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First-principles calculations of the ground-state properties and stability of ScN
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Using first-principles total-energy calculations, we have studied the structural and electronic properties of
ScN in the rocksaltsodium chlorid¢, cesium chloride, nickel arsenide, zinc-blende, and wurtzite structures.
Rocksalt is the calculated ground-state structure ait¥.54 A, B,=201 GPa. Experimental values aae
=4.501 A, B,=182+40 GPa. There is an additional local minimum in the wurtzite structure. Its total energy
is 0.34 eV(unit formulg higher than the energy of the rocksalt structure. Since other group IlIA nitrides
crystallize in the wurtzite structure, this result is important in the possible fabrication of Sc-111A-N alloys. At
very high pressure, our calculations show the possibility of a phase transition from the NaCl to a metallic CsCl
structure.
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[. INTRODUCTION ScN. We found an almost zero indirect band gap, in agree-
ment with previous theoretical results. However, the calcula-
Group Il nitrides have been the subject of extensive retions were performed using the density-functional theory
search in the last decadks.This interest is partly motivated (DFT), and it is well known that DFT always underestimate
by the application of GaN, AIN, and InN in optical devicks. the magnitude of the energy gap. There is an additional local
They are Wide-band-gap semiconductors and they are usé‘ﬂinimum in the wurtzite structure with total energy 0.34
for short-wavelength electroluminescent devices. TheeV/(unit cel) higher. In this structure ScN is a semiconduc-
ground-state configuration of these materials is wurtzitetor with a band gap of-3 eV. Since the lattice constant of
However, depending on the substrate and growth condition§CN in the wurtzite structure is similar to the lattice param-
a zinc-blende phase can be fornietihe difference in total ~ €ter of InN, this result is important for the possible fabrica-
energy between the zinc-blende and wurtzite structures i#on of ScinN alloys. At 341 GPa, our calculations show the
very small (~10 meV/atom), explaining why the two struc- Possibility of a high-pressure phase transition to a metallic
tures can be obtained experimentally. Although wurtzite and>sCl structure.
zinc blende are structurally similqathey differ only by the
s’gacking in thg112) directio_n, gnd any atom coordination in Il. METHOD
either zinc blende or wurtzite is exactly the same through the
second neighbdy electronic properties of the two phases can The calculations were performed in the framework of
be very different. density-functional theory. We have employed the full poten-
Less is known about nitrides with group IlI transition tial linearized augmented plane waifeéP-LAPW) method as
metals. Very recently, it was achieved smooth epitaxiaimplemented in the wien97 codéThe exchange and corre-
growth of singly oriented ScN film%;'3 showing the possi- lation effects were treated using two different levels of ap-
bility of using ScN as an electronic material. ScN is believed
to be a narrow-gap semiconductor and since its lattice con- ory L
stant is very similar to GaNa wide-gap semiconducior [ NaCl
combining the two semiconductors in the form of hetero-
structures could be of great interest in the fabrication of elec-
tronic devices. Whether ScN has a direct or indirect gap is
still a matter of some controversy. Early theoretical work
suggested that ScN was a semimétaP Very recently, Lam-
brecht performed local density-functional calculations, L
complemented with estimated quasiparticle corrections of -10r
the optical response and found that ScN was a semiconductor
with an indirect gap of~1 eV He also found a direct
transition at theX point near 2.1 eV, in agreement with ex- i
periments that have shown a direct optical transition in the -15 '
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We have performed first-principles total-energy calcula-

tions to study the properties of ScN. In particular we were FIG. 1. Total energyin eV per formula unit versus the atomic
interested in knowing if besides the rocksalt structure thergolume (in A%) for five structures of ScN. Also shown is the com-
could be other stable or metastable phases of ScN. It wason tangent between the NaCl and CsCl structures that determines
found that rocksalt is indeed the ground-state structure othe path of a possible phase transition.
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TABLE I. Calculated structural properties of ScN in the rock- 70 1
salt, cesium chloride, nickel arsenide, zinc-blende, and wurtzite 60 -
structures. 50 J
40
Structure NacCl CsCl NiAs  Zinc blende Wurzite 30
a (R) 454 281  3.10 4.88 3.49 20
cla 1.8 1.6 10 :
u 0.38 % 00 A E.
V (A3 23.4 2215 23.35 29.09 29.41 T a0 A e,
B, (GPa) 201 170 171 153 156 2 20
B 331 347 4.8 3.34 2.16 5 g J -
E, (eV) -13.69 -11.58 -13.16 -13.03 -13.35 40 ]
50
proximation: the standard local density-functional approach 60 7
with the Ceperly-Alder data as reparametrized by Perdew 70 1
and Wang'® and also the generalized gradient approximation -8.0
19 @i ; ]
(GGA).”™ Similar trends were found in both cases, and we 90 <5 T i X7 W k&

present in this paper the results obtained using the GGA
approximation. It should be noted that some of the calculated FIG. 2. Band structure for ScN in the rocksalt structure at the
phases can be metallic. Therefore, a large number of integragquilibrium volume.
ing points over the Brillouin zonéBZ) is necessary. We have
used 72, 84, 57, 91, and ¥oints in the irreducible part of Stant, the bulk modulus and other structural paramegas
the BZ for the rocksalt, cesium chloride, nickel-arsenide,Table ). In all cases, the fit is very good, indicating that a
zinc-blende, and wurtzite structures, respectively. A largedifferent choice of volume and/or a different equation of
number ofk points were used in selected calculatigimstne  State would not alter the results. To determine the most stable
rocksalt and CsCl phases around the high pressure trangitructure at finite pressure and temperature, the free energy
tion), finding similar results. G=E+pV—TS should be used. Since there is no known
phase transition from 0 K to room temperature, we neglect
the last term and work with the enthalpgy=E+pV. We
employ five crystal structures, and we cannot exclude the
Total energy versus volume data for the rocksalt, CsClpossible existence of other stable or metastable structures.
NiAs, zinc-blende, and wurtzite phases of ScN are shown in The rocksalt is the calculated ground state wih
Fig. 1. Energies and volumes are per single ScN formula=4.54 A, B,=201 GPa, and cohesive energy~1.00 Ry.
unit: there are two in a wurtzite unit cell, and one in all the Values obtained with LDA are=4.44 A, B,=220 GPa,
other cases. We have taken as the zero the sum of the enand E,~1.12 Ry. Experimental values age=4.501 A and
gies of isolated neutral Sc and N atoms. Therefore, the abs®,= 182+ 40 GPa for the lattice constant and bulk modulus,
lute value of the energy at the minimum of each curve givesespectively! The agreement between theory and experi-
the cohesive energy of the corresponding ScN phase. Thment is very good. Our results show the usual trends of LDA
data is fitted to the Murnaghan equation of state for eactand GGA: LDA cohesive energy is too large and the lattice
phase. In this way, we can obtain the equilibrium lattice conconstant is slightly small, while GGA corrects the cohesive
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energy but overcorrects the lattice constant. ues are known to underestimate band gaps in semiconduc-

There is an additional local minimum in the wurtzite tors, and as shown by Lambrecht, quasiparticle corrections
structure with total energy 0.34 eéhit cell) higher. Thisis  result in a fundamental indirect band gap-efl eV.
a quite large energy difference, and it is probably difficult to  In Fig. 3(@ we show the band structure of ScN in the
stabilize a metastable wurtzite structure as it occurs in MnTevurtzite structure at its equilibrium volumgero pressupe
(its ground state has a NiAs structure, but a metastable zindn this phase, a large indirect band gap-e8 eV is found.
blende structure can be stabilized during grd%&). How-  The magnitude of this gap is larger than the one of InN
ever, the existence of a metastable wurtzite structure is imt~2 eV) and, therefore, different concentrations of In and
portant in the possible fabrication of Sc—group-llIA-N Sc atoms in ScInN alloys could be used to fabricate material
alloys, in particular, Sc ,In,N alloys, since the lattice con- with intermediate band gaps. From FigaB we can observe
stants of ScN and InN in the wurtzite structure are verya narrow valence bandwidth. This is an indication of a weak
close. bonding in the wurtzite structure. Since GaN and AIN have

In Fig. 1 we can see that the curve corresponding to themaller lattice constants~(3.19 and 3.11 A, respectively
NaCl crosses the curve of the CsCI structure, indicating ave present in Fig. ®) the band structure of ScN at a lower
high-pressure phase transition from the NaCl to the CsClattice constant-3.2 A (giving a volume similar to the rock-
structure. At these volumes, the difference in the total energgal. Now the valence band is wider, indicating a stronger
of the two phases is very small, and they are probably bebond. On the other hand, the band gap hardly changes. Since
yond the accuracy of the calculation. If such transition oc-AIN has a very large band gap-©6 eV), variations of Sc
curs, the common tangent between the NaCl and CsCl curveshd Al concentrations in ScAIN alloys could lead to materi-

determines the transition path between the two structures. 20

From its slope we can predict the transition pressure to be .
341 GPa. At this pressure the enthalpies of both structures 60 7
are equal. Across the transition, there is a volume reduction 50 7
of about 5% from 13.5 Ato 12.8 &. Similar transitions, 40
from NaCl to CsClI structures, have been observed experi- 30 1
mentally and predicted theoretically in  other 20
compoundg!—23 10 A R P
% 0.0: - —Eg
IV. ELECTRONIC PROPERTIES 5 10 '
= -
We have calculated the band structure for ScN at different ;n; jz b
structures and volume§) the NaCl phase at its ground state o
volume,(ii) the wurtzite structure at its minimum energy and 0 7
at a volume similar to the rocksaliii ) the zinc-blende struc- 307
ture at its minimum energy and at a volume similar to the 6.0 1
rocksalt, and(iv) the CsCl phase after the high-pressure 1.0
phase transition. In Fig. 2 we show the band structure of ScN 80 4
in the rocksalt structure. It is very similar to the results re- 9.0 4

ported by Lambrecht using LD It shows an almost zero R4 raxzm = T

indirect fundamental gap, and a small direct transition at the FIG. 5. Band structure for ScN in the cesium chloride structure
X point. We have to remember that the Kohn-Sham eigenvalat the transition pressure.
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als with interesting properties. nickel arsenide, zinc-blende, and wurtzite structures. The

Figures 4a) and 4b) show the band structure of ScN in rocksalt is the ground-state configuration. The calculated lat-
the zinc blende structure at the same two volumes. They anmce constant and bulk modulus are in very good agreement
similar to the results in the wurtzite structures. Magnitudeswith experimental results. In this structure, an almost zero
of band gaps and valence bandwidths are almost the sami@direct band gap is obtained. A second local minimum in a
and they follow similar trends: band gaps do not change afyyrtzite structure is also found. At high pressure, the calcu-
smaller volumes, but valence bandwidths increase at smallg¢stions show the possibility of a phase transition to a metallic

volumes. _ cesium chloride structure.
Figure 5 shows the band structure of ScN in CsCl after

the high-pressure phase transition. In this case, the structure
is clearly metallic. ACKNOWLEDGMENTS
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