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Gray microcrystalline powders of ScTaN, were prepared from solid-state reactions of 6-ScN with TasNs powders
at T= 1770 K. According to thermal analyses the compound is stable against oxidation by O, up to temperatures
of T=800 K. In an Ar atmosphere ScTaN, decomposes above T = 1250 K and in a N, atmosphere above T =
2000 K under release of N, to form 0-ScN and 5-Ta;N. The crystal structure (space group P6s/mmc, No. 194, a
= 305.34(3) pm, ¢ = 1056.85(9) pm, Z = 2) was refined on the basis of X-ray and neutron powder diffraction
data. It comprises alternating layers of ScNg/; octahedra and trigonal TaNgs prisms, which are also observed in the
binary nitrides 6-ScN and 9-TaN, respectively. A small degree of anti-site defects (about 5%) was detected. Only
a small solubility of ScN in e-TaN was observed, while the solubility of TaN in 6-ScN is =10 mol % at T = 1820
K. ScTaN; is a diamagnetic small gap semiconductor or a semimetal, as inferred from magnetization and electrical
resistivity measurements, consistent with band structure calculations. Chemical bonding analyses with the COHP
method vyield significant covalent Ta—Ta interactions. Topological analyses of the electron localization function
reveal unexpected Ta—Ta three-center bonding basins within seemingly empty trigonal prisms of the TaNes layers.

Introduction shifting the layers of octahedra surrounding Ta, the delafos-

For ternary tantalum-rich nitrides layered crystal structures site structure type with linearly coordinated Cis abtained

5 I -
have been described frequently. Typically, with Li and Mg in Cu[TaNe].> Compounds gTa:Ne] with layers of all-basal

; ; ; 45—
either disordered rock-salt-type structures were obtained (e_g_f:qrner-sharmg guadratic pyramlds[TaNMzN ] form
: : 12 with rare-earth metals R= La, Ce, and P%.The reduced
LizTaNs, LizxTaNs and Mas T gayeNa), * or the and nitrogen-deficient phase ScTahwith a layered metal
crystal structures were discussed in terms of octahedrally 9 PP S y :
coordinated Lf, Mg2*, and T&", while T&* is predomi- atom arrangement and _nltrogen in oct_ahedral mterstlce_s leads
nately coordinated trigonally prismatically by N (e.g., in us to the nitride chemistry of scandiunApart from this

: 2 phase and its isotype ScNbN,2 only the rock-salt-type
Lis-«Tée-Ne and MaTeeNs) * The crystal structures of pinaryd-ScN and some solid solutions #ScN with binary

metal nitride8 and the nitridoscandate 4L8cN;] with Sc in

a very unusual tetrahedral coordination are kndWAll this

and the nitrogen-deficient disordered crystal structure of
ScTaN-_ led us to investigate the quasi-binary system ScN
TaN, and study the crystal structure, physical properties, and

the binary tantalum nitrides. With sodium and calcium the
layered compounds Na[TaN and Ca[TaM]* were described
to crystallize in thex-NaFeQ structure type with alternating
layers of octahedrally coordinated Ta and Na or Ca,
respectively, in a ternary ordered rock-salt-type variant. By
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Metal—Metal Bonding in ScTaN

Table 1. Selected Unit Cell Parameters of PhadeScN (Sg—xTadN), ScTaN, ande-TaN (Ta—xScN) in Thermal Equilibrium after Annealirig

T 0-ScN (1) ScTaN (2) e-TaN (3) B-TaN (4) phase
(K) a(pm) a, ¢ (pm) a, ¢ (pm) a, ¢ (pm) composition
1370 449.84(5) 1
1820 446.30(5), 10% Ta 1
1820 445.94(5) 305.45(5), 1056.8(2) +12
1820 305.34(3), 1056.85(9) 2
1820 519.04(5), 290.73(5), 5% Sc 3
1870 444 .44(5) 305.54(5), 1057.3(3) +12
1870 304.85(5), 1055.6(2) 518.49(5), 290.57(5) +3
1870 518.74(5), 290.60(5) 3
1970 449.75(5) 1
1970 444.17(5) 304.61(5), 493.0(1) 4

aExperiments are ordered by increasing annealing temperature and increasing Ta content.

bonding of the only intermediate we could identify in this seal to exclude any moisture. Comparison of the powder patterns

system: ScTap of the first and the final scans did not indicate any effect of
significant hydrolysis during the measurement procedure.
Experimental Section Neutron diffraction data on a microcrystalline sample of ScIaN

were gathered at the E9 powder diffractometer at BERII, HMI

Berlin, Germany. The sample was contained in a gastight vanadium

cylinder (diameter 6 mm, length 51 mm, wall thickness 0.15 mm).

The crystal structure parameters were obtained by a simultaneous
| refinement with both patterns. For initial positional parameters the

Earth Metals Materials, China; sublimed, dendritic, chemical q . o
analyses:w(O) = 0.09(2)% w(N, C) below the determination limit, data of ScTa yverg use ..Introdu.ctlon of antl-sllte defects on.
the metal atom sites in the final refinement step improved the fits

<0.01%) was heated in a nitrogen atmosphere (Messer-Griesheim, ) . . ) . :
99.999%, additionally purified by passing over molecular sieves, considerably. Figure 1 depicts the experimental diffraction patterns

Roth 3 A, and BTS catalyst, Merck) within an induction furnace together with the calculated profiles and the difference curves of
(HUttinge’r TIG 5/300 W-crl;cible) toF = 1670 K. held at this  the observed and the simulated patterns as determined by least-

temperature for 1 h, and cooled by switching off the current. The Sauares refinements (program package FULLPRDResuilts of
dark brown material was ground to a fine powder and passed (€ refinements are given in Tables 2 and 3.
through a 2Qum sieve. The resulting powder with a composition ~ Thermal Analyses.DTA/TG measurements were performed on
of Sa 0oaNo.esQ0.007¢z resulting from chemical analysew/(Sc) an STA 449C (Ar or N atmosphere purified as described above,
= 76.4(7)%w(N) = 23.3(6)%,w(0) = 0.19(6)%) is single phase 0, 99.998%, thermocouple type S, NETZSCH Gebau, Selb,
according to X-ray powder diffraction. ¥ds was obtained as a Germany). Temperature calibration was obtained using five melting
fine red powder from reaction of TagPuratronic, 99.99%) with ~ Standards in the temperature range of 37& K =< 1470 K.
flowing ammonia (Messer-Griesheim, ultrahigh purity, 99.998%)  Magnetic Susceptibility. Measurements of the magnetization
of ambient pressure & = 970 K for 5 h (W(N) = 11.43(9)%, were carried out on a SQUID magnetometer (MPMS-XL7, Quan-
wW(O) = 0.72(8)%, i.e., TaNs 04100.28(3)- tum Design) in magnetic fields in the range 20 ©d4 < 70 kOe
The single-phase sample of ScTalir diffraction experiments ~ in the temperature range of 1.8 KT < 400 K using 104.4 mg of
and physical properties measurements was prepared from finesingle-phase product sealed into a quartz tube upee#00 mbar

Synthesis and Characterization All manipulations were carried
out under dry argon in a glovebox (content of 6,0 < 0.1 ppm).
All reactions were carried out in Ta crucibles.

For preparation oD-ScN, Sc metal (Hunan Institute of Rare-

powders 0fd-ScN and TgNs (molar ration(Sc)h(Ta) = 1) atT = of He.
1820 K (200 h) in flowing nitrogen of ambient pressure (purified Electrical Resistivity. Electrical resistivity measurements were
as described above) (chemical analyseéSc)= 16.1(2)% w(Ta) performed on a single-phase powder of ScTaNa sapphire die

= 69.2(3)%,w(N) = 11.1(1)%,w(O) = 0.5(2)%, i.e., Sgozay cell by the van der Pauw method in the temperature range of 4 K
Tay00aN2.0702L0.083y EXperiments with different starting ratios < T < 320 K. The contacts were made by pressing soft Pt spheres
n(Sc)h(Ta) were performed at temperaturesTof= 1820, 1870, into the sample. All manipulations and measurements were carried
and 1970 K under otherwise identical conditions. Selected results out in an argon-filled glovebox with an integrated cryostat for
are given in Table 1. Samples heated in a nitrogen atmosphere totemperature control.

temperatures above 1970 K coq;isted exclusively-&cN and Theoretical Details.Electronic structure calculations for ScTaN
B-TaN. Under the same conditions-TaN was observed to  have been performed using the scalar-relativistic LMTO-ASA
decompose t@-TaN. method® as implemented in the Tight-Binding LMTO-ASA

Density MeasurementFor the determination of the bulk density  program package of Andersen et'4lThe calculations within the
the volume of a known sample mass was measured in a heliumatomic sphere approximation (ASA) include corrections from the
gas pycnometer (AccyPyc 1330, MicromeritiéSpexpn = 9.87(2) neglect of the interstitial regions and the partial waves of higher
g/en®, pcaica = 9.886 g/cr. order®3 Interstitial spheres (E) had to be added to reduce overlap

Crystal Structure Determination and Refinements.All samples

were characterized by X-ray powder diffraction using an imaging (12) (a) Roisnel, T.; Rodriguez-Carvajal WinPLOTR yersion May 2000

plate Guinier camera (HUBER diffraction, Cuwi{ radiation, 4x Materials Science Forum, Proceedings of the 7th European Powder
15 min scans, 8< 26 < 100°). In each case, the sample was loaded Eigffacdior_‘kcor‘;er?”‘?elv %arggg)ga' ?ggi”:beRa“g Tech (P:Ub"c_atliogs
L PR : . td.: Uetikon, Switzerland, ; . odriguez-Carvajal, J.
between two polyimide foils in an aluminum cell with a rubber FULLPROF.2K version 1.6: Laborr.)atoire fm)] Brillogin: Gif-sw]'-
Yvette, France, 2000Abstract of Satellite Meeting on Powder
(11) Webb P. A.; Orr, CAnalytical Methods in Fine Particle Technolagy Diffraction; Congress of the International Union of Crystallography:
Micromeritics Intruments Corp.: Norcross, GA, 1997. Toulouse, France, 1990; p 127.
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10000 T T T T N(2s,2p,3d), and E(1s,2p) LMTOs; Sc(4p), N(3d), and E(2p) were
90001 ] downfolded!s
8000 ] Crystal orbital Hamiltonian populations (COHPSs) were calculated
7000 4 ] according to the literatut with a special module implemented
g 6000 ] b into the TB-LMTO-ASA program packagé.The basis set was
2 5000 ] slightly modified compared to the standard LMTO calculation: as
K22 | | recommended the empty orbitals were not explicitly included but
2 40007 ] all downfolded.
g 3000+ Within the TB-LMTO-ASA code a three-dimensional ma()
£ 2000 of the electron localization function (EL¥)was evaluated using
1000 -f*= e ‘l ma— all orbitals (i.e., core and valence orbitals) of the converged solution.
olA l t | ——v In the density functional approach, this real-space quantity depends
1000 ] { : ' . ' . ' . on the local excess of kinetic energy density due to the Pauli
20 40 60 80 100 principle (Pauli kinetic energy density) relative to a uniform
2 Theta (deg) distribution!® Applying the topological procedure proposed by
Bader for the electron densitythe whole field;(r) can be divided
8000 r T T T T into the basins of core attractors, bonding attractors, and nonbonding
7000 ] attractors. Topological analysis gfr) was performed with the
1 program system TopA®. Further information on the calculation,
6000 ] interpretation, and application is given in the literatg#e
& 5000+ . .
‘g 4000 ) ] Results and Discussion
f‘;’, 3000+ ' 7 ScTaN was obtained by high-temperature treatment of
‘3 2000 . - mixed fine powders 0d-ScN and TaNs or e-TaN, respec-
£ 1000.] ] tively; the latter phase formed from in situ thermal decom-
- 0. i ' position of the binary tantalum(V) nitride. No indications
1 L L L for a nitrogen-deficient phase could be found, but the unit
-1000 e cell parameters refined for ScTaldre nearly identical to

20 40 60 80 ' 1(IJO ' 150 ' 1:10 ' 160
2 Theta (deg)

Figure 1. (a, top) X-ray (Cu K, radiation) and (b, bottom) neutroa €
179.609(4) pm) powder diffraction diagram of ScTafWhe measured data

those reported for ScTaN.” The solid solubility of ScN in
the hexagonal-TaN** appears to be small within the stability
region of this phase up t®6 = 2000 K in a N atmosphere.
Above this temperature TaN decomposes to forfiTaN?®

are plotted as points, the continuous line represents the calculated profile, nder the applied conditions. and at approximately the same
and the lower line shows the difference between the calculated and observe({'l !

intensities. The marks below the data indicate the positions of the reflections. t€Mperature, ScTaNdecomposes intd-ScN (Se-TaN),

Table 2. Profile Refinement Parameters for ScTaN

B-TaN, and N.. In an argon atmosphere this decomposition
already starts at abotit= 1250 K. Combined thermogravi-

X-ray data neutron data metric and differential thermal analyses (TG/DTA) on
space group? P6/mmg No. 194, 2 ScTaN in a nitrogen atmosphere did not reveal any phase
aépm)), Guinier 1?6%56-%2((?6)) transition or significant weight change up To= 1850 K.
c(pm . . .

V (10 prif) 85.33 TG/DTA in an oxygen atmosphere (Figure 2) shows only a
a(pm), Rietveld 305.343(6)

¢ (pm) 1056.42(1) (13) Andersen, O. KPhys. Re. B 1975 12, 3060.

wavelength (pm) Cu K, 179.609(4) (14) Jepsen, O.; Burkhardt, A.; Andersen, O.Tke program TB-LMTO-

20 range (deg) 1698 14-156 ASA version 4.7; Max-Planck-Institut fUFestkaoperforschung: Stut-
step size (deg) 0.005 0.078 tgart, Germany, 1999.

no. of params refined 33 (15) Lamprecht, W. R. L.; Andersen, O. Rhys. Re. B 1986 34, 2439.

no. of structural params 8 (16) Dronskowski, R.; Blohl, P. E.J. Phys. Chem1993 97, 8617.

22 1.55 0.94 (17) Boucher, F.; Jepsen, O.; Andersen, OSKpplement to the TB-LMTO-
reliability valuesRgragd Re 0.061/0.047 0.042/0.032 ASA V 4.7 programMax-Planck-Institut fu Festkoperforschung:

a Allowed to vary in the refinement.

Table 3. Positional and Isotropic Displacement Parameters for SeTaN

Stuttgart, Germany, 1996.

(18) Becke, A. D.; Edgecombe, K. B. Chem. Phys199Q 92, 5397.

(19) Savin, A,; Jepsen, O.; Flad, H. J.; Andersen, O. K.; Preuss, H.; von
Schnering, H. GAngew. Chem., Int. Ed. Engl992 31, 187.

(20) Bader, R. F. WAtoms in Molecules: A Quantum Thep@xford

) B University Press: Oxford, 1990.
atom site X y z occ (1074 pnrR) (21) Wagner, F. RProgram system TopAn for topological analysis of scalar
%iga gg 1/2 2/2 3/3 %%27%?%00%74 ggggg :éctioffflg:ld%rggdgn Mgg;nlilglr?;kélgggut fu Chemische Physik fester
N 4 13 23 01231(2) 1 0.31(4) (22) Savin, A.; Nesper, R.; Wengert, S:;98&r, T. FAngew. Chem., Int.

of the atomic spheres. Radii used wefBc)= 148.6 pmy(Ta)=
146.0 pm,r(N) = 105.4 pmr(E1l) = 72.3 pm, and(E2) = 71.1

pm. The basis set consisted of the Sc(4s,4p,3d), Ta(6s,6p,5d),
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Ed. Engl 1997 36, 1808.

(23) Wagner, F. R.; Kohout, M. Scientific ELF Homepage. http://
www.cpfs.mpg.de/ ELF.

(24) (a) Brauer, G.; Zapp, K. HZ. Anorg. Allg. Chem1954 277, 129. (b)
Brauer, G.; Killian, W.Z. Anorg. Allg. Chem1979 452, 17.

(25) Conroy, L. E.; Ngrlund Christensen, A. Solid State Chenl977,
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) ) ) ) ) Figure 3. Part of the crystal structure of ScTaMith alternating layers
Figure 2. TG/DTA diagram of the reaction of ScTalWith O; (heating of edge-sharing trigonal Ta) prisms and edge-sharing Sghbctahedra.
rate 10 K/min). For comparison sections of the crystal structured-8cN ands-TaN are

. . ) ) depicted on the right side.
slight weight increase up to abotlit= 800 K. Above this

temperature oxidation accelerates, leading to a weight alternating slabs of these two binar@3his fact is illustrated
increase oAm/m = 0.141, consistent with the formation of in Figure 3. The small homogeneity region observed corre-
ScTaQ, as observed in the subsequent powder X-ray sponds to a small degree of anti-site defects as has been
diffraction patterns (wolframite structure typ€)This step  concluded from the joint refinement of X-ray and neutron
in the TG curve is accompanied by a strongly exothermic gjffraction patterns (see Table 3). Chemical analyses and the
signal in the DTA curve witilonse= 873 K, a considerably  refinement of the powder pattern lead to atomic rati®c)/
lower temperature compared with the oxidation temperature n(Ta) of 0.93(1) and 0.92(1), respectively. The excess of Ta

of 5—SchL_md<_ar the.sf(]a contlz:ition§0(13et%f970 K). o s o Might be explained by the use of Ta crucibles during
In combination with small amounts of rare-earth metals a preparation. A similar formation of anti-site defects up to a

tstalblllzat;on of thte hlgh-temperatétrje tr?ck-ssalt—tyg%'aNt level of about 15% was observed for, e. g., LiMoR The
oobsoev:\?er tﬁ?fz?r?altji:)enso\;‘v%s;srisgirc #asgr Oﬁ ;’;]/2 o':her;cilan d crystal structure of ScTalNshows an interesting relation to
P . ‘that of TaNs = (Tad)°YTas)"Ns (O denotes a vacancy on

the homogeneity range between cudiScN (rock-salt-type . .
. . . an octahedral site, the superscript oc means octahedrally
crystal structure) and $GTaN is quite considerablex(10 : : : . .
coordinated, and the superscript tp means trigonally prismati-

mol % at 1820 K). The unit cell parameters of the solid ! . . .
0 ) P cally coordinated}}? representing a defect variant with

solutions in thermal equilibrium with ScTaNecrease with . h h Vol il
increasing temperature, due to increasing solubility for Ta Ordéred vacancy positions at the octahedral voids. A similar

from a = 449.84(5) pm fo-ScN (& = 0) to a = 446.30(5) correlation can be seen with 1LiTas+«N4 (with x = 0,
pm for x = 0.10 (see Table 1). Compared to the unit cell LiTaNs) and Mg-xTa:Ns (with x = 0, MgTaN3),? which
parameter of cubia-TaN of a = 436 pm?’ this steep ~ Can be related to (kb Tay"")°(Ta*")*N, and (Mgys*'-

decrease of the volume withmeans a negative deviation 1aus™")°(Ta")"No, respectively.

from Vegard's law and, thus, already indicates the formation ~The atomic arrangement of StaPN, is identical to

of the ternary phase ScTaN the arrangements in, e.g., Bae"N,,3® S-RbPSO,,3
ScTaN crystallizes hexagonally in the space group Li°NbPO,,3% and 3-S©°Crt*C,.36 While for Nb**(4cP) the

P6s/mmc The crystal structure can be described from the formation of trigonal prismatic coordination may be reasoned

viewpoint of close-packed metal atoms in an ordered,(hc) as discussed below, large Band Rb ions are often found

layered arrangement (Jagodzinski'yckoff notation) with  to prefer trigonal prismatic coordination in contrast to the

occupation of pairs of face-sharing octahedrgStaby N°-, smaller ions of groups 1 and 2 of the PSE. The crystal

which in turn share edges. Perhaps preferably, the crystalstryctures under consideration can be compared using two

structure may be described as stacking of close-packed layers,arameters, the/a ratio and thez-parameter of the Wyckoff

of the large N~ species with the metal atoms in octahedral position 4f (elements N, O, and C). The crystal structure of

(Sc) and trigonal prismatic (Ta) voids. In the latter description e acetylide is restricted by the formation of iBns and,

stacking along thec-axis takes place with the sequence

-.AbAyBaBy... (A and B denote Close'paCked layers of N, (29) ParthieE. Elements of Inorganic Structural ChemistBige: Leipzig,

a and b denote Ta, anddenotes Sc). As in the cubdcScN Germany, 1990. _ _

and hexagonab-TaN (WC structure typé}? the metal (30) g.l;d%ris?dhP;e&?:rr%eLrhAMgngg’zin,Jé'zg.anse’ J. B.; Guyomard,

atoms are coordinated octahedrally and trigonally prismati- (31) Fontbonne, A.; Gilles, J. Rev. Int. Hautes Temp. Refract969 6,

cally, respectively. Thus, the formation of the crystal structure 181. _

of ScTaN can be described as an intergrowth structure of %2 &) S1es. 20, 7 Joad. Scl968 166 546. (b) Vend, AMonatsh.

(33) Seeger, O; Sthi?e, J.Z. Naturforsch 1994 49h, 1169.

(26) Rooksby, H. P.; White, E. A. DActa Crystallogr.1963 16, 888. (34) Wiench, H.; Brachtel, G.; Hoppe, R. Anorg. Allg. Cheml977, 436,
(27) Gatterer, J.; Dufek, G.; Ettmayer, P.; Kieffer,A&tta Crystallogr., A 169.
1975 31, 99. (35) Meyer, G.; Hoppe, RJ. Less-Common Me1976 46, 55.
(28) Gatterer, J.; Dufek, G.; Ettmayer, P.; Kieffer,Monatsh. Cheml975 (36) Padtgen, R.; Witte, A. M.; Jeitschko, W.; Ebel, J. Solid State Chem
106, 1137. 1995 119, 324.
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Table 4. Selected Distances (pm) and Angles (deg) in ScTaN

Sc-N  219.1(1) x6 N-Sc-N 88.36(4) 91.64(9) 180
Ta-N 2215(1) x6 N-Ta—N 74.50(9) 87.16(4) 133.09(9)

thus, by comparably short distana#{€—C). This leads to
different relations of compressed trigonal Ggeprisms and
elongated Scgz-octahedra i-ScCrG (z= 0.1627,c/la=
2.83), while in BaCel as the other extreme, the trigonal
BaNg/s-prisms are elongated along [001] and the GeN
octahedra are somewhat compressed (0.097). Interest-
ingly, compounds such as &4 %*C°¢ (Cr,Al ,.C;) and \LPPCee
crystallize in an anti-type arrangement of this crystal structure
with small parameterg < 0.1 (c/a = 4.48, 3.55, respec-
tively)3738 and, thus, elongated trigonal prisms. It is also
noteworthy that ScTafthe reaction product of ScTaMith
O,, can also be described in terms of alternating layers of
polyhedra Sc@and Ta®Og (condensed to infinite chains),
but both metal atoms are in octahedral coordination (wol-
framite structure type’®

The structural arrangement of ScTadVoids face-sharing
of coordination polyhedra of the metal atoms. Similar layered
crystal structures are known from ternary transition-metal
molybdenum/tungsten nitrides, e.g., Fe¥¥Nvith tungsten
in trigonal prisms, but typically face-sharing polyhedra, or
MnMoN, and3-MnWN23*“%with structural models proposed
to be basically identical with that of ScTaNrhe structural

relationships between different arrangements of layers of

Niewa et al.
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Figure 4. Magnetic susceptibility of ScTat different fields as a function
of temperature. Minor ferromagnetic impuritie3c( > 400 K) were
eliminated by extrapolation gf(H) to 1H — o using the two measurements
at high fields.

400

comparison of the volumes of the different polyhedra in
ScTaN and the relevant binary phases: the trigonal prism
TaNs has a volume of 10.8% 10 pm?® in ScTaN nearly
identical to 10.77x 10° pm? in #-TaN, while the volume of
the octahedron SciNwith 14.01 x 10° pm? is significantly
smaller than 15.1% 1 pn? in 6-ScN. This finding may
result from the anti-sites’ disorder as well as the higher Ta
content compared with the ideal composition.
The magnetic susceptibility = M/H of ScTaN for high

edge-sharing octahedra alternating with various layers of magnetic fields is displayed in Figure 4. Fbr 100 K the

different kinds are directly evident: the additional layers
comprise edge-sharing trigonal prisms in theRbScQ
structure type (ScTal), edge-sharing octahedra in the
a-NaFeQ structure type (Na[Taly, Ca[TaNyj),®* and
linearly coordinated ions in the delafossite structure type
(Cu[TaN]).

Distancesd(Sc—N) = 219.1(1) pm andd(Ta—N) =
221.5(1) pm in ScTaNare similar to those id-ScN with
d(Sc—N) = 225.6 pm! and®-TaN with d(Ta—N) = 222.6
pm?428interestingly, the distance relation is reversed (see
Table 4). The Tabs layer is somewhat expanded, leading
to slightly longer distancesl(Ta—Ta) = 305.34(3) pm
compared to those ifi-TaN (d(Ta—Ta) = 293.1 pm). The
reason is found in the match with the SgNayers: The
distanced(Sc—Sc)= 305.34(3) pm is compressed compared
to the corresponding distancedrScN d(Sc—Sc)= 314.0
pm). The distancd(N—N) = 268.1(3) pm within the trigonal
prisms along the-axis is comparably short for N in close-

susceptibility is only weakly temperature and field dependent.
The upturn ofy(T) toward lowT is due to minor paramag-
netic impurities (corresponding to a molar fraction®f
1/2 species oke = 0.0023). The weak dependence on the
external magnetic field is explained by traces of ferromag-
netic impurities withTc > 400 K (corresponding to a mass
fraction of Fe metalmed/m < 2 x 1079). Extrapolation of
x(T, H) for 1/H — 0 yields corrected values fdr> 100 K.
At T = 300 K the corrected susceptibility js= —55(5) x
10°® emu/mol, roughly consistent with the sum of the
diamagnetic incremerftsof (—6 — 14 — 2 x 12) x 1076
emu/mol, where for & a value of—12 x 106 emu/mol
has been adopted from the value fot-O

The electrical resistivity(T) (see Figure 5) of ScTaNs
large (on the order of 16 Q cm) and increases strongly
with increasing temperature. Therefore, ScTaMy repre-
sent a semimetal, or despite the observed temperature
dependence, from the order of magnitudeo@F), ScTaN

packed arrangements, but significantly larger than the shortestcan be classified to represent a semiconductor with a small

distanced(N—N) = 256 pm known so far within a trigonal
prism coordinating M®" in LiMoN 3% Noteworthy is a

(37) Jeitschko, W.; Nowotny, H.; Benesovsky, Monatsh. Chem1963
94, 672.

(38) Boller, H.; Nowotny, HMonatsh. Chem1968 99, 672.

(39) Bem, D. S.; Lampe-finerud, C. M.; Olsen, H. P.; zur Loye, H.-C.
Inorg. Chem 1996 35, 581.

(40) Houmes, J. D.; Bem, D. S.; zur Loye, H.-C.Govalent Ceramics II:
Non-OxidesMRS Symposium Proceeding, Boston, MA, 1993; Barron,
A. R., Fischman, G. S., Fury, M. A,, Hepp, A. F., Eds.; MRS:
Pittsburgh, Pennsylvania, Vol. 327, p 153.

(41) a) Friederich, E.; Sittig, LZ. Anorg. Allg. Chem1925 143 293. (b)
Niewa, R.; Zherebtsov, D. A.; Kirchner, M.; Schmidt, M. Manuscript
in preparation.
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gap and a strong contribution from defects giving some
electrical conductivity. Both interpretations are consistent
with the results of the electronic structure calculation, the
level of anti-site defects observed in the crystal structure
refinement, and the homogeneity range of the phase.

The calculated total DOS for the valence electrons consists
of three separate groups of structures (Figure 6): at the
bottom of the valence bands (at aboutl[7.5 eV,—14.5
eV], relative toEf) the majority of N(2s) states are found

(42) Landolt-Banstein Springer: Berlin, 1984; Neue Serie, Band 12,
Suppl. 4a.
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Figure 5. Electrical resistivity of ScTalas a function of temperature. A
typical geometry factor error is a factor of 2.

Figure 6. Total DOS and DOS projections for ScTaN

(feature A). The broad feature at8.5 eV,—3 eV] can be
attributed to the majority of N(2p) states with covalent
mixing of Sc(3d) and Ta(5d) (feature B). The DOS feature
at [-3 eV, Ef] consists of Ta(5d) states with admixtures of
N(2p) states (feature C). In our calculations no true band

Figure 7. COHPE) and ICOHPE) diagrams for selected interactions
Sc—N (top), Ta-N (middle), and Ta-Ta (bottom) in ScTai

binary 9-TaN, where the distancé(Ta—Ta) = 294 pm is
shorter thard(Ta—Ta) = 305 pm in ScTai
The spatial organization of the metahetal bond was

gap but a pseudogap occurs with some states remaining a.§tudied using the real space quantity ELF. As can be seen

Er, indicating a semimetallic state. As the LDA is known to

in Figure 8, the topology of the(r) field for ScTaN shows

give too small band gaps, we could accept that the compound?® significant trigonal structuring of the outer core shell (i.e.,

is a semiconductor in reality, consistent with the physical
property measurement results discussed above.

The bonding picture emerging from DOS projections is
corroborated by COHP calculations (Figure 7): COHP{Sc
N) gives the typical behavior for partially covalent/ionic
interactions between a closed shell (formally~Nnitride
species and a formally Scspecies. All the available bonding
states (coinciding with DOS feature B) are filled, and the
corresponding antibonding ones just start abBveCOHP-
(Ta—N) behaves similarly in the energy region of DOS
feature B, but in DOS region C Ta(5¢N(2p) antibonding
interactions occur. This behavior is generally expected for
formal c®-Ta®™—N3~ interactions since the remaining Ta-

(5d) electrons must lead to such contributions. Because Ta.
has available itinerant d electrons, it can be expected that
these do not form only antibonding interactions, and indeed,

significant Ta-Ta bonding interactions occur within each
Ta plane. In fact, this is a situation very similar to that of

fifth shell) of Ta whose three in-plane attractors point in the
direction of the three “empty” neighboring trigonal prisms.
In the valence region, at the center of each empty trigonal
prism ELF displays an attracton & 0.63), which forms a
trisynaptic basin (i.e., it is directly attached to three Ta cores).
The specific arrangement of the trisynaptic basins and the
consistent orientation of the significant structuring of the Ta
fifth atomic shell indicates a direct participation of Ta fifth
shell electron® in Ta—Ta bonding. Thus, the seemingly
empty trigonal prisms are in fact the place of those important
Ta—Ta interactions. Each Ta atom has six equidistant
homoatomic neighborsi(Ta—Ta) = 305 pm) within (001).
Instead of six two-center bonds per Ta atom, ELF points to
the formation of three three-center bonds per Ta. Interest-
ingly, we find the same behavior of ELF for several other
compounds with a similar partial structure and a forntal d

(43) Kohout, M.; Wagner, F. R.; Grin, Y'lheor. Chem. Ac002 108
150.
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only bands which are crossing the Fermi level in connection
with dispersion perpendicular to the hexagonal plane, for WC
bands with dispersion within the plane and crosdtiagre
present. Moreover, MaS$s even a semiconductor and shows
the same metalmetal three-center bonding pattern in ELF
as WC, 9-TaN, and ScTal Thus, we found a robust
bonding feature characteristic for these compounds, irrespec-
tive of the detailed electronic situation closeBEp and the
corresponding electronic conductivity.

In summery, we have obtained a new ternary layered
nitride with in-plane Ta-Ta three-center bonding interactions
governing the crystal structure. As nitrides generally show
smaller band gaps compared to, e.g., oxides, despite an ionic
description of S&Ta**(N%"),, a clear distinction between
semimetallic and semiconducting behavior is not possible,
neither experimentally nor by electronic structure calcula-
tions. Detailed investigations in related ternary rare-earth-
metal-transition-metatnitride systems are forthcoming to
gain deeper insight.
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