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Surface properties of the refractory metal-nitride semiconductor ScN:
Screened-exchange LDA-FLAPW investigations
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Density-functional theory calculations employing the screened-exchange local-density approximation~SX-
LDA ! with the full potential linearized augmented plane-wave method have recently shown that the relatively
unexplored refractory nitrides ScN, YN, and LaN are semiconductors. For the ScN~001! surface, the present
calculations predict that the ideal-relaxed surface has the lowest formation energy for most of the range of the
allowed chemical potentials—and is semiconducting—while N-deficient structures, which are predicted to
form for Sc-rich conditions, are metallic in nature. Compared to the LDA surface-state band structures, the
SX-LDA selectivelypushes downthe valence bands for the Sc-terminated surface andpushes upthe conduc-
tion bands for the N-terminated structure.

DOI: 10.1103/PhysRevB.65.161204 PACS number~s!: 68.35.2p, 71.20.2b
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The early transition-metal mononitrides crystallize in t
rocksalt structure and exhibit extreme and unique phys
properties of hardness, brittleness, high melting point, an
some, superconductivity. They have technological appl
tions in the area of, for example, hard coatings for cutt
tools1 and possible potential for applications in magnetic
cording and sensing.2,3 These materials are metallic, with th
exception of ScN~and possibly YN and LaN!, for which
there have been conflicting reports in the literature: Ea
experiments indicated that ScN is an indirect semimetal,4 as
supported by density-functional theory~DFT! calculations
performed within the local-density approximation~LDA !.5

More recent experiments, however, report that it is
semiconductor,6–9 confirming recent theoretical investiga
tions: In our earlier work using the screened-exchange~SX!-
LDA approach10 we reported that ScN, YN, and LaN ar
indirect semiconductors, with gaps of 1.58, 0.85, and 0
eV, respectively; within the LDA they are all semimeta
Also two other very recent calculations of the band struct
of ScN have been performed, one which includes quasi
ticle corrections11 and the other employing the exac
exchange formalism,8 where both also find it is an indirec
semiconductor; the reported band gaps are 0.9 and 1.6
respectively. In Ref. 11 it was also concluded that GdN i
narrow band-gap semiconductor with a gap of 0.7–0.85
Therefore these early transition-metal~refractory! nitrides
represent adifferent system of semiconducting materials.

The prospect of additional semiconducting III-N materia
to those of technologically important GaN, AlN, and In
@e.g., in relation to optoelectronic~and high temperature! de-
vices such as blue laser diodes12# opens up the possibility o
their complementary use in such GaN-based application
this is so, then the nature of their surfaces becomes an
portant consideration; for example, the electronic propert
stability, and the ability to form atomically smooth surfac
and interfaces.

Clearly to investigate the electronic properties of the
materials, it is necessary to use a method that provide
accurate description of the excited-state properties. In
paper, we report DFT full potential linearized augment
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plane-wave~FLAPW! calculations13,14 using the recently
implemented SX-LDA for bulk15 and for superlattices and
film geometries,16 as well as the usual LDA.17 In particular,
we investigate the surface atomic and electronic propertie
ScN~001!, which has a near perfect lattice match to Ga
(,0.3%). The SX-LDA approach has been shown to yie
good agreement of the calculated band gaps with experim
tal values.15,16,18,19It is less computationally demanding tha
the GW method20 and also permits self-consistent determin
tion of electronic structures as well as eigenfunctions.15,16

Proposed by Bylander and Kleinman,18 Seidl et al.19 who
showed that the method can be introduced as a partic
case of the generalized Kohn Sham~KS! framework, the
essence being that the energy functional can include s
part of theinteractingenergy functional as well as the non
interacting one~as employed in the KS scheme!. The single-
particle equation is then written as

S 2\2

2m
¹21ve f f~r ! Dc i~r !1E dr 8vsx

NL~r ,r 8!c i~r 8!

2vsx
L ~r !c i~r !5« i

sxc i~r !, ~1!

whereve f f(r ) is the effective potential from the LDA, and
vsx

NL andvsx
L are nonlocal and local screened exchange po

tials, respectively, which are obtained by employi
Thomas-Fermi screening~see, e.g., Refs. 15 and 16!. That
the SX-LDA yields an improved description of the band g
can be understood in that the derivative of the discontinu
of the exchange-correlation energy, which is missing in
Kohn-Sham band gap, is intrinsically involved in the SX
LDA formalism.

The technical details of our calculations are as follow
We treat the core states fully relativistically and the valen
states scalar relativistically, and use angular momenta u
l 58 in the muffin-tin spheres for both the wave functio
and charge density in the self-consistent cycles. We
muffin-tin radii of RN51.5 andRSc52.41 bohrs for the N
and Sc atoms, respectively, and 21, 6, and 6k points in the
irreducible part of the surface Brillouin zone~IBZ! for the
©2002 The American Physical Society04-1
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~131! LDA, the ~131! SX-LDA,21 and the ~231! LDA
structures, respectively. The cutoff energy for the plane-w
expansion in the interstitial region is 18.5 Ry. Nine ScN~001!
layers are used to model the surface within the film geo
etry. ~In this approach with a single slab, it is not necess
to impose an artificial periodicity of the slab in thez
direction—as is done with other approaches.! We relax the
positions of all the atoms until the forces are less than
mRy/a.u.

Recent scanning tunneling microscopy~STM! studies22

have demonstrated that under N-rich conditions, atomic
flat ~131!-ScN~001! surfaces can be grown. The STM im
ages showed only one feature in the~131! surface unit cell.
Given that there are two atoms~one Sc and one N! in the
ideal ~131!-ScN~001! surface unit cell, this result could b
due to missing N or Sc atoms, or it could be an electro
effect of the ideal surface; neither one could be conclu
from the study. A subsequent STM study23 of surfaces grown
under Sc-rich conditions shows noticeably different beh
ior; in particular, spiral growth with very ‘‘smooth’’~in terms
of corrugation! surfaces, as well as pits. It was suggested t
they have metallic character and may be Sc rich in stoic
ometry.

In order to investigate possible surface structures that m
form under various conditions, we consider the followi
geometries:~131! ideal-, Sc-, 2Sc-, and N-terminated stru
tures, as well as a~231! N-vacancy structure~see Fig. 1!.
We note that the STM studies showed no indication o
~231! periodicity and we study this structure only as
model for an intermediate Sc-rich~N-deficient! surface. In
addition, we investigated the Sc- and N-terminated str
tures, but with a larger~231! periodicity to allow for the
possibility of atom pairing should it be energetically favore
this, however, was found not to be the case. For the unre
structed surface@Fig. 1~a!#, there is only a small rumpling
~0.02 Å! of the surface Sc and N atoms, with the Sc ato
moving slightly inwards and the N atoms slightly outward
This is in very good agreement with calculations by Takeu
who obtained a value of~0.03 Å! as described in Ref. 23
The other structures exhibit somewhat larger relaxations
seen from Fig. 1.

To compare the relative stability of the surfaces, we c
culate the surface formation energy,

FIG. 1. Surface structures of the~131!-ScN~001! ~a! ideal-, ~b!
Sc-, ~c! 2Sc-, ~d! N-terminated surfaces, and~e! the ~231!
N-deficient ~vacancy! structure. The magnitude of rumplings i
various atomic layers is indicated~in Å!. Large and small sphere
indicate Sc and N atoms, respectively.
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ssurf51/2~Esurf
tot 2nEbulk

tot 12mX!, ~2!

where Esurf
tot and Ebulk

tot are the total energies of the surfac
system and of a bulk unit of ScN, respectively, andn is the
number of Sc~and N! atoms in the corresponding ideal su
face slab. The chemical potential of atomX ~here Sc or N!,
denoted asmX , accounts for atoms that may be added to,
taken from, the ideal surface and depends on the experim
tal conditions under which the material is grown. Assumi
both species are in thermal equilibrium with bulk ScN, w
havemSc1mN5mScN, wheremScN is the chemical potentia
of ScN. Furthermore, the chemical potentials must satisfy
boundary conditions:mN,1/2mN2

and mSc,mSc(bulk). For

nitrogen-rich conditions we setmN51/2mN2
and for

scandium-rich conditions,mSc5mSc(bulk). To consider condi-
tions between these two extremes, we also havemN.mScN

2mSc(bulk) andmSc.mScN21/2mN2
, and with the heat of for-

mation, DH f
05mSc~bulk!11/2mN2

2mScN, we obtain for the

range of the nitrogen chemical potential,2DH f
0,mN

21/2mN2
,0.

The surface formation energies for the surfaces con
ered as a function of the nitrogen chemical potential
shown in Fig. 2. It can be seen that the N-terminated str
ture is energetically very unfavorable. This surface exhibit
magnetization with the uppermost N atoms having a m
netic moment of 1.6mB . The ideal-relaxed surface~which is
nonmagnetic! is the most stable one for most of the range
the chemical potential (s ideal51.26 eV). For Sc-rich condi-
tions, however, the N-deficient~‘‘N-vac’’ ! ~231! structure is
energetically most favorable (sN2vac.50.77 eV). It is inter-
esting to note that for strongly Sc-rich conditions, the pu
~131!-Sc terminated structure is also more favorable th
the ideal-relaxed surface (sSc2term51.03 eV). This surface
is found to exhibit a small magnetization of the upperm
Sc atoms of 0.2mB—which is interesting since neither bul

FIG. 2. Surface formation energies for the~131! ideal-relaxed,
N-, 2Sc-, and Sc-terminated surfaces, and the~231! N-deficient
~vacancy! structure versus the N chemical potential,mN , which
spans the range of the heat of formation of ScN—calculated to
4.8 eV ~Ref. 10!. The chemical potential of N in N2, mN2

, is taken
as the energy zero.
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Sc or bulk ScN are magnetic. We also performed sp
polarized calculations for the~231!-N-vacancy structure and
found a very small magnetic moment of 0.04mB on the up-
permost Sc atoms.

On the basis of the calculated surface energies, we
predict that the ideal-relaxed surface is the one which
STM study investigated, since the surface was created u
N-rich conditions.22 To explore this further, we performed
simulation of the STM image by integrating the electron de
sity in the energy window from22 eV to EF . The result is
shown in Fig. 3~a! where the cross-section is in the~001!
plane at.3 Å above the centers of the uppermost atoms
can be seen that there is only one feature in the surface
cell, consistent with the experimental result. The maxim
of intensity ~light region! corresponds to the position of th
N atom. We note that in the experiments the samples w
reportedlyn type, which could be due to impurities or N
vacancies~which we find are donors, see below!, so thatEF
may be close to the conduction-band minimum. A simulat
integrating the energies fromEF to 2 eV ~i.e., corresponding
to states at the bottom of the conduction band! show that in
this case the image is justopposite, namely, the most intens
features correspond to the Sc atoms. The result for the
terminated surface is shown in Fig. 3~b!. Here the high in-
tensity region is more diffuse and spreads on, and
between, the Sc atoms. This reflects the more delocali
metallic nature of the surface, as will be seen from the s
face band structure below. Figure 3~c! shows the result for
the ~231! N-vacancy surface. It can be seen that there
bright stripe and this corresponds to the region where th
atoms are missing@see Fig. 1~e!#, i.e., between the Sc atom
where metallic bonding occurs.

To obtain further insight into the electronic nature of the
surfaces, we show in Fig. 4 the SX-LDA band structures
the ~131! ideal-relaxed-, Sc-, and N-terminated structur
and for comparison the corresponding LDA results. It can
seen from the SX-LDA result that the bulk-terminated s
face@Fig. 4~a!# is semiconducting, i.e., there are no states
the band gap. For the Sc-terminated surface, the situatio
quite different with the presence of surface states in the g
In particular, the appearance of the lower state extend
parabolically upwards from the valence-band maximum
the Ḡ point is free-electron-like, and it joins a number
rather flat partially occupied states. These give rise to a r

FIG. 3. STM simulations for the~131! ~a! ideal- and~b! Sc-
terminated surfaces, and~c! the ~231! N-vacancy surface. The are
in each case is the same and corresponds to that of a~232! cell.
Light and dark circles mark the positions of Sc and N atoms,
spectively, and crosses indicate the positions of missing top-lay
atoms.
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tively high density of states~DOS! at EF . The surface band
structure of the~231!-N-vacancy structure~not shown! also
exhibits a largely occupied surface state band. In this c
however, there are no flat partially occupied surface-deri
states atEF . This results in a lowering of the DOS at theEF
and explains the lower surface formation energy. We n
that the nearest-neighbor top-layer Sc-Sc distance of th~1
31!-Sc-terminated structure is only 1.2% smaller than
bulk hexagonal Sc metal, and only 2.0% greater than
equilibrium Sc-Sc distance in a free-standing Sc layer, t
enabling a good metallic bonding without the necessity
reconstruction or significant relaxations. The N-termina
surface@Fig. 4~c!# exhibits quite localized, partially occupie
surface states just above the valence bands, which are o
2p nature. These unsaturated bonds give rise to a high D
at EF and a high surface formation energy.

From a methodological point of view, it is interesting
note that the SX-LDA selectivelypushes downthe valence
bands for the Sc-terminated surface, keeping the relative

-
N

FIG. 4. Surface band structures of~131!-ScN~001!: ~a! ideal-,
~b! Sc-, and~c! N-terminated surfaces, as calculated using LD
~left! and SX-LDA ~right!. The dots indicate that there is som
contribution from vacuum states.
4-3



co
e
a
ul
c
o

FT
x-
la-
d.
N
en
ll
5,

e
r

a

he
-

di
a

for
lity

Sc
tom
ep-

We
h
s
ore

We

di-
lts

gy
s
.
ts

or

RAPID COMMUNICATIONS

C. STAMPFL, R. ASAHI, AND A. J. FREEMAN PHYSICAL REVIEW B65 161204~R!
sitions between conduction bands and surface states
stant, while it pushes upthe conduction bands for th
N-terminated surface. This demonstrates the difficulty in
tempting to anticipate in which manner the bands wo
move, up or down, by just considering the LDA band stru
ture. A similar conclusion was drawn recently for the case
defect levels in semiconductors through comparison of D
LDA and calculations including self-interaction and rela
ation corrections.24 The Fermi surfaces, however, are re
tively similar for the LDA and SX-LDA results, as expecte

To investigate the possibility of thicker films containing
vacancies, we calculated the bulk N-vacancy formation
ergy ~in the neutral charge state! using an 18-atom superce
with two vacancies~corresponding to a Sc to N ratio of 1.2
or vacancy concentration of 0.11!, again with full atomic
relaxation. For comparison, we also considered the cas
the Sc vacancy. For the N~Sc! vacancy, the surrounding fou
Sc ~N! atoms relax radially outwards by 3.2%~5.8%!. The
vacancy formation energy is calculated in an analogous m
ner to Eq.~2!, except hereEsurf

tot is replaced byEdefect
tot , the

total energy of the defect cell. For Sc-rich conditions, t
N-vacancy formation energy is small~and negative, i.e., exo
thermic!, namely,20.42 eV and for N-rich conditions it is
large, 4.32 eV. This indicates that for more Sc-rich con
tions, N vacancies can readily form. The Sc-vacancy form
l-
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tion energy is notably larger, namely, 10.71 and 5.97 eV
Sc- and N-rich conditions, respectively. Thus the probabi
of Sc vacancies~in the neutral charge state! is much lower.
On investigating the electronic structure of the N and
vacancies, which we also calculated using a larger 32-a
cell, we find that the former are donors and the latter acc
tors, similarly to the III-V nitrides, GaN, AlN, InN.

Our results can therefore be summarized as follows:
predict that the ScN~001! surface, when grown under N-ric
conditions, has the~131! ideal-relaxed structure which i
semiconducting with no states in the band gap; for m
Sc-rich conditions, N deficient~or vacancy! surface struc-
tures should become stable which are metallic in nature.
also find for Sc-rich conditions, that the~neutral! bulk N
vacancy, which is a donor, has a low formation energy, in
cating that thicker, N-deficient films may form. These resu
appear to be consistent with recent STM studies.22,23
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