
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 66, 201203~R! ~2002!
Properties of hexagonal ScN versus wurtzite GaN and InN
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Local-density approximation calculations are performed to compare properties of hexagonal ScN with those
of wurtzite GaN and InN. A nearly five-times coordinated hexagonal structure is found to be~meta!stable in
ScN, unlike the wurtzite structure. Structural, dielectric, and optical properties of this stable hexagonal phase
are predicted to be rather different from those of wurtzite GaN and InN. This implies that disordered hexagonal
Sc12xGaxN and Sc12xInxN alloys are very attractive both fundamentally and technologically.
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Interest in wurtzite nitride semiconductors—such as Ga
InN, AlN, and their alloys—has exploded in the past fe
years mainly because of their prospects in light-emitting
vice applications.1,2 On the other hand, another nitrid
compound—that is, ScN—has attracted much less atten
up to now, despite the fact that alloying ScN with GaN
InN could result in materials useful for band-ga
engineering.3,4

Two kinds of recent studies conducted on ScN can
distinguished. First, theoretical and experimen
investigations5–7 mainly focused on the electronic ban
structure of ScN in itsrocksaltground state. All these work
concluded that ScN is a semiconductor rather than a se
metal, as sometimes previously suggested.8–10 Second, the
pioneering study of Takeuchi11 was aimed at investigating
the stability of different phasesbesides the rocksalt structure.
One particularly interesting prediction of Ref. 11 is the ex
tence of a~meta!stable wurtzite structure in ScN. This find
ing can be important in light of growing technologically
promising Sc12xGaxN and Sc12xInxN materials that would
be true~hexagonal! alloys rather than an heterogeneous m
ture between a rocksalt phase—ground state of ScN—a
wurtzite structure—ground states of both GaN and InN.

One aim of this Rapid Communication is to revisit th
stability of the wurtzite phase in ScN. In particular, our c
culations point out that the wurtzite structure isunstablein
ScN. In contrast, we further predict that the hexagonal str
ture that has recently been found in MgO and which is nea
five-times coordinated,12 is stable in ScN.

The second aim of this Rapid Communication is to sh
that the structural, dielectric, and optical properties of t
hexagonal phase in ScN are rather different from those
wurtzite GaN and InN. Consequently, we expect that ano
lous effects should occur inhexagonal Sc12xGaxN and
Sc12xInxN solid solutions when increasing thex composi-
tion. Examples of such effects are~1! a continuous evolution
of the axial ratio from.1.2 to.1.62–1.63;~2! a change in
the coordination number from.5 to .4; ~3! a paraelectric-
to-pyroelectric transition resulting in an enhancement
electromechanical responses;~4! a noticeable change in th
cationic-averaged Born effective charge that is due to the
that Sc is a transition-metal atom, unlike Ga or In;~5! a
transition from an indirect to a direct band-gap semicond
tor; and~6! the generation of materials with a wide range
band gap.
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Here, we investigate theclass of hexagonal phases fo
which the primitive lattice vectors of the direct Bravais la
tice are,

a15aS 1

2
x2

A3

2
yD ,

a25aS 1

2
x1

A3

2
yD ,

a35cz, ~1!

wherea and c are the two different lattice parameters, a
wherec/a is the axial ratio.x, y, andz are the unit vectors
along the Cartesian axes. The primitive unit cell conta
four atoms: two atoms of typeA ~e.g.,A5Sc) located atr1
and r2, and two atoms of type B~e.g.,B5N) located atr3
and r4, with

r150,

r25
2

3
a11

1

3
a21

1

2
a3 ,

r35ua3 ,

r45
2

3
a11

1

3
a21S 1

2
1uDa3 , ~2!

whereu is the dimensionless internal parameter. In the f
lowing, we will denote this class of hexagonal phases ashc .
Note that the wurtzite structure, which has a 6mm point
group ~in international notations! and for whichc/a5A8/3
andu50.375 in its ideal form, belongs tohc . Similarly, the
structure, which is stable in BN,13 whose point group is
6/mmm and for whichc/a.2.60 andu50.5, is also con-
tained inhc .

We perform local-density approximation~LDA ! ~Ref. 14!
calculations on thehc class in ScN, using the Vanderbi
ultrasoft-pseudopotential scheme15 with a plane-wave cutoff
of 25 Ry. The 3s, 3p, 3d, and 4s electrons of Sc, as well a
the 2s and 2p electrons of N, are all included in the valenc
As a result, the studied primitive unit cell exhibits 32 valen
electrons per cell. We also use the Ceperley-Alder excha
©2002 The American Physical Society03-1
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and correlation16 as parametrized by Perdew and Zunge17

and a~6,6,4! Monkhorst-Pack mesh.18

The volume of the phases belonging tohc in ScN is first
kept frozen at a value of 55.3 Å3. We then relax the interna
parameteru for different values ofc/a by following the
Hellmann-Feynman forces, the latter being smaller th
0.045 eV/Å at convergence. Figure 1~a! reports the resulting
total energy as a function of the axial ratio, forc/a ranging
between 1.13 and 1.663, while Fig. 1~b! shows the simulta-
neous evolution ofu. Figures 1 clearly show that the wurtzit
structure is unstable in ScN, and further indicate that
lowest-in-energy structure—among all hexagonal phases
longing to hc—is characterized byc/a.1.20 andu50.5.
This structure will be denoted ash-ScN, is a layered hexago
nal phase, and is displayed in Fig. 2. Interestingly, su
structure has also recently been predicted to be~meta!stable
in another material, namely, MgO.12 This phase may thus
exist in many other compounds. Surprisingly, our predictio
are in disagreement with recent simulations11 reporting a
~meta!stable wurtzite phase in ScN. These simulations dif
in particular, from ours by the use of the generalized grad

FIG. 1. ~a!: Total energy of the hexagonal phases belonging
hc as a function of thec/a axial ratio, at the fixed volume o
55.3 Å3. The zero of energy is chosen for the wurtzite structu
(c/a51.633 andu50.3815), ~b! Same as~a! but for the internal
parameteru.
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approximation~GGA! ~Ref. 19! and a largerk-points grid. To
investigate the possibility that such differences are resp
sible for the discrepancy between the two studies, we p
formed our own GGA calculations19 with a ~9,9,6!
Monkhorst-Pack mesh.18 These ‘‘test’’ calculations confirm
~i! that the h-ScN phase has a lower total energy th
wurtzite-ScN@by 0.261 eV/2 atoms, to be compared with t
value of 0.269 eV/2 atoms displayed in Fig. 1~a!#, and ~ii !
that the wurtzite phase is unstable in ScN. The discrepan
between our calculations and those of Ref. 11 may thus
due to the neglect of fully relaxingc/a andu in the latter.

We then determine the precise structural parameters o
h-ScN structure at itsequilibrium, by relaxingall the degrees
of freedom of Eqs.~1! and~2!. Table I compares our predic
tions for the properties of this stable structure20 with those
derived from similar LDA calculations21 for the ~ground-
state! wurtzite phase of both GaN and InN—to be denot
w-GaN andw-InN, respectively. One can see that the i
plane lattice constant is around 4% and 16% larger inh-ScN
than inw-InN andw-GaN, respectively. On the other han
the axial ratio decreases by as much as 26% when g
from both w-GaN andw-InN to h-ScN. Consequently, the
volume of the primitive cell ofh-ScN is around 15%larger
than the one in the wurtzite phase of GaN, but is.17%
smaller than the unit cell volume ofw-InN. Conversely,
Table I shows that the bulk modulus is smaller~larger! in
h-ScN than inw-GaN (w-InN!, as consistent with the fac
that an increase in equilibrium volume usually leads to
decrease in bulk modulus.

One striking difference betweenh-ScN and bothw-GaN
and w-InN is the number of nearest neighbors:w-GaN and
w-InN are both nearlyfour-times coordinated, as consiste
with the fact that their ground-state phase is close to the id
wurtzite structure, whileh-ScN is nearlyfive-times coordi-
nated. A given Sc~N! atom forms short bondsdnn1
52.11 Å with three N ~Sc! atoms belonging to the sam
basal plane but also forms slightly longer bondsdnn2
52.21 Å with two otherN ~Sc! atoms being in thec-planes
below and above it, respectively~see Fig. 2!.22 Table I also
indicates that the distance between nearest neighbors is
similar in magnitude inh-ScN andw-InN. Another major
difference betweenh-ScN and bothw-GaN andw-InN is the

o

FIG. 2. Hexagonalh-ScN structure.dnn1 and dnn2 denote the
nearest neighbors’ distances.
3-2
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point group and the related polarity. As a matter of fact,
point group ofh-ScN is 6/mmmand thus contains the inver
sion among its 24 symmetry elements. As a result,h-ScN is
nonpolar. On the other hand, the wurtzite phases of b
GaN and InN are associated with a subgroup of 6/mmm,
namely, 6mm. w-GaN andw-InN thus both exhibit an elec
trical polarization. Playing with the compositionx in disor-
dered hexagonal Sc12xGaxN and/or Sc12xInxN alloys should
thus result in a paraelectric-to-pyroelectric transition, in a
dition to continuously changing the coordination numb
from .5 to .4 and the axial ratio from.1.2 to
.1.62–1.63within the hc class. This change of polarity can
be useful for technological purposes because a small ch
in applied strain, stress, or electric field should yield a re
tively large change in electrical polarization around this tra
sition. Consequently, electromechanical responses should
hibit huge values around the paraelectric-to-pyroelec
transition.

Table I also reports some dielectric properties. More p
cisely, we have computed the dynamical effective char
Z* 33—where the index ‘‘3’’ refers to thec axis—of the dif-
ferent atoms, by using the Berry phase approach.23 In h-ScN,
Z33* of Sc is found to be equal to14.49 a. u., while the
effective charge of N adopts an opposite value
24.49 a.u.—in order to satisfy the acoustic sum ru
( iZ33* ( i )50, wherei runs over all the atoms in the primitiv
cell. The magnitude of the effective charges in equilibriu
h-ScN is thus anomalously large with respect to the io
nominal value of 3. It is also enhanced with respect to

TABLE I. Comparison between the LDA-predicted properties
the h-ScN, w-GaN, andw-InN ~see text!. a, c/a, u, V, B0 are the
in-plane lattice constant, axial ratio, internal parameter, volume
the primitive cell, and bulk modulus, respectively.cn, dnn , Z33* ,
andEg denotes the coordination number, distance between ne
neighbors, effective charge, and band gap, respectively.DEHEX2RS

(DEHEX2ZB) is the difference in total energy between the cons
ered hexagonal phase and the rocksalt~zinc-blende! structure. The
negative sign of the band gap inw-InN indicates that our calcula
tions ~erroneously! predict that the energy of theG1c conduction
state is below the energy of theG6v valence state.

Property h-ScN w-GaN w-InN

a ~Å! 3.660 3.157 3.527
c/a 1.207 1.631 1.620
u 0.500 0.376 0.378
V (Å 3) 51.25 44.44 61.55
B0 ~GPa! 181 201 144
cn 312 .4 .4
dnn ~Å! 2.11–2.21 1.93–1.94 2.15–2.1
Point group 6/mmm 6mm 6mm
Polarity Nonpolar Polar Polar
Z33* ~a.u.! 4.49 2.70 3.05
Nature of the band gap Indirect (G→K) Direct Direct
Eg ~eV! 0.25 2.09 20.18
DEHEX2RS ~eV/2 atoms! 10.316 20.887 20.346
DEHEX2ZB ~eV/2 atoms! 20.504 20.012 20.020
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magnitude ofZ33* of 2.70 and 3.05 inw-GaN andw-InN,
respectively.21 This enhancement has the same origin as
insulating perovskites, namely, a subtle hybridization b
tween thed orbitals of the transition-metal cation~that is,
Sc, in our case! and thep orbitals of the anion~i.e., N, in our
case!.24 This enhancement should lead to an increase in
ezoelectricity when inserting Sc inw-GaN and/orw-InN,
since a largerZ33* effective charge implies largere33 ande31

piezoelectric coefficients.21

Table I further displays some predictions about the el
tronic band-structure ofh-ScN. In particular, we find tha
h-ScN is anindirect band-gap semiconductor with a valenc
band maximum located at theG point and a conduction-ban
minimum indexed by theK point. This is in variance with
w-GaN andw-InN, which are known to be materials with
direct band gap atG.2 As a result, changing the compositio
in disordered hexagonal Sc12xGaxN and/or Sc12xInxN solid
solutions will yield a change from an indirect to a dire
band-gap material, resulting from a change in the recipro
space location of the conduction-band-minimum. As sho
in Table I, the value of the indirect band gap inh-ScN is
predicted to be.0.25 eV.25 However, this value should no
be trusted because of the well-known LDA underestimat
of the band gap~which is revealed when noticing that ou
calculations yield a band gap of 2.09 eV inw-GaN to be
compared with the experimental value of 3.5 eV.2! Assuming
that the LDA band gap ofh-ScN should be increased by 1.
eV—that is, the difference between the LDA~Ref. 5! and
experimental6 band gaps in therocksalt phase of ScN—
yields an indirect band gap around 1.55 eV inh-ScN. If this
assumption is correct, hexagonal Sc12xGaxN alloys would
thus be technologically important in the sense that they w
exhibit band gaps corresponding to a wide region of the v
ible light ~e.g., orange, yellow, green, blue, and violet colo
depending on thex composition!. Furthermore, diodes an
lasers emitting and/or absorbing in the infrared region,
well as devices useful for optoelectronic communicatio
and solar cells, may be made of hexagonal Sc12xInxN if the
band gap ofh-ScN is indeed around 1.55 eV andif the true
band gap ofw-InN is not 1.9 eV, as commonly believed,2 but
is rather around 0.8 eV, as recently claimed.26,27

As discussed above,hexagonal Sc12xGaxN and
Sc12xInxN alloys show great promise for technological pu
poses, as well as, for exhibiting fundamental anomalies.
thus important to have an idea about theenergeticsof the
hexagonal phases in these solid solutions. Conseque
Table I compares the total energy between the most st
phase among those belonging to thehc class—that is,h in
ScN versusthe wurtzite structure in GaN and InN—and th
rocksalt and zinc-blende phases in ScN, GaN, and InN28

One can notice that~1! the total energy ofh-ScN is higher by
0.316 eV/2 atoms from the equilibrium rocksalt structu
which is the ground state of ScN;6,11 ~2! the rocksalt phase is
relatively high in energy, with respect to the wurtzite stru
ture, in both GaN and InN;~3! the zinc-blende phase is neve
predicted to be the ground state of the studied materials,
is quite far away in energy from the hexagonal phase in S
It is thus very likely that the ground state of Sc12xGaxN and
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Sc12xInxN alloys, with low and even intermediate compos
tion of Sc, will belong to the hexagonalhc class. On the
other hand, Sc-rich Sc12xGaxN and Sc12xInxN solid solu-
tions should adopt a rocksalt structure as ground state,
would thus be hexagonal ‘‘only’’ when in a metastable sta
Growing such hexagonal metastable phase would thus
quire strategic thinking, which may be the use of an hexa
nal substrate to favor the emergence of an hexagonal p
rather than the rocksalt structure.

In summary, first-principles calculations were perform
to investigate properties of hexagonal phases in ScN. It
found that the hexagonal phase, which is the lowest in
ergy among those belonging to thehc class, is similar to the
one recently found in MgO.12 This phase exhibits propertie
that are quite different from those of the wurtzite phases
GaN and InN. Examples of such differences are the coo
nd
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nation number, point group, polarity, Born effective charg
and band gap. Changing the composition in disordered h
agonal Sc12xGaxN and Sc12xInxN alloys ~i! should thus lead
to structural, dielectric, and optical anomalies, and~ii ! should
be technologically promising for creating new devices who
optimal functioning requires large electromechanical prop
ties and/or band gap engineering. We thus hope that
present study will encourage the growth of such hexago
alloys.
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