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The ternary transition-metal arsenidedRHAs has been prepared through reaction of the elements, and its structure
has been determined by single-crystal X-ray diffraction methods. It adopts a new structure type (Pearson symbol
hP51, hexagonal, space gro®6, Z = 3), with unit cell parametera = 16.6955(6) ana = 3.5582(1) A. The
structure contains assemblies of As-centered trigonal prisms that extend as triangular columns through sharing of
the triangular faces. Not only does daAs extend a family of hexagonal structures with general formula
Mn2tant2Xn24nY to n = 4, the highest member known thus far, but it also displays the unique feature in which
there are two distinct types of triangular columns, one having corner atoms (Pd) different from the other atoms
(NDb). Structural relationships between members of the M 2X2Y family are presented. The chemical bonding

in NbgPdAs was analyzed through an extendedckiel band structure calculation.

Introduction Our primary interest is in the metal-rich regions of the ternary
systems (Zr, Hf, Nb, Ta)(Ni, Pd, Pt-(P, As, Sb) The
systems containing a group 4 metal have been studied fairly
comprehensively, although compounds with new structure types
such as ZgNioP4,10 HfsNiPs, 1t MaPdiPs (M = Zr, Hf),*2 and
MsPdbP; (M = Zr, Hf)* are still being found. The systems
containing a group 5 metal have been most well studied in
conjunction with Ni. There are thirteen compounds found in
the (Nb, Ta)-Ni—P system and three compounds in the (Nb,
Ta)—Ni—As systent. All of them are metal-rich, containing
substantial metatmetal bonding in their structures but noPn

Binary transition metatpnicogen (M-Pn) compounds have
been studied extensively and can be classified into pnicogen-
rich or metal-rich phasés? The structures of most pnicogen-
rich phases, which may involve substantial nonmetainmetal
bonding in nonclassical patterns, can be interpreted surprisingly
well by the simple Zintl conceptOur understanding of metal-
rich phases remains poor, although it is apparent that homo-
atomic metat-metal bonding, in addition to the strong metal
pnicogen bonding component, plays an important role in
stabilizing these compounds.

There is now a growing body of examples of ternary pnictides

(4) (@) MsPdiP; (M = Zr, Hf), HfPdSb, NBPdPs: Wang, M.; McDonald,

containing two transition metals. For combinations of early (EM)
and late transition metals (LM), the vast majority of these
contain Ni4 In pnicogen-rich ternary compounds such as
MNiPn, (M = Zr, Hf; Pn= P, As)#adordered structures are
observed because EM and LM prefer different coordination
environments; the same principle is operative in the structures
of many ternary chalcogenidesr halides® In metal-rich ternary
compounds, such as AdP; or MsPhP; (M = Zr, Hf),4ab
metal-metal interactions become increasingly important so that
ordered structures are equally found, not only because of the
different coordination preferences, but also because of the drive
to maximize the Lewis acidbase stabilization derived from
strong heteroatomic EMLM interactions (involving donation

of electron density to EM from LMY, which can be supple-
mented by homoatomic EMEM and LM—LM interactions as
well. For combinations of two EM, it might not be thought that
new structure types or ordered structures would result from
metals with similar coordination preferences. Nevertheless, such
compounds as ZuNb, 5P+ adopt structures not found in the
corresponding binary phases and display differential fractional
site occupancy (DFSO).

R.; Mar, A.Inorg. Chem200Q 39, 4936. MNiyP; (M = Zr, Hf, Nb,
Ta): see references therein. (b)s®&P; (M = Zr, Hf), ZrPdAs,
ZrPdSb: Heerdmann, A.; Johrendt, D.; Mewis, A. Anorg. Allg.
Chem.200Q 626, 1393. (c) ZrNiAs, HfNiAs: Kleinke, H.; Franzen,
H. F. Z. Anorg. Allg. Chem.1998 624, 51. (d) ZrNp.5ASy,
HfNig 7sAs,: El Ghadraoui, E. H.; Pivan, J. Y.; Grie, R. J. Less-
Common Met1988 136, 303. (e) ZsNiAsy: El Ghadraoui, E. H.;
Pivan, J. Y.; Gluen, R.; Sergent, MMater. Res. Bull1988 23, 891.
(f) ZrNisAsp, HfNisAs,: Pivan, J. Y.; Guen, R.; El Ghadraoui, E.
H.; Rafig, M. J. Less-Common Mel989 153 285. (g) ZeNizAss,
Hf,NizAss: El Ghadraoui, E. H.; Pivan, J. Y.; Gre, R.; Padiou, J.;
Sergent, M.J. Less-Common Metl985 105 187. (h) NbNiAs,
TaNiAs: Rundgvist, S.; Tansuriwongs, Rcta Chem. Scand.967,
21, 813. (i) NbNiAs: El Ghadraoui, E. H.; Gue, R.; Padiou, J.;
Sergent, MC. R. Seances Acad. Sci., SetIB3 296, 617. (j) ZrNiSb,
HfNiSb: Kleinke, H.Z. Anorg. Allg. Chem1998 624, 1272. (k)
ZrNi,Sb, HfNpSb: Dwight, A. E.Mater. Res. Bull1987, 22, 201.
() ZrsNiShs: Garcia, E.; Corbett, J. Dnorg. Chem199Q 29, 3274.
(m) ZrsNipsShys: Kwon, Y.-U.; Sevov, S. C.; Corbett, J. EZhem.
Mater.199Q 2, 550. (n) ZgNisShy, Hf3NisShy, ZrsPt:Shi: Wang, M.;
McDonald, R.; Mar, A.Inorg. Chem.1999 38, 3435. (0) ZgNiShy,
HfsNiSh,: Melnyk, G.; Bauer, E.; Rogl, P.; Skolozdra, R.; Seidl, E.
J. Alloys Compd200Q 296, 235. (p) HENiShs: Rieger, W.; Parthe
E. Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chéi968
24, 456. (q) HENi1—«Shy+x: Kleinke, H.J. Alloys Compd1998 270,
136. (r) HioNixShs—x: Kleinke, H.; Ruckert, C.; Felser, GEur. J.
Inorg. Chem200Q 315. (s) NBgNizzsShi,s Wang, M.; Mar, A.J.
Solid State Chemin press.
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Pn bonding (except in NbN§ TaNiP, and NbNiAs,* pos- Table 1. Crystallographic Data for NIPdAs

sessing the UMogtype structure, which have weak2.79 A fw 1467.03 T=22°C

P-P or ~2.95 A As—As bonds). Recently discovered space grouiCy, — P6 (No. 174) 4 =0.71073 A
Nb,gNiz3z5Shio s is the first compound found in the (Nb, Ta) a=16.6955(6) A Pealca= 8.508 g cnm®

Ni—Sb systents To our knowledge, so far NBd,Ps*2has been c=3.5582(1) A ¢ (Mo Ko)= 302.01 cm*

the only compound found in the (Nb, FaPd—(P, As, Sb) V= 858.93(5) A R(F) for Fo? > 20(F,%) = 0.033
systems, and none has been found in the (Nb—Pa&)y(P, z=3 Ru(Fo) = 0.073

As, Sb) systems. 2 Obtained from a refinement constrained so that b, o = =

Reported here are the preparation, structure, bonding, and90°F' ?“‘;V =F142(3’2._bR£|1:)_= ZZHF':OZ' ;'Fé”(gg(')';c"-;ﬁé':é)g;[Z[V‘ﬁ':oz
resistivity of NbPdAs, the first compound found in the (Nb, p =°[2;]a§(\|':v02° ]0) '+W2F 2]_/3[0( o) + . ) ‘ P, where
Ta)—Pd-As systems. Like many other ternary pnictides, ’ h
pnicogen-centered trigonal prisms serve as the building blocks, Table 2. Positional and Equivalent Isotropic Displacement
but the arrangement is quite unusual ingRBAs, and its Parameters for NPdAs

structure type, which is new, belongs to a missing member of Wyckoff
a family of hexagonal structures with the general formula atom position X y z  Ug(A?a
M2 ant2Xr2nY .12 Nb(1) % 0.31536(10) 0.20192(9) Y, 0.0030(3)
Nb(2) X 0.35787(9) 0.02973(9) Y, 0.0037(3)
Experimental Section Nb(3) X 0.53364(9)  0.24556(9) Y, 0.0033(3)
o ) ) i Nb(4) X 0.57828(10) 0.07225(10) ¥, 0.0032(3)
$yn_the5|s_.B|nary NbAs was first prepared by the direct reaction of Nb(5) 3 0.07269(10) 0.49636(10) O  0.0029(3)
stoichiometric amounts of the elemental powders (Nb, 99.8%, Cerac; Np(6) 3 0.11658(9) 0.31844(9) 0  0.0036(3)
As, 99.99%, Alfa-Aesar) in an evacuated fused-silica tube heated at Nb(7) 3 0.13091(9) 0.12059(9) 0 0.0065(3)
500 °C for 2 days and 1000C for 3 days. A 0.25 g mixture of Pd Nb(8) 3 0.28785(9) 0.53367(9) 0  0.0025(3)
(99.95%, Alfa-Aesar) and NbAs in a 1:1 molar ratio was pressed into Nb(9) 3 0.32442(9) 0.35451(9) 0 0.0028(3)
a pellet and arc-melted in a Centorr 5TA tri-arc furnace under argon Pd K 0.01025(8)  0.15826(8) > 0.0095(2)
(gettered by melting a titanium pellet). Some needle-shaped crystals As(1) X 0.15675(11) 0.44785(11) Y/,  0.0031(3)
were found which contained all three elements on the basis of EDX AS(2) X 0.19388(11)  0.26140(10) 1/2 0.0034(3)
(energy-dispersive X-ray) analysis on a Hitachi S-2700 scanning AS(3) X 0.37261(11)  0.48689(11) */> ~ 0.0028(3)
electron microscope. Because these crystals were rather small, insuf- ﬁzggg g 8212?883 8%532883 8 8882?8;
ficient X-ray dlffractlon intensity prevented sgtls_factory completion of _ As(6) 3 0.48934(10) 0.11474(10) O  0.0039(3)
a structure refinement. Nevertheless, a preliminary structure determi- As(7) 1e 2y Y, 0 0.0037(6)
nation suggested two reasonable possibilities for the composition, As(8) ud Y, 2, 1,  0.0026(6)
“Nb27PCkA521 (NbgPdAS)” or “Nb 24PC%A321 (NbsPCbASﬂ”. As(g) 1 0 0 1/2 00065(5)
To promote better crystal growth, a few grains of iodine were added a ) ) . )
in two reactions of Nb, Pd, and As in 27:3:21 and 24:6:24 molar ratios Ueqis defined as one-third of the trace of the orthogonalizgd

carried out in fused-silica tubes in a two-zone furnace heated in a €"SOr-

temperature gradient of 1000/10%0 (charge _in cool zqne) for3days. \ere processed, and face-indexed numerical absorption corrections were
Both reactions now gave larger crystals which contained 56% Nb, 4% applied in XPREP

Pd, and 40% As (average of 11 crystals), as determined from EDX " pqqqipne space groups to be considered were those in Laue class

analysis. One of these crystals was chosen for the ultimate structureg,, The centrosymmetric space groBy/mwas chosen first because
determination. o ) it is the most common one adopted by many related hexagonal structures
Finally, the three reactions (i) 27 Nb 3 Pd+ 21 As, (ii) 24 Nb+ built of centered trigonal prisms. A model determined by direct methods
6 Pd+ 21 As, and (iii) 30 Nb+ 21 As were carried out in alumina  ¢qy|d be refined with well-behaved anisotropic displacement parameters
tubes jacketed by fused-silica tubes heated at 2@fbr 3 days. On for all atoms, but only t&R(F) = 0.12. The sites at (0, 0/,) and (0,
the basis of X-ray powder diffraction patterns obtained on an Enraf- 0, ¥,) are partially occupied by As atoms, each coordinated by nine
Nonius FR552 Guinier camera (Cwifradiation), reaction i produced (symmetry equivalent) metal atoms in a tricapped trigonal prism.
the desired hexagonal phase essentially quantitatively, reaction ii gacause the distance between these sites is 1.7791(1) A, equal to half
produced the desired hexagonal phase and other binary phases, ange ¢ parameter, the occupancy must be 50% (or less) to preclude
reaction iii produced only binary NbAs and ;. The EDX analysis, unreasonable AsAs contacts. On a local level, when an As atom
the results of these reactions, and the single-crystal structure determi-occupieS one of these sites, the three neighboring metal atoms capping
nation strongly suppor_t the conclusion that the correct composition of the trigonal prism (i.e., “waist contact” atoms) are displaced away,
the hexagonal phase is ¥BtAs,: (or NbPdAs) and that it is not whereas the six metal atoms at the corners of the trigonal prism move
another new binary NbAs phase. closer to attain reasonable met#ls bond distances. An additional
Structure Determination. Weissenberg photography confirmed the  disorder is thus introduced in which the position of the metal atoms
singularity of the selected needle-shaped crystal and gave preliminaryforming the tricapped trigonal prism is split into two closely spaced
cell parameters. X-ray diffraction data were collected on a Bruker sjtes, each occupied at 50%, as is frequently observed in related
Platform/SMART 1000 CCD diffractometer at room temperature (22 stryctures, such as GP;.1°
°C) usingw scans (0.2 in the range 2.82=< 26 (Mo Ka) =< 65.14. In space groupP6y/m, the symmetry equivalence of (0, &)
Final cell parameters were refined from least-squares analysis of 3161and (0, 0.3/,) (Wyckoff position 2) obliges the occupying As atoms
reflections. Crystal data and further details of the data collection are 1o pe disordered over these sites. Transformation to the lower
given in Table 1. All calculations were carried out with use of the symmetry space grou6 (through the groupsubgroup relation
SHELXTL (version 5.1) packag®. Conventional atomic scattering 6, 12,0rigin shift+0,0,1/4

. . : : P6) allows an ordered model to be proposed
fact d lous d tl Ydptd dat . -
actors and anomalous dispersion corrections were tisaténsity data because the As atoms can fully occupy either (0, 0, 0) (Wyckoff position

12 Enastron. 1. Acta Ch Scand 965 19, 1924. (b) Hvde. B. G.- 1a) or (0, 0,%/,) (Wyckoff position b), which are independent sites. It
(12) ;g?;\)de?sgssornm'slr'\orcg:nic grrg.sta(l:%r:ructieslililey' N(e\zv Y)érlf' 1989, is well recognized that this space group ambiguity plagues the accurate
(13) Sheldrick G. M.SHELXTL version 5.1: Bruker Analyticél x-réy determination of many related hexagonal structdtéefinements in

Systems, Inc.: Madison, WI, 1997.
(14) International Tables for X-ray CrystallographWilson, A. J. C., Ed.; (15) Chun, H. K.; Carpenter, G. BActa Crystallogr., Sect. B: Struct.
Kluwer: Dordrecht, The Netherlands, 1992; Vol. C. Crystallogr. Cryst. Chem1979 35, 30.
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Table 3. Selected Interatomic Distances (A) for §fulAs

Nb(1)-As(4) 2.600(1) k2) Nb(6)-As(l) 2.614(1)&2)
Nb(1)-As(5) 2.629(2) k2) Nb(6)-As(2) 2.639(2) &2)
Nb(1)-As(2)  2.667(2) Nb(6yAs(4)  2.772(2)
Nb(1)-Nb(9)  3.048(2) k2) Nb(6)-Nb(2) 3.091(2) &2)
Nb(1)-Nb(7)  3.211(2) k2) Nb(6)}-Nb(9)  3.212(2)

Nb(1)-Nb(2)  3.288(2) Nb(6yNb(8)  3.289(2)
Nb(1)-Nb(3)  3.340(2) Nb(6¥Nb(5)  3.397(2)
Nb(1)-Nb(4)  3.379(2) Nb(6YNb(7)  3.429(2)
Nb(1)-Pd 3.234(2) Nb(6YPd 2.953(2) £2)

Nb(2)-As(4) 2.617(2) k2) Nb(7)-As(2) 2.707(2) &2)
Nb(2)-As(6) 2.623(1) k2) Nb(7}-As(®) 2.756(1) &2)
Nb(2)-As(1)  2.732(2) Nb(7yAs(4)  2.818(2)
Nb(2)-Nb(5)  3.029(2) «2) Nb(7)-Nb(1) 3.211(2) &2)
Nb(2)-Nb(6)  3.091(2) k2) Nb(7)-Nb(6)  3.429(2)

Nb(2)-Nb(1l)  3.288(2) Nb(7¥Nb(9)  3.616(2)

“E%—“E% ggg?gg “EE% ’;3 @) 3318% Eg Figure 1. Structure of NBPdAs viewed in projection down the axis.

Nb(2)-Pd 3'222(2) Nb(7}Pd 2.981(2) £2) The large, lightly shaded circles are Nb atoms, the medium solid circles

Nb(3)—As(6) 2:621(1) «2)  Nb(8)-As(l) 2:622(2) &«2) are Pd atoms, and the small open circles are As atoms. Atoms-at

Nb(3)-As(5)  2.626(2) k2) Nb(8)-As(3) 2.624(1) k2) 0 have thin rims and those at= Y/, have thick rims. The dashed lines

Nb(3)*AS(7) 2644(1) €<2) Nb(8)>AS(8) 2643(1) ﬁ(Z) are Nb-Nb contacts Ionger than 3.5 A

Nb(3)—Nb(2 3.320(2 Nb(8)>Nb(6 3.289(2 .

NbE3§*NbE4g 3_32222; NbEng&g 3.3058 Table 4. Extended Huakel Parameters

Nb(3)-Nb(4) 3.329(2) Nb(8FNb(5)  3.325(2) atom orbital  H; (eV) G c1 Ci2 C

Nb(3)-Nb(1)  3.340(2) Nb(8}Nb(9)  3.339(2) b s 904 189

Nb(3)-Nb(3)  3.388(2) k2) Nb(8)-Nb(8) 3.386(2) k2) 5 513 185

Nb(4)-As(5)  2.625(2) k2) Nb(9)-As(3)  2.630(1) &2) B Toon 208 06401 164 05516

Nb(4)-As(6) 2.632(2) «k2) Nb(9)-As(2) 2.635(2) k2) Pd 55 751 219 : : :

Nb(4)-As(3)  2.737(2) Nb(9yAs(5)  2.744(2) : "3 o1e

Nb(4)-Nb(9)  3.043(1) k2) Nb(9)-Nb(4) 3.043(1) &2) 43 1253 508 055 261 067

Nb(4)-Nb(5)  3.072(1) k2) Nb(9)-Nb(1) 3.048(2) &2) As 4s 1622 293 : ' '

Nb(4)-Nb(3)  3.322(2) Nb(9-Nb(6)  3.212(2) 4 1216 189

Nb(4)-Nb(3)  3.329(2) Nb(9rNb(8)  3.339(2) P ) )

Nb(4)-Nb(1)  3.379(2) Nb(9FNb(5)  3.404(2) values and are listed in Table 4. Properties were extracted from the

mgggg—xgg)) gggég; 2 Pl\(lﬁ(f\éi(ﬁ?(?) gg%g% 2 band structure using 8 points in the irreducible portion of the

Nb(G)-As(l)  2.632(2) k2) Pd-As(9) 2.561(1) Brillouin zone.

Nb(5)-As(6)  2.750(2) Pe-As(2) 2.662(2) ; ;

Nb(5)-Nb(2)  3.029(2) k2) Pd-Nb(7) 2.940(2) «2) Results and Discussion

Nb(5)-Nb(4) 3.072(1) «2) Pd-Nb(6) 2.953(2) &2) Structure. About 18 compounds have been discovered to

Nb(5)-Nb(8) ~ 3.305(2) PEND(7)  2.981(2) k2) date in the (Nb, Ta)(Ni, Pd, Pt-(P, As, Sb) systemsbut

“E%:“E% gg;g’% Eg“g% gg%i% NbgPdAg is the first ternary niobium palladium arsenide and

Nb(5)—Nb(9) 3:404(2) ' is isostructural to none of them. Its structure type is new. In

common with most ternary metal-rich phosphides and arsenides,

P6 clearly supported an ordered model in which only the (Olzg)site it is characterized by a short axis between @ An& in theunit

is occupied by the As(9) atom, which centers a tricapped trigonal prism cell (¢ = 3.5582(1) A) and uses pnicogen-centered trigonal
as mentioned earlier. Moreover, the corners of the trigonal prism, prisms as structural building blocks. A projection of the structure
assigned as Nb(7), are distinguishable from the capping atoms, assigned/iewed along the shox axis is shown in Figure 1. All atoms
as Pd. In accordance with the calculated Flack parameter of 0.45(3), gre |ocated either on= 0 (light lines) orz= Y, planes (heavy
the structure was refined as a racemic twin. lines). The As-centered trigonal prisms share corners within the

i i = dR(F.2) = ; .
_The final refinement gav&(F) = 0.0328 andR.(F,") = 0.0728, ab plane to form larger triangular assemblies and share faces
with reasonable anisotropic displacement parameters for all atoms. The

two twin domains are present at 47(2) and 53%. The final difference /0Ng thec direction to form infinite columns,[Nb;sAs;d] and
electron density map is featurelesSp&ax = 2-16,Apmin =—-199¢e m[NblzpdgAslo]. Neighboring columns are displaced relative to
A=3). The atomic positions of NPdSh were standardized with the  each other by/, €. Additional As atoms (As(9)) occupy tricapped
program STRUCTURE TIDY Final values of the positional and  trigonal prismatic sites generated along tbheaxis. The
displacement parameters are given in Table 2. Selected interatomicrepresentation in Figure 1 emphasizes the As-centered trigonal
diStanCl_aS are listed in T.able 3. Furt.her data .in the form of a C”: file pnsmatlc bu||d|ng blocks and Shows Only the me{metal
Z:g aa‘\’lz'illzkl’)'; afrsofn”?ﬁgg'gglc'::;orma“o”' and final structural amplitudes ¢ontacts that make up their edges (the dashed lines indicate Nb

Electrical Resistivity. A single crystal of dimensions 0.0250.0025 Nb contacts Ionggr than 3.5 A)' There are mets and metafl—

metal bonds within and between the columnar assemblies that

x 0.0025 cm was mounted in a two-probe configuration for an ac IS0 i b h | beli . h
resistivity measurement along the crystallograpbi¢needle) axis are also important but not shown. Along tbelirection, eac

between 2 and 300 K on a Quantum Design PPMS system equippedatom is 3.5582(1) A away from its symmetry equivalent above

with an ac-transport controller (Model 7100). A current of 0.1 mA and and below; this distance is too far to be considered bonding,

a frequency of 16 Hz were used. even for Nb atoms (the largest among Nb, Pd, and As). In the
Band Structure. A tight-binding extended Fekel band structure following discussion, we consider only those Nlb contacts

calculation was performed on MPdAs with use of the EHMACC shorter than 3.5 A to be bonding.

suite of program&$°The atomic parameters were taken from literature

(18) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem. Sod.978 100, 6093.
(16) Jeitschko, W.; Jakubowski-Ripke, @. Kristallogr. 1993 207, 69. (19) Hoffmann, RSolids and Surfaces: A Chemist’s View of Bonding in
(17) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139. Extended Structure&/CH Publishers: New York, 1988.
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{a) Fe;P (n=1)

As(7) CN6

() —O "
23
P2 =—D

As(2) CN8 As(4) CN8 As(9) CN9

Figure 2. Representative coordination polyhedra ingR8As. The
large, lightly shaded circles are Nb atoms, the medium solid circles
are Pd atoms, and the small open circles are As atoms. The broken
circles in (e) and (f) indicate a Nb atom further than 3.5 A away from
the coordination center.

While similar, the two types of columng[NbisAsig and
i[NbldegAslo], are chemically distinguishable in that Pd

atoms preferentially occupy the corners of the triaqgular assem-Figure 3. Comparison of members in the s X,z++ family, where
bly in the latter. Between.corresp.ondmg atoms in these wo transitioﬁ metal atoms M are shown a\sn shnader(]j gircles, a’nd nonmetal
types of columns, the metrical details are comparable for atoms o, metalioid atoms X, Y= Si, P, As are shown as open circles. M
in the interior, but they deviate significantly for atoms at the atoms form trigonal prisms centered by X atoms; Y atoms are found
periphery and especially at the corners. Although the interatomic along thec axis. Shown are the structures of (apFdorigin shifted
distances are generally unexceptional (Table 3), there areby (Y3, —'s —'4)), (b) CnaP; (origin shifted by (0, 0,%2)) (the
important distortions for bonds involving atoms near ¢feis. "é‘irrr:}ggZTee?r::fcgrrr:‘;%?sd"i‘%egf;gs?;éféﬂxﬁehrigg';gr:te?é %Oé‘ce)”
Representative coordination polyhedra are shown in Figure 2. - .~ 470
The Nb atoms occupy nine crystallographically inequivalent RieoSha, and (d) NaPdA (origin shifted by (0, 0.%4))
sites. They can be classified into three categories: (i) “interior”
Nb(3) and Nb(8), (ii) “peripheral” Nb(1), Nb(2), Nb(4), Nb(5),
Nb(6), and Nb(9), and (iii) “corner” Nb(7) atoms. Figure 2(a)
shows that the coordination of an “interior” atom such as Nb(3)
is anticuboctahedral (CN12), with three As atoms above, three
As atoms below, and six Nb atoms in the same plane ingn
arrangement. The slip of trﬂg{NblsAslo] and i,[Nblgpct;Aslo]
columns by?/, € causes the “peripheral” atoms to attain CN13.
Each such Nb atom is surrounded by five As atoms (arrange
in a square pyramid) and eight metal atoms, among which are
zero, one, or two Pd atoms (Figure 2¢i§§l)). Nb(9) is distinctly
different in that one of the coordinating atoms (Nb(7), plotte
as a broken circle in Figure 2(e)) is significantly further away
(3.616(2) A, shown as a dashed line in Figure 1). This arises
because Nb(7) must be displaced toward As(9) orctheis to
form reasonable Nb(PAs(9) bonds (2.756(1) A). Finally, the
“corner” Nb(7) atom itself has quite a different coordination
from the others; it is surrounded by five As, four Pd, and three
(a?rizn; drg?gfnilzt??&'igﬁltggsc;fg%gglfy dﬁg{;}ggﬁuﬁfg discovered withn = 4, having triangular column§ with the
S longest edge so far (other than= o, corresponding to the
are located at the only sites in the structure where a tetrahedralwc_type structuréy in this series. The structures with= 1
environment of As atoms is available (Figure 2(g)), which is P ) '
. . S . 2, 3, and 4 are shown in Figure 3.
consistent with the coordination preference of essentially
zerovalent palladium {d). Eight more distant Nb atoms

complete the CN12 coordination of Pd. (20) Pearson, W BThe Crystal Chemisty and Physics of Metals and
All As atoms occupy centers of trigonal prisms that have (1) rRundquist, S.; Jellinek, Facta Chem. Scand.959 13, 425.

metal atoms at the vertexes and are capped by zero to threg22) Butorina, L. N.Sa. Phys. Crystallogr. (Engl. Trans|)96Q 5, 216.

additional metal atoms on their quadrilateral faces to give CNs
ranging from 6 to 9 (Figure 2(k)(l)).

Structural Relationships. The hexagonal structure adopted
by NbyPdAs resembles those of a large family of metal-rich
compounds, generally silicides, phosphides, and arsenides,
composed of differently sized triangular columns of trigonal
prisms!2°20NbgPdAs belongs to a structural series of general
dformula Mr2+ant+2Xr2+nY, Where typically M is a transition or
rare-earth metal and X, Y are nonmetals or metallétdsl
resides at the corners of trigonal prisms, X at the center of
d trigonal prisms, and Y at the center of tricapped trigonal prisms,
octahedra, or some irregular coordination polyhedra depending
on where it is located along (0, 8). In our discussion, X and
Y are the same element (Si, P, or As). The indexdicates
the number of joined trigonal prisms along a basal edge of the
triangular columns. Previously, only the three members corre-
sponding ton = 1 (FeP-type)?! 2 (CrPr-type)ls and 3
(RhpSizztype)?2were known. NpPdAs is the first member




NbgPdAs: A Unique Arrangement

The positions of the Y atoms differ in these four structures.
For ease of comparison, origin shifts were applied so that
tricapped trigonal prismatic sites are located at (G/0,or (O,

0, ¥4) and octahedral sites at (0, 0, 0) or (0,). In FeP
(P62m),2t the two tricapped trigonal prismatic sites are crys-
tallographically inequivalent, and only one of these is occupied
by P atoms (Figure 3(a)). In GP; (P6s/m),15 the two tricapped
trigonal prismatic sites are crystallographically equivalent and
are only 50% occupied by P atoms to preclude unrealistically
short P-P contacts of1.65 A. Depending on which of these
sites is occupied on a local level, the surrounding Cr atoms will
adjust their positions so that the three capping or waist atoms
are pushed away and the six atoms at the corners of the trigonal
prism are drawn toward the P center. Thus, thefSistructure,
when refined in space grolRBs/m, is portrayed as an averaged
structure (Figure 3(b)). In RbSii3 (P6s/m),122the two octahedral
sites are crystallographically equivalent and are also only 50%
occupied by Si atoms (Figure 3(c)). Unlike the case abRx
however, there is no need for a distortion involving the positions
of Rh atoms coordinating the Si atoms because the-$h

contacts are already reasonable. More complicated situations

arise in which both the tricapped trigonal prismatic and

octahedral sites are partially occupied in a random manner, such

as occurs in RBAs7.23 In NbgPdAs (P6), only the tricapped
trigonal prismatic site at (0, 04) is occupied by As atoms
(Figure 3(d)). The difference in the capping atoms (Pd) and the
atoms at the corners of the trigonal prism (Nb(7)) of this
tricapped trigonal prismatic site is a unique feature o§PtAS.

This arrangement anchors the position of the As atom so
that an ordered structure can be refined in space group P6
As a consequence, one of the large triangular columns
1INbPckAS; (] has Pd atoms at the corners, whereas the other
columni[NbssAs;¢] does not. The extreme case mf= o in

the M2 an2Xn21nY series gives the WC structure, with C atoms
occupying the centers of half the trigonal prisms made up of
W atoms at the corners (or vice versa).

In the Mz 3h+2X 240 series, only half of the trigonal prisms
are filled, and half of the tricapped trigonal prismatic or
octahedral sites along (0, ), are filled. Filling all these sites
generates another structural series with general formula
M 232X 212Y 2,120 adopted mostly by RENi—Si phases, such
as C%Ni28i3 (n = 2), L&,NizSi"g (n = 3), La15Ni7Si10 (n = 4),
and LaiNi1;Siis (n = 5);2425 the AlB, structure § = )
corresponds to the extreme case. Whether other members o
the Muzyan+2Xn2nY series can be synthesized remains an open
question. The next largest member=€ 5), with hypothetical
formula Ms2X30Y, is worth targeting. There do exist related
hexagonal structures containing even larger triangular columns,
with six (HopoNiggP43)26 or seven (LasRhePs1)?” joined trigonal
prisms along a basal edge. They have complicated atomic
arrangements that cannot be fit into a general formula.

Bonding. There are strong metametal and metatAs but
no As—As bonding interactions in the structure. Because all
As atoms are isolated and surrounded by more electropositive
Nb atoms, they can be assigned a formal oxidation state3of
according to the Zintl concept. What to assign as an initial

(23) (a) Lambert-Andron, B.; Dhahri, E.; Chau@uP.; Madar, RJ. Less-
Common Met1985 108 353. (b) Pivan, J. Y.; Gui, R.; Sergent,
M. J. Less-Common Me1985 107, 249.

(24) Bodak, O. l.; Gladyshevskii, E. I.; Kharchenko, O.Saw. Phys.
Crystallogr. (Engl. Transl.J1974 19, 45.

(25) Prots, Yu. M.; Jeitschko, WZ. Kristallogr. Suppl.1997, 12, 137.

(26) Pivan, J.-Y.; Glin, R.; Sergent, MMater. Res. Bull1985 20, 887.

(27) Pivan, J.-Y.; Glen, R.; Pena, O.; Padiou, J.; Sergent,\hater. Res.
Bull. 1988 23, 513.
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Figure 4. Contributions of (a) Nb, (b) As, and (c) Pd (shaded regions)
fo the total density of states (DOS) (line) for falAs. See text for
discussion of regions, I, 1l , and electron count shown in (a). The
Fermi level,¢, lies at—9.5 eV, at a count of 270 eper unit cell.
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Figure 5. Temperature dependence of the resistivity along the needle
axis ¢ of a single crystal of N§PdAs.

charge for Pd is less obvious because of its closeness in
electronegativity to As; indeed, in similar cases such as
SeNizIn?® or TiNiSi,?% it can be argued that the late transition
metal (Ni) attains a negative charge. With a preponderance of
the more electropositive Nb atoms within the structure, it is
reasonable to assume that most of the electron transfer will occur
from Nb to As, and not between Pd and As. If we assum¥a d
configuration for the Pd atoms, we arrive at the formulation
[(Nb233M)o(PdP)(As®7)7]. In this crude approximation, each Nb
tom donates 2.33 valence electrons to form strong-Ab
onds. The remaining 2.67 valence electrons on each Nb atom
are then available for forming metametal bonds (mostly Nb
Nb but also some NbPd), which is consistent with the extended
network of Nb-Nb contacts of 3.029(2)3.429(2) A observed
in the structure of N§PdAs. These metatmetal bonds are
crucial in stabilizing the structure.

To analyze the bonding in more detail, the band structure of
NbgPdAs was calculated. The density of states (DOS) is plotted
in Figure 4. As expected for this metal-rich compound, there is
no band gap at the Fermi levek & —9.50 eV), which is also
consistent with the metallic behavior of BRIAS (p300= 1.17
x 1073 Q cm; psodp2 = 1.24) seen in the resistivity plot in
Figure 5. The states around the Fermi level are dominated by
Nb 4d contributions (Figure 4(a)), implying that electronic
conduction occurs largely through the extended network of
metal-metal bonded Nb atoms. The Nb 4d states are broadly
dispersed and can be roughly divided into three regions,

(28) Patgen, R.; Dronskowski, RZ. Anorg. Allg. Chem1996 622 355.
(29) Landrum, G. A.; Hoffmann, R.; Evers, J.; Boysen,lhbrg. Chem.
1998 37, 5754.
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Figure 6. Crystal orbital overlap population (COOP) curves for (a)-Mts
3.429(2) A), (c) Nb-Pd, and (d) PgAs interactions in N§PdAs.

separated by local minimal, —16.0 to—11.4 eV;ll, —11.4
to —9.5 eV;lll , above—9.5 eV. Most of the As 4p states lie
between—16.0 and—11.4 eV (Figure 4(b)), which overlaps
with regionl of the Nb 4d states. The substantial mixing of Nb
and As states in this region leads to strong—-M¥{s covalent
bonds. This expectation is confirmed by the crystal orbital
overlap population (COOP)curve in Figure 6(a), which shows
that Nb—As bonding is optimized with all bonding levels and
no antibonding levels occupied (Mulliken overlap population
(MOP) of 0.393). The NbAs bond distances of 2.600(2)
2.818(2) A in NbPdAs are similar to those in NbAg2.53—
2.82 APl and NhAs; (2.545(2)-2.752(2) A)32

Between—11 and—7 eV, the DOS is dominated by Nb 4d
states, with a local minimum near the Fermi level separating
regionsll andlll . Regionll is associated with NbNb bonding
levels and regioffil with Nb—Nb antibonding levels, as verified
by inspection of the NbNb COOP curve (Figure 6(b)). Most
of the Nb—Nb distancedetweerthe large triangular columns
(3.029(2)-3.091(2) A) are actually shorter than thoséhin
columns (3.212(2)¥3.429(2) A), notwithstanding the portrayal
in Figure 1. The intercolumn NbNb bonds are exactly
optimized, with the Nb-Nb bonding levels completely filled
and the Nb-Nb antibonding levels completely empty (solid line
in Figure 6(b)); the MOP of 0.21 represents fairly strong metal
metal interactions. The intracolumn Nblb bonds are also
nearly optimized, with only a small portion of the antibonding
levels occupied (dashed line in Figure 6(b)); the slightly smaller
MOP of 0.13 indicates weaker but still substantial metaktal
interactions. All Nb-Nb bonds found in N§PdAs are greater
than the 2.86 A bond found in elemental Nb (which also has
longer 3.30 A contactd) but are comparable to those in other
Nb-rich arsenides, such as Mis; (2.905(1)-3.487(2) A)32

The oxidation state formulation [(NB%")e(Pd?)(As®~);] sug-
gests that per unit celZ(= 3), 198 valence electrons (10 1
x 3+ 8 x 7 x 3 = 198) are needed to fill up metals
bonding levels, and the remaining 72 valence electrons (2.67
x 9 x 3 = 72) will then be used to fill up NbNb bonding
levels. This crude analysis is nicely validated by the band
structure calculation. At a count of 198 electrons, the DOS curve
is filled up to —11.39 eV, precisely at the local minimum
separating regiom (Nb—As bonding) from regionsl (Nb—
Nb bonding) andll (Nb—Nb antibonding) in the Nb d-block
(Figure 4(a)).

(30) Hughbanks, T.; Hoffmann, R.. Am. Chem. Sod.983 105 3528.
(31) Furuseth, S.; Kjekshus, Acta Crystallogr.1965 18, 320.

(32) Carlsson, B.; Rundqvist, &cta Chem. Scand.971, 25, 1972.
(33) Donohue, Jrhe Structures of the Elemen®@iley: New York, 1979.

, (b) Nb—Nb (solid line, 3.029(2)3.091(2) A; dashed line, 3.212(2)

The contribution of the Pd 4d states falls essentially in the
narrow peak below the Fermi level betweet2 and—13 eV
(Figure 4(c)), which is also consistent with th€ donfiguration
proposed in the oxidation state formulation above. The location
of Pd atoms at the corner sites, where they are coordinated in
a tetrahedral environment of As atoms, is thus understandable;
any of the other metal sites within the triangular assemblies
are of lower symmetry and would be less preferred by*% d
species. An MOP of 0.069 reveals weak heteroatomie-Rith
bonds (Figure 6(c)) of 2.940(22.981(2) A, which are longer
than the sum of Pauling single-bond radii + rpg = 1.342
+ 1.278 A= 2.620 A)34 As expected for a closed shel%
configuration for Pd, some PdAs antibonding levels are located
below the Fermi level. Although small, the cumulative MOP
of 0.12 represents normal Pdés interactions. The observed
Pd—As bond distances of 2.538(12.662(2) A are comparable
with those in PdAs (2.50 A5 and PdAs (2.39-2.70 A)36

In conclusion, the first and rather unique ternary niobium
palladium arsenide has been synthesized. The structure of
NbgPdAs not only extends the Myan+2X2+nY family of WC
related hexagonal structures o= 4, but also exhibits some
features that are not observed in the other members in the same
family. In particular, ordering of different metal atoms can occur
even within these very large triangular columns of linked
trigonal prisms, so that the Pd atoms prefer sites of tetrahedral
As coordination. Other related members with smaller or larger
triangular assemblies should be feasible to target. The band
structure calculation shows that the bonding of even metal-rich
compounds can be understood to a first approximation by simple
chemical ideas, such as the Zintl concept.
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