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Abstract: The new phosphide HNbsNi3Ps has been prepared by arc-melting of a pressed stoichiometric mixture of
HfP, Nb, and Ni. Single crystals suitable for the structure determination were obtained after annealing in an induction
furnace at 1350C. HfsNbsNisPs crystallizes in the hexagonal space gro2m (No. 189). The early transition

metal atoms Hf and Nb are found on three crystallographically different sites, with refined occupancies of 100% Hf
for the M1, 59.5(4)% Hf and 40.5(4)% Nb for the M2, and 13.1(6)% Hf and 86.9(6)% Nb for the M3 site. Small
variations of the Hf to Nb ratio are possible, occurring with significantly different lattice parameters. The early
transition elements form a three-dimensional framework with numerousINM = Hf, Nb) interactions, including

Ni and P in its trigonal prismatic voids. The differential fractional site occupancies can be understood on the basis
of the different preferences of Hf and Nb to formN, M —Ni, and M—P bonds. The metallic character is confirmed

by the Pauli paramagnetism experimentally obtained.

Introduction respectively) prefers the sites with higher metadetal bond
order. On the other hand, the isostructural ZrNbP and HfNbP
(Co,Si type) show complete ordering on the metal site§o

date, the DFSO concept has only been applied in quasibinary
systems. Expanding the DFSO concept to quasiternary systems
seemed to us to be promising, because several ternary pnictides
and chalcogenides with new structure types and interesting
physical and structural properties have been uncovered in the
past. The ternaries, consisting of an early and a late transition
metal atom and a nonmetal atom, are stabilized by strong-early
late transition metal bonds, which correspond to Lewis’ acid/
base concept. The structures ofgN—,Sz+x,1° TagM'2Ss (M’

The model of differential fractional site occupancies (DFSO)
was first used to explain the occurrence of new structure types
in the quasibinary system Nia—S which are unknown among
the binary sulfides. The four sulfides NBTas 265, Nbg o5
Tay 0552, NbagsTas0sSs® and Niy7iTas2654* all have no
counterpart among the binaries, although Nb and Ta are closely
related metal atoms. The three criteria for DFSO stabilized
materials are as follows: (i) each metal atom site is statistically
occupied by two different metal atoms, (ii) the fractional site
occupancies per site are more or less fixed, but differ from one
site to another, and (iii) the structures of the DFSO materials _ Fe, Co, Ni)t12Ta;;M",Se; (M’ = Fe, Co, Ni)!3 TasNiSes, 14
are unknown in the binary systems. erM:Teg ’(M,’: Mn, Fe. Co, Ni, Ru,,Pt}?’ Hfai\/I’Tes ' _

The similarity of Nb and Ta enables mixed Nb/Ta occupan- yip - Fe)16 HfsM'Te; (M' = Fe, Co)l’ MM'P18.9 Hfy-
cies on each metal site in these sulfides, but the metals AreC o, Ps_ 20 HfgNi14P3,2L ZroM'oPy (M' = Co, M)2 and Zg-
apparently different enough to show clear preferences for the coag23 contain extended 3D networks of the early transition
different metal sites. It has been shown by calculating the glement with late transition elements as interstitials, located in
Pauling bond orders (PBO) and the Mulliken overlap popula- one-, two-, or three-capped trigonal prisms.
tions (MOP), using the extended"Ekel approximation, that Trying to synthesize quaternary phosphides with two different
the Nb/Ta ratio increases with decreasing metatal interac- g4y transition elements M and one late transition element M
tions>® The preference of Ta for the sites with more metal i 555umed to substantially complicate the DFSO concept. In
metal interactions is based on the greater extension of its 5dgcp 4 case, one has to consider three different trends, i.e. for
orbitals, compared to the Nb 4d orbitals. the M—M, M—M’, and M-P interactions. Our first attempts

The DFSO concept is not limited to sulfides of metal pairs yielded the novel HfgsNbs 0a@NisPs, which forms a new
of the same group. Recently, two new structure types have been

uncovered with ZgaNbssPs” and HE g0 028 In both
cases, the more electron rich metal atom (Nb and Mo,
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Table 1. Cell Dimensions of HiNb;o«NisPs with Varying x Table 2. Crystallographic Data for HNbsNi3Ps
Parameter . -
empirical formula Hi 964N D5 04(aNisPs
X alA c/A VIA3 mol wt 1687.95 g/mol
a temp of data collection 295K
gb gggi?ﬁ’) ggggg((g)) 3338?2()2) cryst dimens 0.02 mnx 0.002 mmx 0.002 mm
B 9SNNn  3sENG sy SpeCemow o (N0 38— 23705 A
6 9.5870(4) 3.5373(3) 281.56(3) vV =279.0(2) '&?
2 Cell dimensions obtained by indexing the powder diagram of the no. of formula units 1
bulk sample® Cell dimensions obtained from single crystal data. calcd density 10.047 g/cn
) ) ) ) abs coeff 56.23 mmt
structure type with three different M sites. All three M sites  F(000) 724
have short contacts to Ni as well as P sites. To our knowledge scan mode, scan width w—0, (1.21+ 0.34 tanv)°
this is the first example of a fractional Hf/Nb occupation on Scan Spfeed 4.0 deg/min (@n 3 rescans)
different atom sites. We report here the synthesis, phase rangerange of 470
. . . ho. of measured reflcns 2616
cryst_al and electr_onlc structure, and physical properties. _Cal- no. of independent reflcns 51R{ = 0.071)
culations of the different bond orders and overlap populations no. of obsd reflensl(> 3o()) 267
help in understanding the different fractional site occupancies no. of parameters refined 25
in this case also, proving the possibility of a more general use R(F?), EW(FZ), £t (GOR) 0.045, 0.054, 1.02
goodness of fi
of the DFSO concept. extinction coeff 0.7406% 10°®
E . tal P d max, min peak in final diff map 6.42°éA3, —4.24 /A3
xperimental Procedures abs corr o W scan
Syntheses. The monophosphides HfP and NbP were prepared in Min, max transmission 0.49.99

sealed silica tubes at a maximum temperature of°€QGstarting from

the elements in the stou:h:)ometrlc ratio (Hf: AOLFA A.\ESA.R, powder,  gata collection and mounted on a glass fiber. The crystal quality was
—325 mesh, purity 99.6% (C_O”ta'”'g‘g_g-5ﬂ’ Zr); Nb: ALFA checked with a Laue photograph, using a Weissenberg camera. The
AESAR, powder—60 mesh, purity 99.8%; P: ALFA AESAR, powder,  4ata were collected on a Rigaku AFC6R diffractometer equipped with
—100 mesh, red amorphous, 99%). To avoid a high vapor pressure of graphite monochromated Modkradiation and a 12KW rotating anode.
elemental phosphorus, the samples were annealed atG@¥er a The orientation matrix for the data collection and the preliminary cell
period of 1 week. Thereafter, all phosphorus has reacted to form Hf constants were obtained from a least-squares refinement using 17
and Nb phosphides, respectively. The tubes were th_en heated to 800carefully centered reflections in the range 7420 < 47.5. The

°C, and kept_ at that temperature for 3 days to obtain homo_geneousidea| hexagonal lattice constants were refined te 9.561(4) A,c =
mongphosphldgs. The powder dlagrams of the products experlm(_antally3_5237(5) A, and/ = 279.0(2) B. The good agreement with the cell
obtained contained only the reflections of HfP and NbP, respectively. gimensions obtained from the bulk sample confirms that the crystal is
For the synthesis of HNbsNisPs a stoichiometric mixture of 5 mmol — representative of the whole sample. Four octants were measured with
of HfP, 5 mmol of Nb, and 3 mmol of M (FISHER, purified powder) = he ()29 technique to a maximumévalue of 70 and later merged.
was thoroughly mixed and then cold-pressed to a pellet. This pellet The intensities of three standard reflections, measured after every 100
was arc-melted twice on a water-cooled copper hearth under an Argon efiections, remained constant throughout data collection. The data
flow with inversion of the sample after the first melt. Single crystals \yere corrected for Lorentz and polarization effects.

were obtained after annealing in a tungsten crucible in an induction N systematic extinctions were found, and the distribution of the

furnace at 1350C under dynamic vacuum (1®bar) for 5 h. The normalized structure factors pointed to a noncentrosymmetric space
Guinier diffraction pattern sh_owed only the reflections oglﬂﬂle_gP5. group. Thus, the highest reasonable symmetry is that of the space group
All our attempts to substitute any of the- metals ofMisNisPs  pgmm However, it turned out that the structure model obtained in
failed. We arc-melted and annealed different samples of the initial his space group could be refined to reasonable residual factors, but
compositions (M)(M?)10-:M'3Ps with M* = Zr, Hf; M? = Nb, Ta; M one position (6d) was refined best as having a 1:1 mixed occupancy of

= Co, Ni; andx=0, 2.5, 4,5, 6, 7.5, 10. The new structure discussed pjickel and phosphorus. Since all atoms were located either-od

here occurred only in the HiNb—Ni—P system. The powder diagrams o7 = 11,, that structure model could also be refined in the space group
of the samples with the starting compositions iksNisPs” and “Hfe- P6/mmm Reducing the symmetry #62m occurs with two indepen-
Nb,NigPs" consisted mainly of the reflections of the #ibio-xNisPs dent 3g positions instead of the 6d site, and yielded a structure that
phase; only a few other, weak unidentified reflections were observed. \sfined with fully occupied Ni and P sites. It is concluded tR&2m
Indexing of the three Guinier patterns of the samples with the initial 5 the correct space group.

compositions “HiNbeNisPs”, HfsNbsNisPs, and “HisNbaNisPs” yielded The structure was solved by direct methods, using the SHELXS-86
the different lattice constants shown in Table 1. As expected on the r5gram packag®. Six peaks with reasonable distances to each other
basis of the d'f;erem Pauling single bond radii for Hf (1.442 A) and  (>2'1 A) were taken from the e-map. The three strongest peaks all
Nb (1.342 Ay the cell dimensions increase significantly with g gifferent heights, and were thus considered as 100% occupied mixed

increasing Hf content. It is concluded thatsNbsNisPs is not a line Hf/Nb sites. According to their heights and interatomic distances, the

compound, but that the phase range ofNfioNisPs is rather small  hree other peaks were identified as one Ni and two P positions. Final

with 4 <x<6. ) refinements of this model, using the TEXSAN program packige,
Electron Dispersive Spectroscopy (EDS).To check for adventi-  yie|ded uniform temperature factors for all six positions. The occupancy

tious impurities, i.e. W from the crucible or Cu from the Cu hearth, t5ct0r was determined to be 100% Hf of the first metal site (M1), 59.5-
HfsNbsNisPs crystals were scanned with a JSM-840A scanning (4)o4 Hf and 40.5(4)% Nb of M2, and 13.1(6)% Hf and 86.9(6)% Nb
microscope (JEOL). No |_mpur|t|es were found, and in aII_cases, all of M3. This results in the empirical formula kfsaNbs.oaaNisPs,

four elements, Hf, Nb, Ni, and P, were present. According to the \yhich is, within the standard deviations, equal to the starting composi-
standardless EDS analysis, the composition of the crystals wasion The crystallographic data for #MbsNisPs are summarized in
determined to be horgogeneous within the range of the standardtaple 2, and the atomic positions, equivalent temperature factors,
deviations of about=10% for each element, which can be explained  occupancy factors, and the anisotropic temperature factors, are contained

by the different orientations of the scanned surfaces. in the Supporting Information.
Structure Determination. A needle-like single crystal isolated from

a sample with the starting compositionsNbsNisPs was selected for 195(3%55) Sheldrick, G. M.SHEIXS-86 Universita Guttingen: Germany,
(24) Pauling, L.The Nature the Chemical Bon®rd ed.; Cornell (26) TEXSAN: Single Crystal Structure Analysis Software, Version 5.0

University Press: Ithaca, NY, 1948. Molecular Structure Corporation: The Woodlands, TX, 1989.
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Figure 1. Projection of the structure of ENIbsNisPs along [001]: large,
black circles, M1; large, heavily dotted circles, M2; large, medium
dotted circles, M3; medium, white circles, P; small, black circles, Ni
atoms. Only M-M and Ni—P bonds are shown; thicker lines,\\A
bonds<3.1 A.

Magnetic Susceptibilities. Magnetic data were obtained for the
annealed bulk sample of FNbsNisPs. Temperature-dependent mea-
surements were madé & T in thetemperature range of-@296 K on
a Quantum Design MPMS SQUID magnetometer. The data were

corrected for the diamagnetic atom cores. Figure 2. Chain of the vertex-condensedsMctahedra of HiNbs-
) ) NisPs: dotted areas, triangular faces of the octahedra; white circles, P;
Results and Discussion small, black circles, Ni atoms.

HfsNbsNisPs crystallizes in a new structure type, containing capped by one Ni and two Nb atoms. The only phosphide
four crystallographically different metal sites and two different  known today in the Nb/Ni/P system with a Nb/(MNi P) ratio
P positions. Of the four metal sites, one is a Ni position, one petween 3/2 and 1/1 is NNi,P28 which structure has been
is occupied only by Hf (M1), and two have fractional Hf/Nb  reported as of the 4$i, type with mixed Nb/Ni occupancies

occupancies (M2 and M3). The crystal structure can be on one site and mixed Ni/P occupancies on the interstitial site,
described on the basis of the early transition element substructurezoordinated by Nb in a trigonal prism. This shows that it is

as follows. Cubes of M2 atoms, centered by M3, are condensedpossible to find Ni and P together on interstitial trigonal

via opposite faces to form linear chains parallel to ¢hexis,  prismatic coordinated positions in Nb compounds; however, we
and thus infiniteoccfragments. These chains are interconnected have not been able to prepare any new niobium nickel

via common edges to a three-dimensional network, surroundingphosphides with structures similar to those of\iP (M = Zr,

the P2 atoms in a trigonal prismatic arrangement. Six of these Hf), ZroNioPs, or HfsNiPs.

chains form a channel that is filled by the M1 atoms. The P1  The second structure motif here, the chains of face-condensed

and the Ni atoms are located in trigonal prisms formed by the centered cubes, is often observed in metal-rich phosphides, i.e.

M1 and M2 atoms. These prisms are interconnected sharingin the binaries NEP42° and HEP,,3% and in the ternary M’ P22

rectangular faces resulting in an AHBke arrangement. Thus, | these three examples as well as inMtisNisPs the shortest

the structure can formally be described as an intergrowth of M—M bonds of these units occur between the centers and the

the bccand AlB; structure. Figure 1 shows the projection of corners of the cubes. In the structure ofsMfsNisPs, these

the structure of HiNbsNisPs along [001], emphasizing the  short bonds have lengths of 3.005(3) and 3.047(4) A, compared

M~—M and Ni~P bonds. to the M—M distances along the edges of the cube between
Each P atom is situated in a three-capped trigonal prism. The3.5237(5) A along [001] and 3.40 and 3.56 A in thieplane.

MeP2 prism contains six M2 atoms at the corners and is cappedA comparison to NP, and H#P; shows that the short MM

by three M3 atoms. The corners of theR1 prism are occupied  distances found in HNbsNisPs are just between the corre-

with two M1 and four M2 atoms, and the caps are two Ni and sponding averaged distances inJRp(2.98 A) and HfP, (3.11

one M3 atom. Similarly, the Ni atom is surrounded by two A), where M centered M cubes also occur, as expected, based

M1 and four M2 atoms, forming a trigonal prism that is three- on the fractional Hf/Nb site occupancies in case OfNHk-

capped by two P1 atoms and one M3 atom. Thus, the Ni and NiPs.

P1 coordination spheres are like those inNP3?* and Hb- From another point of view, these chains of centered cubes

NiP.18 The occurrence of both small atoms, Ni and P, as may be regarded as chains of vertex-condensed (empty)

interstitial atoms in trigonal prismatic voids of the M substruc- octahedra, as discussed for a series of compounds, including

ture is very common in Hf rich hafnium nickel phosphides, but Nb,P,, by Simon3! The Ni and P atoms would then cap the

rather unusual for niobium nickel phosphides. The structure triangular faces of the octahedra (Figure 2), and the resulting

of NbsNi4P4,2” for example, contains chains of edge-condensed - ——

Ni, tetrahedra surrounded by octahedral vertex-condensge Nb 115?) Lomnitskaya, Y. F.; Kuzma, Y. Hnorg. Mater.1983 19, 1191~

chains. In this structure, P is located in a trigonakNib prism, (29) Rundqvist, SActa Chem. Scand.966 20, 2427-2434.

(30) Kleinke, H.; Franzen, H. Angew. Chem., Int. Ed. Endl996 35,
(27) Berger, R.; Phavanantha, P.; Mogkolsuk, Atta Chem. Scand. 1934-1936.

198Q 34A 77. (31) Simon, A.Angew. Chem., Int. Ed. Engl98], 20, 1—-22.
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Figure 3. Coordination sphere of the M1 atom ofNbsNisPs: large,
black circles, M1; large, dotted circles, M2; medium, white circles, P;
small, black circles, Ni atoms.

structure motif is that of the §Kg clusters as observed in the

Chevrel phases, having the metal atom Ni and the nonmetal

atom P as X. A comparable observation was made in the
structure of Z§Ni,P4,22 where Ni and P cap the triangular faces

J. Am. Chem. Soc., Vol. 119, No. 52, 19827

Table 3. Parameters for EH Calculations

orbital Hi/leV ¢ Cy G2 C2

Hf, 6s —8.58 2.21

Hf, 6p —4.98 2.17

Hf, 5d —8.71 4.36 0.6967 1.709 0.5322

Nb, 5s —8.62 1.89

Nb, 5p —4.79 1.85

Nb, 4d —9.28 5.75 0.6401 1.640 0.5516

Ni, 4s —8.62 1.93

Ni, 4p —4.28 1.93

Ni, 3d —11.06 5.75 0.5862 2.200 0.5845

P, 3s —18.60 1.88

P, 3p —12.50 1.63
Table 4. Selected Interatomic Interactions forgNbsNizPs

distance/A no. PB® PBCO® MOP* MOP®

M1 M1 3.5237(5) 0.09 0.04 0.076  0.052
M1 M2 3.560(2) 6< 0.07 0.03 0.092 0.060
M1 Nil 2.800(3) 6< 0.46 0.31 0.086 0.081
M1 P1 2.806(8) & 0.37 0.25 0.264 0.239
M2 M1 3.560(2) 0.07 0.03 0.092 0.060
M2 M2 3.395(2) X 0.14 0.07 0.099 0.079
M2 M2 3.5237(5) X 0.09 0.04 0.057 0.038
M2 M2 3.560(2) 0.07 0.03 0.131 0.092
M2 M2 3.561(2) 0.07 0.03 0.044 0.036
M2 M3 3.005(3) X 0.63 0.29 0.318 0.261
M2 M3 3.047(4) X 0.54 0.25 0.235 0.197
M2 Nil  2.664(2) X 0.77 0.53 0.168 0.157
M2 P1 2.661(3) X 0.63 0.43 0.315 0.297
M2 P2 2.6353(8) 2 0.70 0.48 0.330 0.318
M3 M2 3.005(3) 4 0.63 0.29 0.318 0.261
M3 M2 3.047(4) 0% 0.54 0.25 0.235 0.197
M3 M3 35237(5) X 0.09 0.04 0.149 0.104
M3 Nl  2.567(7) 1.12 0.76 0.227 0.212
M3 P1 2.63(1) 0.69 0.47 0.314 0.300
M3 P2 2.760(2) X 0.43 0.29 0.244  0.237
Ni P1 2.180(4) X 1.33 1.33 0.304 0.337

of the double octahedra Zr chain. The distances and angles

within these units in case of EMbsNisPs, however, are very
close to those of an ideal cube, i.e. of a strongly shortened
octahedron. The advantages of describing these chains a
condensed NKXg clusters are (i) that this description already
includes the relative locations of the X positions and (ii) that
this links the solid state structures to the commaognddtahedra

in the solution chemistry, making this concept mnemonically
very useful.

In contrast to the M2 and M3 atoms, the M1 atom does not
form any M—M distances shorter than 3.5 A, which is rather
unusual for a M-rich phosphide. The shortest-™M distances
are along the axis (3.5237(5) A), six other comparable M\
distances are in thab plane @ui-m2 = 3.560(2) A). This
coordination sphere (Figure 3) is completed by six Ni and six
P1 atoms at shorter distances (ca. 2.8 A), which form interpen-
etrating trigonal MINy and M1R prisms. A similar Zr
coordination is found for the Zr site in the structure of ZrNfP.

In the structure of ZrNiP, the Ni and P sites alternate along
and thus Zr is located in interpenetrating £rénd ZrNg
octahedra.

To investigate the reasons for the occurrence of different
fractional Hf/Nb occupancies of the M sites, we calculated the
Pauling bond orders (using Pauling’s equatdfn) = d(1) —

0.6 logn, with n = bond orderyys = 1.442 A, rnp = 1.342 A,

rvi = 1.154 A, andr, = 1.100 Ap4 for all three M sites.
Furthermore, we calculated the electronic structure using the
extended Hakel approximatior$334 The parameters for Hf and

(32) Kleinke, H.; Franzen, H. Z. Anorg. Allg. Cheml996 622, 1893~
1900.
(33) Hoffmann, RJ. Chem. Paysl963 39, 1397-1412.

a As obtained for model: “Hf 1oNizPs” with a vec= 100 €. ? As
obtained for modell : “Nb;oNisPs” with a vec= 100 €.

Nb were taken from solid state charge iterations, performed on
Hf;P, and NP4, the P parameters from Clementi and Ro#tti.
The Ni parameters were obtained from charge iteration gn Zr
Ni2P4, where Ni is situated in a trigonal £prism, capped by
one Zr and two P atoms. A list of the ldkel parameters is
given in Table 3.

Since the Hakel model does not directly provide a possibility
of calculations of structures with mixed occupied atom sites,
we calculated the electronic structures and bond orders for two
models, each of which has only one kind of M atom, i.e. model
I (“Hf 10NizPs") and modelll (“Nb1oNisPs”). In both cases, we
calculated the Fermi levels for a valence electron concentration
per formula unit ofvec = 100 e, which corresponds to the
formula HENbsNisPs.  Treating the three metal positions equally
leads to a comparison of sites which is independent of the
occupancy factors. Thus, this comparison should give an insight
why Nb prefers the M3 site and Hf the M1 site. Interatomic
distances and their PBOs and MOPs are listed in Table 4, the
sums of the PBOs and MOPs in Table 5.

A comparison of the densities of states for mode(Bigure
4) andll (Figure 5) reveals the similarity of these two models.
The energetically higher ionization potential of the d states of
Hf, compared to Nb d states-8.71 eV vs.—9.28 eV), leads to
a higher Fermi level in the case of modgEr(l) = —8.95 eV,

(34) Whangbo, M.-H.; Hoffmann, RJ. Am. Chem. Socl978 100
6093-6098.

(35) Kleinke, H. Unpublished research.

(36) Clementi, E.; Roetti, CAt. Nucl. Data Tabled4974 14,177—-478.
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Table 5. Sums of Pauling Bond Orders and Mulliken Overlap
Populations for HiNbsNizPs

PBO? PBO MOP? MOP?

M1 M 0.60 0.26 0.704 0.464
M1 Ni 2.76 1.86 0.516 0.486
M1 P 2.22 1.50 1.584 1.434
M2 M 3.01 1.39 1.685 1.338
M2 M 154 1.06 0.336 0.314
M2 P 2.66 1.82 1.296 1.230
M3 M 4.86 2.24 2.510 2.040
M3 Ni 112 0.76 0.227 0.212
M3 P 1.55 1.05 0.802 0.774

a As obtained for model: “Hf 10NisPs” with a vec= 100 €. P As
obtained for modell : “Nb;oNisPs” with a vec= 100 €.

,6 0<
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-16.0 — | —
20.0 40.0 60.0
Figure 4. Densities of states (DOS) for model dashed horizontal
line, Fermi level (-8.95 eV); solid curve, total DOS; dashed curve,
Hf; dotted curve, Ni contributions.
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20[.0 40| 0 601.0
Figure 5. Densities of states (DOS) for modét dashed horizontal

line, Fermi level (-9.47 eV); solid curve, total DOS; dashed curve,
Nb; dotted curve, Ni contributions.

Er(Il) = —9.47 eV) and to a lower M contribution at the Fermi
level, because Hf is more oxidized than Nb. Qualitatively, both
figures resemble each other. At low energies, belol2 eV,

the p orbitals of P occur with some contribution of the metal
atoms, showing covalent mixing with the M and Ni states. The
3d states of Ni form a sharp peak slightly belevi1 eV, which
overlaps with the Hf or Nb states. M contributions at the energy
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Figure 6. Temperature dependence of the magnetic susceptibilities
for HfsNbsNi3Ps.

of the Ni states show the covalency of the-Mi interactions.
Basically, only M states are found at the Fermi level for both
models.

The significant density of states at the Fermi level suggests
metallic behavior, considering the numerous-M interactions
in all three dimensions. The expectation of metallic properties
is confirmed by the experimentally observed, almost temperature
independent weak Pauli paramagnetism, obtained from the
polycrystalline bulk sample of HNbsNisPs as shown in Figure
6. On the basis of the three-dimensional M network, anisotropic
properties are not expected. The magnetic susceptibility at room
temperature of 1. 1073 emu/mol is somewhat higher than
the doubled magnetic signal of $iPs (4.7 x 1074 emu/mol)?!
and the formula contains twice as many atoms per mole. In
both cases, the M/(Ni- P) ratio is exactly 5/4, which means
that the M atoms are oxidized by Ni and P to a comparable
extent, occurring with a higher density of states at the Fermi
level in the case of the Nb compound because of the higher
valence electron number per M atom. Thus, a relatively slightly
higher magnetic susceptibility is expected, because the suscep-
tibility is (in the case of Pauli paramagnetism) proportional to
the number of states at the Fermi level. The similarity of the
structures of HiNiP; and HENbsNi3Ps, with respect to the Ni
and P coordination spheres, renders such a comparison possible.

The higher electronegativity as well as the higher number of
valence electrons of Nb, compared to Hf, should lead to a higher
Nb/Hf ratio on the less oxidized M sites. The atomic contribu-
tions of one M1 (solid curve), one M2 (dotted curve), and one
M3 atom (dashed line), as calculated for modedre compared
in Figure 7. It is evident that the M3 states are significantly
more filled than the M2 states, and the M1 atom is the most
oxidized one. This is in good coincidence with the increasing
Nb content from M1 (0%) over M2 (40.5(4)% Nb) to M3
(86.9%).

A comparison of all of the different MM, M—Ni, and M—P
interactions is necessary for an understanding of the fractional
site occupancies, because the-M (X = Ni or P) interactions
cannot be neglected with a small M/X ratio of 1.25. This isin
contrast to the use of the DFSO concept in the quasibinary Nb/
Ta sulfides with a M/S ratia 2, in which case calculations of
the M—M bond orders were sufficient.

Hf as the more electropositive atom is most likely the better
bonding partner to the most electronegative atom in the
compound, which is P in this case. The same is true for the
M—Ni bonds: according to Brewer and Wengg&rthe Lewis
acid/Lewis base interaction is stronger between Hf and Ni than
between Nb and Ni for two reasons. First, the higher electron

(37) Brewer, L.; Wengert, FR. Metall. Trans1973 4, 83—104.
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Figure 10. Sum of the Pauling bond orders and Mulliken overlap
populations of the M-Ni interactions: diamonds, PBO(HNi), model
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Figure 8. Sum of the Pauling bond orders and Mulliken overlap
populations of the M-P interactions: diamonds, PBOHP), model

I; squares, PBO(NbP), modelll ; triangles, MOP(HP), modell;
circles, MOP(Nb-P), modelll .

deficiency of Hf makes Hf the better acid, and second, the 5d

3d interactions are stronger than the-@il interactions. The .t the M2-P distances are shorter than expected on the basis

latter statement is also valid for the (pseudo)homonucleaMV ¢ i actual bond orders, probably because of some matrix
bonds, but the higher number of electrons available for Nb, as gtects. As will be discussed later in this article, the correlation
discussed above, enables Nb to form more metatal bonds.  poiveen MOP and PBO is better for the—l and M—Ni

First, we discuss the metaphosphorus bonds. The Pauling jnteractions. Thus, these two models support each other.

bond orders for gll the metaphosphorus interactions vary from  Giving greater weight to the MOP it is concluded that the larger
0.37 for M1~P1 in model to 1.33 for the Ni-P1 bond. Thus,  fractional occupancy of sites with higher-MP bond order is
bonding character can be assumed in all these cases. In additiorygyored by the greater electronegativity difference between Hf
the short length of the NiP1 bond of 2.180(4) A, which is  and P in comparison with Nb and P.
shorter.tha}n the sum of the.PauIing single bond radii,. prohibits Second, the M-Ni distances, ranging from 2.567(7) to 2.800-
a subst|tu_t|on O.f Ni by the bigger Cod, = 1.162 A). Sllghtly . (3) A, have similar Pauling bond orders. The bonding character
shorter Ni-P distances are found foer(not fuIIy_ocsc;up|ed) NI of these polar intermetallic interactions can be understood on
sites in two related structures, iP5 and HiNiP,®where the basis of the Lewis’ acid/base concept, considering Hf/Nb
also no analogous Co phosphides are known. as the acid and Ni as the base. Bonding-Nf interactions

It is not surprising to fino_l po_sitive overlap populations for 5150 occur in the related ternary phosphidesNitf P, Hf»-
the M—P bonds. As shown in Figure 8, the sums of the overlap NiP, HfNiP, and HfNiP, which all have Ni in the trigonal

populations increase with increasing Hf content per M position. prismatic Hf coordination. As for model$ and Il, no
The maximum for the Pauling bond orders at 59.5% Hf (M2) gniihonding M-Ni states are filled, which is shown for the Hf
shows the limits of the Pauling model, which is only based on j jnteractions in Figure 9 (dashed curve), calculated with model
distances. As a consequence, this model always yields wrong; - At the Fermi level, only a small number of the bonding-Hf
bond orders when any matrix effects occur. Considering the i interactions occur, which is also true for the-N? interac-

overlap populations calculated with the extendecckel ap- tions. This shows that the differenecs for Hf and Nb play
proximation as the more precise values, the PBO for theM2 gy a minor role for the differences in MNi and M—P

bond is too high, as a comparison with the corresponding valuesyieractions between the Hf and Nb-rich sites.
for the M1-P and M3-P bonds shows. It can be concluded A graphic comparison of the MNi bond orders and overlap

(38) Kleinke, H.; Franzen, H. IZ. Anorg. Allg. Cheml996 622, 1342 populations of the dif]‘erent M sites is made in Figure 10_. As
1348. for the M—P interactions, the overall strength of the—IMi
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atoms are not as close to the MBI3 bond, and the parallel
T

M2—M2 bond, being literally surrounded by P atoms, has a
much smaller MOP of 0.057.

It is not surprising that we have been unable to prepare
isostructural phosphides by substituting for any of the metal
atoms, given the fact that all the metal-rich ternary phosphides
and chalcogenides mentioned in the introduction, with the
exception of MM'P (M = Zr, Hf; M' = Co, Ni), are unique
interactions increases with increasing Hf content. This can be for each early transition element. In particular, a replacement
considered as an indirect proof of the ideas of Brewer and of Nb by Ta is unlikely because of the preference of Ta for
Wengert, showing that Hf, compared to Nb, does form stronger structures other than those containibgc units, which a
M—Ni bonds. comparison of the binary sulfides shows. The Nb sulfides

The third kind of important interactions in the structure of Nbz;1Sg3° and Nh4Ss*° form structures containing in pabicc
HfsNbsNisPs are the (pseudo)homonuclear interactions between arrangements of the metal atoms, whereas the structures of the
the early transition elements. As shown in Figure 9 (solid Ta sulfides TaS* and TaS (in both modification®439 consist
curve), the M-M interactions play an important role in  of chains of Ta centered pentagonal antiprisms of Ta atoms.
stabilizing this structure. Also, these are the only interactions On the other hand, Zr tends to forbec units (compare for
with a significant contribution at the Fermi level. As a example Z3S* with Hf;S/* or ZrgNiP, with HfsNiPs), sug-
conseguence, any changes in the valence electron concentratiogesting that Zr does not readily replace Hf insNbBsNizPs,
would change the MM bonding. However, the metametal because in this compound the majority (92%) of the Hf atoms
bonding is clearly not optimized farec= 100 €; an additional are not in cubic coordination. In addition, the structure does
six electrons would increase M and M—Ni bonding by not form in either of the ternary systems,-Hfli—P or Nb—
raising the Fermi level to-8.2 eV. Ni—P, probably because an occurrence of one kind of metal

The large number of filled MM bonding states at the Fermi  atom on three such different atom sites in one structure is most

level implies that the increase by one in the number of valence unlikely, i.e. mixed occupancy favors structural complexity
electrons between Hf and Nb determines the preference of Nbthrough diversity of metal-atom sites.

for the positions with higher MM bond order. The crystal
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concluded that the different electron count is more important
here than the different size of the d orbitals of Hf and Nb.
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Figure 11. Selected crystal orbital overlap populations for moldel
dashed, horizontal line, Fermi level; solid curve, ™\l; dotted curve,
M2—M; dashed curve, M3M interactions; left side, antibonding
interactions {); right side, bonding-f).
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