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The quaternary arsenide LaZr,Ni,As, crystallizes in monoclinic symmetry, space group P2,/m with
unit cell parameters a = 9.800(3) A, b = 3.948(1) A, ¢ = $.388(4) A, and 8 = 97.56(2)° and two formulac
per unit cell. The X-ray structure was solved and refined to a final R value of 0.035 for 936 independent
reflections and 69 variable parameters. The structure consists of isolated |LaAsg| trigonal prisms, pairs
of |ZrAs octahedra with a common edge, isolated |ZrAss| pyramids, and |NiAs,| tetrahedra. It is the
first time that such metalloid polyhedra are present simultaneously in the pnictide chemistry. Struc-
tural similarities with the structures of YCosP;, Zr,Ni;P;, Co,P, Fe,As, NiAs, and NaCl are discussed
in terms of localized modifications of the coordination of the metal atoms. Magnetic and electrical
measurements for LaZr,Ni As, showed almost temperature independent paramagnetism and metallic

conduction. © 1989 Academic Press, Inc.

Introduction

Since the first ternary lanthanoid-transi-
tion metal pnictides were synthesized at the
end of the 1970s (1), more than 200 com-
pounds have been isolated, many of them
with new structure types. With nickel as
transition metal, materials were synthe-
sized with the following structure types:
ThCrZSiz, CaBezGez, LaﬁNi6P17, LaCong,
Zl'zFe|2P7 , ZrﬁNiz()P]g s H05Ni19P12 , HOZONiﬁﬁ
P4y, Zr,NisP3, Zr,NiAs,, ZrNi P, (1-16).

Over the last 10 years, more and more
crystallographic data being published,
many studies have been devoted to elabo-
rate models in order to explain the crystal-
lochemical principles as well as the physi-
cal properties of these new materials (/7,
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18). Today, it is agreed that the electropos-
itivity and the size of the metal atoms gov-
ern the stereochemistry in these com-
pounds. In that way, the largest pnictogen
sites are suitable for rare earth, zirconium,
hafnium, scandium, or yttrium atoms (tri-
gonal prisms, octahedra, etc.), when the
smallest sites are occupied by transition
metal atoms, such as iron, cobalt, nickel,
rhodium, etc. (pyramids, tetrahedra, and
triangles).

In order to verify these criteria, we tried
to replace specifically the zirconium atoms
by the rare-earth ones in the Zr,Ni;P; type,
the distinctive feature of which was the oc-
currence of |ZrPg| trigonal prisms together
with |ZrPg| octahedra (14). We were suc-
cessful in replacing partially or completely
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the zirconium in trigonal prismatic coordi-
nation by a rare earth to obtain the Ln,Zr,_,
Niz;X3 compounds for Ln = Ce, Er, Yb and
X = P, As (19). In contrast, attempts to
synthesize such a compound in the case of
lanthanum were unsuccessful; neverthe-
less, this study led to a new quaternary ar-
senide LaZr,NijAs,.

The present paper deals with the crystal
structure and physical properties of this
new arsenide and its structural relationship
with other related structures is emphasized.

Experimental Details and X-Ray Structure
Determination

Stoichiometric amounts of lanthanum as
chips, zirconium, and nickel as powders
and B-As (all minimum purity 99.9%) were
weighed, then mixed and pressed into pel-
lets in a glove box under purified argon to
prevent oxidation. The mixture was then
placed in alumina crucibles prior to arc-

weld sealing inside molybdenum crucibles
under 0.5 atmosphere of argon. A high-tem-
perature graphite-resistor furnace was used
to reach temperatures of about 1500°C fol-
lowed by slow cooling at rates of 20-50°C/
hr to room temperature. Tiny single crys-
tals were recovered from crushed ingots
and investigated on an automated four-cir-
cle Nonius CAD-4 diffractometer equipped
with a graphite monochromator using
MoK« radiation. The lattice parameters
were determined from least-square refine-
ment of 25 reflections collected with @ rang-
ing from 6 to 22°. The symmetry was found
to be monoclinic with systematic absences
on 0k0 (k = 2n + 1) reflections which were
indicative of space group P2,/m.

The crystal data and the methods used
for intensity collection, structure determi-
nation, and refinement are summarized in
Table 1. The intensities were corrected
from Lorentz and polarization effects as
usual but not for absorption. Analyses by

TABLE 1

CRYSTAL DATA, INTENSITY COLLECTION, AND REFINEMENT OF
LaZeri4A54

Formula

Molecular weight

Crystal dimensions (mm?)
Crystal class

Lattice constants (A)

zZ

dea. (g/cm’)

Space group

Radiation

Absorption coefficient (mm~!)
Scan method

Data collected

Unique reflections
Reflections in refinement
Structure solution
Refinement

Function minimized

R
R,
G.OF.

LaZr,Ni_,As,

844.136

0.18 x 0.02 x 0.02
Monoclinic

a = 9.800(3), b = 3.948(1), ¢ = 9.388(4)
B = 97.56(2)°

2

7.78

P2,/m

MoK = 0.7107 A
28.69

w — 20

h: —13,13; k: 0,5; [: 0,13

1183

936 (I = 30(I))

Direct methods and Fourier
Full-matrix least-squares

S Fo — [F

w = i(c()} + pil; p = 0.06
0.035

0.047

1.35
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TABLE II
ATOoMIC AND THERMAL COORDINATES FOR LaZr,NijAs, (8; X 109

Atom x z Bu B B3 Bu By (Ay
La 0.75338(6) 0.63423(6) 243(5) 250(30)  158(5) 122(8) 0.527(9)
Zr(1)  0.1055(1) 0.8725(1) 170(8) 560(50) 104(8) 40(10)  0.45(1)
Zr(2)  0.4538(1) 0.8563(1) 203(8) 310(50) 104(8) 120(10)  0.43(1)
Ni(1)  0.3199(1) 0.1133(1) 200(10)  500(70) 80(20) 50(30)  0.46(2)
Ni(2)a  0.4099(2) 0.5654(2) 300(10) 870(90) 110(10) —20(20) 0.69(3)
Ni(3)  0.7248(1) 0.2889(1) 230(10) 770(70) 130(10) —20(20) 0.62(2)
Ni(4)  0.9809(1) 0.3890(1) 220010) 930(70) 160(10) 70(20)  0.65(2)
As(l)  0.1650(1) 0.8324(1) 272(9) 290(50) 102(8) 100(10)  0.51(2)
As(2)  0.0849(1) 0.1676(1) 190(8) 470(50) 98(8) 80(10) 0.44(2)
As(3)  0.6997(1) 0.0293(1) 206(8) 100(50) 88(8) 60(10)  0.38(2)
As(4) 0.4817(1) 0.3311(1) 221(9) 290(50) 98(8) 70(10)  0.45(2)

Note. The thermal factor is given by exp|—(811h% + Bk + Bul? + Bphl + Bukl +
Bizhl)|. For all the positions 8, = 8y = 0Oand y = 0.25. B, =133, 8; 8" a,.

2 Occupancy factor is 0.806(3).

direct methods, Fourier difference synthe-
ses, and bond distance calculations for the
LaZr;NisAs, structure determination were
taken from the SDP package implemented
on a PDP 11/60 minicomputer (20). All the
atoms were gradually placed in the 2e posi-
tions of the space group and, at this stage,
the R value was 0.110 (R, = 0.137). By

F1G. 1. Crystal structure of LaZr,NijAs, given in
projection on the (010) plane. The full lines emphasize
the |[LaAsg| prisms and the broken lines the |Zr(1)Asg
octahedra. Arrows indicate the apex of the |Zr(2)Ass|
pyramids. Full and open circles are translated from
each other by half a period of the projection direction.

introducing in the refinement the secondary
extinction coefficient and isotropic temper-
ature factors, the R value converged to R =
0.079 (R,, = 0.097) with an abnormally high
temperature factor for a nickel atom (B =
1.5 A2,

In the final cycles, the anisotropic tem-
perature factors were refined together with
the occupancy factor of the nickel position
(7 = 0.80(1)) and gave a conventional resid-
ual R of 0.035 (R, = 0.047).

The final Fourier difference map did not
show any peak greater than 1 e/A3. The
atomic and thermal parameters are listed in
Table II and the interatomic distances in
Table III.

Structural Results

Figure 1 illustrates the crystal structure
of LaZr,Ni As, in projection on the (010)
plane. The lanthanum atoms are sur-
rounded by six arsenic atoms in a trigonal
prismatic coordination with an average La-
As bond distance of 3.06 A. The zirconium
atoms occupy two different sites. The Zr(1)
atoms are located in slightly distorted arse-
nic octahedra; these octahedra are linked as
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TABLE III
MAIN INTERATOMIC DISTANCES (A) AND THEIR ESTIMATED STANDARD
DEVIATIONS
La -2As(2) 3.010(1) Zr(1)-2As(2) 2.704(1) Zr(2)-Ni(2)  2.705(1)
=2Ni(2) 3.024(1) -As(l)  2.751(1) -As(3)  2.718(1)
-2As(4) 3.078(1) -As(2)  2.801(1) -As(4)  2.769(1)
-2As(1) 3.090(1) —-2As(3) 2.810(1) -2As(3) 2.778(1)
-Ni(3) 3.213(1) -Ni(1) 2.871(1) -2Ni(3) 2.857(1)
=2Ni(1)  3.233(1) -2Ni(3) 3.098(1) -Ni(1)  2.89%0(1)
-2Ni(4) 3.292(1) -2Ni(4) 3.172(1) —2Ni(1)  2.950(1)
-Ni(2) 3.336(2) -27Zr(2)  3.364(1)
Ni(1)-2As(3) 2.375(1) Ni(2)-2As(4) 2.383(1) Ni(3)-As(3)  2.414(1)
-As(4)  2.413(1) —-As(4)  2.393(2) —2As(1) 2.438(1)
~-As(2)  2.419(1) —-As(l)  2.444(2) —-As(4)  2.464(1)
-Zr(1) 2.871(1) -7r(2) 2.705(2) -Ni(4)  2.556(2)
-Zr(2) 2.890(1) —2Ni(3) 2.822(1) -2Ni(2) 2.822(1)
=27Zr(2)  2.950(1) —2Ni(2) 3.012(2) -27r(2) 2.857(1)
-2La 3.233(1) -2La 3.024(1) =2Zr(1) 3.098(1)
-La 3.336(2) -La 3.213(1)
Ni(4)-As(2)  2.430(2) Ni(4)-2Ni(4) 2.856(1)
-2As(1) 2.451(1) =27Zr(1)  3.172(1)
-As(l)  2.453(1) —2La 3.292(1)
-Ni(3)  2.556(2)

pairs via a common edge and generate files
along the [010| direction. Such an octahe-
dral arrangement has been previously re-
ported for the Zr,NisP; type (14). The Zr(2)
atoms occupy square planar pyramids as
found in zirconium containing phosphides
as ZrRuP of Fe,P type (21). The average
Zr-As bond distances are identical in py-
ramidal and octahedral coordination (d
Zr-As = 2.76 A) which is surprising since it
is agreed that an octahedral site is larger
than a pyramidal one. All of the nickel at-
oms are tetrahedrally coordinated by arse-
nic atoms with an average Ni-As bond dis-
tance of 2.42 A. All of these interatomic
bond distances compare very well with the
sum of the metallic radii for coordination
number 12 and the tetrahedral radius of ar-
senic (d La-As = 3.05 A, d Zr-As = 2.78
A, and d Ni-As = 2.42 A) (22, 23).

No arsenic-arsenic bonds occur in the
structure contrary to the numerous metal-
metal interactions as reported in Table III.

Comparative Study and Discussion

The structure of LaZr,NisAs, is closely
related to that of Zr,NisP; because of the
occurrence of octahedral together with
prismatic, pyramidal, and tetrahedral arse-
nic polyhedra. Although these two struc-
tures have a metal/nonmetal ratio slightly
less than two, their nearest neighbor atomic
coordination, with the exception of the
octahedral environment, obeys the rules
which have been defined for a wide family
of structures having a metal/nonmetal ratio
equal to two (18). These rules are based on
the occurrence of metallic triangular units
descended from the structures of Fe,P, Zr,
F812P7, ZI'6Ni20P13, and Lalthsz.; these
units were named units (3:1), (1:6:3),
(3:10:6), and (6: 15: 10), respectively. The
combination of similar units linked two by
two via a common vertex as linear or zigzag
chains has permitted us to describe the
structures of Fe,As, UNisSi;, HoCo;P, (lin-
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a) b) Q)

Fi1G. 2. Various possible occupancies by metal at-
oms in the ‘‘birhombohedral’’ unit as the sequences:
(a) pyr~tet—tet—pyr, (b) oct-oct, and (c) tet—pyr—pyr—
tet.

ear chains) and Co,P, YCosP; (zigzag
chains) (18).

For all of these structures, the arrange-
ment of the chains locally induces isolated
metalloid blocks in which metal atoms are
distributed as the sequence pyramid-tetra-
hedron—tetrahedron—-pyramid (Fig. 2a).
These blocks result from the juxtaposition
via a common face of two rhombohedral
units; the rhombohedral unit has been de-
fined by R. Fruchart to explain the struc-
tures of M,X and MM’X compounds (24).
These ‘‘birhombohedral’’ blocks can also
be viewed, along the projection direction,
as two octahedral sites having a common
edge (Fig. 2b). Thereby, one can imagine
that the four atoms in pyramidal and tetra-
hedral sites within a block can be replaced
by two larger and more electropositive ones
in octahedral coordination. This mecha-
nism explains the relationship between the
structures of YCosP; and Zr;Ni;P; as shown
in Fig. 3. It is illustrated by the developed
following formula:

prism.  pyr. tet. tet.
Y4 C04 l C04 COIZ PlZ
prism. oct.  tet.
Zry Zr, Ni;,  Pp.

EL GHADRAOUI, PIVAN, AND GUERIN

The structure of LaZr,NijAs4, in which
zirconjium atoms occupy also octahedral
sites, can be also deducted by means of
such a mechanism. Indeed, this structure
derives from a hypothetical “‘LayM X3’
one obtained by the alternated combination
of (3:1) and (1:6:3) units linked two by
two as zigzag chains (Fig. 4). The structural
relation can be expressed by:

tet.
Mz X;

tet. pyr.
M,

prism. pyr.
an M2 Mz

tet.
ASS .

prism.
Laz

oct. pyr.
Zrz ZI'2 ng

The two precedent examples show that
the substitution of four atoms (two in py-
ramidal plus two in tetrahedral sites) by two
in octahedral sites involves a decrease of
the metal/nonmetal ratio as formulated by
Z|(Ln,M)2,X,| — Z|(Ln,M)y,-,X,| where Z
is the number of formula units per cell and »n
is an integer. This substitution is strongly
correlated to a global increase of both elec-
tropositivity and size of the metal atoms.

When extending these systematics to the
binary structures of Co,P and Fe,As where
the ‘‘birhombohedral’’ units are not iso-
lated, it appears that the substitution in
these structures of cobalt and iron atoms by
larger and more electropositive ones leads
to binaries with formulae MX. In the case
of Co,P, the substitution will lead to a
stacking of NiAs type shown as the ortho-
hexagonal unit cell (Fig. 5a), whereas in the
case of Fe,As, the resulting stacking will be
of rocksalt type as the tetragonal body-cen-
tered unit cell (Fig. 5b). These systematics
may explain numerous features for binary
monopnictides MX:

—When M is large and strongly elec-
tropositive (rare earth), the corresponding
MX compound adopts the rocksalt-like
structure which is known to be more ionic
and the M,X binary does not exist.
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F1gG. 3. Structural relation ship between th

are emphasized.
direction.

—When M is small and not very elec-
tropositive (iron, cobalt, nickel, etc.), as in
the NiAs type or its derivative of MnP type,

more covalence occurs. In addition. metal-
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—When M presents intermediate size
and electropositivity (titanium, zirconium,
hafnium, etc.), the corresponding mono-
nnictides MX r'rvcralh'n- in the TiP-tune

paalliees Ma Svaiiale i wil ATy peo

structure which has been described as a

F1G. 4. Structural relationship between the “‘Ln, M, X;"’
for Fig. 3.

and LaZr,Ni;As, types. Same remarks as
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F1G. 5. Structural relationship between the structure types: (a) Co,P and NiAs, (b) Fe,As and NaCl
(rocksalt type). The tetragonal body-centered subcell of rocksalt type is emphasized.

mixture of NiAs and rocksalt types (25). In
that case, no M,X compounds have been
reported in the literature.

All of these considerations have been re-
cently confirmed by the discovery of a new
family of ternary compounds Ln,NiX; (15)
which exhibit a TiP-like structure. The de-

crease of both size and electropositivity of
the LnX network (rocksalt type) by nickel
insertion is responsible for this structural
stabilization.

In a general way, the structural evolution
from the rocksalt to the NiAs types through
the TiP one for binaries MX belonging to
the IIIa-VIIIa columns of the periodic ta-
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F1G. 6. Normalized resistivity curve as a function of
the temperature for LaZr,Ni,As,.

ble strongly depends on the size and the
electropositivity of the metals.

Physical Properties of LaZr,Ni;As,y

The susceptibility measurements on
LaZr,NiyAs, were made with a SQUID
magnetometer, using a polycrystalline sam-
ple weighing 80 mg, as a function of temper-
ature from 5 to 300 K at a field strength of 1
K/Oe. This compound exhibits almost a
temperature-independent  paramagnetism
with a susceptibility at room temperature of
0.7 105 emu g~!. This indicates that there is
no paramagnetic contribution of the (Zr,
Ni, As) sublattice.

Single crystals of LaZr,NisAs4 have been
studied by electrical measurement. The ex-
periment was performed by the four-point
method using silver painted contacts and an
alternating current in the temperature range
4-300 K. The resistivity for LaZr;NizAs,,
which is almost lincar with temperature
down to 30 K, obeys an aT? law below this
temperature. This indicates a metallic be-
havior for this compound (Fig. 6).
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Conclusion

The examination of the structure of
LaZr,NisAs, brings new perspectives in
transition metal lanthanoid pnictides chem-
istry. Indeed, the classification scheme we
recently proposed to describe structures
having a metal/nonmetal ratio of 2 can now
be extended to related structures with
lower metal contents. This can be ex-
plained from a steric and electropositive
point of view in terms of localized modifica-
tions of the metal coordination. As a con-
sequence, in addition to the usual metal
coordination such as trigonal prismatic,
pyramidal, tetrahedral, and triangular, the
following new ones can be mentioned: octa-
hedral, square-planar, cubic, monocapped
trigonal prismatic, etc. Collation of these
principles will form the subject of a future

paper.
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