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Density-functional theory calculations employing the screened-exchange local-density approxi®xtion
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 th€d@HNsurface, 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 dowithe valence bands for the Sc-terminated surfaceparsties ughe conduc-
tion bands for the N-terminated structure.
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The early transition-metal mononitrides crystallize in theplane-wave (FLAPW) calculations®!* using the recently
rocksalt structure and exhibit extreme and unique physicamplemented SX-LDA for bulk® and for superlattices and
properties of hardness, brittleness, high melting point, and ifilm geometries® as well as the usual LDA’ In particular,
some, superconductivity. They have technological applicawe investigate the surface atomic and electronic properties of
tions in the area of, for example, hard coatings for cuttingScN(001), which has a near perfect lattice match to GaN
tools' and possible potential for applications in magnetic re-(<0.3%). The SX-LDA approach has been shown to yield
cording and sensing® These materials are metallic, with the good agreement of the calculated band gaps with experimen-
exception of ScN(and possibly YN and LaN for which  tal values:>'®®19t is less computationally demanding than
there have been conflicting reports in the literature: Earlythe GW methotf and also permits self-consistent determina-
experiments indicated that ScN is an indirect seminfesal, tion of electronic structures as well as eigenfunctibié.
supported by density-functional theoffpFT) calculations Proposed by Bylander and Kleinm&hSeidl et al'® who
performed within the local-density approximati¢hDA).°>  showed that the method can be introduced as a particular
More recent experiments, however, report that it is acase of the generalized Kohn ShaikS) framework, the
semiconducto?;® confirming recent theoretical investiga- essence being that the energy functional can include some
tions: In our earlier work using the screened-excha(®8%-  part of theinteractingenergy functional as well as the non-
LDA approach® we reported that ScN, YN, and LaN are interacting ondas employed in the KS scheim&he single-
indirect semiconductors, with gaps of 1.58, 0.85, and 0.7%article equation is then written as
eV, respectively; within the LDA they are all semimetals.

Also two other very recent calculations of the band structure h?

of ScN have been performed, one which includes quasipar- ( VZ+vee(r)
ticle correction§' and the other employing the exact-

exchange formalisifi,where both also find it is an indirect —vgx(r):,bi(r):sisxgbi(r), @
semiconductor; the reported band gaps are 0.9 and 1.6 eV,

respectively. In Ref. 11 it was also concluded that GdN is aNhereUeff(r) is the effective potential from the LDA, and
narrow band-gap semiconductor with a gap of 0.7-0.85 eW 5y andvs, are nonlocal and local screened exchange poten-
Therefore these early transition-met@kfractory nitrides  tials, respectively, which are obtained by employing
represent alifferent system of semiconducting materials ~ Thomas-Fermi screeningee, e.g., Refs. 15 and )16 hat

The prospect of additional semiconducting 11I-N materialsthe SX-LDA yields an improved description of the band gap
to those of technologically important GaN, AIN, and InN can be understood in that the derivative of the discontinuity
[e.g., in relation to optoelectroniand high temperatuyele-  of the exchange-correlation energy, which is missing in the
vices such as blue laser diod&sopens up the possibility of Kohn-Sham band gap, is intrinsically involved in the SX-
their complementary use in such GaN-based applications. IEDA formalism.
this is so, then the nature of their surfaces becomes an im- The technical details of our calculations are as follows:
portant consideration; for example, the electronic properties\Ve treat the core states fully relativistically and the valence
stability, and the ability to form atomically smooth surfacesstates scalar relativistically, and use angular momenta up to
and interfaces. =8 in the muffin-tin spheres for both the wave functions

Clearly to investigate the electronic properties of theseand charge density in the self-consistent cycles. We use
materials, it is necessary to use a method that provides amuffin-tin radii of Ry=1.5 andRg=2.41 bohrs for the N
accurate description of the excited-state properties. In thiand Sc atoms, respectively, and 21, 6, arkl goints in the
paper, we report DFT full potential linearized augmentedirreducible part of the surface Brillouin zoréBZ) for the

l/h(r)+jdf'vng(F,f’)t//i(f')
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FIG. 1. Surface structures of tli&x1)-ScN(001) (a) ideal-, (b)
Sc-, (¢) 2Sc-, (d) N-terminated surfaces, anfe) the (2x1) Uy (V)
N-deficient (vacancy structure. The magnitude of rumplings in

various atomic layers is indicateh A). Large and small spheres  FIG. 2. Surface formation energies for ttie<1) ideal-relaxed,
indicate Sc and N atoms, respectively. N-, 2Sc-, and Sc-terminated surfaces, and (R&1) N-deficient

(vacancy structure versus the N chemical potentialy, which

(1x1) LDA, the (1x1) SX-LDA,Zl and the(2x1) LDA spans the range of the heat of formation of ScN—calculated to be
structures, respectively. The cutoff energy for the plane-wavé-8 eV (Ref. 10. The chemical potential of N in N wy,, is taken
expansion in the interstitial region is 18.5 Ry. Nine $@0l)  as the energy zero.
layers are used to model the surface within the film geom-
etry. (In this approach with a single slab, it is not necessary
to impose an artificial periodicity of the slab in the
direction—as is done with other approachease relax the
positions of all the atoms until the forces are less than
mRy/a.u.

Recent scanning tunneling microscof§TM) studie$?

have demonstrated that under N-rich conditions, atomicall . .
flat (1x1)-ScN(001) surfaces can be grown. The STM im- Xace slab. The chemical potential of atofnhere Sc or M

ages showed only one feature in te<1) surface unit cell. d€noted asux, accounts for atoms that may be added to, or
Given that there are two atonfene Sc and one Nin the taken from, the ideal surface and depends on the experimen-
ideal (1x1)-ScN(001) surface unit cell, this result could be @l conditions under which the material is grown. Assuming
due to missing N or Sc atoms, or it could be an electronid®0th species are in thermal equilibrium with bulk ScN, we
effect of the ideal surface; neither one could be concludedl@veusct un= tsen, Whereusey is the chemical potential
from the study. A subsequent STM stddpf surfaces grown ©0f ScN. Furthermore, the chemical potentials must satisfy the
under Sc-rich conditions shows noticeably different behavboundary conditionsun<1/2uy, and wuse< pse(buk)- FOr

ior; in particular, spiral growth with very “smooth(in terms  nitrogen-rich conditions we SeWNzl/ZMNZ and for

of corrugation surfaces, as well as pits. It was suggested th%candium-rich conditiong .= fse(puig. TO consider condi-

ghrﬁgt?yave metallic character and may be Sc rich in StO'Ch'iions between these two extremes, we also haye pscy

In order to investigate possible surface structures that may #sc(buk) 3nd s> isen— 1/2un,, and with the heat of for-

form under various conditions, we consider the following Mation, AHP= ssqpui+ 1/2pn,— psen, We obtain for the
geometries(1x1) ideal-, Sc-, 2Sc-, and N-terminated struc- range of the nitrogen chemical potentialr,AH?<,uN
tures, as well as &X1) N-vacancy structurgsee Fig. 1L _1/2,, <0.

We note that the STM studies showed no indication of a 2

(2x1) periodicity and we study this structure only as a . . . )
model for an intermediate Sc-riiN-deficien) surface. In ered as a function of the nitrogen chemical potential are

addition, we investigated the Sc- and N-terminated struc-ShOV\.’n n Fig. 2 It can be seen that the.N-termlnated .S'FI‘UC-
tures, but with a largef2x1) periodicity to allow for the ture is gnergencqlly very unfavorable. This surfacc_a exhibits a
possibility of atom pairing should it be energetically favored; Magnetization with the uppermost N atoms having a mag-
this, however, was found not to be the case. For the unreco€tic moment of 1.6ug. The ideal-relaxed surfad@hich is
structed surfacéFig. 1(a)], there is only a small rumpling nonmagnetigis the most stable one for most of the range of
(0.02 A) of the surface Sc and N atoms, with the Sc atomghe chemical potentialdgea= 1.26 €V). For Sc-rich condi-
moving slightly inwards and the N atoms slightly outwards. tions, however, the N-deficietN-vac” ) (2X1) structure is
This is in very good agreement with calculations by Takeuchienergetically most favorabler{_,,.=0.77 eV). It is inter-
who obtained a value of0.03 A) as described in Ref. 23. esting to note that for strongly Sc-rich conditions, the pure
The other structures exhibit somewhat larger relaxations aglx1)-Sc terminated structure is also more favorable than

osu= V2AES i~ NEgit 2ux), 2

Avhere E©L. and E%, are the total energies of the surface
system and of a bulk unit of ScN, respectively, ani$ the
number of Sdand N atoms in the corresponding ideal sur-

The surface formation energies for the surfaces consid-

seen from Fig. 1. the ideal-relaxed surfacer§; iem=1.03 V). This surface
To compare the relative stability of the surfaces, we caldis found to exhibit a small magnetization of the uppermost
culate the surface formation energy, Sc atoms of 0.2«g—which is interesting since neither bulk
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FIG. 3. STM simulations for th¢1x1) (a) ideal- and(b) Sc- e
terminated surfaces, arid) the (2X1) N-vacancy surface. The area 1807 |
in each case is the same and corresponds to that(®ka) cell.

Light and dark circles mark the positions of Sc and N atoms, re- 10.0
spectively, and crosses indicate the positions of missing top-layer N Sc-term.
atoms.

Energy (eV)

Sc or bulk ScN are magnetic. We also performed spin-
polarized calculations for th@x1)-N-vacancy structure and
found a very small magnetic moment of 0.94 on the up-
permost Sc atoms.

On the basis of the calculated surface energies, we can
predict that the ideal-relaxed surface is the one which the
STM study investigated, since the surface was created under
N-rich conditions®? To explore this further, we performed a
simulation of the STM image by integrating the electron den-
sity in the energy window from-2 eV toEg. The result is
shown in Fig. 8a) where the cross-section is in tt§e01)
plane at=3 A above the centers of the uppermost atoms. It
can be seen that there is only one feature in the surface unit
cell, consistent with the experimental result. The maximum
of intensity (light region corresponds to the position of the +00] |
N atom. We note that in the experiments the samples were =
reportedlyn type, which could be due to impurities or N 150 e

Energy (eV)

10.0

Energy (eV)

vacanciegwhich we find are donors, see belpwo thatEg
may be close to the conduction-band minimum. A simulation 200 P = P =
integrating the energies frof: to 2 eV (i.e., corresponding
to states at the bottom of the conduction basidow that in FIG. 4. Surface band structures @x1)-ScN(001): (a) ideal-,
this case the image is juspposite namely, the most intense (b) Sc-, and(c) N-terminated surfaces, as calculated using LDA
features correspond to the Sc atoms. The result for the S¢left) and SX-LDA (right). The dots indicate that there is some
terminated surface is shown in Figb3. Here the high in-  contribution from vacuum states.
tensity region is more diffuse and spreads on, and in-
between, the Sc atoms. This reflects the more delocalizedyvely high density of state€DOS) at Er. The surface band
metallic nature of the surface, as will be seen from the surstructure of thg2x1)-N-vacancy structurénot shown also
face band structure below. FigurécBshows the result for exhibits a largely occupied surface state band. In this case,
the (2x1) N-vacancy surface. It can be seen that there is &owever, there are no flat partially occupied surface-derived
bright stripe and this corresponds to the region where the Ntates aE. This results in a lowering of the DOS at thg
atoms are missinfsee Fig. 1e)], i.e., between the Sc atoms and explains the lower surface formation energy. We note
where metallic bonding occurs. that the nearest-neighbor top-layer Sc-Sc distance ofthe
To obtain further insight into the electronic nature of thesex 1)-Sc-terminated structure is only 1.2% smaller than in
surfaces, we show in Fig. 4 the SX-LDA band structures forhulk hexagonal Sc metal, and only 2.0% greater than the
the (1X1) ideal-relaxed-, Sc-, and N-terminated structuresequilibrium Sc-Sc distance in a free-standing Sc layer, thus
and for comparison the corresponding LDA results. It can benabling a good metallic bonding without the necessity of
seen from the SX-LDA result that the bulk-terminated sur-reconstruction or significant relaxations. The N-terminated
face[Fig. 4@)] is semiconducting, i.e., there are no states insurface Fig. 4(c)] exhibits quite localized, partially occupied
the band gap. For the Sc-terminated surface, the situation urface states just above the valence bands, which are of N-
quite different with the presence of surface states in the ga@p nature. These unsaturated bonds give rise to a high DOS
In particular, the appearance of the lower state extendingt E- and a high surface formation energy.
parabolically upwards from the valence-band maximum at From a methodological point of view, it is interesting to
the I' point is free-electron-like, and it joins a number of note that the SX-LDA selectivelpushes dowithe valence
rather flat partially occupied states. These give rise to a reladands for the Sc-terminated surface, keeping the relative po-
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sitions between conduction bands and surface states cotien energy is notably larger, namely, 10.71 and 5.97 eV for
stant, while it pushes upthe conduction bands for the Sc- and N-rich conditions, respectively. Thus the probability
N-terminated surface. This demonstrates the difficulty in atof Sc vacanciegin the neutral charge statés much lower.
tempting to anticipate in which manner the bands wouldon investigating the electronic structure of the N and Sc
move, up or down, by just considering the LDA band struc-yacancies, which we also calculated using a larger 32-atom
ture. A similar conclusion was drawn recently for the case ofcell, we find that the former are donors and the latter accep-
defect levels in semiconductors through comparison of DFTtors, similarly to the 11I-V nitrides, GaN, AIN, InN.
LDA and calculations including self-interaction and relax-  Qur results can therefore be summarized as follows: We
ation correctioné* The Fermi surfaces, however, are rela- predict that the Sci001) surface, when grown under N-rich
tively similar for the LDA and SX-LDA results, as expected. conditions, has thé1x1) ideal-relaxed structure which is
To investigate the possibility of thicker films containing N semiconducting with no states in the band gap; for more
vacancies, we calculated the bulk N—vacancy formation €nSc-rich conditions, N deﬁcierﬁor Vacancy surface struc-
ergy (in the neutral charge statasing an 18-atom supercell tyres should become stable which are metallic in nature. We
with two vacanciegcorresponding to a Sc to N ratio of 1.25, also find for Sc-rich conditions, that th@eutra) bulk N
or vacancy concentration of 0Jilagain with full atomic  vacancy, which is a donor, has a low formation energy, indi-
relaxation. For comparison, we also considered the case @ting that thicker, N-deficient films may form. These results

the Sc vacancy. For the (6¢) vacancy, the surrounding four appear to be consistent with recent STM studfes.

Sc (N) atoms relax radially outwards by 3.2¢6.8%). The

vacancy formation energy is calculated in an analogous man-

ner to Eq.(2), except hereELl is replaced byEy.., the This work was supported by the Department of Energy
total energy of the defect cell. For Sc-rich conditions, the(Grant No. DE-F602-88ER453Y2nd computing resources
N-vacancy formation energy is sm&iind negative, i.e., exo- provided at NERSC. We thank A. R. Smith, D. Gall, M. E.
thermig, namely,—0.42 eV and for N-rich conditions it is Kordesch, and W. R. L. Lambrecht for sending preprints
large, 4.32 eV. This indicates that for more Sc-rich condi-prior to publication, and A. R. Smith and N. Newman for

tions, N vacancies can readily form. The Sc-vacancy formastimulating discussions.
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