A New Ternary Arsenide LaNiAs;: Preparation and Crystal Structure
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The title compound was prepared from the elements by arc-melting followed by annealing in silica
tubes at 1070 K for 3 months. The orthorhombic structure of LaNis Asz was solved and refined from
X-ray single crystal data: space group Pnma, a=11.179(2), b=3.9133(5), c=24.443(3) A, Z =38,
R=0.040, Ry = 0.039 for 1045 unique reflections with | > 2¢(1) and 110 parameters. It is a new
structure type, which can be described by condensed units of trigonal prisms around the arsenic
atoms linked together to infinite zigzag chains. The structural features of LaNisAsg are discussed in
comparison with some representatives of a large family of structures with a metal/non-metal ratio

equal or close to 2:1.
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Introduction

Recently, we reported on the solid-state phase equi-
libria in the ternary RE-Ni-As phase diagrams for
RE = La and Ce [1]. During this study, several
ternary phases were found among which are the com-
pounds RENisAs3. The compositions were deduced
from microprobe analyses on bulk samples. For ex-
ample, LaNisAsz was observed through the backscat-
tered electron image of a sample with a nominal
atomic composition La/Ni/As = 10/65/25. The com-
pound LaNisAs3 is formed by peritectic reaction be-
tween LagNizoAsi3 and the Niy_yAsx-rich liquid. Un-
fortunately, owing to the absence of single crystals
and the complexity of the X-ray diffraction patterns,
no structure determination could be performed at that
time. However, recent attempts to improve the crystal
growth by arc melting were successful and small sin-
gle crystals of LaNisAsz could be isolated in the form
of shiny black platelets.

The present paper describes the synthesis and the
crystal structure of this ternary arsenide. In addition,
the main crystal chemical features of this new struc-
tural type are compared with some related ones, like
LaCosP3, YCosP3, CeNi5,XP3 and YNi5Si3, which
belong to the same family of ternary compounds with
a metal/non-metal ratio equal or close to 2:1.

Table 1. Crystal data, intensity collection and structure re-
finement for LaNigAss.

Empirical formula LaNigAs3

Crystal system orthorhombic

Space group Pnma

al[Al 11.179(2)

b[A] 3.9133(5)

c[Al 24.443(3)

V [A?] 1069(1)

Z, calculated density [g/cm?] 1,8.16

Crystal size [nm?] 0.127 x 0.020 x 0.014

Linear absorption coeff. [mm~1] 43.32

Absorption coefficient [Tmin, Tmax] 0.137, 0.546

6 Limits [] 2<6<32

Data collected —-16 <h< 16
-5<k<5
—-36<1<35

Measured reflections 11914

Unique reflections, Rint 1139[I > 20(1)]; 0.079

Reflections in refinement 1045[1 > 20(1)]

Refinement based on F F

Unweighed R factor 0.040
Weighted Ry factor 0.039

Wt = 62(F,)? 4 0.00053F2]

Extinction correction (Gaussian isotropic) 0.032(3)
Scale factor 0.0799(3)
Goodness of fit 0.99
Max.min [e/A%] 2.07, —2.46
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Atom Site  x/a  y/b z/c Uns Ug Uss Urs Ueq (A2) * Table 2. Atomic coordinates
Cal 4c 0.9120(2) 3/4 0.33840(4) 0.0106(5) 0.0099(6) 0.0135(5) —0.0004(5) 0.0113(3) and anisotropic displacement
La2 4c 0.4137(2) 1/4 0.39571(4) 0.0096(4) 0.0098(5) 0.0117(5) —0.0001(4) 0.0104(3) Pparameters for  LaNisAss.
Asl 4c  009119(2) 1/4 0.43990(7) 0.0104(8) 0.011(1) 0.0115(9) 0.0004(8) 0.0111(5) (U12=Uz3=0).
As2 4c  09125(2) 3/4 0.20373(8) 0.0184(9) 0.010(1) 0.0128(9) —0.0013(9) 0.0133(5) o )
As3  4c  0.7012(2) 1/4 0.31752(9) 0.0101(9) 0.010(1) 0.0139(9) 0.0001(7) 0.0112(6)  Ueq is defined as one-third of the
Asd  4c  0.1228(2) 1/4 0.31468(9) 0.0118(9) 0.011(2) 0.0115(9) —0.0005(7) 0.0114(6) trace of the orthogonalized Uij ten-
As5 4c  0.2281(2) 3/4 0.44293(8) 0.0085(9) 0.012(1) 0.0119(9) 0.0005(7) 0.0110(6)  SOT-
As6 4c  05985(2) 3/4 0.44709(8) 0.011(1) 0.010(1) 0.0116(8) 0.0006(8) 0.0109(5)
Nil 4c 0.0221(2) 3/4 0.4666(1) 0.011(1) 0.012(2) 0.015(1)  0.0001(9) 0.0127(8)
Ni2 4c 0.2195(3) 3/4 0.3469(1) 0.017(2) 0.013(2) 0.013(1) —0.004(1) 0.0141(9)
Ni3 4c 0.1173(3) 1/4 0.4106(1) 0.017(2) 0.013(2) 0.013(1)  0.0005(9) 0.0140(9)
Ni4 4c 0.6618(3) 3/4 0.2513(1) 0.020(1) 0.013(1) 0.013(1)  0.0026(9) 0.0155(7)
Ni5 4c 0.6043(3) 3/4 0.3503(1) 0.017(2) 0.014(2) 0.012(1)  0.0027(9) 0.0143(9)
Ni6  4c 0.3049(3) 1/4 0.2666(1) 0.011(1) 0.018(2) 0.017(1) —0.002(1) 0.0153(8)
Ni7  4c 07128(3) 1/4 0.4131(1) 0.010(1) 0.017(2) 0.011(1)  0.0010(9) 0.0130(8)
Ni8 4c 05905(3) 1/4 0.5038(1) 0.013(1) 0.014(1) 0.013(1) —0.001(1) 0.0135(7)
Ni9 4c 0.7931(3) 3/4 0.4892(1) 0.014(2) 0.025(2) 0.016(1) —0.001(1) 0.0182(9)
Ni10 4c 0.5204(3) 1/4 0.2694(1) 0.014(2) 0.017(2) 0.019(1)  0.002(1) 0.0163(9)
b L\a As N
c " N Vi
Co,0 % g6
- e s @0 ¢ @
all € Py & @ @ )
® ¢ ® e ¢ O e
¢ @ & U e @ P X "
' @ < &
" 0‘ ® - @ &
c @O O el Lal La2 Nil

¢
Ni4

o <B ¢

Ni9 As2 AsA

Fig. 1. View of the unit cell of the LaNisAs; structure along [010] and characteristic coordination polyhedra.

Experimental Section

A sample of the title compound was prepared from sto-
ichiometric amounts of the constituents, arsenic and nickel
as powders and lanthanum as freshly filed chips. They were
mixed together and pressed into a pellet, in an argon-filled
glove box. The pellet (about 2 g) was first annealed in an
evacuated silicatube at 1070 K for two days and then slowly
cooled to room temperature. In asecond step, the sample was
melted with the help of an arc furnace under a Ti/Zr-gettered
argon atmosphere. A small excess of arsenic (1%) was added
to compensate for evaporation losses during arc melting. The
arc-melted ingot was turned over three times and remelted in
order to promote homogeneous mixing. Finally, the sample
was wrapped with molybdenum foil, enclosed in an evac-
uated silica tube, annealed at 1070 K for 3 months, and

then quenched in cold water. The sample was recovered as a
molten ingot with a metallic luster. Small needle-like single
crystals could be extracted from the regulus after crushing.
They were unreactive towards air.

Quialitative composition analyses on the bulk sample and
single crystals were performed with a scanning electron mi-
croscope TESCAN 5130 MM with an Oxford Si detector by
energy dispersive X-ray spectroscopy. All measurements led
to the same atomic percentage of lanthanum, nickel and ar-
senic corresponding to La/Ni/As = 11(1)/56(1)/34(1).

Structure determination

A single crystal of LaNisAsz with dimensions 0.13 x
0.02 x 0.015 mm?® was mounted on a STOE IPDS Il (Im-
age Plate Diffraction System). Intensity data were col-
lected at ambient temperature using Mo-K,, radiation (A =
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Lal: 2As3 3.106(2) Ni2: 1As5 2350(4) Ni6: 2Ni2 2930(3) Asl: INi7 2320(3) Table 3. Interatomic distances
2As4  3.118(4) 2As4  2.369(2) 1La2 3.381(3) INi1  2401(3) (A) with their esd’s for the
2Asl  3.160(2) 1A 2.487(4) 2lal 3.443(2) 2Ni1 2402(3) LaNisAsg structure.
1A2  3.292(2) INi4 2485(4) Ni7: 1Asl 2.320(3) INi3  2.405(3)
INi1  3.367(3) 2Ni3  2.750(3) 1AS3  2.340(3) 2Ni9  2.655(2)
INi2  3.443(3) 2Ni6  2.930(3) 2AS6  2.480(2) 2lal  3.160(2)
2Ni6  3.443(2) 2la2  3.157(2) INi8 2.604(4) As2: 2Nil0 2.391(2)
INi5  3.452(3) llal 3.443(3) 2Ni5  2.767(3) 2Ni6  2.408(2)
2Ni7  3.482(2) Ni3: 1As4 2.346(3) 2Ni9  2.845(3) INi2  2.487(4)
2Ni3  3.495(2) 1Asl  2.405(3) 1La2 3.370(3) INi5  2519(2)
2Ni10 3.499(3) 205 2.447(2) 2lal 3.482(2) 2la2  3.121(2)
INi4  3.515(4) 2Ni1 2.615(3) Ni8& 2As6 2.399(2) llal 3.292(2)
INi4  3.551(4) INI9  2.645(4) 1As5 2.410(4) As3: 1INil0 2.338(3)
INI9  3.918(4) 2Ni2  2.750(3) 1AS6  2.430(4) ANi7  2.340(3)
2lal  3.913(1) 1la2 3.333(3) INI7  2.604(4) INi6  2.361(3)

La2: 2As5 3.076(2) 2lal  3.495(2) 2Ni8  2.820(3) 2Ni5  2.376(2)
2As6  3.110(2) Ni4: 2As4 2573(2) 2Ni9  3.014(3) 2Ni4  2.577(2)
202 3.121(2) 2As3  2.577(2) 2la2 3.141(2) 2lal  3.106(2)
2Ni5  3.098(3) INi2  2.485(4) 1La2 3.299(3) As4 1INi3  2.346(3)
2Nig  3.141(2) INi5  2.504(4) Ni9: 1As6 2.406(4) INi6  2.349(4)
2Ni2  3.157(2) 2Ni10 2.554(3) 2As5 2.576(2) INi10 2.352(4)
INi8  3.299(3) 2Ni6  2.565(3) 2Asl 2.655(2) 2Ni2  2.369(2)
INi10 3.310(3) 1lal 3.515(4) INi1 2.618(4) 2Ni4  2.573(2)
INi3  3.333(3) llal 3551(4) INi3  2.645(4) 2lal  3.118(2)
INi7 3370(3) Ni5: 1As6 2.366(3) 2Ni7 2.845(3) As5: 1Ni2  2.350(4)
INi6  3.381(3) 2As3  2.376(2) 2Nig 3.014(3) INi1  2.376(3)
INI9  3.641(4) 1A 2.519(4) 2Ni1 3.044(3) INi8  2.410(4)
2la2  3.913(1) INi4  2.504(4) 1La2 3.644(5) 2Ni3  2.447(2)

Nil: 1As5 2376(3) 2Ni7  2.767(3) 1lal 3.918(4) 2Ni9  2.576(2)
1Asl  2.401(3) 2Ni10 2.936(3) Nil0: 1As3 2.338(3) 2La2  3.076(2)
2Asl  2.402(2) 2la2  3.008(3) 1As4 2.352(4) AsG: INi5  2.366(3)
2Nil  2.594(3) lal 3.452(3) 2As2 2.391(2) 2Ni8  2.399(2)
2Ni3  2615(3) Ni6: 1AsA 2.349(3) N6 2.411(4) INI9  2.406(4)
INI9  2.618(4) 1As3  2.361(3) 2Ni4  2.554(3) INi8  2.430(4)
2Ni9  3.044(3) 2A2  2.408(2) 2Ni5  2.936(3) 2Ni7  2.480(2)
llal 3.367(3) INi10 2.411(4) 1La2 3.310(3) 2la2  3.110(2)

2Ni4  2.565(3) 2lal 3.499(3)

0.71069 ,&). 180 images were measured in oscillation mode
of the crystal around the 0 axis (Aw = 1.0°). A numeri-
cal absorption correction was made on the basis of an op-
timized description of the crystal faces. Experimental details
and crystallographic data are summarized in Table 1. From
the intensity data set the Laue symmetry mmm was deter-
mined and according to the systematic extinction conditions
hkO (h = 2n) and Okl (k+1 = 2n) the centrosymmetric space
group Pnma was determined which was found to be correct
during structure determination.

The structure was solved by direct methods (SIR97) [2],
which resulted in the positions of all lanthanum atoms and
part of the arsenic and nickel atoms. Next, the remain-
ing arsenic and nickel positions 4c were localized step by
step from successive difference Fourier syntheses. The pro-
gram package JANA2000 was used for the structure refine-
ment [3]. Anisotropic displacement parameters for all posi-
tions were included in the last refinement cycles. The final
results are summarized in Table 1. A refinement of the oc-
cupancy factors gave no evidence for deviations from full

occupancy. Therefore the formula following from the struc-
ture determination is LaNisAsg, in full agreement with the
microprobe analyses. The calculated X-ray powder diffrac-
tion pattern was in perfect agreement with the experimen-
tal one measured on a STOE STADI P powder diffrac-
tometer with Cu-K; radiation. Atomic coordinates, dis-
placement parameters and selected interatomic distances
are given in Tables 2 and 3, respectively. A projection of
the LaNisAsz structure along the [010] direction is shown
inFig. 1.

Further details of the crysta structure investigation
are available from the Fachinformationszentrum Karlsruhe,
D-76344 Eggenstein-Leopoldhafen (Germany), on quoting
the depository number CSD-414080, the name of the authors,
and citation of the paper.

Discussion

The structure of the ternary arsenide LaNisAsz rep-
resents a new structure type in the family of ternary
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CeNis.P3

Fig. 2. RMgX3 building units and their arrangements in the
structures of LaNisAsz and CeNis_yP3. The units drawn
with thick lines are shifted by 1/2 of the translation vector
in the projection direction.

rare earth transition metal-pnictides. It belongs to the
numerous structures with trigonal prismatic coordina-
tion of non metals atoms, having ametal/non-metal ra-
tioequal or closeto 2:1[4].

The main characteristic coordination polyhedra
(CP) of the atoms in LaNisAsz are drawn in Fig. 1.
The lanthanum atoms have high coordination num-
bers (CN); 23 and 20 for the lanthanum atoms Lal
and La2, respectively. The Lal atom is surrounded
by 23 atoms including Ni9 at a large distance of
3.918 A, and the two Lal atoms neighbouring in the
[010] direction. The basic polyhedron corresponds
to a heptagona prism with seven additional atoms
outside the rectangular faces of the prism, that isa 7
face-capped heptagonal prism. Such an environment
is also observed for the La atoms in other structures
like those of LapNipPs, LagNijpP7, or LaCosP3
[5-7]. The atom La2 has 20 neighboursin its nearest
environment. Without the two La2 atoms at a distance
of 3.913 A, the basic polyhedron corresponds to a
6 face-capped hexagona prism. This coordination
scheme is frequently found in pnictide chemistry
for light or heavy rare earths and even zirconium,
as for example in the structures types ZryFejoPy,
LBGRh32P17, CeNi5,XP3, HO5Ni19P12, HoCosPs,
Y CosP3 [8-13].

ETE\\,\ D’

YNisSis
Fig. 3. Stacking of RMgX3 unitsin the structures of LaCogP3,
Y CosP3, and Y NisSi3. The units drawn with thick lines are
shifted by 1/2 of the trandlation vector in the projection direc-
tion.

From ten different crystallographic sites of nickel,
only Ni9 hasalarger CN of 15 instead of 12 for all the
other Ni atoms. This peculiar CN is due to the pres-
ence of a polyhedron (5As + 8Ni + 2La) based on a5
face-capped pentagonal prism. A similar environment
has also been found for transition elements, like Ni
or Co, in several other related structures like those of
CENi5_XP3 [10], HO5Ni19P12 [11], and Y CosP3 [13]
For the other Ni atoms, the CN is equal to 12 (more or
less distorted four face-capped “rectangular” prisms).
It isworth noting that the CP of Ni4 isbuilt in adiffer-
ent manner, as Ni4 is surrounded by four As atomsin
a“sgquare” planar coordination contrary to the other Ni
atoms, except the Ni9 atom, which are al tetrahedrally
coordinated by As atoms. The CN of 12 is common
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YbsNijoPy,

Fig. 4. Stacking modes of the RMgX3 units present in the
structures of ZraFeoP7,Y bgCozpP1g, and YbsNijgP12. The
units drawn with thick lines are shifted by 1/2 of the transa
tion vector in the projection direction.

for 3d elements like Fe, Co and Ni in ternary pnictides
with rare earth and transition elements.

Finally, al the arsenic atoms occupy centres of trig-
onal prisms, which are face-capped by three additional

metal atoms. This trigonal-prismatic environment of
metalloid atoms is typical of the large family of pnic-
tides and even silicides, having a metal/non metal ratio
equal or closeto 2:1[4].

The interatomic distances in the structure (Table 3)
are dlightly shorter than the sum of the respective
atomic radii. Especially short distances are observedin
the nickel-arsenic network: 2.32 A<d(As-Ni)<2.42 A
ascomparedtory; = 1.24 A andras = 1.18 A [14, 15].

The structure of LaNisAs; can be easily described
by units of composition LaNigAsz which are con-
nected via common Ni atoms in zigzag chains. These
chains extend along the [100] direction (Fig. 2). Two
neighbouring chains are separated from each other by
b/2. It is worth noting that each LaNigAs; unit within
the chain is connected by nickel atoms to a terminal
LaNigAs; unit. These terminal units alternate on the
left and right side of the chain.

In a general manner, these building units are called
RMgX3 units in literature (R is a rare earth metal, M
atransition metal, X represents the metalloid atom: P,
As, Si) [4]. The structure of CeNis_P3 [10] represents
another stacking sequence of these units asfinite linear
chains, with only four units (two up- and two down-
pointed) per chain (Fig. 2). Similar building units in
the form of infinite chains are also present in the struc-
tures of LaCosP3 or LaNisP; [7], YCosP3 [13], and
Y NisSiz [16] with similar composition (Fig. 3). The
ternary silicide is the structural example where infi-
nite linear chains are observed, while infinite zigzag
chains are present in the structures of LaCosPs (tilting
after each unit) and Y CosP; (tilting after two units).
Numerous structural examples, which exhibit other
possible arrangements of RMgX3 units but connected
in different ways can be found in the literature [4].
Fig. 4 shows the stacking sequence of these unitsin the
structure types Zr FeoP7 [8], YbgCoszpPig [17], and
Y bsNi1gP12 [18].
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