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A new barium nickel phosphide BaNigPs was synthesized in a tin flux. Single crystal X-ray methods
revealed that the material has hexagonal Laue symmetry with unit cell dimensions a = 6.5359(9) Aand
¢ = 10.854(3) A. The structure was refined in the space group P6,/mmc to an R value of 2.3%. The
structure is best described as hexagonal layers of Ba atoms with each Ba atom surrounded by NigPj,
cages. The crystals have a silvery luster, and grow in an equidimensional, faceted habit. Magnetic
measurements show temperature-independent Pauli paramagnetism, suggesting that BaNigP; is a

metal. © 1990 Academic Press, Inc.

Introduction

A wide variety of metal-rich rare earth
and alkaline earth transition metal phos-
phides have been synthesized in recent
years because of their potentially interest-
ing properties. The predominant structure
types include Zr,Fe;,P; (1), LaNisP; (2),
LaCogPs (3), and YCosP; (4). All four of
these classes of phosphides are highly an-
isotropic with the electropositive cations
arranged in chains. The anisotropic nature
of these compounds strongly affects their
physical properties. For example, as a
result of the europium chains, EuNisP; (5)
exhibits an unusual series of magnetic
phase transitions (6). Another common
structural feature is the tricapped trigonal
prismatic coordination about the phos-
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phorus atoms (7). Here we report the syn-
thesis of a new barium nickel phosphide,
BaNigPs, which crystallizes in a new struc-
ture type. In contrast to the four classes of
phosphides listed above, BaNisPs is more
isotropic, and the phosphorus atoms do not
have trigonal prismatic coordination.

Synthesis

Single crystals of BaNigPs were prepared
in a tin flux according to the method of
Jeitschko and co-workers (8). The alkaline
earth (99.99%), phosphorus (99.999%),
nickel (99.999%), and tin (99.999%) were
mixed in the ratio 1:5:3:20 and sealed in
evacuated quartz tubes. The tubes were
heated to 850°C, cooled at 2°C/hr to 500°C,
and then cooled rapidly. After dissolution
of the tin in concentrated hydrochloric
acid, well-developed approximately equidi-
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mensional crystals of BaNigPs; remained.
The crystals ranged in size from 40 um to 3
mm.

Structure Determination

A Rigaku AFC-5 Rotating Anode diffrac-
tometer was used to collect single crystal
intensity data. A primitive hexagonal cell
was chosen from the results of preliminary
precession photographs and automatic
peak search and indexing procedures. The
Laue symmetry is 6/mmm. Cell and data
collection parameters are summarized in
Tables I and II.

The 512 raw intensity data were con-
verted to structure factor amplitudes and
their e.s.d.’s by correction for background
(9), Lorentz, and polarization effects (10).
The magnitude of the intensity standard re-
flections varied less than 2%. The azi-
muthal scan data (36 reflections, 10° inter-
val) showed a variation I/l = 0.9. An
empirical absorption correction based on
the azimuthal scan data, and a spherical ab-
sorption correction (uR = 1.0), were ap-

TABLE I
CRYSTAL PARAMETERS AT 23°C“

a = 6.5359(9)
c = 10.854(3)
V = 401.5(1)

Healed = 265 cm!
Size of crystal: 0.05 x 0.05 x 0.06 mm

Space group: P6;/mmc
Formula weight: 830.6 amu

Z=2
d. = 6.80 g/cm
4 Unit cell parameters and their

e.s.d.’s were derived by a least-squares
fit to the setting angles of the resolved
Mo K«, components of reflections with
26 between 39 and 40° 26. In this and all
subsequent tables the e.s.d.’s of all pa-
rameters are given in parentheses, right
justified to the least significant digits
given.

TABLE II

DATA MEASUREMENT PARAMETERS

Radiation: MoKa; (A = 0.7093 A)

Power level: 45 kV, 180 mA

Monochrometer: Graphite

Detector: Scintillation counter

26 range: 0-60°

Scan type: w step scan, fixed monitor
count

Scan width: * 0.75°

Step size: 0.03

Effective scan speed: 4°/min

Background: Lehman Larson

plied to the data. All hh2hl reflections with
| = 2n were very weak or absent, and there
were no other systematic absences. Thus
the possible space groups were P6;/mmc,
P6;mc, or P62c. Refinement was successful
in P6;/mmec, so the other two possibilities
were not considered. After averaging of re-
dundant data and removal of systematically
absent data, 256 unique data remained, of
which 228 were observed.

The structure was solved using Patterson
methods and refined using standard Fourier
and least-squares techniques. Robust-
Resistant weighting was used (/7). A sec-
ondary extinction parameter (/2) was in-
cluded in the refinement. This parameter
refined to a value of 16(3) x 107%; the
strongest reflections were corrected by ap-
proximately 10%.

The final restduals for 21 variables re-
fined against observations for which F >
20(F) were R = 2.3%, R, = 2.4%. The
quantity minimized by the least-squares
program was Zw(|F,| — |F|)?, where w is
the weight of a given observation. The ana-
lytical forms of the scattering factors for
neutral atoms were used (/3), and all scat-
tering factors were corrected for both the
real and imaginary components of anoma-
lous dispersion (/4). A listing of the values
of F, and F, are available from the authors
upon request.
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Discussion

The BaNioP;s structure can be described
by hexagonal layers of Ba atoms at z = 0
with each Ba atom surrounded by a Ni;3P;,
“‘cage.”” The Ni;gP;; cages, shown in Fig. 1,
share six rhomboidal Ni,P, faces to form
the primitive hexagonal layer illustrated in
the view down the ¢ axis in Fig. 2. These
layers are stacked parallel to the ¢ axis with
the Ba atoms collinear by sharing of hexag-
onal Ni;P; faces which are in the mirror
plane at z = =1. The positional parameters
are given in Table III, and Table IV con-
tains a listing of the interatomic distances
and coordination numbers.
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F16. 1. ORTEP drawing of BaNiyP; with the ¢ axis
vertical. The structure consists of shared cages of
nickel and phosphorus of which four are shown. Bar-
ium atoms are at the center of each cage. The heavy
lines connecting the Ni(2)-P(2) atoms indicate where
the top and bottom faces of the cages are shared. The
sides of the cages are shared along the rhomboids indi-
cated by the heavy lines connecting the Ni(1)-P(1) at-
oms. Bonds are drawn between all atoms separated by
less than 2.6 A except for the Ni(1)-Ni(1) bonds in the
center of the figure which were removed for clarity.

F1G. 2. View down the ¢ axis of BaNiyPs. A single
hexagonal layer of cages is shown. The barium atoms
are in the middle of the layer at z = 0. The Ni(2) and
P(2) atoms are connected by heavy lines at z = *§.
The Ni(1) atoms and P(1) atoms are connected by light
lines and are at z = *+0.1075 and z = *0.0608, respec-
tively.

TABLE HI

TABLE OF POSITIONAL PARAMETERS AND THEIR
ESTIMATED STANDARD DEVIATIONS

Atom X y z B(AY
Ba 0.000 0.000  0.000 0.66(2)
Ni(l)  0.53566(2) 2% 0.392487(2)  0.60(2)
Ni(2)  0.203660(9) 2x 4 0.58(3)
P(1) 3 % 0.060753(4)  0.52(3)
P(2) —.17426(1) 2X ! 0.53(4)

Note. The thermal parameter given for anisotropi-
cally refined atoms is the isotropic equivalent thermal
parameter defined as

(3*[@™B(1,1) + b>B(2,2) + ¢**B(3.3) + ablcos ¥)
*B(1,2) + ac(cos B)*B(1,3) + bc(cos a)*B(2,3)].
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TABLE IV
INTERATOMIC DISTANCES IN BaNigPs

Atom 1 Atom 2 Distance
12 Ba Nil 3.493(1)
6 Ba Ni2 3.561(1)
6 Ba P2 3.354(1)
2 Nil Ba 3.493(1)
1 Nil Nil 2.470(1)
2 Nil Nil 2.568(1)
2 Nil Ni2 2.536(1)
1 Nil Pt 2.352(2)
1 Nil P1 2.346(1)
2 Nil P2 2.272(1)
2 Ni2 Ba 3.561(1)
4 Ni2 Nil 2.534(1)
2 Ni2 Ni2 2.543(1)
2 Ni2 P1 2.525(2)
2 Ni2 P2 2.158(1)
3 P1 Nil 2.352(2)
3 P1 Nil 2.346(1)
3 P1 Ni2 2.525(2)
2 P2 Ba 3.354(1)
4 P2 Nil 2.272(1)
2 P2 Ni2 2.158(1)

Each Ba atom is coordinated to 24 atoms,
12 Ni(1), 6 Ni(2), and 6 P(2) atoms, all ap-
proximately equidistant from the Ba atom
(3.3510 3.56 A). In addition, there are 6 P(1)
atoms at a distance of 3.83 A from each Ba
atom; these 6 P(1) atoms complete the
Ni;sP}» cage, but are not close enough to be
within the coordination sphere of the Ba
atoms. The coordination of 24 about the
electropositive cation is unprecedented; in
all previously determined structures of al-
kaline earth and rare earth nickel phos-
phides the coordination of the electroposi-
tive cation was less than 24. The smaller
Eu?*, Sr?*, and La** ions are coordinated
to 21 atoms in the LaNisPs-type structure
(2). It is interesting to note that BaNisP; is
not known; Ba is probably too large to form
in this structure type. In the Zr,Fe,P;-type
structure (I), the smaller trivalent rare

earth ions, such as Gd3*, are only 18-coor-
dinate.

The barium-barium distances are 5.4 A
in the ¢ direction and 6.5 A in the a direc-
tion. Compared with other alkaline earth
and rare earth nickel phosphides, these dis-
tances are long, and relatively isotropic.
Other nickel phosphides, including SrNi;P;
(15), EuNisP; (5), LaNisP; (2), and those
with the Zr,Fe;P; structure (1), have aniso-
tropic structures. In all of these phos-
phides, the electropositive cations are ar-
ranged in chains. Whereas the interchain
distance is over 6 A, the intrachain distance
is much shorter, typically 3.6 A. This an-
isotropy is also evident in the morphology
of the crystals. In contrast to the equidi-
mensional growth habit of BaNiyPs, the
other alkaline earth and rare earth nickel
phosphides grow in the form of rods.

The two types of Ni atoms, labeled Ni(1)
and Ni(2), lie in layers at z = =0.1075 and
7z = =i, respectively. Both types of Ni at-
oms are in low symmetry environments
which are difficult to describe simply. Ni(1)
is 11-coordinate, and Ni(2) is 12-coordi-
nate. The Ni(1) atoms are part of the rhom-
boidal N1,P; faces of the Ni;gsP;; cages; the
Ni(2) atoms form the Ni;P; hexagons above
and below each Ba atom. The hexagonal
faces are outlined with heavy lines in Fig. 1,
and are easily seen in the view along the ¢
direction shown in Fig. 2. The nickel-phos-
phorus distances range from 2.16 to 2.53 A,
and the nickel-nickel distances are all ap-
proximately 2.5 A.

There are also two types of P atoms: P(1)
at z = =0.0608 associated with the rhom-
boidal Ni,P, faces, and P(2) in the Ni;P;
hexagons at = =4, P(1) is in a 9-coordi-
nate environment of 3m symmetry which
can be described as a distorted tricapped
trigonal antiprism. The antiprisms and cap-
ping atoms can be seen in the view down
the ¢ axis in Fig. 2. The local symmetry of
the 8-coordinate P(2) atoms is lower. In
contrast, the phosphorus atoms in most
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other metal-rich phosphides are typically in
tricapped trigonal prismatic coordination
(7). As in most metal-rich phosphides, the
phosphorus—-phosphorus  distances in
BaNiyPs are long; there is no apparent ho-
moatomic phosphorus bonding. Since the
phosphorus atoms are isolated, according
to the Zintl concept (16—18) phosphorus is
in a formal oxidation state of —3. All of the
previously mentioned structure types also
have isolated phosphorus atoms with the
exception of LaCogPs. LaCogPs has P35
units in which the phosphorus atoms are
joined by half bonds in addition to isolated
P3- atoms (/9).

Magnetization measurements on BaNigPs
revealed weak and almost temperature-in-
dependent paramagnetism. This indicates
that the electrons are delocalized as is typi-
cal of alkaline earth and rare earth nickel
phosphides. The shiny, metallic appear-
ance of BaNigPs is also consistent with elec-
tron delocalization.
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