have also
reported the band gap energy of ScN in the RS phase using the
LDA+USIC, PBE-GGA+USIC, WC-GGA+USIC, and EV-GGA+USIC approxi-
mations as implemented in the WIEN2K program. Similar to
EV-GGA calculation, the band gap energy obtained by LDA+USIC,
PBE-GGA+USIC, and WC-GGA+USIC is smaller than the experimental
value. In contrast, EV-GGA+USIC approach yields a gap of 1.09 eV,
which is very consistent with the experimental results as well as
with the other theoretical calculations, like pseudopotential calcu-
lations. This indicates that EV-GGA+USIC is an efficient method for
calculating the energy band gap of ScN compound in the rocksalt
phase.
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