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The Crystal Structure of Nb,P,

SURANG ANUGUL* CHA-ON PONTCHOUR®* and
STIG RUNDQVIST

Institute of Chemistry, University of Uppsala, Box 531, S-751 21 Uppsala 1, Sweden

The crystal structure of NbyP; has been determined by X-ray single
crystal methods. The symmetry is orthorhombic, and the unit cell,
the dimensions of which are a=26.1998 A, b=9.4652 A, c=3.4641
A, contains 32 niobium atoms and 20 phosphorus atoms. In the refine-
ment of the structure the space group symmetry has been assumed to
be Pbam. The structure can be described as an array of interconnected
Nb,P triangular prisms, with additional niobium atoms inserted
between the prisms.

In previous studies of niobium phosphides,’—* several intermediate phases
have been prepared by arc-melting mixtures of niobium and NbP. So far,
the crystal structures of Nb,P, Nb,P,, and Nb,P; have been determined by
X-ray single crystal methods.?~* The results from a crystal structure analysis
of a compound denoted NbgP; are reported in the present paper.

EXPERIMENTAL

Preparation. Niobium (Hermann Stark, Berlin, claimed purity 99.3 9%) and red phos
phorus (purity higher than 99 9;) were reacted at about 800°C in evacuated silica tubes
to form NbP. Mixtures of niobium and NbP were then arc-melted under purified argon.
Attempts were made to obtain as phosphorus-rich products as possible by successive
additions of NbP and re-meltings. Powder diffraction examination of the most phos-
phorus-rich samples obtained in this manner showed the presence of two new phases not
previously characterized. Some very small crystals of one of the phases could be picked
from the crushed melts and were subsequently used for the single crystal structure
determination.

X-Ray diffraction work. Powder diffraction patterns were recorded in a Guinier-Hagg
type focussing camera with monochromatic CrK«, radiation. Silicon (a=15.43054 A)
was used as internal calibration standard. The single crystal studies were performed with
a Weissenberg camera using zirconium-filtered MoK radiation. The crystal used for the
structure determination was needle-shaped with a rather uniform cross-section of about
0.03 mm. It was rotated about the needle axis, which coincided with the shortest crystallo-
graphic axis (the ¢ axis). The small size of the crystal necessitated very long exposures
of the Weissenberg films, and the number of reflexions strong enough to be measured

* On leave from the Department of Chemistry, Faculty of Science, Chulalongkorn University,
Bangkok, Thailand.
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CRYSTAL STRUCTURE OF NbgP; 27

was rather limited. The reflexions were recorded by the multiple-film technique using
thin iron foils as absorbers between successive films. The intensities were estimated
visually by comparison with an intensity scale prepared from timed exposures of one
reflexion from the crystal. The effects of absorption were estimated to be very small and
were neglected in the structure refinement.

Calculations. The numerical calculations were made on a CDC 3600 computer using
programmes listed in Table 1, Ref. 2.

Table 1. Structure data (and their standard deviations) for NbyP;. Space group Pbam.
a=26.1998(15) A, b=9.4652(5) A, c=3.4641(2) A.

x y z B (42
2 Nb(1) in 2a 0 0 0 0.20(14)
4 Nb(2) in 4g 0.2164(2) 0.2505(5) 0 0.33(11)
4 Nb(3) in 4g 0.3259(2) 0.4137(6) 0 0.16(11)
2 Nb(4) in 4¢® 0.0485(4) 0.5036(10) 0 —0.17(17)
4 Nb(5) in 4h 0.4966(2) 0.2444(5) 3 0.38(11)
4 Nb(6) in 4h 0.0841(2) 0.0023(6) 3 0.33(10)
4 Nb(7) in 4h 0.1208(2) 0.3327(5) 3 0.28(10)
4 Nb(8) in 4h 0.2652(2) 0.0029(6) 3 0.08(10)
4 Nb(9) in 4h 0.3762(2) 0.1675(5) 3 0.35(11)
4P (1) in 4¢ 0.0655(6) 0.2079(16) 0 0.32(31)
4P (2)in 4g 0.3388(6) 0.9920(13) 0 —0.38(24)
4P (3)in 4¢ 0.4272(7) 0.3006(15) 0 0.13(27)
4 P (4) in 4h 0.1706(6) 0.1044(14) 3 —0.11(27)
4 P (5) in 4h 0.2862(6) 0.2590(15) 1 0.06(28)

4 Position filled to only 50 9%,.

STRUCTURE DETERMINATION

The oscillation and Weissenberg films indicated that the symmetry of the
new niobium phosphide is orthorhombic. The approximate unit cell dimensions
as obtained from the single crystal films were used for indexing the reflexions
on the powder films, and accurate cell dimensions were then obtained by a
least squares refinement of the powder diffraction data. No significant changes
in the unit cell dimensions were observed for different samples. Since the
synthetic technique employed makes it very difficult to obtain singlephase
samples suitable for chemical analysis (¢f. Refs. 2 and 4), the composition of
the new phosphide could not be determined by ordinary phase-analytical
methods. It could only be inferred that the phosphide was intermediate in
composition between Nb;P; and NbP. A comparison of the unit cell volume
with those for Nb,P,, Nb,P;, and NbP indicated a cell content of 52 — 54 atoms.

Inspection of the Weissenberg films showed that (20l) reflexions
with A=2n+1 and (0kl) reflexions with k=2n +1 were not visible. If these
extinctions are systematic the space group symmetry is either Pba2 or Pbam.
In space group Pbam, occupation of positions 8i, 4e, and 4f would lead to
unreasonably short interatomic distances, since the ¢ axis is only 3.464 A.
Further inspection of the Weissenberg films showed that the intensity ratio
between (hkl) and (hkl+ 2) reflexions was constant, allowing for the influence
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28 ANUGUL, PONTCHOUR AND RUNDQVIST

of the Lorentz-polarization factor. This observation indicates that the atoms
are confined to two planes perpendicular to the ¢ axis and spaced c/2 apart.

It thus seemed reasonable to assume that the structure, at least to a first
approximation, should conform to Pbam symmetry, with atoms occupying
only 4g, 4h, and 2a — d positions. In the Patterson function, all maxima should
then appear in the sections P(uv0) and P(uv}). Accordingly, the Patterson
sections mentioned were computed, using the intensity material from the two
layer lines (hk0) and (hk1). Analysis of the Patterson sections by simple super-
position methods yielded a partial structure proposal, consisting of one twofold
set of niobium atoms in 2a, two fourfold sets of niobium atoms in 4g, and five
fourfold sets of niobium atoms in 4A. Signs of the structure factors were cal-
culated on the basis of this partial structure, and the electron density sections
0,(xy0) and g,(xy}) were computed. In addition to the expected niobium
maxima, new maxima appeared in these sections. Five of these maxima could
readily be interpreted as arising from three fourfold sets of phosphorus atoms
in 4¢ positions and two fourfold phosphorus sets in 4k positions. At this stage
only one maximum corresponding to a 4g position remained to be interpreted.
This maximum was appreciably higher than the maxima corresponding to the
phosphorus atoms but had only half the height of the niobium atom maxima.
An atom occupying this position would have a coordination, which seemed ab-
normal for a phosphorus atom but much more reasonable for a niobium atom.
However, if the 4g position were filled with niobium atoms, one very short
interatomic distance would occur between each atom and another atom be-
longing to the same fourfold set. Such short contacts may be avoided if the
fourfold position is occupied to only 50 9, or less.

Following these observations it was tentatively assumed that the crucial
4g position is occupied by only two niobium atoms. This structure proposal
gives a unit cell content of 32 niobium atoms and 20 phosphorus atoms, and
accordingly the composition lies between Nb,P, and NbP as required by the
phase-analytical results.

A second set of g, and g, maps was computed. Since a comparison between
the observed and calculated electron densities revealed no further abnormal
features it was decided to complete the refinement by the least squares method.
The observed 190 (hk0) and 176 (hk1) reflexions were all included in the refine-
ment. Atomic scattering factors, including dispersion corrections, were taken
from the appropriate tables in Ref. 5. Weights of the reflexions were assigned
according to the formula w=1/(4+|F |+C|F |2+ D|F |®) as suggested by
Cruickshank et al.® The constants were adjusted on the basis of weight analyses
calculated between each cycle of refinement and were finally given the values
A =80, C=0.1 and D=0.01. The following 42 parameters were refined: two
scale factors, one for each of the two layer lines, 26 positional parameters and
14 isotropic temperature factors. The refinement converged rapidly, and it
was stopped when the parameter shifts were less than one tenth of
the calculated standard deviations. The conventional R value for the 366 ob-
served reflexions was then 0.119. The temperature factor values returned by
the program were close to zero and even negative for the partially occupied
niobium position and for four of the phosphorus positions. The small values of
the temperature factors could be a consequence of neglecting absorption correc-
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tions, but in the present case the absorption errors were estimated to be much
too small for any appreciable influence on the temperature factor values.
Extinction errors might be a more likely explanation, and a comparison be-
tween observed and calculated structure factors for the strongest low-angle
reflexions showed that the observed values were consistently smaller than the
calculated ones. It cannot be excluded that this effect might be produced by a
systematic error in the visual intensity estimation, but nevertheless a final
refinement was made in which the 42 strongest low-angle reflexions were omit-
ted. The R value dropped to 0.109, the temperature factor values increased on
average by 0.07 A2, while the positional parameters remained practically
unchanged.

The results of the refinement indicate that the proposed structure is sub-
stantially correct. There are, however, at least two possible ways in which the
true space group symmetry might deviate from Pbam.

Firstly, the lower space group Pba2 leaves the z coordinates as free param-
eters, and small deviations from the values 0 and } cannot be excluded.
Previous experience in similar situations (see, e.g., Ref. 7), where only a mod-
erately accurate intensity material is available, shows, however, that it is very
difficult to obtain conclusive evidence for minor symmetry deviations by means
of ordinary refinement procedures. No attempt to refine the structure assuming
Pba?2 symmetry was therefore made.

Secondly, the assumption of a nearly random partial occupation of one
of the niobium positions might be wrong, and a different space group symmetry
with fully ordered positions might represent the correct alternative. However,
within the accuracy of the available intensity material no violation of the mmm
Laue symmetry or the b or a glide plane symmetries could be detected, and no
superstructure reflexions (as for instance indicating a larger ¢ axis) were ob-
served.

The crystal structure of NbgP; is accordingly reported with Pbam sym-
metry, and the final structure data are presented in Table 1. Powder data for
identification purposes are given in Table 2, and a list of observed and cal-
culated structure factors is given in Table 3.

Table 2. Powder diffraction data for NbyP,. (Guinier-Hégg camera, CrKe,; radiation, internal calibration
standard silicon: a=5.43054 A.) The sample contained, in addition to NbyP;, an uncharacterized niobium phos-
phide phase, the diffraction lines of which are not included in the table.

sin%0 x 10* I sin%0 x 10* I
hkl obs cale  obs p|F2x 1074 hkl obs cale  obs p|F|x 1074
200 76.4 0.3 220 661.4 0.5
110 164.5 1664 w— 3.0 600 687.3 0.0
210 222.7 0.0 320 757.0 0.0
400 305.5 0.1 610 833.9 833.6 w— 1.4
310 318.1 1.1 420 890.6 0.1
410 451.8 0.3 520 1062.5 1.1
020 585.2 0.0 710 1081.8 0.7
120 603.4 604.2 w-— 2.0 001 10922 10922 m 9.4
510 623.6 1.3 201 1168.6 0.7
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Table 2. Continued.

RUNDQVIST

800 12225 12219 w 6.3 21 2899.3 40.1
111 1257.6 0.8 01f 20000 3opg ™ 10.5
62 00 127256 w— 2.3 40 3027.9 30279 wit 11.1
211 1314.8 0.0 31 30062 30961 m 32.5
130 1335.7 15.9 11 3147.0 31477 m+ 449
810 13685 13682 wi 6.4 21 3223.8 13
230 1393.0 3.3 30 3225.9 0.2
40 1} 1395.3 13977 ™ 9.1 4 00 32762  w— 43
311 14094 14103 m 9.5 20 33341 33345 m+ 48.0
330 14871 148814 w— 0.7 31 3344.3 0.1
720 15214 15207 w— 13 1 00 33720 w 8.9
411 15450 15440 w— 1.6 41 34328 0.0
430 16229 16221 w+ 8.1 410 34519  (m+) 10.6
021 1677.3 1.6 41 3509.2 0.0
910 1692.8 12,5 11 3548.7 5.3
12 1} 1696.1 16964 ™+ 16.7 40 3562.5 1.2
511 17149 17168 m 19.4 2 10 3586.6 w— 6.1
221 17536 17537 st 63.8 a1 3604.6 0.6
601 17788 17795 m 15.1 30 36283 36268 w 10.9
530 17945 17939 m+ 31.1 31 3630.7 0.6
820 18055 18071 m 11.5 50 3676.3 0.4
321 1849.2 0.2 50 3733.6 0.0
10 0 0% 1900.3 w— 5.3 41 37394 37383 w+ 18.2
611 19274 19258 m 20.4 00 3742.2 6.6
421 19833 19828 w— 2.4 20 3811.8 2.5
630 20051 20039 w— 44 50 38287 38200 m 32.5
1010 20865 w— 2.6 12 01 3841.5 0.4
9 2 0o 21317 w— 15 940 3887.1 0.0
521 21548 21547 m 11.2 1410 3888.4 0.4
711 21740  (st) 10.2 541 3010.1 4.0
730 22518 22521 m 26.0 93 160 30553 w— 4.0
801 23146 23141 st 108.2 450 3962.7 0.1
040 23409 23406 m+ 46.6 1121 3087.5 7.0
140 2359.7 1.0 12 1 1} 3988.6  g9g78 W {10.6
621 23641 23647 st 224.6 12 3 0 4065.9 0.6
240 2417.0 2.5 641 4120.1 5.3
131 24274 24279 st 91.3 55 08 41345 w— 9.7
11 0} oagro 24665 [94.6 10 4 04 42499  w— 6.2
811 9 9460.4 120.8 10 3 1 4318.0 0.0
231 24843 24851 m 315 14 2 0 43273 W 28.3
1020 24956 24944 m 22.4 650 434435 0.4
340 2512.4 0.1 741 4368.3 6.9
830 2538.5 0.9 002 43607 43687 st 199.3
331° 25812 25806 (st) 16.5 12 2 1 4426.7 2.1
721 26123 26129 w4 14.7 1510 44421 13
440 26463 26461 st 83.0 202 44451 0.2
431 27142 27143 m+ 413 1311 4465.1 0.1
12 0 04 27493  w— 3.6 112 4534.1 .
911 27848 27850 m+ 49.3 13 3 04 45432  w— 10.2
54 08 28179  w— 2.9 B2 12 4591.4

930 2862.2 2863.1 m 39.8 75 0% 4592.7 w—

531 28864 28861 st 125.5 11 40 4650.8

1120 2895.4 0.1 841 4654.7

1210 2895.6 3.0

2 Reflexion too weak for accurate measurement of diffraction angle.
b Reflexion overlapped by the silicon (111) reflexion.
¢ Reflexion overlapped by reflexion from uncharacterized niobium phosphide.
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Fig. 1. The structure of NbP, projected on (001).
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Table 4. Interatomic distances (A) and their standard deviations (x 10%) in Nb,P;.

b(1)—
P (1) 2.611(16)
P (3) 2.683(16)
Nb(6) 2.803(5)
Nb(5) 2.977(4)
Nb(1) 3.464(0)

N
2

2

4

4

2
Nb(2)—
2 P (5) 2.519(13)
2 P (4) 2.520(11)
1 P (2) 2.704(14)
2 Nb(8) 2.990(6)
2 Nb(7) 3.144(7)
2 Nh(8) 3.181(6)
1 Nb(3) 3.257(8)
1 Nb(3) 3.375(7)
2 Nb(2) 3.464(0)
1 P (1) 3.974(17)
P (5) 2.495(11)
P (4) 2.503(10)
P (3) 2.862(18)
3.044(7)
Nb(8) 3.067(7)
Nb(9) 3.188(6)
Nb(2) 3.257(8)
Nb(2) 3.375(7)
Nb(3) 3.464(0)
P (1) 3.981(17)

— RO = 1O 1O 1O = 19 RO 1
2
Z
>
2

Nb(4) 2.544(23)
P (1) 2.834(18)
P (3) 2.882(18)
P (2) 2.955(19)
3.033(10)
Nb(9) 3.049(10)
Nb(5) 3.097(9)
Nb(5) 3.219(10)
Nb(4) 3.464(0)

wwwwm»—-»—-»—u—'z
Z
[~%
-~
=2

2 P (1) 2.543(13)
2 P (3) 2.566(13)
2 Nb(l) 2.977(4)
2 Nb(4) 3.097(9)
2 Nb(4) 3.219(10)
1 Nb(6) 3.229(8)
1 Nb(9) 3.238(8)
1 Nb(6) 3.318(8)
1 Nb(7) 3.334(8)
2 Nb(5) 3.464(0)

N

Z w»—-’-wwwwwm;—z DO b bt i pd DD DO DD DD et

m'—u—n—uw)—mwm»—z DO = = DO DO DO = i DD i

Distances shorter than 4.0 A are listed.

b(6) —
P (4) 2.465(16)
P (3) 2.594(12)
P (1) 2.651(12)
Nb(1) 2.803(5)
Nb(3) 2.044(7)
Nb(5) 3.229(8)
Nb(7) 3.272(8)
Nb(5) 3.318(8)
Nb(9) 3.335(8)
Nb(6) 3.464(0)

b(7)—
P (4) 2.526(15)
P (2) 2.529(10)
P (1) 2.548(12)
Nb(4) 3.033(10)
Nb(2) 3.144(7)
Nb(9) 3.170(7)
Nb(6) 3.272(8)
Nb(5) 3.334(8)
Nb(8) 3.395(9)
Nb(7) 3.464(0)

b(8) —
P (5) 2.485(15)
P (2) 2.594(12)
P (4) 2.656(16)
P (5) 2.672(15)
Nb(2) 2.990(6)
Nb(3) 3.067(7)
Nb(2) 3.181(6)
Nb(9) 3.299(8)
Nb(7) 3.395(9)
Nb(8) 3.464(0)

b(9) —
P (5) 2.513(17)
P (3) 2.525(12)
P (2) 2.593(10)
Nb(4) 3.049(10)
Nb(7) 3.170(7)
Nb(3) 3.188(6)
Nb(5) 3.238(8)
Nb(8) 3.299(8)
Nb(6) 3.335(8)
Nb(9) 3.464(0)

t—-dr-‘n—w—v—dwmy-dw»—wmrd

Ll VR SRR SE SRR |

D e = RO N D

DO et = DD = DO = DD = Y DO = DD = = hO D = P

(1)—
Nb(5) 2.543(13)
Nb(7) 2.548(12)
Nb(1) 2.611(16)
Nb(6) 2.651(12)
Nb(4) 2.834(18)
P (4) 3.398(19)
P (1) 3.464(0)
P (3) 3.625(24)
P (2) 3.677(21)
P (3) 3.860(21)
Nb(2) 3.974(17)
Nb(3) 3.981(17)

(2)—
Nb(7) 2.529(10)
Nb(9) 2.593(10)
Nb(8) 2.594(12)
Nb(2) 2.704(14)
Nb(4) 2.955(19)
P (5) 3.360(16)
P (2) 3.464(0)
P (1) 3.677(21)
P (3) 3.729(20)

(3)—
Nb(9) 2.525(12)
Nb(5) 2.566(13)
Nb(6) 2.594(12)
Nb(1) 2.683(16)
Nb(3) 2.862(18)
Nb(4) 2.882(18)
P (3) 3.464(0)
P (1) 3.625(24)
P (2) 3.729(20)
P (1) 3.860(21)

(4)—
Nb(6) 2.465(16)
Nb(3) 2.503(10)
Nb(2) 2.520(11)
Nb(7) 2.526(15)
Nb(8) 2.656(16)
P (5) 3.362(22)
P (1) 3.398(19)
P (5) 3.460(19)
P (4) 3.464(0)

(5)—
Nb(8) 2.485(15)
Nb(3) 2.495(11)
Nb(9) 2.513(17)
Nb(2) 2.519(13)
Nb(8) 2.672(15)
P (2) 3.360(16)
P (4) 3.362(22)
P (4) 3.460(19)
P (5) 3.464(0)
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DESCRIPTION AND DISCUSSION OF THE STRUCTURE

A projection of the structure on the (001) plane is shown in Fig. 1. Inter-
atomic distances are listed in Table 4. Each phosphorus atom is surrounded
by six niobium atoms in a triangular prismatic configuration and 1 to 3 addi-
tional niobium neighbours situated outside the four-sided faces of the prisms.
The NbgP prisms are linked into a three-dimensional arrangement in much
the same way as in numerous other transition metal phosphide, arsenide,
sulphide, and selenide structures. The triangular prisms are indicated by
broken lines in Fig. 1.

A feature of particular interest is the coordination about the partially
occupied Nb(4) position. Two NbgP(1), two NbsP(2) and two NbeP(3) triangular
prisms share edges to form a six-membered ring enclosing a central void. These
rings are stacked on top of one another forming infinite tubes in the ¢ direction.
The void in each ring is in the shape of a twelve-cornered Nb,, polyhedron,
which can be regarded as composed of two very distorted Nbg cubes sharing
one face. The Nb(4) atoms are situated at the centres of these distorted cubes.
If all cubes were filled with Nb(4) atoms, these atoms would form pairs with
an Nb—Nb distance of 2.54 A, which is more than 0.1 A shorter than the
shortest Nb —Nb distance reported in any previous structure determination.
The structure determination of NbgP, has shown that the Nb(4) position is
occupied to only 50 %,. It therefore seems most probable that any Nb—Nb
contacts of 2.54 A never occur, but each central void in the six-membered
rings contains only one single Nb(4) atom. This atom can, however, occupy
any one of the two possible cubic holes in a perfectly random manner.

A similar metal atom arrangement occurs in the Ta,P-type structure (as
represented by Ta,P® Ti,S,° Hf,P 01 TiSe, Zr,S, Zr,Se?2 Hf,As® and
Ta,As!?). In this case, the two adjoining cubic holes are much less distorted,
and both holes are filled with metal atoms having a quite normal distance to
one another.

Disregarding the disordered Nb(4) position, the atomic coordination and the
interatomic distances in NbgP; are normal and very similar to those in Nb,P,?
and NbyP,.* Although the phosphide MogP;® has the same stoichiometry as
NbgP;, the two compounds are not isostructural. The space-filling in the Mo,P;
structure is greater than in NbgP; due to the large voids in the Nb,P, structure
at the empty Nb(4) positions.

It may finally be mentioned that there is an isostructural counterpart to
NbgP; in the Zr — As system. A structure determination of ZrgAs; is currently
being carried out by B. Carlsson at this institute, and the results will be reported
in this journal.
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