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Large single crystals of NbP have been prepared. A single-crystal X-ray diffraction study shows that it crystallizes
in tetragonal symmetry with space groupI41md (No. 109) and lattice parametersa ) 3.3324(2) Å,c ) 11.3705-
(7) Å, andZ) 4. A full matrix least-squares refinement based on a unique data set of 285 reflections (I > 2σ(I))
yieldedR(F) ) 0.017 andRw(F2) ) 0.046 for nine variables. The unit cell consists of one unique Nb and one
P, each in trigonal prismatic coordination with the other element. There are two short and four long bond distances
of Nb-P. The Nb-Nb bond distances are significantly shorter thanRc ) 4.09 Å, the critical distance required
for good Nb-Nb 4d orbital overlap for niobium metal-metal bonds. NbP shows metallic behavior withF ) 4.5
× 10-5 Ω cm at room temperature. Magnetic susceptibility measurements on a collection of randomly oriented
single crystals indicate very weak Pauli paramagnetism (∼10-5 emu/mol). A discussion of the structure as well
as the physical properties of NbP compared with those of previous results are presented. The band structure of
NbP based on the extended Hu¨ckel (tight-binding) calculations is presented along with an analysis that reveals
that the valence band is built up from three center bonds localized within Nb3 triangles.

Introduction

A number of investigators have prepared polycrystalline
niobium monophosphide by solid state reaction methods and
investigated its properties by chemical analysis, powder X-ray
diffraction, NMR, magnetic susceptibility, and electrical trans-
port measurements. The structure of NbP has been studied:
first by Schönberg1 in 1954, followed by Boller and Parthe,2

Furuse and Kjekshus,3 and finally Willerstrom in 1984.4 On
the basis of powder X-ray diffraction analysis, it appears that
NbP is isostructural with NbAs.2 The electrical resistivity as a
function of temperature reported by Ripley5 indicated that NbP
was a metallic conductor with room temperature resistivity
∼10-2-10-3 Ω cm. However, magnetic susceptibility reported
by Scottet al.6 showed that NbP was diamagnetic with a small
orbital Knight shift, which suggested a near zero band gap.
In order to clarify some of the controversy in the previously

reported data, we had three major objectives: (1) to carry out
a single-crystal X-ray structure analysis to determine accurate
bond distances and angles (2) to obtain oriented single-crystal
resistivity measurements on NbP, since prior resistivity mea-
surements were made on polycrystalline pellets,5 and (3) to
clarify the relationship between structure and electrical transport
and magnetic properties, as well as to construct a schematic
band diagram.

Experimental Section

Sample Preparation. During an investigation of the La-Nb-P-O
system, shiny, silver single crystals of unknown composition were
obtained as a result of a chemical vapor transport reaction. The
synthetic procedure was performed in two steps. A reaction mixture
containing La2(C2O4)3‚10H2O (Alfa, 99.99%), Nb2O5 (Alfa, 99.5%),
and (NH4)2HPO4 (Fisher, 99.7%) in a molar ratio of 1.5:2.3:4 was
ground in an agate mortar and heated at 600°C in a porcelain crucible
for 4 h to decompose La2(C2O4)3‚10H2O and (NH4)2HPO4 and to
remove CO2, H2O, and NH3. The decomposition temperature of the
mixture was determined by TGA. The resulting powder was then mixed
with the required amount of niobium metal powder (Johnson Matthey
Electronics, 99.8%) to achieve a composition of La3Nb6P4O26. NH4Cl
(5 mol%) was added as chemical transport agent. The mixture was
pelletized and sealed in an evacuated (∼10-6 Torr) quartz tube. The
quartz tube was placed horizontally inside a muffle furnace and heated
at 1250°C for a week, and then it was slowly cooled (5°C/h) to 900
°C, followed by 50 °C/h to 500 °C and then quenched to room
temperature. La2O3 white powder was observed in the hot end, while
shiny silver crystals, subsequently determined to be NbP, deposited in
the cool end of the quartz tube.
Single-Crystal X-ray Diffraction Data . A single crystal of NbP

with dimensions 0.040× 0.076 × 0.078 mm3 was mounted ap-
proximately along thea axis. The data were collected on an Enraf-
Nonius CAD4 diffractometer with graphite monochromatized Mo KR
radiation at room temperature. The 1179 intensity data points were
measured up toθ ) 45° with ω scans. The unit cell parameters were
determined by the least-squares fit of 25 peaks with 20.0< 2θ e 33.1°.
Of the 306 independent reflections, 285 hadI > 2σ(I). The intensity
of three standard reflections varied less than 1% during the data
collection. The data were corrected for Lorentz effects (polarization
and extinction); absorption corrections were performed based on a
ψ-scan (MOLEN).7 The cell parameters and detailed setting of data
collection are given in Table 1.
Determination and Refinement of the Structure. Shelxs-868

(direct methods) and Shelxl-939 packages were used for the crystal
structure solution and refinement, respectively. The general reflection
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conditions (h + k + l ) 2n for hkl, h + k ) 2n for hk0, k + l ) 2n
for 0kl and 2h+ l ) 4n; l ) 2n for hhl, l ) 4n for 00l, k) 2n for 0k0,
andh ) 2n for hh0) led to possible space groupsI41md (No. 109) and
I42d (No. 122). The structure was solved and refined successfully in
the space groupI41md. The structure and thermal parameters refined
by full-matrix least-squares methods led toR(F) ) 0.021 andRw(F2)
) 0.042 for all data. The maximum and minimum residual electron
densities in the final difference Fourier map were 0.80 e/Å3 near the P
atom at (0,-0.5,0.4165) and-2.44 e/Å3 close to Nb at (0,0,0.0487).
The final atomic and thermal parameters are given in Table 2. Table
3 contains the bond distances and bond angles.
Electrical Transport and Magnetic Susceptibility Measurements.

Electrical resistivity measurements on a single crystal of NbP (∼1.6
× 0.4× 0.4 mm3) were made by a standard four-probe technique with
a Displex Cryostat (APD cryogenics, model DE 202) in the temperature
range 30-300 K. Copper leads and silver paint were used to make
ohmic contacts to the sample. The I-V profiles were recorded at
different temperatures to ensure the ohmic nature of the contacts. There
was no appreciable variation of the resistivity between cooling and
heating cycles.
Magnetic susceptibility data on a collection of randomly oriented

single crystals of NbP (18.1 mg) were recorded with a Quantum Design
SQUID magnetometer in the temperature range 2-300 K. The applied

magnetic field was 0.5 T. The susceptibility data were corrected for
the core diamagnetic contributions of the component ions.

Results and Discussion

Synthesis. Relatively large crystals of NbP were obtained
in an attempt to prepare a polycrystalline sample of La3Nb6P4O26

from a stoichiometric mixture of the constituent starting
materials. Subsequently our attempts to grow the single crystals
without La2(C2O4)3‚10H2O in the initial reaction mixture led
to microcrystals (∼10µm) which are inappropriate for physical
measurement. Thus La2O3 serves in some, yet undetermined,
way to promote the growth of large NbP crystals.
Description of the Structure. The single-crystal study

confirms the structural model which had been previously
proposed from X-ray powder data forâ-NbP.2 However, the
atomic positions have been determined with higher accuracy
by the single-crystal X-ray analysis.
The projection of the structure of NbP on theac plane is

shown in Figure 1. The structure is built up of NbP6 and PNb6
trigonal prisms. These NbP6 (or PNb6) trigonal prisms are
extended on theab plane and stacked along thec axis by the
4-fold screw axis. Alternatively, eachabplane is formed by a
sheet of Nb atoms which is separated by a sheet of P atoms.
On the basis of their X-ray powder diffraction data, Boller

and Parthe2 reported that the Nb-P bond distance is 2.54(0)
Å. The Nb-P bond distances obtained in our refinement are
normal for trigonal prismatic coordinated (NbP6/PNb6) niobium
phosphides.10,11 The local trigonal prismatic environments in
NbP are only slightly distorted, with two short (2.5294(7) Å)
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Table 1. Crystallographic Data for NbP

formula NbP
fw 123.88
space group (No.) I41md(109)
temp,°C 20
a, Å 3.3324(2)
c, Å 11.3705(9)
Z 4
V, Å3 126.29(1)
Fcalcd, g cm-3 6.52
λ, Å 0.71073
µ, cm-1 99.5
min/max values of
absorption correction

86.18/99.81

R(I > 0)a 0.021 onF for 306 reflections
R(I > 2σ(I))a 0.017 onF for 285 reflections
Rwa 0.042 onF2 for 306 reflections

a R(F) ) ∑||Fo| - |Fc||/∑|Fo|. RW(F2) ) {∑[w(Fo2 - Fc2)2]/
∑[w(Fo2)2]}1/2.

Table 2. Atomic Fractional Coordinates and Equivalent Isotropic
Displacement Coeffients (Å2) for NbPa

element x y z Uequivb

Nb 0 0 0 0.0034(1)
P 0 0 0.41737(9) 0.0043(1)

a Estimated standard deviations of refined parameters are enclosed
in parentheses.b U(equiv) ) 1/3(U11 + U22 + U33).

Table 3. Bond Distances (Å) and Bond Angles (deg) for NbPa

Nb-P 2.5294(7)× 2
Nb-P 2.5368(4)× 4
Nb-Nb 3.2950(2)× 4
Nb-Nb 3.3324(2)× 4

P(i)-Nb-P(ii)b 82.41(3)
P(i)-Nb-P(iv) 81.141(7)
P(ii-Nb-P(iv) 135.34(2)
P(iii)-Nb-P(v) 82.11(1)
P(v)-Nb-P(vi) 136.52(4)

a Estimated standard deviations are enclosed in parentheses.b Sym-
metry code: (i)-y + 1/2, x, z- 1/4; (ii) -y - 1/2, x, z- 1/4; (iii) x -
1/2, y - 1/2, z- 1/2; (iv) x + 1/2, y + 1/2, z- 1/2; (v) x - 1/2, y + 1/2, z
- 1/2; (vi) x + 1/2, y - 1/2, z - 1/2.

Figure 1. (a) Projection of NbP onac plane. (b) One trigonal prism
unit. Large circle is P, and small circle is Nb.
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and four longer (2.5368(4) Å) Nb-P distances. The symmetry
of the distorted trigonal prisms of NbP6/PNb6 is C2V.
The niobium metal-metal bond distances are considerably

longer than that of 2.8 Å in niobium metal and 2.6 Å found in
niobium cluster compounds such as Ca0.75Nb3O6.12 The Nb-
Nb separation in theab plane of NbP is 3.3324(2) Å, while
between the planes it is slightly shorter, 3.2950(2) Å. These
distances allow for modest, but significant, metal-metal interac-
tion between niobium atoms in NbP. Both in-plane (ab) and
between-plane distances are smaller than the critical distance
(R) 4.09 Å) for good overlap of the 4d orbitals of Nb in NbP.6

Electrical Transport and Magnetic Properties. NbP was
reported to be metallic with a room temperature specific
resistivity of 1.7× 10-3 Ω/cm.5 Electrical resistivity measure-
ments along thec axis of a single crystal indicate that the room
temperature resistivity is 4.5× 10-5 Ω cm, which is comparable
with that of highly metallic NbAs (7.0× 10-5 Ω cm).13 The
electrical resistivity as a function of temperature along thec
axis (Figure 2) decreases linearly with decreasing temperature
down to∼100 K. This is typical of metallic behavior. Below
100 K, the slightly nonlinear behavior of resistivity as a function
of T is linear as a function ofT2 (see inset of Figure 2). This
behavior is generally attributed to electron scattering. The
resistivity in theabplane is about 1 order of magnitude smaller
than that along thec axis. This will be further discussed below.
NbP can be formulated as Nb3+P3-; thus the 4d2 electrons of
Nb3+ partially fill a conduction band, which results in metallic
behavior. Seebeck measurements indicate n-type conductivity,
consistent with electrons being the majority carriers.
The magnetic susceptibility measurement shows temperature

independent Pauli paramagnetic behavior from 65 to 300 K with
an average slightly negative magnetic susceptibility of-16.9
× 10-6 emu/mol. After correcting for the core diamagnetism
of -24× 10-6 emu/mol for Nb3+ and-50× 10-6 emu/mol
for P3-,14 we obtainedø ) 61 × 10-6 emu/mol for NbP at
room temperature. Figure 3 shows the magnetic susceptibility
as a function of temperature. A small peak around 50 K arises
from the antiferromagnetic ordering of absorbed O2.15 The
upturn below 50 K is due to small magnetic impurities in the
sample.
Bonding and Electronic Structure Many years ago, Scott

et al. proposed a schematic band diagram for NbP that accounted
for their finding that NbP was diamagnetic.6 The band structure

they proposed suggested that NbP was a small-band-gap
semiconductor. In view of the metallic conductivity and Pauli
paramagnetism we have observed in the present investigation,
it was deemed necessary to revisit the band structure of NbP.
As we have discussed, the NbP6 trigonal prisms in NbP show

very little deviation from ideal localD3h symmetry; all Nb-P
distances fall within 0.004 Å of 2.533 Å, and all Nb-P bonds
fall within 0.2° of a cone that makes a 48.9° angle to the prisms
pseudo-3-fold axis. Furthermore, all the P-P contacts in the
trigonal prisms are also of very nearly equal length, within 0.015
Å of 3.310 Å. Because the details of the Nb local coordination
environment are important in understanding the effective ligand-
field splitting that the Nb 4d levels experience, it is instructive
to compare the trigonal prismatic NbP6 environment in NbP
with an octahedron. In Figure 4 we show a qualitative
correlation diagram (derived from an angular overlap model with
Nb-Pσ interactions only) in which a trigonal prism is obtained
from an octahedron by first twisting one triangular face by 60°
about a 3-fold axis and then relaxing the prism angles so that
all the atoms at the prism vertices are equidistant. In the first(12) Hibble, S. J.; Cheetham, A. K.; Cox, D. E.Inorg. Chem.1987, 26,

2389.
(13) Schafer, H.; Fuhr, W.J. Less-Common Met. 1965, 8, 375.
(14) Jeitschko, W.; Reehuis, M.J. Phys. Chem. Solids1987, 48, 7, 667.

(15) Quantum Design Technical Advisory MPMS No. 8; Quantum Design,
Inc., 1990.

Figure 2. Resistivity as a function of temperature of NbP along thec
axis crystallographic direction. Figure 3. Magnetic susceptibility as a function of temperature on a

batch of unoriented single crystals of NbP.

Figure 4. Schematic correlation diagram for the d orbital splitting
induced by an octahedron and a trigonal prism; the latter is derived
from the former by a turnstile rotation of a ML3 unit. When the ligands
are equidistant from each other the a1′ - e′ splitting is small (at right).
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step of this process, the nonbonding t2g d orbitals are split such
that one remains nonbonding (z2, if the z axis is taken along a
3-fold axis) and two (x2-y2 andxy) acquire some metal-ligand
antibonding character and are pushed up in energy. The a1′(z2)
orbital remains nonbonding because the ligands lie in thez2

orbital node during the turnstile motion in this step. In the
second step, thez2 orbital is destabilized as the ligands are
moved out of the node and some overlap develops; at the same
time the e′(x2-y2 andxy) set is stabilized as the ligands move
away from thexy plane and the orbitals’ overlap with ligand
orbitals is decreased. The net result is that the splitting between
the a1′(z2) orbital and the e′(x2-y2 andxy) orbitals is quite small.
The near degeneracy of the a1′(z2) orbital and the e′(x2-y2

andxy) orbitals is often not appreciated in considering materials
where trigonal prismatic metal coordination is involved. It
means that if there are perturbations to these levels which are
much greater in magnitude than thez2 - (x2-y2, xy) orbital
splitting, then this splitting can be neglected when we treat the
effects of such perturbations. Specifically, if we wish to
consider the interaction of the central metal with atoms that
interact through the square faces of the prism, then the strength
of that interaction will be much more important than the small
gap that separates thez2 and (x2-y2, xy) orbitals. This is the
usual case for trigonal prism geometries encountered in solid
state structures.
Because of the near degeneracy between the a′(z2) and the

e′(x2-y2 and xy) orbitals, it is quite convenient to consider a
symmetrical alternative set of d orbitals, (σ1, σ2, σ3), that are
constructed as linear combinations of thez2 and (x2-y2, xy)
orbitals:16,17

These orbitals are depicted schematically in Chart 1; each
resembles a “z2-like” orbital that is well-directed forσ overlap
through one of the square prism faces with orbitals centered on
nearby atoms. When the NbP structure is pieced together using
these building blocks, each Nb is found to participate in the
formation of three distinct 3c-2e bonds; this process is depicted

in Chart 2 for one such 3c-2e bond. The strength of this
bonding depends on the Nb-Nb distances, and it is useful to
compare explicitly calculated results with the qualitative
description so far discussed. In Figure 5, we show a density of
states (DOS) diagram obtained from an extended Hu¨ckel
calculation on NbP; parameters and other computational details
concerning the calculation are given in the Appendix. The first
panel in the figure shows the total DOS, along with a curve
showing the niobium contribution. The Fermi level lies in a
deep minimum in the DOS; there is only a modest overlap
between the valence and conduction bands. This is consistent
with the metallic properties and the small Pauli paramagnetism
(∼10-5 emu/mol) we have observed. In the second panel,
separate curves indicate contributions for the orbitals corre-
sponding to the metal a1′ and e′ orbitals; it is clear that there is
a large overlap in the energetic distribution of the a1′ and e′
contributions and that both orbital contributions span the Fermi
level. However, when we project a linear combination of
orbitals corresponding to the three-center bond orbitals depicted
in Chart 2 (right panel in Figure 5), we see that the occupied
portion of the d bands clearly has the three-center-bonding
character we have described.
The exposition given above closely follows the description

we have previously provided for other materials built with
trigonal prismatic building blocks: MoS2, LnI2 (Ln ) La, Ce,
Pr, Gd), Pr2X5 (X ) Br, I), and WC-type ZrS.16,17 The
relationship between NbP and ZrS is particularly close. They
are isoelectronic compounds with three-dimensional network
structures and have very similar electronic structures in which
a metallic state is found to result from a small overlap of three-
center-bonding and three-center-antibonding bands. The metal-
lic state found for ZrS and NbP arises from interactions that
widen both the valence and conduction bands enough to cause
the valence-conduction band overlap. In both instances, these
are interactions between three-center bond orbitals that are
absent in the layered compounds (MoS2-type) and chain
compounds (Pr2X5). The three-center bonding discussion above
accounts for six out of eight total Nb-Nb contacts surrounding
each metal center (each metal is involved in three distinct three-
center bonds). However, there arez2-z2 overlaps of the type
illustrated in Chart 3 with two additional neighbors. These
interactions cause valence and conduction band dispersion to
be greater in theab plane for NbP and up thec axis in ZrS.
Thus we expect greater conductivity in theab plane for NbP

(16) Yee, K. A.; Hughbanks, T.Inorg. Chem.1991, 30, 2321.
(17) Tian, Y.; Hughbanks, T.Inorg. Chem.1993, 32, 400.

Chart 1

Chart 2

σ1 ) -1
x3

dz2 +x2
3
dx2-y2

σ2 ) -1
x3

dz2 - 1

x6
dx2-y2 - 1

x2
dxy (1)

σ3 ) -1
x3

dz2 - 1

x6
dx2-y2 + 1

x2
dxy

Figure 5. DOS (density of states) for NbP. (a) Total DOS for NbP
(solid line) and projected DOS for Nb contribution (dashed line); levels
shown span the Nb 4d and P 3p band regions. (b) Nb dz2 (solid line)
and (dx2-y2, dxy) (dashed line) projections. (c) Three-center-bonding
orbital projection.
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(as we have observed) and greater conductivity parallel to the
c axis for ZrS (which, to our knowledge, has not been
measured).

Conclusion

NbP crystallizes in a tetragonal system and consists of a
network of slightly distorted NbP6 and PNb6 trigonal prisms.
The fusion of the NbP6 prisms allows for moderate Nb 4d orbital
overlap that results in the formation of three-center two-electron
bonding within Nb3 triangles. The interaction between these
otherwise localized three-center bonds results in a metallic state
and anisotropic conductivity wherein conductivity is greater in
theabplanes. There is only a small valence-conduction band
overlap that gives rise to a weak Pauli paramagnetism.
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Appendix

All calculations employed the extended Hu¨ckel (tight-binding)
method18,19 (parameters appear in Table 4). Exponents were
taken from standard sources.20,21 Valence state ionization
energies (Hii ’s) for Nb were obtained from a charge iterative
calculation on NbP. The DOS curves in Figure 5a,b entailed
the use of 165K points in the irreducible wedge of the primitive
tetragonal Brillouin zone. For the calculation of three-center-
bonding orbital projection (Figure 5c), we found it convenient
to quadruple the size of the unit cell so that entire Nb3 triangles
were contained within it. With this expanded cell, we performed
a calculation using 20K points in the irreducible wedge of the
primitive tetragonal Brillouin zone.
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Chart 3 Table 4. Parameters for EH Calculations

orbital Hii, eV ú1b ú2b c1a c2a

Nb 4d -9.94 4.08 1.640 0.6401 0.5516
5s -9.04 1.89
5p -5.15 1.85

P 3s -18.6 1.88
3p -12.5 1.63

aCoefficients used in double-ú expansion.b Slater-type orbital
exponents.
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