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The new ternary pnictides Er;3Ni3oP,1 and Ery3NizsAsig have been synthesized from the elements. They
crystallize with hexagonal structures determined from single-crystal X-ray data for Er;,Ni3oP> (Space
group P63/m, a=1.63900(3) nm, c=0.37573(1) nm, Z=1, R,.=0.062 for 1574 F-values and 74 variable
parameters), and for Er;3NisAsig (TmisNissAsqo-type structure, space group P6, a=1.6208(1) nm,
c=0.38847(2) nm, Z=1, Rg=0.026 for 1549 F-values and 116 variable parameters). These compounds
belong to a large family of hexagonal structures with a metal-metalloid ratio of 2:1. HRTEM
investigations were conducted to probe for local ordering of the disordered structure at the nanoscale.
The magnetic properties of the phosphide Er;,Ni3oP,; have been studied in the temperature of range
2 < T <300 K and with applied fields up to 5 T. The magnetic susceptibility follows the Curie-Weiss law
from 4 to 300 K. The measured value of fi.r=9.59 ug corresponds to the theoretical value of Er®*.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Recently we have reported some results of systematic
investigations in the ternary systems Er-Ni-P and Er-Ni-As at
800 °C [1]. Crystal structures of a number of ternary pnictides
have been studied, and solid state phase equilibria have been
established. Ternary lanthanoid nickel arsenides Tb;,NizgAs>; and
Dy12Ni30Asy; were reported by Jeitschko et al. [2] to crystallize
with a (La,Ce);aRh3oP, -type structure, and the arsenides
Lny3NizsAsig (Ln=Tm, Y, and Lu) have the crystal structure of
the hexagonal Tm3NiysAsqg structure type [3]. Babizhetskyy et al.
[4] synthesized the ternary rare earth arsenides RgNijsASqg
(R=Y, Sm, Gd, Tb, Dy) and investigated their crystal structures.
All these compounds as well as many other earlier known
ternary phosphides and arsenides described in [5,6] belong to a
large structural family with a metal to metalloid ratio equal or
close to 2:1.

During our experimental work, two other new phases
Erq5NizoPaq and Ery3NizsAsig have been prepared by hlgh—
temperature annealing (1300-1500 °C). The single-crystal X-ray
investigation of the Er,Ni3gP; and Er;3NiysAs;g structures

* Corresponding author. Fax: +49 711 6891091.
E-mail address: v.babizhetskyy@fkf.mpg.de (V. Babizhetskyy).

0022-4596/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.jssc.2010.08.021

proves their relationship with the above mentioned structures
of (La,Ce);2Rh3gP>; and Tm;3NiysAsio-types, respectively.

Here we present details of the synthesis, crystal structure
refinement and measurements of magnetization of the new
ternary pnictides Er{3NisgP,1 and Ery3NizsAsyg. Some preliminary
results of this work have been communicated at a conference [7].

2. Experimental details
2.1. Sample preparation

The compounds were prepared by reaction of the elements.
Filings of erbium (nominal purity 99.99%) were mixed with the
powders of nickel and red phosphorus or arsenic (all with a stated
purity of more than 99.98%) in the definite atomic ratio, pressed
into pellets (1 g each) at a pressure of about 5 MPa, put into
corundum crucibles and sealed in evacuated silica tubes. All
samples were pre-reacted by gradually heating them to 1100 °C
(heating rate of 200 °C per day) and keeping the temperature for 3
days, followed by slow cooling to room temperature.

For the synthesis of the phosphide Er{,Ni3gP;; two preparative
modes were used. In the first one (I) the pre-reacted sample of the
nominal composition ErpgNisyP3; was sealed into molybdenum
crucible and subsequently heat treated at 1500 °C in a graphite
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furnace for 48 h. In the second mode (II) the powders of the
precursors ErP and NisP, were mixed with the nickel powder in
the ratio 12 ErP+2.25 NisP4+18.75 Ni, then pressed into pellet,
put into alumina crucible, subsequently sealed into molybdenum
crucible, and heat treated at 1500 °C in a graphite furnace for 72 h.
According to the XRD data almost all samples contained the
mixtures of the phosphides: Er;;NizgP2q+ErygNigaP30 (synthesis
mode I) and Er;,NizgP2; +ErgNiygPq3 (synthesis mode II). Single
crystals of the ternary phosphide Er;;NizoP,; were isolated from
the crushed samples and tested by Laue method. For the crystal
structure determination the single crystals obtained by the mode I
were used.

Energy dispersive X-ray spectroscopy analysis (EDXS) of the
investigated crystals by a scanning electron microscope JEOL
JSM-6400 with an Oxford Link Isis energy-dispersive spectro-
meter confirmed the presence of only erbium, nickel and
phosphorus. The nominal overall composition in atomic percen-
tages measured by EDXS on several crystals was found to be
Er:Ni:P=19.2:47.9:32.9 (standard deviation estimated to be
about 2 at%), moreover, no contamination by oxygen was
detected.

Single crystals of the ternary arsenide Er;3NiysAs;g were
obtained from the pre-reacted and then arc melted sample of
composition Er{;Ni3gAsy; which was subsequently sealed into
a tantalum crucible and heat treated at 1300 °C in a high-
frequency furnace (TIG 10/300 Hiittinger). Energy dispersive
X-ray spectroscopy analysis of the crystals by scanning electron
microscopy (TESCAN 5130MM with Oxford Si-detector)
confirmed the presence of only erbium, nickel and arsenic in
atomic percentages found to be Er:Ni:As=22.9:44.0:33.1
(standard deviation estimated to be about 1.5 at%). Data of the
XRD study of the powdered sample revealed the admixture of the
ternary phase ErNijAs,.

2.2. Powder X-ray diffraction

A small part of each sample was pulverized and analyzed by
X-ray diffraction (XRD) using a powder diffractometer STOE STADI
P using CuKo-radiation. Comparison of the obtained diffraction
patterns with those corresponding to various structure-types was
carried out with the help of the program POWDERCELL [8].

2.3. X-ray single crystal structure investigations

Er;5NizoP>q: For the structure determination a prism-shaped
single crystal of approx. size 0.1 x0.018 x0.016 mm® was
selected. The intensity data were collected at ambient tempera-
ture on a Nonius Kappa CCD diffractometer using monochroma-
tized MoKo radiation. The unit-cell parameters, orientation
matrix as well as the crystal quality were derived from 10 frames
recorded at y=0 using a scan of 1° in ¢. The complete strategy to
fill more than a hemisphere was automatically calculated with the
use of the program COLLECT [9]. Data reduction and reflection
indexing were performed with the program DENZO of the Kappa
CCD software package [9]. The scaling and merging of redundant
measurements of the different data sets as well as the cell
refinement was performed using DENZO. Semi-empirical absorp-
tion corrections were made with the use of the program
MULTISCAN [10]. Crystallographic data of the phosphide
Er3NizoP2; and details of the crystal structure determination
are listed in Table 1.

Er;3NiysAs;o: Single-crystal intensity data were collected at
room temperature on a STOE IPDS image plate diffractometer
with monochromatized AgKo radiation by oscillation of the

Table 1
Crystal structure data and structure refinement of Ery,Ni3oP2; and Ery3NiysAsqo.

Empirical formula Er;2NisoPsq Ery3NizsAs g

Space group P65/m P6 (no. 174)

Lattice parameters

a (nm) 1.63900(3) 1.6208(1)

¢ (nm) 0.37573(1) 0.38847(2)

V (nm3) 0.87411(6) 0.88379(9)

Formula units per cell, Z 1 1

Calculated density (g cm~3) 8.3640(5) 9.493(2)

Linear absorption coefficient 46.010 33.123
(mm~")

Diffractometer Nonius Kappa CCD  STOE IPDS I

Radiation and wavelength, nm  MoKo (A1=0.071073) AgKo (2=0.056086)

20max (deg); (sin 0/4)max 84.23; 0.944 56.18; 0.839
Mode of refinement F (hkl), F (hkl),
F(hkl) > 40 F(hkl) F(hkl) > 40 F(hkl)
Extinction formalism Sheldrick-2 Sheldrick-2
0.00188(3) 0.00009(3)
Collected reflections 25,259 18,746
Independent reflections 2002 2941
Reflections used in refinement 1574 1549
Refined parameters 74 116
Rg; WRE 0.062; 0.064 0.026; 0.028
Goodness of fit 1.000 1.010
Largest diff.peak and hole 6.379, —4.73 2.48, —1.52
(e/A~3)

2 Position close to that of the Erl atoms.

crystal around the  axis. Information about the data collection
and evaluations are summarized in Table 1.

Structure models of the new compounds were determined by
Direct Methods using SIR-97 [11]. Refinements and Fourier
syntheses were made with the help of the CSD software [12].
The atomic positions were standardized with the help of
STRUCTURE TIDY [13].

2.4. Electron microscopy studies

Samples were dispersed on perforated carbon foil supported
by a copper grid and fixed to a side-entry, double tilt holder with
tilting angles of +25° (Gatan). High resolution transmission
electron microscopy (HRTEM), precession electron diffraction
(PED) and selected area electron diffraction (SAED) were
performed in a Philips CM30ST (300 kV, LaBg cathode). Diffraction
was limited to a circular crystal area of 250 nm. By precession of
the electron beam (“Spinning star”, NanoMEGAS) multiple
scattering was minimized. The EMS packages [14] were used for
the simulation of HRTEM micrographs and electron diffraction
patterns in kinematic approximation, respectively.

2.5. Magnetic measurements

Magnetic measurements were carried out using a MPMS-5
Quantum Design SQUID magnetometer. The magnetization was
measured in the temperature range 2 <T< 300K in increasing
and decreasing magnetic fields up to 5 T. Moreover, we have not
observed any traces of elemental Ni in the samples during the
phase purity analysis using X-ray powder diffraction data and the
electron microscopy studies.

3. Results and discussion
3.1. Crystal structure of Er;oNizoPaq

The phase Er;3NizgP»; is the high-temperature phase, as it was
mentioned earlier [1]. From the intensity data set, the Laue
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Table 2
Positional and anisotropic displacement parameters ( x 102, nm?) for Er1,NizoPs;.
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Atom Site G X y z Beq Bi1 By, Bss Bi>

Erl 6h 1.0 0.36047(2) 0.23534(2) 1/4 0.546(6) 0.561(7) 0.533(7) 0.533(7) 0.263(6)
Er2 6h 1.0 0.56117(2) 0.17753(2) 1/4 0.508(5) 0.529(7) 0.483(7) 0.509(6) 0.251(6)
Nil 6h 1.0 0.01421(5) 0.56467(5) 1/4 0.60(2) 0.55(2) 0.58(2) 0.66(2) 0.27(2)
Ni2 6h 0.125(3) 0.0804(4) 0.0488(4) 1/4 0.63(6) - - - -

Ni3 6h 0.353(4) 0.1215(2) 0.0698(2) 1/4 1.10(6) 0.67(7) 0.69(7) 2.14(9) 0.49(6)
Ni4 6h 0.521(4) 0.1523(1) 0.0891(1) 1/4 0.82(4) 0.98(5) 0.64(4) 0.97(5) 0.50(4)
Ni5 6h 1.0 0.17993(5) 0.25196(5) 1/4 0.70(2) 0.67(2) 0.63(2) 0.81(2) 0.34(2)
Ni6 6h 1.0 0.22931(5) 0.51267(5) 1/4 0.53(2) 0.43(2) 0.45(2) 0.71(2) 0.22(2)
Ni7 6h 1.0 0.34679(5) 0.03860(5) 1/4 0.64(2) 0.56(2) 0.60(2) 0.71(2) 0.25(2)
P1 6h 1.0 0.0249(1) 0.2122(1) 1/4 0.61(3) 0.59(4) 0.68(4) 0.59(4) 0.34(4)
P2 6h 1.0 0.0773(1) 0.4657(1) 1/4 0.46(3) 0.53(4) 0.36(4) 0.51(4) 0.24(3)
P3 6h 1.0 0.2800(1) 0.4114(1) 1/4 0.47(3) 0.53(4) 0.37(4) 0.46(4) 0.20(3)
P4 2c 1.0 1/3 2/3 1/4 0.42(4) 0.35(4) Bi1 0.55(7) 1/2B1;
P5 2a 0.26(1) 0 0 1/4 0.67(9) - - - -

Atomic coordinates were standardized using STRUCTURE TIDY [13].

Bi3=By3=0
Beq =1/3(B11a*a** + - +2By3b*c*bccosw),
T = exp[—1/4(By1a**h2 + - - - +2By3b*c*kl)

symmetry 6/m was determined, and in accordance with systematic
extinctions 0 0 [ (I=2n) the centrosymmetric space group P6s/m was
subsequently confirmed. The atomic positions were close to those
found earlier for the ternary phosphide (La,Ce);2Rh3oP2; [15]. After
refining the fractional coordinates for all atoms by full-matrix least-
squares on F, the occupancy factors for the Ni3, Ni4, and P5 positions
converged to a partial occupancy of the sites 6h located around the
63 axis (52% for Ni4 and 48% for Ni3), and for the 2a position in the
origin (26% for P5). The abnormally large value for the displacement
parameter, B.q=4.8, of the Ni3 atom and a high electron density
each of about 182eA~3 at a distance of ~0.6 A to Ni3 further
indicate a splitting of this partially occupied position. Finally, the
occupancy factors for Ni2, Ni3 and Ni4 atoms were refined to the
values listed in Table 2. Anisotropic displacement parameters for all
positions occupied by more than 30% were included in the last
refinement cycles. Final atomic positional and anisotropic displace-
ment parameters are listed in Table 2. The crystal structure
determination led to the composition Er;2Nizg.g99(1)P20.51(1) close to
Er;oNiseP;; in good agreement with the result of the EDXS analysis
of the single crystals.

Interatomic distances in the Er{;NizgP5; structure are listed in
Table 3. They come very close to the respective sum of the atomic
radii for the metals with coordination number 12, rg,=0.1757 nm,
rni=0.1246 nm [16], and the covalent radius of P, rp=0.110 nm
[16]. The shortest distances (d=0.2197 nm) are observed between
atoms Ni6 and P3 corresponding to a contraction of ca. 6.3%.

The projection of the Er,Ni3gP,; structure onto the ab plane
and the coordination environment of the atoms are presented in
Fig. 1. The large Er atoms are in the centres of hexagonal prisms
formed by six nickel and six phosphorus atoms with 6+2
additional Er atoms above all faces (CN=20). Most of the Ni
atoms including the deficient sites Ni2, Ni3 and Ni4, have CN=12.
Their coordination polyhedra (CP) are distorted orthorhombic
prisms with four additional atoms above the rectangular faces.
The positions of Ni2, Ni3 and Ni4 are quite close to each other,
and hence only mutually one of these positions can be occupied.
Since the Ni3 and Ni2 positions have occupation numbers of
only 35.3(4)% and 12.5(3)% we have, correspondingly, drawn
the coordination polyhedron of the Ni4 position (52.1(4)%
occupancy). Only Ni6 centres a trigonal prism formed by six Er
atoms with three additional atoms of P and thus has CN=9. The
coordination polyhedra of the phosphorus atoms P1-P4 are

trigonal prisms of metal atoms with three additional metal atoms
above the rectangular faces of the prisms (CN=9). P5 is in the
partially occupied crystallographic site 2a with CN=6, and the
octahedral coordination polyhedron is formed by six Ni atoms
situated around the sixfold axis (Ni2, Ni3 or Ni4).

The structure of Er;pNizgP>; can be easily derived from the
(La,Ce)12Rh3oPo1-type [15] by including one more split-position
related to Ni6-atoms, and a reduced occupancy in the 2a position.
Analysis of the literature data also shows the close relationship
between the crystal structures of the ternaries TbisNizpAsy; and
Dy12Niz0Asz1 [2], ReNijsAsio (R=Y, Sm, Gd, Tb, Dy) [4], YeNii5_xP1o+y
(x=0.08, y=0.15) [17] and the structure of the phosphide Er;,Ni3oP>1.
The main difference between all these structures is the mode of
splitting of the Ni atom position around the sixfold axis and the
occupancy factor for P (or As) on this axis. It should be mentioned that
octahedral coordination as observed for P5 in the Er,NizgPsq
structure is unusual for the metalloid atoms in the related structures
of the ternary pnictides [5], but the same polyhedra have been
observed for phosphorus and arsenic atoms in partially occupied 2a
or 2b sites in the structures of ternary pnictides reported by Jeitschko
et al. [2], Babizhetskyy et al. [4] and Stoyko et al. [17]. In all these
structures Ni atoms around the sixfold axes form empty octahedra
which can be easily occupied by metalloid atoms.

Closely related structures were also reported for Nd3Ni;Ps [18]
and CegNi;sPio [19], but in these cases partially occupied
positions of the P atoms are absent. Moreover, in the Nd3Ni;Ps
structure one can observe only one Ni-deficient position (67%)
whereas in the CegNi;sP( structure two 6h positions are occupied
to 79% and 21% by Ni atoms, respectively.

All hexagonal structures mentioned above are members of the
large structural family with a metal:metalloid ratio close to 2:1
which has been classified in [5,20,21]. Disregarding the differ-
ences concerning the disordered distribution of transition metal
atoms (Ni or Rh) and the presence of partially occupied metalloid
(P or As) sites these compounds can be derived from the Fe,P-type
[22,23] with the general formula Ry —1)Mn+1)n+2Xnn+1)+1 [15]
(R=zirconium, rare earth metal or actinoid; M=transition metal,
X=metalloid) where n=4 indicates the number of edge-sharing
trigonal prisms around the P or As atoms in one row of the
triangular structural fragment with the composition RgM5Xio
emphasized in Fig. 1. Some details concerning such types of
structure have been widely discussed in [2].
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Table 3

Interatomic distances (d, nm) for the Erq;Ni3oP; structure ¢ with esd.’s given in units of the last significant digit in parentheses.

Atoms d Atoms d Atoms d Atoms d

Erl 2P1 0.2853(1) Ni1l 1Er2 0.30589(9) Ni4 1Ni5 0.2475(2) Ni7 2Nil 0.26830(8)
2Ni6 0.28997(7) 1Er1 0.3086(1) 2Ni5 0.2595(1) 2Er1 0.30274(8)
2P2 0.2910(1) Ni2 4Ni2 0.2202(5) [2Ni2 0.2639(5)] 1Er2 0.3087(1)
2P3 0.2924(1) 2P5 0.2202(4) [2Ni2 0.2680(6)] 1Er1 0.31185(9)
2Ni5 0.30160(8) [2Ni3 0.2394(5)] [2Ni3 0.2721(3)] P1 1Ni4 0.2211(3)
2Ni7 0.30274(7) [2Ni3 0.2447(4)] [2Ni3 0.2750(2)] 1Ni7 0.2280(2)
1Ni4 0.3035(2) [1Ni3 0.2485(8)] 4Ni4 0.2872(2) 1Ni5 0.2285(2)
1Ni1 0.3086(1) [1Ni3 0.2536(7)] [2P5 0.2872(1)] [1Ni3 0.2290(3)]
1Ni5 0.31042(9) 1P1 0.2578(7) [1Ni2 0.2902(7)] 2Ni5 0.2344(1)
1Ni7 0.31185(9) [1Ni4 0.2639(5)] [1Ni2 0.2939(8)] 2Ni4 0.2346(2)
[1Ni3 0.3475(3)] [2Ni4 0.2680(5)] Erl 0.3035(2) [2Ni3 0.2566(2)]
2Er1 0.37573(1) 1Ni5 0.2885(7) Ni5 1P1 0.2285(2) [1Ni2 0.2578(6)]
1Er2 0.38375(4) [1Ni4 0.2902(8)] 1P3 0.2287(2) 2Er1 0.2853(1)
1Er2 0.38516(4) 2P1 0.2906(6) 2P1 0.2344(1) [2Ni2 0.2906(5)

Er2 2P3 0.2876(1) [1Ni4 0.2939(6)] 1Ni4 0.2475(2) P2 1Ni6 0.2210(2)
2P2 0.2876(1) 2Ni2 0.2968(8) 2Ni4 0.2595(1) 2Ni1l 0.22977(9)
2Ni6 0.29238(7) Ni3 1P1 0.2290(3) [1Ni3 0.2641(3)] 1Ni7 0.2317(2)
2Ni6 0.29291(7) [2Ni2 0.2394(4)] 2Ni7 0.26639(8) 1Ni1 0.2319(2)
2P4 0.29367(2) [2Ni2 0.2447(5)] [2Ni3 0.2832(2)] 2Er2 0.2876(1)
2Nil 0.30241(7) [1Ni2 0.2485(7)] [1Ni2 0.2885(8)] 2Er1 0.2910(1)
1Ni1 0.30589(9) [1Ni2 0.2536(8)] 2Er1 0.30160(7) P3 1Ni6 0.2197(2)
1Ni7 0.30872(9) [4Ni3 0.2555(3)] 1Er1 0.31042(9) 1Ni5 0.2287(2)
2Er2 0.37573(1) 2P5 0.2555(2) Ni6 1P3 0.2197(2) 1Ni1l 0.2298(2)
1Er1 0.38375(4) 2P1 0.2566(2) 1P2 0.2210(2) 2Ni7 0.23136(9)
1Er1 0.38516(4) 1Ni5 0.2641(3) 1P4 0.22303(8) 2Er2 0.2876(1)
2Er2 0.39095(4) 2Ni4 0.2721(3) 2Er1 0.28997(7) 2Er1 0.2924(1)

Ni1l 2P2 0.2298(1) 2Ni4 0.2750(3) 2Er2 0.29238(7) P4 3Ni6 0.22303(8)
1P3 0.2298(2) 2Ni5 0.2832(2) 2Er2 0.29291(7) 6Er2 0.29367(3)
1P2 0.2319(2) Erl 0.3475(3) Ni7 1P1 0.2280(2) P5 [3Ni4 0.2172(2)]
2Ni7 0.26830(9) Ni4 1P5 0.2172(2) 2P3 0.2314(1) [6Ni2 0.2202(4)]
2Nil 0.26932(9) 1P1 0.2211(3) 1P2 0.2317(2) 6Ni3 0.2555(2)
2Er2 0.30241(7) 2P1 0.2346(2) 2Ni5 0.26639(8) [6Ni4 0.2872(1)]

2 Enclosed in square parentheses are distances for atoms which are not shown in the coordination polyhedra of Fig. 1.

Ni6

Erl Er2

Pl P2, P3 P4 P5

Fig. 1. The ab projection of the Ery3Ni3oP»; structure and coordination polyhedra of the atoms (positions with partial occupancy are given with dotted lines). Structural

fragments ErgNi;sP;o are emphasized.

3.2. Crystal structure of Er;3NixsAs;g

The crystal structure of Ery3NiysAs;g was solved by Direct
Methods in the space group P6 (SIR-97 [11]) and refined by
full-matrix least-squares on F (CSD software [12]). In the refine-
ment the partial occupancy of Ni2 in the 3k position (92.7(9)%)
became obvious. All other atom sites are fully occupied by Er, Ni
or As atoms. In final least-squares cycles all atoms were refined
with anisotropic displacement parameters. Atomic positional
and anisotropic displacement parameters are listed in Table 4.

The crystal structure determination led to the composition
Er13Niz4782)AS19, as compared to the ideal composition
Ery3NisAs 9. The refined composition of the compound is in good
agreement with the data of the EDXS analysis of single crystals.

Analysis of the literature data allows us to attribute the
structure of the ternary arsenide Eri;3NiysAs;g9 to the
Tm;3NizsAsio-type [3] with one difference between these two:
in the structure of Er{3NiysAs;g we observe a fully ordered
distribution of atoms in the crystallographic sites with only one
partially occupied position, Ni2, whereas in the Tm3NiysAs g
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Table 4

Positional and anisotropic displacement ( x 10%, nm?) parameters for Ery3NizsAsqo.

S. Oryshchyn et al. / Journal of Solid State Chemistry 183 (2010) 2534-2543

Atom Site G X y z Beq Bq1 By Bs3 Bi>

Erl 3k 1.0 0.03649(5) 0.29816(5) 1/2 0.46(2) 0.47(2) 0.53(2) 0.37(2) 0.26(2)
Er2 3k 1.0 0.15278(5) 0.13249(5) 1/2 0.44(2) 0.52(2) 0.47(2) 0.35(2) 0.28(2)
Er3 3j 1.0 0.38296(5) 0.46422(5) 0 0.50(2) 0.46(2) 0.56(2) 0.48(3) 0.26(2)
Er4 3j 1.0 0.53015(5) 0.34066(5) 0 0.47(2) 0.58(2) 0.50(2) 0.36(3) 0.30(2)
Er5 1c 1.0 1/3 2/3 0 0.46(2) 0.45(2) 0.45(2) 0.33(4) 0.23(2)
Nil 3k 1.0 0.1548(2) 0.5319(2) 1/2 0.68(6) 0.68(7) 0.78(7) 0.72(9) 0.46(6)
Ni2 3k 0.927(9) 0.2485(2) 0.3489(2) 1/2 0.67(7) 1.11(8) 0.65(7) 0.46(9) 0.59(7)
Ni3 3k 1.0 0.3735(2) 0.1906(2) 1/2 0.61(6) 0.53(6) 0.69(7) 0.65(8) 0.32(6)
Ni4 3k 1.0 0.4907(2) 0.0345(2) 1/2 0.50(5) 0.44(6) 0.48(6) 0.61(8) 0.24(5)
Ni5 3j 1.0 0.0169(2) 0.1489(2) 0 0.45(5) 0.21(6) 0.41(6) 0.75(8) 0.18(5)
Ni6 3j 1.0 0.1950(2) 0.4403(2) 0 0.58(5) 0.41(6) 0.51(6) 0.58(8) 0.05(5)
Ni7 3j 1.0 0.3096(2) 0.2674(2) 0 0.66(6) 0.69(6) 0.52(6) 0.81(9) 0.33(5)
Ni8 3j 1.0 0.4297(2) 0.1120(2) 0 0.53(5) 0.63(6) 0.63(6) 0.37(8) 0.33(5)
Ni9 1c 1.0 2/3 1/3 1/2 0.45(6) 0.35(6) 0.35(6) 0.54(13) 0.17(6)
As1 3k 1.0 0.2920(1) 0.5151(1) 1/2 0.45(4) 0.54(5) 0.53(5) 0.41(6) 0.37(4)
As2 3k 1.0 0.4021(1) 0.3496(1) 1/2 0.42(4) 0.48(5) 0.55(5) 0.32(6) 0.33(4)
As3 3k 1.0 0.5212(1) 0.1947(1) 1/2 0.35(4) 0.32(4) 0.31(4) 0.43(6) 0.17(4)
As4 3j 1.0 0.0492(1) 0.4360(1) 0 0.51(4) 0.59(5) 0.45(5) 0.40(6) 0.20(4)
As5 3j 1.0 0.1660(1) 0.2763(1) 0 0.44(4) 0.48(5) 0.38(5) 0.45(6) 0.21(4)
As6 3j 1.0 0.2810(1) 0.1115(1) 0 0.41(4) 0.30(4) 0.41(5) 0.49(6) 0.16(3)
As7 1a 1.0 0 0 0 0.45(5) 0.31(5) 0.31(5) 0.61(10) 0.16(5)

Atomic coordinates were standardized using STRUCTURE TIDY [13].

Bi3=By3=0
Beq =1/3(B11a*?a* + - +2By3b*c*bccosa),
T = exp[—1/4(By1a**h2 + - - - +2By3b*c*kl)

structure the position 3k is partially occupied by Ni (93.1%) and
the Tm3 position has a mixed Tm/Ni occupancy of 85.6/14.4%.

Interatomic distances in the Ery3NiysAsqg structure are listed in
Table 5. The interatomic distances are again close to the sum of
the atomic radii of the metals for the coordination number 12, and
the covalent radius of As, ras=0.121 nm [16]. The maximal
contractions of the interatomic distances are observed between
the atoms Er3 and As4 (d=0.2716(1)nm), Er3 and Ni7
(d=0.2793(2) nm), Ni5 and As5 (d=0.2258(2) nm), and Ni5 and
As6 (d=0.2263(2) nm). In all cases the maximal contraction of
interatomic distances is less than 8.5% relative to the sum of the
respective radii.

The crystal structure of Ery3NiysAsig as well as the structure of
Tmq3Niy5As 9 is another member of the large family of planar two
layered structures with a metal:metalloid ratio close to 2:1
[3,5,20,21]. The ab projection of the Ery3Niy5Asg structure and the
environments of atoms are presented in Fig. 2. As was stated
above, the metalloid atoms in these structures are coordinated by
trigonal prisms of metal atoms with three additional metal atom
neighbors above the rectangular faces of the prisms. So, most of
As atoms have trigonal-prismatic coordination and CN=9, only
As5 has CN=10 with four additional metal atoms outside the
trigonal prism. The same coordination polyhedron was described
for the As5 atom in the Tm3NiysAsg structure [3].

Most of the nickel atoms are surrounded by distorted
orthorhombic prisms with four additional atoms above their
rectangular faces, CN=12. Atoms Ni5 and Ni9 are in the centres of
trigonal prisms of Er atoms with three additional As atoms above
the rectangular faces of the prisms, CN=9. The large atoms of Er
have CN=18 (Er2), and CN=20 (Er1, Er4, and Er5), and their
coordination polyhedra are hexagonal prisms with 6 or 8
additional metal atoms above the faces. Only Er3 lies in the
centre of a pentagonal prism plus 8 additional atoms, CN=18.

The crystal structure of Er;3NiysAs;g emphasizing the trigonal
prisms of metal atoms in the environment of the As atoms is
shown in Fig. 2. The trigonal prisms around As are joined by their
edges forming two types of structural fragments with composi-
tion [ErgNi;5Asio] and [ErgNi;oAsg]. In the structure the fragments

[ErgNiisAsqg] are situated in the channels formed by three
blocks of another fragments [ErgNijpAsg] which are fused
through the atoms of erbium into two dimensional layers. The
fragments [ErgNiisAsig] and [ErgNi;pAsg] are moved relatively
each other by 1/2 c.

The fragments [El'GNi15AS10] (R5M15X]0) of the Er13Ni25AS]9
structure are members of a homologous series of the hexagonal
two layered structures, and composition of the fragments
can be described by the general formula Rpin—1y2Mm+1)n+2)
2Xnn+1)2 With n=4 [5]. The same structural fragment was
also observed in the structure of Er;;NisgP,; and other above
mentioned compounds. Another fragment of the structure
Er;3NiysAsyg with composition [ErgNijpAsg] is composed by a
connection of the fragments [ErsNisAss| and [ErgNi;Asg]. They are
derived of [ErNigAss] and [ErsNijgAsg] with n=2 and 3 in
the general formula, respectively. In each fragment described by
the general formula three Ni are substituted by three Er, as
shown in Fig. 3. Together, they are fused to [ErgNi;pAsg].
Each fragment [ErgNi;oAsg] has four common atoms of Er with
identical neighboring fragments in layers with the composition
|Er;NiqgAsg]. Consequently, adding two fragments [ErgNi;sAsqo]
and [Er;NijpAsg] results in the composition of the compound
Er13N125AS19.

3.3. Characterisation by electron microscopy

Our investigation was performed on the phosphides
Er,NizgP2; containing a small amount of ErgNiyoP;3 hardly
detectable by X-ray powder diffraction, and EroNisoP3¢. Starting
point of the investigation by electron microscopy was the
crystallographic disorder of the Ni atoms around [00z] in both
Eri;oNisoP2; and ErysNinsAs;g. Nanoprobe electron diffraction
inside distinct selected areas gave no indication for ordering of
the Ni atoms at the nanoscale, in particular neither superstructure
reflections nor diffuse scattering were observed. The close simi-
larity of the intensity distributions in the diagrams Erj;NizgP;q
and EryoNigpP3; along [001] is particularly interesting.
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Table 5
Interatomic distances (d, nm) for the Ery5NiysAsqg structure with esd.’s given in units of the last significant digit in parentheses.

Atoms d Atoms d Atoms d Atoms d

Erl 2As4 0.28855(9) Er4 1Ni8 0.3279(2) Ni5 1As5 0.2258(2) As2 1Ni3 0.2377(2)
2As6 0.29795(8) 1Er3 0.38058(7) 1As6 0.2263(2) 2Ni7 0.2406(1)
2Ni5 0.2991(1) 2Er4 0.38847(2) 1As7 0.2292(1) 1Ni4 0.2458(2)
2As5 0.30063(8) 2Er4 0.39382(7) 2Er2 0.2990(1) 1Ni2 0.2483(2)
1Ni2 0.3107(2) Er5 6As1 0.29339(7) 2Er1 0.2991(1) 2Er3 0.28107(8)
2Ni6 0.3124(1) 3Ni6 0.3205(1) 2Er2 0.3048(1) 2Er4 0.29003(9)
1Ni3 0.3190(2) 6Nil 0.3254(1) Ni6 1As4 0.2327(2) As3 1Ni9 0.2305(1)
2Ni8 0.3229(1) 3Er3 0.37486(5) 2As1 0.2410(1) 1Ni4 0.2354(2)
1Ni1 0.3281(2) 2Er5 0.38847(2) 1As5 0.2455(2) 1Ni4 0.2389(2)
1Ni4 0.3292(1) Ni1l 1As1 0.2371(2) 2Ni1l 0.2716(1) 2Ni8 0.2404(1)
2Er1 0.38847(2) 1As1 0.2492(2) 2Ni2 0.2826(2) 2Er4 0.2999(8)
2Er2 0.39314(7) 2As4 0.2542(1) 1Er3 0.2871(2) 2Er4 0.3006(8)

Er2 2As5 0.29580(8) 1Ni6 0.2677(2) 2Er1 0.3124(1) As4 1Ni6 0.2327(2)
2As6 0.29839(8) 2Ni6 0.2716(1) 1Er5 0.3205(1) 1Ni8 0.2344(2)
2Ni5 0.2990(1) 2Er3 0.2957(1) Ni7 1As6 0.2329(2) 2Ni4 0.2486(1)
2As7 0.30334(4) 2Er5 0.3254(1) 2As2 0.2406(1) 2Nil 0.542(1)
1Ni2 0.3046(2) 1Er1 0.3281(2) 1As5 0.2407(2) 1Er3 0.2716(1)
2Ni5 0.3048(1) Ni2 2As5 0.2319(1) 2Ni3 0.2772(2) 2Er1 0.2886(9)
2Ni7 0.3076(1) 1As1 0.2418(2) 1Er3 0.2793(2) As5 1Ni5 0.2258(2)
1Ni3 0.3216(2) 1As2 0.2483(2) 2Ni2 0.2797(2) 2Ni2 0.2319(1)
2Er2 0.38847(2) 2Ni7 0.2797(2) 2Er2 0.3076(1) 1Ni7 0.2407(2)
1Erl 0.39314(7) 2Er3 0.2818(1) 1Er4 0.3152(2) 1Ni6 0.2455(2)
1Er1 0.39778(7) 2Ni6 0.2826(2) Ni8 1As4 0.2344(2) 2Er2 0.2958(8)

Er3 1As4 0.2716(1) 1Er2 0.3046(2) 2As3 0.2404(1) 2Er1 0.3006(8)
1Ni7 0.2793(2) 1Er1 0.3107(2) 1As6 0.2409(2) 1Er3 0.309(1)
2As1 0.28008(8) Ni3 1As3 0.2354(2) 2Ni3 0.2717(1) As6 1Ni5 0.2263(2)
2As2 0.28107(8) 1As2 0.2377(2) 2Ni4 0.2751(1) 1Ni7 0.2329(2)
2Ni2 0.2818(1) 2As6 0.2400(1) 1Er4 0.3218(2) 2Ni3 0.2400(1)
1Ni6 0.2871(2) 2Ni8 0.2717(1) 2Er1 0.3229(1) 1Ni8 0.2409(2)
2Ni1l 0.2957(1) 2Ni7 0.2772(2) 1Er4 0.3279(2) 2Er1 0.29795(8)
2Ni4 0.3033(1) 2Er4 0.3153(1) Ni9 3As3 0.2305(1) 2Er2 0.29839(8)
1As5 0.3309(1) 1Er1 0.3190(2) 6Er4 0.29904(4) As7 3Ni5 0.2292(1)
1Er5 0.37486(5) 1Er2 0.3216(2) As1 1Ni1 0.2371(2) 6Er2 0.3033(4)
1Er4 0.38058(7) Ni4 1As3 0.2389(2) 2Ni6 0.2410(1)
2Er3 0.38847(2) 1As2 0.2458(2) 1Ni2 0.2418(2)

Er4 2As2 0.29003(9) 2As4 0.2486(1) 1Ni1 0.2492(2)
2Ni9 0.29904(4) 1Ni1 02677(2) 2Er3 0.28008(8)
4As3 0.29993(8) 2Ni8 0.2751(1) 2Er5 0.29339(7)
1Ni7 0.3152(2) 2Er3 0.3033(1)
2Ni3 0.3153(1) 2Er4 0.3269(1)
1Ni8 03,218(2) 1Er1 0.3292(1)
2Ni4 0.3269(1)

Erl Er2 Er3 é

Ni5, Ni9 Ni6, Ni7  Asl, As2  As3, As6

Asd

As5

As7

Fig. 2. The ab projection of the Ery3NisAs;g structure and coordination environment of the atoms. Structural fragments ErgNi;sAsio and ErgNijpAsg are emphasized.
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They correspond to the Fourier transformation of the triangular
building blocks with reciprocal scaling of the real object. The
observed intensities recorded in the precession mode convin-
cingly agree with calculated data based on the kinematic
approximation (cf. Fig. 4), for several zone axes. The slight
deviations in terms of too high intensity in the experimental
patterns at low resolution are indicative for an incomplete
suppression of dynamical effects.

All observed phases belong to the structural series as discussed
in Section 3.2 containing triangular building blocks of varying size
which are well seen in zone axis [001] (cf. Fig. 5). The triangles
contain the heavy Er atoms which strongly contribute to the
projected potential and thus dominate the high resolution
contrast. The disordered atoms (cf. structure projections in
Fig. 5) are located between the triangles. To probe for the
experimental significance of a local ordering of the Ni atoms a
series of image simulations was performed changing the
occupancy factors of the disordered Ni atoms: Ni4, Ni5, Ni6
of EreNi20P13; le, Nl3, Ni4 of Er12Ni30P21 and N17, Ni8 of
EryoNispP3q (cf. Fig. 6). The simulated micrographs only show
marginal differences which are expected to fade experimentally
by the presence of amorphous surface layers, slight tilts from
the precise zone axis orientation and other unavoidable

Er,Ni,As,

Fig. 3. Mode of formation of the structural fragment [ErgNi;oAsg] present in the
crystal structure of the ternary arsenide Er;3Ni»sAs9 (positions where the nickel
atoms are substituted by erbium atoms are given by dotted lines).

experimental drawbacks. The experimental micrographs
presented in Fig. 5 match the inserted simulations based on the
average structures (see X-ray analyses). Fourier transforms of

Fig. 5. HRTEM of (a) ErgNiyP;3, (b) Er2Ni3oP2; and (c) ErpoNigyP3; with inserted
simulations (t=2.2 nm (a) and t=2.3 nm (b) and (c)). Zone axis orientation [001].

——_[001]

Fig. 4. Simulated (left) and experimental (right) PED diagrams for (a) ErgNizoP13, (b) Er12Ni3oP2q and (c) ErygNigaPso.
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Fig. 6. Image simulations series Er,oNis>P3; in zone axis [001] with different Ni atom ordering: (a) occupancy: Ni 7: 0%, Ni 8: 100%, (b) Ni 7: 50%, Ni 8: 50%, (c) Ni 7: 77%,

Ni 8: 18% and (d) Ni 7: 100%, Ni 8: 0%.

the micrographs do not show any anomalies. However, this
finding does not exclude local ordering of the disordered Ni
atoms on an atomic scale as indicated by its low experimental
significance. As expected from the contributions to the projected
potential, the Er atoms are imaged as bright spots in strongly
underfocused high-resolution images (Af < —60 nm). Depending
on the chemical nature of the examined crystal, these spots form
triangles with increasing sizes in the series ErgNioP;3, Er12NizoP21
and ErpoNigyP3;. Based on the triangular building blocks there
could be a distinctly different origin of disorder, somewhat related
to the intergrowth of packets with varying sizes as studied in
detail for the intersecting vacancy layers of Ga,Tes [24]. However,
such disordering and other, more significant features of local
ordering were not observed. The full defocus series can be seen in
Fig. 7.

Thus, the images clearly indicate that the investigated crystals
are built from uniform triangular blocks. The disorder around 00z
observed in the X-ray structure analyses is based on local ordering
on the atomic scale, most probably related to mutual substitutions

of the smaller kind of atoms, Ni and P, in the region of six adjacent
triangular blocks.

3.4. Magnetic properties of Er;>NizoPs;

The magnetic susceptibility of Erj,NizoP,; follows the Curie-
Weiss law over the entire temperature range between 2 < T < 300
K (Fig. 8). The effective magnetic moment is in good agreement
with the theoretical value, calculated for the trivalent free ion
Uerr=9.59 ug/Er>*.

The M-H curve was measured at 2K whereas the M-T
(or (1/y)-T) measurement has been done from 5 to 300 K. The
graph depicting (1/y)-T behavior shows a perfect paramagnetic
nature of sample down to 5 K. An extrapolation of the straight line
however, shows a positive Curie-Weiss content 1.90(10) K
suggesting ferromagnetic ordering below 5 K. This is confirmed
by M-H measurements performed at 2 K. We have not observed
any traces of elemental Ni in the sample during the phase purity
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Fig. 7. The full HRTEM series of (a) ErgNiyoP;3, (b) Er;2NizoP,; and (c) ErygNigpP3; with inserted simulations (¢=2.2 nm (a) and t=2.3 nm (b and c)). Zone axis orientation
[001].

4. Conclusion

2.5
' Er,Ni;,P.
3 o'“.,.“"’“ F12MN130%21 The new ternary pnictides Er;pNisoP»; and Eri3NiysAs;g were
2018 synthesized from the elements. They crystallize with hexagonal
E o}' structures belong to a large family of hexagonal structures with a
= = e metal-metalloid ratio close to 2:1. The crystal structure of the
g 15 - . phosphide Er;5NiszgPo; is closely related with the (La,Ce);2RhsoP1-
% 0 type, and the structure of the arsenide Er;3sNiysAs;g is a new
£ o 22[ (koi(: 4030 it Curie-Wei representative of Tm;3NiysAs o-type. The magnetic properties of the
R 10 A elp :f;b(lgl)s% phosphide Erq,;NizgP»; in the range 2 <T< 300K and with applied
- C=11.49 fields up to 5 T have been studied. The magnetic susceptibility of the
peff = 9.59uB compound follows the Curie-Weiss law in a large temperature range.
0.5 - utheo = 9.59uB
) Supplemental information
0.0 . . Further details of the crystal structure investigation can be

200 230 3(')0 obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: (49)7247-808-666; E-mail:
crystdata@fiz-karlsruhe.de) on quoting the depository numbers

Fig. 8. Temperature dependence of the magnetic susceptibility (1/y) for CSD-421919 for Er;3NiysAsig9 and 421920 for Ery,NizgP;;.

Er2NisoP21. The solid line represents the fit of the data to the Curie-Weiss law.

The inset in the top-left corner presents the field dependence of the magnetization

M=f{H) recorded at 2 K with increasing (®) and decreasing (O) field. Acknowledgments

0 50 100 150
Temperature (K)

analysis. The strongly reduced magnetic moment at 2 K could be The authors gratefully thank Dr. C. Hoch (Max-Planck-Institut
due to the crystal field effect preventing the perfect alignment of fir Festkorperforschung) and T. Roisnel (CDIFX, Université de
the Er moments. Rennes 1) for X-ray intensity data collection.
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