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The desirable physical properties of hardness, high temperature stability, and conductivity make the early
transition metal nitrides important materials for various technological applications. To learn more about the
nature of these materials, first-principles density-functional theory calculations using the full-potential linear-
ized augmented plane wavELAPW) method within the local-density approximati¢hDA) and with the
generalized gradient approximatid¢@®GA) have been performed. We investigate the bulk electronic and
physical properties of a series of early transition metal mononitrides, namely, those formedwitbt&ls
(ScN, TiN, VN), 4d metals(YN, ZrN, NbN), and % metals(LaN, HfN, TaN) in the rocksalt structure. In
particular, lattice constants, bulk moduli, heats of formation, and cohesive energies as well as bulk band
structures and densities of states are reported, and trends discussed. We find that the GGA yields 1%—-2%
larger lattice constants, 10%—20% smaller bulk moduli, and 10%—-30% lower heats of formation compared to
the LDA. The GGA slightly overestimates lattice constants, but leagsall to an improved agreement with
experiment compared to the LDA, for which the values are too small. These materials are metallic with the
exception of ScN, YN, and LaN, which appear to be semimetals within the [@W GGA, but are in fact
semiconductorsvith indirect band gaps of 1.58, 0.85, and 0.75 eV, respectively, as revealed by calculations
performed using the screened-exchange LDA approach. These last, relatively unexplored, refractory IlI-V
nitrides may therefore have potential use in device applications; in particular, ScN is well lattice matched to
GaN, a wide-band-gap semiconductor that is of great current interest in relation to optoelectronic devices, and
high temperature and high power electronic applications.
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I. INTRODUCTION pouloset al® studied group V and VI transition metal mono-
nitrides, focusing on superconducting properties, and MoN
The early transition metaimononitrides, which crystal- in particular. Zhukovet al,? acknowledging that the transi-
lize in the rocksalt structure and are known as refractonjion metal nitridesand carbides and oxideasually contain
compounds, exhibit extreme and unique physical propertie¥acancies, investigated TiN and MBs well as their carbides
of hardness, brittleness, high melting point, and in several ond oxidesand the effect, in particular, that metalldi, C,
these compounds, a relatively high superconducting transR" O) vacancies have on the bonding properties. Electronic,
tion temperaturde.g., TiN and VN(Ref. 1), NbN (Refs. cohesive, and thermodynamic properties have been reported
2,3, and TaN(Ref. 4]. Because of these properties, theyfor 3d and 4 transition metal monocarbides and mononi-

have technological applications in the area of hard coatingd/ides in the rocksalt structure by Femiez Guillermet and

: 10,11 I 12 i 13 H
for cutting tools and potential uses as hard coatings for mai—:'mva" and by Hglundet al* Shimizuet al studied

netic storage devices. In particular, the hardness of thin film he electronic and magnetic properties of the mononitrides in

) S " e rocksalt and zinc sulfide structures formed witht@an-
of these materials can be significantly enhanced to “super-. : T )
sition metals. More recently, first-principles calculations on

hardr_1ess”(i.e., h?"ing a Vicker hardqess G_MO GPa _by_ the magnetic properties of FefRefs. 14,15 and CrN(Ref.
creating superlattices of nanoscale dimensions consisting (1f6

) . ) have been reported. With respect to ScN, experiments
alternating layers, e.g., of TiN and VNANd, very recently, have found it to be a semiconductdr? but also to be a

a coating structure has been reported, nc-ailiSi, (where  compensated indirect semimetaDensity-functional theory
nc denotes nanocrystalline anchmorphous which reaches (pfT) calculations performed within the local-density ap-
the hardness of diamoridn order to understand the charac- proximation (LDA) find it is a semimetad®?* It is well
teristic nature and behavior of these materials it is necessarknown, however, that the LDA underestimates the band gap
as a basis, to have a firm understanding of the bulk propeff semiconductors>=2’ Thus, there is some uncertainty at
ties. In this respect, transition metal nitrides are also interesfaresent concerning the electronic character of ScN and it is
ing from the point of view of fundamental studies due todesirable therefore to use a theoretical approach that de-
their unusual and varied properties. In contrast to the transiscribes the band gap more accurately in order to investigate
tion metal oxides, they have received comparatively littlethe electronic structure of this material and to establish its
attention. nature.

There have been several earlier first-principles studies In this paper, we report first-principles all-electron
into the bulk properties of these materials: Papaconstantaensity-functional full-potential linearized augmented plane
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wave (FLAPW) calculations for a series @arly (nonmag-  radii Ry, k-point set, and plane-wave cuto#s,,, for each
netig transition metal mononitrides, namely, those formedtransition metal nitride system were carefully tested. Those
with 3d metals(ScN, TiN, VN), with 4d metals(YN, ZrN,  used are listed in Table | along with the calculated bulk
NbN), and with &l metals(LaN, HfN, TaN—all in the rock-  physical properties, namely, the lattice constants, bulk
salt structure. We are interested in the bulk properties omoduli, and heats of formation. The heats of formation are
these materials and in particular report the electronic strucebtained by considering the reaction to fofar decompose
ture, lattice constants, and bulk moduli, as well as the heatsrystalline bulk nitrides frorfor into) the elements:

of formation and cohesive energies. We employ the LDA

and generalized gradient approximatid@®GA) for the 1

exchange-correlation functional and investigate any im- X(solid) + ENz(gaS:XN(solid),

provements brought about by the GGA. Recent overviews

concerning the performance of GGA's can be found in RefSy herex stands for the metal atom. Then from the respective

28 and 29. Indeed, for many molecules and solids GGA'§qt4 energies of these phases we obtain the heat of formation
have been shown to yield more accurate bindiog cohe- as

sive) energies than the LDA. Reaction and activation ener-
gies for various chemical reactions as well as for the adsorp-
tion of adparticles on surfaces of metals and semiconductors
are likewise improvedsee, e.g., Ref. 30 and 31 and refer- XN N " ) _
ences therein While GGA’s tend to vield larger crystal WhereEy, E ¢, andEg; are, respectively, the total energies
equilibrium volumes compared to the LDA, they do rniot  of the bulk nitride system, the free;Mnolecule, and the bulk
generallead to more accurate structural or elastic parametergetal.(Here we have defined a positive value to represent an
than the LDA compared to experiment, and some limitationgxothermic reaction and a negative value an endothermic
have been pointed o8t-3* However, the relativenergetic ~ one)
stability of some structural phases has been reported to be In obtaining the required bulk metal total energlye cor-
better described for magnetic and nonmagnetic systems. responding atomic structure for the metal series studied is
In contrast, band gaps for the IlI-V nitridé&IN, GaN, either hexagonal close packed or body-centered guiie
and InN were found not to be improved with the GGA, optimized the crystal volume to be consistent with the rest of
although there have been conflicting results for transitiorpur calculations in which the structures are also optimized to
metal oxides in the literature: studies by Dufekal3®3’ their theoretical equilibrium geometriegzor the hexagonal
reported a significant improvement in the band structurestructures, the/a ratio was fixed at the experimental value
when using the GGA: in an earlier publication, however,and the lattice constaatwas varied to optimize the volume.
Leung et al®® reported no significant change in the bandWe found that the metal lattice constants were between 1.5%
structure between LDA and GGA results for the same mateand 3.0% smaller than the experimental values for the LDA,
rials. the values obtained using the GGA were 2.2%—-3.3% larger
Hence, for ScN(and YN and LaN, which are the most than those of the LDA and thus very close to experinémt
likely candidates to exhibit semiconducting behavior due towithin —1.2%—0.0%.
the complete filling of bonding states and completely unoc- With respect to the Nmolecule, we placed the molecule
cupied non-bonding and antibonding steftesie have calcu- in a cube with side length of up to 14 Bohr and used the
lated band structures using the GGA—and have also inve%—‘l;l) k point for the Brillouin zone integration, which

. . . . 4414
tigated the excited state properties using the screenegje|ds faster convergence than thepoint. The bond length

exchange (sX) LDA.*** Such an approach is 1ess yas calculated to be 1.09 A within the LDA and 1.10 A
computationally demanding than kW method® and also  \yithin the GGA, in good agreement with other calculations
permits self-consistent determination of electronic structureg 4. 1.099(Ref. 35 and 1.085(Ref. 47 for the LDA and

as well as eigenfunctiorfs.It has also been shown to yield 1.105(Ref. 35, 1.095(Ref. 47 for the GGA, as calculated
better agreement than the LDA with experimental values fof,sing DFT with the pseudopotential method, and 1.1095

AHO=(EX + 1/2EN2) —EXN, (1)

tot

; <41
lattice constants and band g™ (Ref. 47 and 1.102(Rev. 47 for the LDA and the GGA,
respectively, as calculated using the full-potential linearized
Il. CALCULATION METHODOLOGY iuggrgeg}gd plane wave method. The experimental value is

The density-functional theory calculations are performed Since use of the sX-LDA method is relatively recent we
using the first-principles FLAPW meth&bwith the local-  outline it briefly. The method was first proposed by Bylander
density approximatidl? as well as the generalized gradient and Kleinmanr’ in order to obtain a more accurate descrip-
approximatiofi® for the exchange-correlation functional. Se- tion of the band gap. Seidit al*° showed that the method
lected calculations are also performed using the recentlgan be introduced as a particular case of the generalized
implementeél1 sX-LDA for ScN (and YN and LaN for Kohn-Sham(KS) framework, the essence being that the en-
which there is some question as to the nature of the excitedrgy functional can include some part of tiieractingen-
state band structure. Angular momenta uptg,=8 in the  ergy functional as well as the noninteracting of@s em-
muffin-tin spheres for both the wave functions and chargeployed in the KS scheme The single-particle equation is
density are used in the self-consistent cycles. The muffin-tithen written as
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TABLE |. Lattice constanty, bulk modulusB, and heat of formatiod HY for a series of early transition

metal mononitrides in the rocksalt structure. Also listed are the plane wave citgffsand muffin-tin radii

Ryt . The calculational parameters employed are the same for the GGA as for the LDA except where

explicitly indicated. The number d&f points used in the irreducible part of the Brillouin zone is 60 in all cases

[the folding parameters for the Monkhorst-Pack schéRef. 56 are (8 8 8)].

System Method ag (R) B (Mban AH? (V) Koax Rur (bohp
ScN  Present FLAPW-GGA 4.50 2.01 4.32 Rs=2.55, Ry=1.5
Present FLAPW 4.42 2.35 4.80 4.3Rg=2.4,Ry=1.7
LAPW 2 4.54 2.18
Expt. 4.50°,4.44°
TiN Present FLAPW-GGA 4.26 2.86 3.56
Present FLAPW 4.18 3.22 4.36 5.3Ryj=2.4, Ry=1.4
LAPW 2 4.24 3.05
LMTO-ASA ¢ 4.32 3.89
Expt. 4.24° 42421 4235°  2.88¢
VN Present FLAPW-GGA 4.12 3.33 2.00
Present FLAPW 4.06 3.76 2.78 58Ry=2.2,Ry=1.4
LAPW 2 4.07 4.14
APW 9 4.14
LMTO-ASA @ 4.23 2.82
Expt. 4.14" 4.141f 2.33¢
YN Present FLAPW-GGA 4.85 1.63 3.78
Present FLAPW 4.77 2.04 433  4.05Ry=2.9,Ry=15
Expt. 4.877
ZrN Present FLAPW-GGA 4.57 2.64 3.82
Present FLAPW 453 2.92 4.48 43Ry,=26,ry=15
Expt. 4537, 4.61°
NbN  Present FLAPW-GGA 4.42 3.17 1.93
Present FLAPW 4.36 3.54 265 4.0Ry,=2.6,Ry=1.5
APW 9 4.38
Expt. 4.397
LaN Present FLAPW-GGA 5.32 1.48
Present FLAPW 5.27 1.73 320  4.0R,=2.7,Ry=18
Expt. 5.295, 5.301°
HfN  Present FLAPW-GGA 4.54 2.78
Present FLAPW 4.48 3.20 413  4.0%Ry=2.6,Ry=15
Expt. 452
TaN  Present FLAPW-GGA 4.42 3.38 1.70
Present FLAPW 4.37 3.78 248  4.0%R,=2.5Ry=15
APW 9 4.40
Expt. 4.385

3Reference 13.
bReferences 57—60.
‘Reference 61.
dReference 9.

Reference 63.
9Reference 8.

"Reference 64.
iReference 65.

®Reference 62.

Eg=eNyaln]—ex{n]

_ﬁ2
[ om V2+Ueff(r)}¢i(r)+f dr'oSe(r,r ) gi(r’)
:Skl?r/;[n]_SINDA[n]+<‘r/fN+1|lA)sNxL_1AJI§X|Ir/fN+1>
SNL_~L
~(ilvscvsdin, 3
where ve(r) is the effective potential from the LDA (lvsc —vaddn)

andvl, anduvg, are nonlocal and local screened-exchangewhereES*is the energy band gap obtained from the sX-LDA
potentials. From Eq(2) it follows that method. We note that this self-consistent approach has been

—vs (N () =ePYi(r), (2)
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55 — T trends can be seen more easily. On going from ScN to TiN to
< : : (@ VN (left to right in the periodic table with respect to the
§sof l : metal atom, where the metal @ states are being consecu-
2 | | tively filled, i.e., having one, two, and three electrons, re-
§ : \ : spectively, it can be seen that the lattice constant decreases
£ 451 ! | 1 [Fig. (@] and the bulk modulus increas¢Big. 1(b)]. A
3 \ ! ! similar trend is seen for theddmetal and 8 metal nitride

40 — I ——— materials. Such a trend is also observed for the bulk metals,
2 | | which is explained in terms of the filling of tretbands’® On
g : : going down the columns of the periodic table, the lattice
~ 30 : : 1 constant exhibits an increase in accordance with the larger
= / : ! size of the metal atom. The results obtained using the LDA
é 20 L ! ! | and the GGA show the same trends, with the GGA yielding
o | | 1%—2% larger lattice constants and 10%—20% smaller bulk
& : : (b) moduli compared to the LDA. The GGA yields closer agree-

1.0 — : — : — ment with experiment, although the lattice constant is

a0 | ! ! © | slightly overestimated. _
~ AHO ! K ! The heat of formatiorfFig. 1(c)] calculated using the
i 30 2YF ! ! 1 LDA exhibits a decrease for thed3metal nitrides on going
® 0l ! ! | from left to right in the periodic table. For theddand &

5 ! ! serielf absmal((()j.ls eV} and larger(0.93 e\/)dincrease is
10 I Foost | | 1 initially observed on going from YN to ZrN and from LaN to
0.0 P/ l J e HfN, respectively. This is followed by a strong decrease, as

ScNTIN VN yN ZrNNpNLaNHNTaN for the 3d series, of 1.6 eV on going from ZrN to NbN and
20 —— of 1.9 eV on going from HfN to TaN. The heats of formation
calculated within the GGA exhibit the same trend as in the
S16 1 o, | /\‘ | ‘/rl:;‘_i:ies_ LDA but are from 10% to 30% smaller. We note that a
:;,b : : similar behavior with respect to the GGA relative to the
§12 | | ] LDA has been reported for the 1lI-V nitridgaIN, GaN, and
| 0 | | | InN).3>4"The trend of a sharp decrease on going from TiN to
% 8 e | / | / VN is also found in Ref. 10 using a generalized approach
54t | | metals | that combines theory and experiment, and for YN, ZrN, and
| | @ NbN, the work of Ref. 50, which uses the augmented spheri-
0 TR T Y cal wave method, finds a similar trend to what is found here.
Sc Ti V Y Zr NbLa Hf Ta This trend is also reproduced by a semiempirical mefttod;
—— —— —— the trend in the study of Guillermet al!* differed in that a
higher heat of formation was found for YN as compared to
3d 4d 5d ZrN.

FIG. 1. (a) lattice constants(b) bulk moduli, and(c) heats of ~_ With respect to the significant decrease in the heat of
formation AH? (upper curvesand energy cosfsee Eq.(4)] for formation observed for VN, NbN, and TaN, part of the rea-

bulk metal distortion Eo (lower curves. Results obtained using SON for this can be related to the metal-metal bonds of the
the LDA and the GGA are represented by the full and open circlegnaterial, in that in the nitride compounds they are consider-
connected by a continuous line, respectively. Experimental resultgPly stretched compared to their bulk values, namely, by
for the lattice constants are denoted by full circles connected by 42.9%, 10.4%, and 7.7%.DA) and by 12.8%, 9.2%, and
dashed line(d) Cohesive energies of the nitridaspper curves and  8.4% (GGA), for V, Nb, and Ta, respectively. For the ni-
full circles) and of the bulk metalower curves and open circles  trides to the left of these, i.e., all the others nitrides consid-

ered here, the difference in the bond length of the metal in
formulated and implemented, not just for bulk calculatibhs, the bulk phase and at the atomic positions it has in the nitride
but also for superlattices and film geometries where the lincompound, is notably smaller, i.e. only betwee.4% and

ear response is spatially nonunifoffn. 4.4%(LDA) and—3.6% and 4.5%GGA), and thus so is the
associated energy cost to change the metal-metal bond
Il. RESULTS length. Furthermore, on going from left to right in the peri-
_ _ odic table, for the metals considered here, the energy cost for
A. Physical properties distortion of the metal bonds has been shown to increase, as

. ) . 50 . .
The calculated lattice constants, bulk moduli, and heats ofiscussed by Gelattt al>” This energy cosEcq is also

formation are listed in Table I, as obtained using the LDAShown in Fig. 1c) (lower curves together with the heat of
and the GGA. Where possible, we have included the resultrmation. It is obtained as

of otherab initio calculations and experimental values. Our metal feeN) =X

calculated results are also presented in Fig. 1 where the Ecost Etot ~ Etor 4
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FIG. 2. LDA bulk band structures for the early transition metal nitrides studied in the rocksalt structure arranged corresponding to the
position of the metal atom in the periodic table.

metal fccXN)

whereEjy, andEn are the total energies per atom of whereEJy andEy,, are the cohesive energies of the nitride

the bulk equilibrium structure of the transition metal and of compound and the metal, respectively, ﬁi\)‘%d is the bind-

the transition metal in the fcc structure at the lattice constanilhg energy of the B dimer. While the last value obviously

of its mpnomtnde, re;pecnvely. . remains the same for all the compounds, the cohesive energy
On first consideration, values of the heat of formation that

do not monotonically iner from left to riaht in th e of the metal varies across the periodic table; in particular, it
0 not monotonically increase from Iett to rg € per- generally peaks in the middle of the transition metal series
odic table may seem counter-intuitive in relation to their lat-

. ) . (i.e., from row IlIB to IB in the periodic table*® Thus, the
tice constants, whlchdecreasefro_m_ left to right, and the trend in the heat of formation of the nitrides will be a result
corresponding bulk moduli, whichncrease from left to

. 7 . .., of the relative changes in the cohesive energies of the nitride
right. That is, it could be expected that for materials with compounds and the bulk metals across the series. The cohe-

. Sive energies of the nitride compounds and the bulk metals,
bond strength would be stronger and the cohesive energy. . iculated using the LDA, are shown in Figd)l

larger, and consequently the heat of formation also Ia_rger. In For the total energies of the free atoms required in the
order to understand the values of the heat of formation, W& culation of cohesive energies in Figdl we use the

express it as LAPW-calculated values of Ref. 52. The bulk metal cohe-

0 XN X N, sive energy is given bfX =EMX_EX whereEM™ is
AH{=Econ Econ— V2B (®  the total energy of the free metal atom, and the cohesive
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TABLE II. Characteristic energy gaps of the band structuresthe change from first to second column, which results in a
shown in Fig. 2(See text for an explanation of the various energy noticeable drop iMAH{. We attribute this behavior to the
gaps) For ScN, YN, and LaN, the values in brackets are thosefact that the metal-metal distance in the nitride compounds in

obtained using the sX-LDA approach. this third column is significantly larger than in the bulk metal

_ and so the system does not gain this metal-metal
Energy gapdeV) ScN TN VN bonding—in contrast to the nitrides in the first and second
Ens—np 6.94(9.10 6.38 5.05 column. rThls could bebdus_ to the ggd|rt]|pnhal electrons in the
AE, 2.30(4.70 1.29 0.58 system that occupgonbondingstates® which may prevent a

closer metal-metal distance. The experimental values of the

EFlS’EXi 14.(()1(5185) 88 15.05 15.80 cohesive energies of the nitrides to which we can compare,
g ' in particular, for the @ and 4l nitrides, exhibit a similar
B (2.4) trend, but are about 6-18 % low¥r'? This overbinding is
YN ZrN NbN typical for DFT-LDA calculations.
It is interesting to note that the high binding energies,
Ens-np 7.46(8.94 6.57 6.01 high melting points, and extreme hardness of these materials
AE4 3.03(4.52 211 1.24 generally are typical of covalently bonded systems but that
By Es 13.06(15.89 13.50 14.18  most of these refractory metal compounds exhibit metallic
E,° ™° (0.89 conductivities comparable to those of the pure transition
EXa%s (1.15 metals. Their crystalrocksal} structure on the other hand is
¢ LaN HN TaN more typical for ionic crystals. In this respect, in the next
section, we examine the electronic properties and the bond-
Ens-Np 7.78(10.39 5.96 5.44 ing nature.
AEy 2.19(3.93 2.46 1.61
Ep—Es 12.11(14.22 14.45 14.96 B. Band structure
By 0.79 The DFT-LDA electronic bulk band structures are dis-
X Xs (1.00 played in Fig. 2. It can be seen that all the materials are

g metallic in nature except for ScN, YN, and LaN, for which

the band structure indicates that these materials are semimet-

o o XN XN . —freex  als. For these systems the GGA is found to yield a very

energy of the nitride is given byEc,=—Ej; +Ey; similar band structure to the LDA and thus brings about no

+Ef® N, whereE:® Vis the total energy of the N atom improvement with respect to, for example, predicting semi-
(again defining a positive value as representing a bound sygonducting behavior as had been suggested by experiment.
tem). This is essentially the same result as has been found for the

Considering first the @ nitride series, the drop inH? on  111-V nitrides,®® where the GGA vyields a very similar band
going from ScN to TiN can be seen from Figdlto be due gap as the LDA for AIN and GaN, while for InN the band
to the fact that the increase in the metal cohesive energy igap remains negative.
greater than that of the nitrideef. Eq. (5)], and on going Characteristic band separations are listed in Table II.
from TiN to VN, even though the metal cohesive energyEys_y, is the energy gap between the s\band and the
does not change very much, that of VN is considerably lessalence band compleX\E is the zone-center metdlband
than that of TiN. For thed series on going from YN to ZrN,  splitting, andE,—E is the N p—N s energy gapE(I";s)
the cohesive energy of ZrN also increases as does that of theE(T";). In each of the nitride groups, on going down the
metal Y; in this case, the increase in the nitride is slightlycolumns, thed band broadens and generallg, increases.
greater than that of the metal so we observe a slight increaserom left to right across a row, a downward shift of the
in AH?. The significant decrease from ZrN to NbN is a bands can be observed, in accordance with the sequential
consequence of the fact that the cohesive energy of NbN i8lling of the d bands—which is similar to what occurs in the
less than that of ZrNand the cohesive energy of Nb is bulk metals. As a consequence, we can observe the smooth
greater than that of Zfsee Fig. 1d) and Eq.(5)]. Similar  trend of a decrease #ys_np . FurthermoreAE, exhibits a
considerations can explain the heats of formation for tthe 5 decrease from left to rightwith the exception of LalNand
series. E,— Es exhibits a smooth increase.

Thus, we see in fact that the cohesive energies of the As Harrison and StradBdescribe, ScN, YN, and LaN in
nitrides do exhibit a similar trend to their constitutent metalsthe rocksalt structure, have eight valence electrons per atom
for the first two columns: an increase in the bulk modulus, gair, and only bonding states are filled. For TiN and VN,
decrease in the lattice constant, and an increase in the cohehich have nine and ten valence electrons per atom pair,
sive energy. And in these nitrides, the metal-metal distance iespectively, and similarly for ZrN, NbN4d), and HfN,
similar to that in the bulk metal. It is only for the third TaN (5d), the additional electrons occupy nonbonding states,
column nitrides(for VN, NbN, and TaN that there is a de- which do not modify the bonding properties significantly, but
viation; in particular, the cohesive energy does not increasdo make the compound metallic. Only for transition metal
(VN and NbN from left to right (i.e., from second to third nitrides further to the right in the periodic table do antibond-
column), or it increases much leg¥aN) than in the case for ing states become occupied—and these compounds are then
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not stable in the rocksalt structuteéWith respect to ScN  exact-exchange formalism predict an indirect band gap of 1.6
(and YN and LaN, due to the complete filling of bonding eV (in excellent agreement with our resulturther, in this
states and the completely unoccupied nonbonding and antivork® an experimental band gap of 8.3 eV was deter-
bonding states, ScN might indeed be inclined to bemined from measurement of the optical properties—in par-
semiconducting? As mentioned above, within the LDA and ticular, through transmission, reflection, and spectroscopic
GGA we find ScN to be a semimeti@s for YN and LaN; as  ellipsometry experiments, as well as by valence band photo-
noted earlier, some experiments, however, have indicateelectron spectroscopy. The result provides confidence in our
that ScN may be a semiconductor. To investigate this possresults also for YN and LaN, and so raises our expectation
bility we performed calculations using the sX-LDA. We find for early confirmation of our predictions for these materials.
that these materials are indeed semiconductors and with an
indirect band gap: ScN has a band gap of 1.58 eV, YN 0.85
eV, and LaN 0.75 eV. The calculated band structures are
shown in the left column of Fig. 3 and the total densities of The total partial densities of staté®@OS) for the nitride
states are shown in the right panel. The associated band ses®ries studied are shown in Fig. 4 for the metal atom and for
rations are listed in parentheses in Table Il. It can be seethe nitrogen atom of the bulk compound, in addition to their
that compared to the LDA band structure, in addition to thestate €, p, d) resolved DOS’s. These quantities indicate that
appearance of an indirect band gap, thed\bands lie 1.5— there is a strong hybridization between the N states and the
2.5 eV lower in energy. metal states with the energy position and shape of the partial
We have learned very recently that two other theoreticaDOS’s for the N and metal atoms appearing very similar.
investigations of the band structure of ScN have been reThe feature lying lowest in energy is the ¥ 8erived state.
ported, both of which also predict that it is a semiconductorWith respect to the valence band complex, there are two high
From local (spin) density calculations, including estimated density regions separated by a low electron density region.
quasiparticle corrections, Lambrethpredicts an indirect The bottom of the lower region involves meta#N p states
band gap of 0.9 eVsignificantly smaller than our valye and above this, metal (and somep)—N p bonding
and Gall et al®® using density-functional theory and the contributions The upper region, which, except for ScN,

C. Density of states
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FIG. 4. Partial densities of states and their state resolved components for the early transition metal mononitrides studied, arranged
corresponding to the position of the metal atom in the periodic table.
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FIG. 6. Electron density differenced (r) (see text for a precise
FIG. 5. Upper figures from left to right: Electron density distri- definition) between those of the bulk nitride material and those of
butions for TiN corresponding to the energy regiqas — 16 to the sums of their constituents, at the lattice constant of the bulk
—15,(b) —8to—7,(c) —2to—1, and(d) 5 to 6 eV with respect compound. The N atoms are in the centers of the edges of the
to the Fermi level. The N atoms are in the centers of the edges dfgures and the metal atoms are at the corners and center. The first
the figures and the metal atoms are at the corners and center. Theegativé contour line is at—0.08 e bohr ® with a spacing of
first contour line is at 0.00& bohr 2 with a spacing of log, 1.4. 0.004.
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YN, and LaN, is cut byEg, is mainly due to metafl states ~ Sphere to have gained densitfor this analysis, for all sys-
with some Np component. Also the ¥ state mixes with the t€ms, for consistency in the comparison, we used the same N
metal atoms states. These hybridizations are indicated frommuffin-tin radius of 1.5 a.o.With the exception of LaN and
the decomposition of the partial DOS’s into thejp, andd ~ HfN, the charge density in the muffin-tin sphere of the metal
contributions as seen in Fig. 4. atom has also increased. We point out that to some degree
An indication of this bonding configuration can also be this depends on the chosen metal muffin-tin radimsich is
seen through plotting the electron density distributions in ararbitrary); i.e., in some case&/N, ZrN, NbN, TaN) the in-
appropriate narrow energy region. As an example, we showrease is just due to the tail of the electron density increase
in Fig. 5, for TiN, the electron density distributions for statesthat is centered at the N atom which enters the metal muffin-
in the above-mentioned regions, namelg) —16 to —15  tin sphere.
eV, (b) —8to—7eV,(c) —2to—1eV, and(d) 5to 6 eV, In view of the electronic properties investigated, we find
with respect tcEg . The first energy range shows clearly that that the bonding of these materials has a covalentlike char-
the states are predominantly N related with a small contribuacter given the notable hybridization of N and metal states as
tion from the metal. In the next region, at the bottom of thefoyng in the density of states; as seen from the above, how-
valence band, the states are composed of both N and mei@ler, there is also an ionic component with a significant
orbitals, as are those in the next energy region. The UnoCCynarge transfer to the more electronegative nitrogen atom, as
pied states at 5-6 eV are clearly essentially due to the met@\'/ell as clearly a metallic naturgvith the exception of ScN,
atoms. YN, and LaN.

D. Difference charge densities

It has been proposed for such systems as those studied V. CONCLUSION
here, i.e., systems that involve the bonding of transition met-
als to nontransition metals, that the bonding can be thought systematic full-potential linearized augmented plane
of as consisting of two competitive process$esi) a 10ss in  \yave calculations have been performed for a series of bulk
metal-metal bond strength due to thesua) enlargement of oy transition metal mononitrides. Equilibrium lattice con-
the volume of the unit cell caused by the addition ofdd,  gyants and bulk moduli have been obtained as well as heats of
e.g., O or @ in the interstitial positions of the fcc lattice, and formation and cohesive energies. Both the LDA and the

(ii) an energy gan due to fgvorable bondmg Interactions W'.ﬂbGA were employed and their performance compared. Both
these metalloid atoms. With respect to this picture, as dis- : . .
xchange-correlation functionals exhibit the same trends

cussed above, we have investigated the energy cost o) S )
change the equilibrium volume o? the metal to t%)a/\t of itsW'th the GGA yielding 1%-2% larger lattice constants,

nitride (but without N: the results were presented in Fig 10%—-20% smaller bulk moduli, and 10%—-30% smaller heats
1(c) (lower curve$. Not surprisingly, we found a larger en- of formation compared to the LDA. With respect to available
ergy cost for a larger volume expansion, i.e., for VN, NbN experimental results, the GGA yields lattice constants in
and TaN. We also constructed the electron density redistrioverall closer agreement, but with a tendency to slightly
bution due to the interaction of N and the metal atom, i.e.0verestimate them. The bonding nature of these materials
we calculated the difference in valence electron density, ~¢an be described as covalentlike due to hybridization of N
bulk and metal states, but there is also some ionic character with
NA(r)=ngx(N) = N roe(1) = Ny geelF), (6)  electron transfer from the metal atoms to the nitrogen atoms,
as well as the obvious metallic character. ScN, YN, and LaN
are found from our sX-LDA calculations to ls=miconduc-

that they have in the nitrideX(N) crystal. The results are tors with '”‘?"reCt pand gaps of 1.58 eV, 0.85 eV, and 0.'75
presented in Fig. 6. It can be seen that for each material thefe?: 'éSPectively, in contrast to LDA and GGA results which
is an increase in electron density at the N atoms and a dé&edict that they are semimetals. Very recent unpublished
crease in the interstitial region between the metal atom§XPerimental results for ScN appear to verify this result
where the metal-metal bonding was formed in the referenc@nd we hope future experiments can verify our predictions
structure. This charge rearrangement reflects the electronegf® YN and LaN as well.

tive nature of N. For VN, ZrN, NbN, LaN, HfN, and TaN,

there is also a decrease at the metal atoms, while for ScN,

TiN, and YN, there is an increase in the electron charge ACKNOWLEDGMENTS

density at the metal atoms.

These electron density rearrangements are reflected in the This work was supported by the National Science Foun-
change in charge density contained in the muffin-tin and indation (through the Northwestern University Materials Re-
terstitial regions for the nitrides, as compared to the corresearch Center and the computing resources provided by the
sponding quantities in the separated, constituent systeni$ational Partnership for Advanced Computational Infra-
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wherenf%, ny e, andny ¢ are the total electron densities

of the bulk and the N and metal atoms at tfex) positions
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