Solid State Phase Equilibria in the Er-Ni-P and Er-Ni-As Systems at 800 °C
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Solid-state phase equilibria in the ternary systems Er-Ni-P and Er-Ni-As have been determined
at 800 °C (region 0—67 at. % P or 0—50 at. % As) using X-ray diffraction, scanning electron mi-
croscopy and electron probe microanalysis. Eight ternary phosphides and six ternary arsenides have
been synthesized, including several phases reported previously. The hexagonal structure of the new
compound ErgNipgP;3, as determined from single-crystal X-ray data, exhibits a new structure type
closely related to the HogNiygP 3 structure. Two other new phosphides, ErjNizgP2s (TbigNizeP22-
type) and ErygNigrP3g (SmpoNigg ¢P30-type), have also been obtained at 800 °C. In the Er-Ni-As sys-
tem, a new arsenide ErygNigpAs3zg (SmpoNig ) ¢P3p-type) has been found in addition to known ternary
phases. From X-ray powder data, the structures of the ternary arsenides ErNigAs, (ZrFe4Sis-type)
and ErpNijpAsy (ZrpFe pP7-type) have been refined by Rietveld methods. In the single crystal in-
vestigations, two other new phases Er;pNi3gP;; [derived (La, Ce);oRh3gP2;-type] and Erj3NiysAsjg

(Tm3NipsAs)g-type) have been prepared by high-temperature annealing (1500 °C).
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Introduction

The ternary Ln-Ni-P systems, where Ln represents
a heavy rare earth metal, have been investigated sys-
tematically for Ln =Y, Gd, Tb, Ho, and Yb [1-5],
and the corresponding isothermal sections of the solid-
state phase diagrams have been constructed for the
temperature of 800 °C, in the concentration region
of 0—67 at. % P. In general, these systems showed
about six to eight ternary phosphides, the crystal struc-
tures of which have been determined [6,7]. On the
contrary, the ternary systems Ln-Ni-As have not been
studied widely, except for Y-Ni-As [1] and Ho-Ni-As
[8], for which the isothermal sections of the phase
diagrams have been constructed at 800 °C (concen-
tration range 0—70 at. % As). Five ternary arsenides
have been observed in each system, and their crys-
tal structures have been determined [1,7,8]. In ad-
dition, numerous ternary compounds Ln-Ni-{P, As}
have been synthesized and structurally characterized
[6,7]. To give an example, in the Er-Ni-P system, six
ternary phosphides have been reported: ErNigP, [9],
ErysNigoP33 [10], EroNijpP7 [11], EryNijoPy3 [12],

ErNiP [13], and ErNi,P, [14], while in the Er-Ni-As
system five ternary arsenides have been identified:
EI‘Ni4ASQ [15], Eeri12A87 [16], EI‘7Ni19ASl3 [12],
ErNiAs [17], and Er,NiAs; [18]. The crystallographic
data of these phases are summarized in Table 1.

In order to continue our systematic investigations on
the Ln-Ni-{P, As} systems, we focus in this paper on
the interaction of erbium with nickel and phosphorus
or arsenic. Crystallographic data and structure refine-
ments of new ternary phases as well as the construc-
tion of the isothermal section of the solid state phase
diagrams Er-Ni-P and Er-Ni-As for the temperature
of 800 °C have been established.

Experimental Determination of the Er-Ni-P
and Er-Ni-As Phase Diagrams

Experimental details

Several different synthetic procedures were used for
the sample preparation depending on the P or As con-
tent. Starting materials were ingots of erbium (stated purity
99.99 wt. %), and powders of nickel, red phosphorus or gray
arsenic (all with a minimum purity of 99.98 wt. %). In a first
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Compound Space group  Structure type Lattice parameters (nm) Ref. Table 1. Crystallographic data
a c of the ternary Er-Ni-P and Er-
ErNigP, P4y /mnm Z1Fe4Siy 0.7094 0.3605 9] Ni-As compounds.
0.70770(7)  0.35985(4) this work
ErjNisgP22 P6m2 Tb6NizgP22 1.7943(5) 0.37706(8) this work 2 Phases synthesized at high tem-
Er25 Ni49 P33 P6m2 Sm25 Ni49 P33 2.1756 0.3790 [ 10] Perature~
2.1794(3) 0.37751(7) this work
ErzoNi42P30 P63 /m szoNi41_6P30 2.0177(2) 0.37720(7) this work
ErNijp Py P6 ZryNijp Py 0.9037 0.3667 [11]
0.90442(4)  0.36660(2) this work
Er/NijgP;3 P6 Zr6NiP13 1.2648 0.3721 [12]
ErgNioPi3 P63/m own 1.26351(3)  0.37326(1) this work
ErNiP P63/mmc Tb;_NiP 0.3905 1.5086 [13]
Erg.9;NiP 0.38916(1)  1.50335(7) this work
ErNip Py 14/mmm CeAl,Ga; 0.3830 0.9303 [14]
0.3851(3) 0.9307(9) this work
Er,NizoPs; P63/m own 1.63900(3)  0.37573(1) this work?®
ErNigAs; P4y /mnm ZrFe,Siy 0.7215 0.3758 [15]
0.72162(2)  0.37573(1) this work
ErNijpAsy P6 Zr,FejyP; 0.9344 0.3795 [16]
0.93505(3)  0.37981(1) this work
Er7NijgAs)3 P6 ZreNirPi3 1.3061 0.3839 [12]
ErgNizoAs)3 1.30798(4)  0.38308(2) this work
Erz()Ni42AS3() P63/m sz()Ni41,6P3() 2.0935(3) 0.39009(6) this work
Er13Ni25A519 Pé derived Tm13Ni25 AS]g 1.6286(2) 0.39002(4) this work®
ErNiAs P6m2 YbPtP 0.4044 0.3771 [17]
0.40444(8)  0.37657(7) this work
Er;NiAs; P63/mmc ZrNiAs; 0.4083 1.3724 [18]
0.4081(2) 1.3753(8) this work

step, freshly filed chips of erbium were mixed with stoichio-
metric amounts of the powders and pressed into pellets (1 g
each) at a pressure of about 5 MPa. Samples containing less
than 25 at. % P (or As) were treated by arc melting of the pel-
lets under a Ti/Zr-gettered argon atmosphere. The samples
containing 25-33 at. % P (As) were pre-reacted in evacu-
ated silica tubes by gradually heating them to 800 °C (heat-
ing rate of 200 °C per day) and keeping the temperature for
3 -5 days, followed by slow cooling to r. t. The samples were
then melted in an arc furnace, turned over and re-melted sev-
eral times. Finally, to reach thermodynamic equilibrium, the
so-obtained samples (less than 33 at. % P or As) were again
sealed into evacuated silica ampoules, which were heated at
800 °C for 800-1000 h, and then quenched in cold water.
Finally, samples containing more than 33 at. % P (As) were
just sintered at 800 °C.

In order to obtain single crystals of selected ternary com-
pounds, a special synthesis mode was used. The pre-reacted
pellets (800 °C) were placed in sealed molybdenum cru-
cibles, heated at 1500 °C for 2 d in a high-temperature
graphite furnace and then slowly cooled to r. t.

The samples were characterized by X-ray diffraction.
Phase analysis of the binary and ternary compounds, as well
as the intensity data collection for Rietveld structure refine-

ment of the ternary phases, were performed using the pow-
der diffractometers DRON-3M or HZG 4a (in both cases:
CuKy, radiation with A = 1.54185 A, 0 —26 scan, 20 < 100°,
step: 0.05° in 26, exposure time: 15-20 s per step), and
INEL CPS 120 (monochromatized CuKy, radiation with A =
1.540562 A, 260 range: 10— 100°, exposure time 20 min per
step). All calculations were done using the CSD software
package [25].

For the single-crystal structure determination, the inten-
sity data were collected at ambient temperature with the help
of a Nonius Kappa CCD diffractometer with MoKy, radiation
(A = 0.71073 A) using the program COLLECT [26]. Data
reduction and reflection indexing were performed with the
program DENZO of the Kappa CCD software package [26],
while structure refinement and Fourier syntheses were car-
ried out with the program CSD [25].

Further details of the crystal structure investigations
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-418034.

Phase analyses by scanning electron microscopy and elec-
tron probe microanalyses by X-ray energy-dispersive spec-
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troscopy (EDS) were performed using a JEOL JSM-6400 mi-
croscope. The compositions were correlated with the diffrac-
tion data in order to identify the phases present in each sam-
ple and to establish the ternary phase diagram. In the same
way, some single crystals were analyzed.

The binary compounds

Fundamental information concerning the binary systems
Er-Ni, Er-P or Er-As and Ni-P or Ni-As was taken from lit-
erature data [6,7,19]. The Er-Ni phase diagram has been
widely investigated in the whole concentration range, and
the formation of eleven binary compounds has been ob-
served [7,19]. The intermetallic compounds ErNi (FeB-
type) and ErNis (CaCus-type) melt congruently at 1100 and
1380 °C, respectively, while ErsNi (Fe3C-type structure),
Er3Nip (own type), ErNip (MgCu;-type), ErNiz (NbBes-
type), and Er,Nij7 (ThyNij7-type) are the products of peri-
tectic reactions at 845, 800, 1255, 1320, and 1315 °C, re-
spectively. The binary Er,Ni; decomposes peritectoidally
at 1275 °C into ErNi3 and ErNi4. This phase exhibits two
structural modifications: B-Er;Ni; (rhombohedral symme-
try, Er,Co7-type) [20] and o-Erp,Ni; (hexagonal symme-
try, Ce,Niz-type) [21], but the exact polymorphic transition
temperature is unknown as yet. For the concentration re-
gion close to ~80 at. % Ni, three binary compounds, ErNiyq
(PuNig-type), EryNij7 and ErsNip;, have been reported, but
only the crystal structure of ErNiy has been determined. The
temperatures of the peritectic decomposition of these com-
pounds are very close to each other (~1380 °C) [19].

For the Er-P system, the existence of two phosphides
ErP (NaCl-type) and ErP5 (NdPs-type) has been mentioned
[6, 7], but the phase diagram has not been determined. In con-
trast, the Er-As phase diagram has been studied in the whole
concentration range and the only established compound is
the monoarsenide ErAs with a NaCl structure [7, 19].

The Ni-P phase diagram has been constructed in the con-
centration range 0—40 at. % P [19]. The binary compound
NisP; melts congruently at 1175 °C and undergoes a poly-
morphic transition at 1025 °C. For a-NisP,, the real com-
position is in fact NigP3, and the structure is of a new type
[22], while the structure of B-NisP, has not been determined
in the initial studies [7]. However, in a further investigation
[23], the crystal structure of a-NisP, was determined from
single-crystal X-ray data, and a new structure type with trig-
onal symmetry was proposed. However, the results of pre-
cise quantitative phase analyses of the binary Ni-P samples
in the concentration range 28 —32 at. % P did not confirm the
formation of the NigP3 phase at 800 °C [23]. The other bi-
nary phosphides Ni3P (FesP-type), Nij,Ps (own type), Nip P
(FeyP-type), NisP4 (own type), and NiP, (PdP,-type), are
formed peritectically and exist over extended temperature
ranges [19]. The compounds Ni. 2P (unknown structure),
NiP (own structure type), and NiP3 (CoAss3-type) have been

isolated only at high temperatures [7]. Finally, the phosphide
NiP, with the pyrite-type structure was synthesized under
high pressure (6.5 GPa) at temperatures between 1100 °C and
1400 °C [7].

The Ni-As phase diagram has been studied in the con-
centration range up to 70 at.% As, and the formation of
four binary arsenides has been observed: NijjAsg, NisAsy,
NiAs, and NiAsj [7,19]. Most of these phases have crys-
tal structures of their own types. The arsenides NiAs and
NisAs; melt congruently at 970 °C and near 1000 °C, and ex-
hibit homogeneity ranges of 50 —61.3 and 28.09 —28.74 at. %
As, respectively [19]. According to the literature [24], NiAs
presents a modulated structure at r.t. Finally, NiAs; under-
goes a polymorphic transition at 593 °C. a-NiAs; crystal-
lizes with its own type, while -NiAs; has an orthorhombic
structure of the marcasite-type at normal pressure, and a cu-
bic one (pyrite-type) at high pressure and high temperature
(6 GPa and 1400 °C) [7].

The Er-Ni-P phase diagram

On the basis of the binary compounds mentioned above,
the isothermal section of the Er-Ni-P phase diagram has been
constructed (800 °C, up to 67 at. % P). Solid-state phase
equilibria in the Er-Ni-P system have been established us-
ing X-ray diffraction and scanning electron microscopy of
39 samples (Fig. 1). It is worth mentioning that all binary
compounds on the phase diagram have been confirmed at the
reaction temperature. No extended solid solutions based on
the binary and ternary compounds have been observed.

The existence of the previously reported ternary com-
pounds EI‘Ni4P2, EI’25Ni49P33, El’zNi12P7, EI’NiP, and
ErNipP; has been confirmed. Refinement of the unit cell
parameters are compared with those from literature data in

1 - EfNi,P,

2 - Er(NizsPy,
3 - EnysNiyPss
4 - ErNiP

5 - Er,Ni ,P,
6 - ErgNiy P 5
7 - ErygNiy,Ps
8 - ErNi,P,

. // //

Er,Nij, ErNi;\ErNi; ErNi, ENi ErNi, ErNi
Er,Ni,

Fig. 1. Isothermal section of the Er-Ni-P phase diagram at

800 °C (0—-67 at. % P).

Er
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Table 1. In agreement with our recent structure refinements
of the ternary phosphides ErNiyP,, Er,5Nig9oP33, and ErNiP
[27], it can be concluded that the latter compound in reality
has a composition ErgggNiP (or Er;_,NiP with x = 0.04),
since the Wyckoff position 2a is not fully occupied.

The new X-ray single crystal structure determination of
ErgNipygP;3 has invalidated the formula EryNijgP;3 given
previously in literature [12]. The refinement led to a new
structure type, which is nevertheless closely related to the
HogNipgPy3 type (vide infra).

Two new ternary phosphides, ErjgNizgPy; and
ErpoNigrP39, have been isolated at 800 °C, and their
lattice parameters suggest isotypism with the TbigNizcP22
[28] and SmygNiy P39 structures [29], respectively
(Table 1).

Finally, during attempts to obtain single crystals of the
latter phosphides, another ternary compound, Erj,NizgPsy,
could be isolated for the first time, but at a higher tempera-
ture, i. e., at 1500 °C. The structure is closely related to the
(La,Ce)12Rh3pPy;-type [30]. The description of the crystal
structure together with the magnetic properties of the new
compound Er;NizgP,; will be the subject of a future paper.

The Er-Ni-As phase diagram

The isothermal section of the Er-Ni-As phase diagram
at 800 °C has been constructed from X-ray phase analysis
of 25 samples in the concentration range 0—50 at. % As
(Fig. 2). The existence of numerous binary phases in the
Er-Ni, Er-As and Ni-As systems, which border the phase
diagram at 800 °C, has been confirmed. No extended solid
solutions based on the binary and ternary phases have been
observed.

As

1 - ErNi As,

2 - Er,Ni,As,
3 - ErgNiy)As
4 - Ery(NiyAsy,
5 - ErNiAs

6 - Er)NiAs,

NiAs ErAs

Ni,,Asg

>

Ni;As, 3 6

Ni© - . - - o - Er
Er,Nij, EfNi ErNiy ENi, ErNi Er;Ni,
Er,Ni,
Fig. 2. Isothermal section of the Er-Ni-As phase diagram at

800 °C (0-50 at. % As).

Er;Ni

Table 2. Crystal structure data and structure refinement of
ErgNipoPy3.

Empirical formula ErgNioPi3
Formula weight, g mole™! 2580.42
Crystal size, mm? 0.13 x 0.04 x 0.025

Crystal system hexagonal
Space group; Z P63/m; 1
a, nm 1.26351(3)
¢, nm 0.37326(1)
v, nm? 0.52(1)
Deglc., g cm ™3 8.28(1)
Linear absorption coeff., mm~! 43.6
hkl range —22<h<22; -22<k<22
-5<1<6
(5in0/24) max, nm~! 0.0903
Collected reflections 12162
Unique reflections 1187
Rint 0.049
Variable parameters 50
R(F)/wR(F?) (all reflections) 0.051/0.055
Scale factor 1.004(2)
GOF (F?) 1.030
Apgn (max/min), e A—3 3.85/—2.55

The existence of the previously reported ternary ar-
senides ErNigAsy, ErpNijpAs7, ErgNiogAsz, ErNiAs, and
Er,NiAs; has also been confirmed. A new ternary com-
pound, with approximate composition ErygNigpAs3g, has
been synthesized for the first time. Refinement of the hexag-
onal unit cell parameters suggested isotypism with the
SmyoNiy P39 structure (Table 1). However, our attempts to
obtain single crystals or a pure X-ray powder pattern in order
to confirm this hypothesis were unsuccessful.

The crystallographic data for the ternary compounds in
the Er-Ni-As phase diagram at 800 °C are summarized in
Table 1. A new ternary compound Erj3NipsAsjg could be
prepared at high temperatures (about 13001500 °C), the
crystal structure of which belongs to the Tm{3NisAsig-type
[31]. Structural details of this structure will be the subject of
a future publication.

Crystal structure of ErgNiyoP;3

Madar et al. [12] previously obtained a series
Ln7Nij9Xy3, where Ln = Y, La, Ce, Pr, Nd, Sm, Gd, Tb,
Dy, Ho, Er, Tm, and X = P, As. According to X-ray powder
analyses, this family shows isotypism with ZrgNiygP13 [32].
However, samples supposed to have the ideal composition
LngNiypX 13 always contained admixtures of LnyNijpXs.
Therefore, an additional stucture determination seemed
necessary to validate these first results.

The phosphide ErgNiygP13 was synthesized by reaction
of ErP, NiP and Ni at 800 °C in an evacuated quartz am-
poule. Single crystals of ErgNiygP13 could be isolated from
a crushed sample. Details of the intensity data collection
and refinement are summarized in Table 2. From the inten-
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Table 3. Positional and anisotropic displacement parameters for ErgNiyoP3.

Atom  Wyckoff  occ, % x/a b e Beq (X 102 nm?) By B> B33 B>
position (B3 = B3 =0).

Erl 6h 100 0.47075(5)  0.28170(5) 3/4 0.63(1) 0.66(2) 0.65(2) 0.60(2) 0.34(1)

Nil 2d 100 2/3 173 1/4 0.68(4) 0.65(5) 0.66(2) 0.7409) 0.33(2)

Ni2 6h 100 0.3206(2) 0.0744(2) 1/4 0.78(4) 0.77(5) 0.76(5) 0.83(6) 0.41(4)

Ni3 6h 100 0.4364(2) 0.0204(2) 3/4 0.74(4) 0.78(5) 0.76(5) 0.73(5) 0.41(4)

Ni4 6h 40.009) 0.0751(4) 0.1576(5) 1/4 1.20(11) 0.41(11)  0.89(13) 2.1(2) 0.17(10)

Ni5 6h 49.6(9) 0.1983(3) 0.1053(3) 3/4 0.91(8) 1.03(11)  0.72(10)  1.06(11) 0.5109)

Ni6 6h 11.4(9) 0.0408(13) 0.1002(13) 1/4 0.64(15) - - - -

P1 2a 33(3) 0 0 1/4 1.2(2) - - - -

P2 6h 100 0.5247(3) 0.1392(3) 1/4 0.54(7) 0.60(8) 0.38(8) 0.52(9) 0.17(7)

P3 6h 100 0.2818(3) 0.2319(3) 1/4 0.73(8) 0.80(9) 0.88(10)  0.66(9) 0.53(8)

Er: 2P3 0.2842(3) Ni4: 1P3 0.2291(7) P1: 6Ni6  0.2168(9) Table 4. Interatomic distances
2P2 0.2885(3) 4Ni4  0.2542(5) 3Ni5  02171(4)  (nm) for the ErgNiyoP 3 struc-
2P2 0.2901(3) 2PI1 0.2542(4) 6Ni4  0.2542(4) ture with esd.’s given in units
2 Nil 0.29020(5) 2 P3 0.2558(5) 6 Ni5 0.2863(3)  of the last significant digit in
2 Ni2 0.2996(2) 1 Ni2 0.2633(6) P2: 1 Nil 0.2199(4) parentheses.

2 Ni3 0.3022(2) 2 Ni5 0.2715(5) 1 Ni2 0.2281(4)
1 Ni5 0.3024(4) 2 Ni5 0.2736(5) 1 Ni3 0.2302(4)
1 Ni3 0.3105(2) 2 Ni2 0.2819(4) 2 Ni3 0.2303(2)
1 Ni3 0.3107(2) 1 Er 0.3468(6) 2 Er 0.2885(3)
1 Ni2 0.3112(2) Ni5: 1P3 0.2204(6) 2 Er 0.2901(3)
2 Er 0.37326(1) 2P3 0.2338(4) P3: 1 Ni5 0.2204(6)
2 Er 0.38492(9) 1 Ni2 0.2474(5) 1 Ni3 0.2273(5)

Nil: 3Pp2 0.2199(4) 2 Ni2 0.2575(3) 1 Ni2 0.2276(5)
6 Er 0.29020(5) 2 Ni4 0.2715(5) 1 Ni4 0.2291(7)

Ni2: 1P3 0.2276(5) 2 Ni4 0.2736(5) 2 Ni2 0.2333(3)
1P2 0.2281(4) 4 Ni5 0.2863(5) 2 Ni5 0.2338(4)
2P3 0.2333(3) 1 Er 0.3024(4) 2 Ni4 0.2558(5)

1 Ni5 0.2474(5) Ni6: 2 Ni4 0.2349(11) 2 Er 0.2842(3)
2 Ni5 0.2575(3) 1 Ni4 0.241(2)

1 Ni4 0.2633(6) 2 Ni4 0.2458(12)

2 Ni3 0.2661(2) 1 Ni4 0.252(2)

2 Ni4 0.2819(4) 2 Ni5 0.2594(12)

1 Ni6 0.2.86(6) 1P3 0.264(2)

2 Er 0.2996(2) 2 Ni5 0.2706(13)

1 Er 0.3112(2) 1 Ni5 0.283(2)

Ni3: 1P3 0.2273(5) 1 Ni2 0.286(2)
1P2 0.2302(4) 2P3 0.2914(13)
2PpP2 0.2303(2) 1 Ni5 0.293(2)

2 Ni2 0.2661(2)
2 Ni3 0.2677(2)
2 Er 0.3022(2)
1 Er 0.3105(2)
1 Er 0.3107(2)

sity data set, the Laue symmetry 6/m was determined, and
in accord with the systematic extinctions 00/ (I = 2n) the
centrosymmetric space group P63/m was subsequently con-
firmed.

The structure was solved by Direct Methods (MULTAN)
which resulted in the positions of all erbium and part of the
nickel and phosphorus atoms. Next, the remaining nickel po-
sitions 64 and phosphorus positions 64 and 2a were local-
ized step by step from successive Fourier syntheses. Refine-
ment of the occupancy factors revealed the partial occupancy

of the sites 64 by three nickel atoms located around the 63
axis: Ni4 (40.0(9) %), Ni5 (49.6(9) %) and Ni6 (11.4(9) %).
In the same way, the atom P1 in the 2a site was found to have
an occupancy of only 33(3) %. Anisotropic displacement pa-
rameters for all positions occupied by more than 50 % were
included in the last refinement cycles. The final results are
summarized in Tables 3 and 4. The crystal structure deter-
mination led to the composition ErgNiyg o(1)P12.67(1), close
to ErgNipgP13. Energy-dispersive analysis of several crystals
by scanning electron microscopy confirmed the presence of
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Atom Wyckoff x/a v/b /e Beq B B B33 B> Table 6. Positional and an-
position (x10% nm?) (Bi3=By3=0) isotropic displacement para-

Er % 0 0 172 0956) 0.96(8) 0.96(8) 0.93(14) _ 0.24(15) meters for ErNigAs,.

Ni 8i 0.3482(5) 0.0926(4) 0 1.23(11)  1.72) 0.5(2) 1.6(2) —0.38(13)

As 4g 0.2160(3) 0.7840(3) 0  0.96(8) 1.04(11) 0.96(8) 0.8(2) 0.33(14)

Qa0
[0 oA
TP A
S
O
Nil
]
.‘
1/4 3/4 )
OO Er “?/..
O O Ni
- P2

Table 5. Crystal data and structure refinement for ErNigAsy
and El’zNileS7.

75
(G o)
pal
Ni2
Fig. 3. Projection of the ErgNiygPi3 structure
.4” onto the ab plane and coordination polyhedra
*‘9, of the atoms. The basic structural fragments
C [ErsNijgPg] at z = 1/4 and z = 3/4 are empha-
P3 sized.

Table 7. Positional and isotropic displacement parameters for
Er 2Ni12AS7.

Atom  Wyckoff x/a /b ¢ Bis
position (x10% nm?)

Erl le 2/3 1/3 172 0.66(10)
Er2 1f 1/3 2/3 0 0.72(10)
Nil 3j 0.4361(13) 0.0503(13) O 1.1(3)
Ni2 3j 0.1476(10)  0.2710(6) 0 0.80(13)
Ni3 3k 0.3796(11) 0.4248(11) 172 1.1(2)
Ni4 3k 0.2125(6) 0.0977(10) 172 1.13(13)
Asl la 0 0 0 0.61(12)
As2 3j 0.4099(8) 0.2906(10) 0 1.07(15)
As3 3k 0.1150(9) 0.4078(7) 172 0.67(13)

Table 8. No. of compounds in the ternary systems Ln-Ni-
{P, As} (Ln = heavy rare earth metal); for references see text.

Empirical formula ErNigAs, EryNijpAsy

Crystal system, space group tetragonal hexagonal
P4y/mnm (No. 136) P6 (No. 174)

a, nm 0.72162(2) 0.93505(3)

¢, nm 0.37573(1) 0.37981(1)

Cell volume, V, nm? 0.19566(3) 0.28758(3)

Number of atoms in cell 14 21

Calculated density, g cm 3 9.37(1) 9.03(1)

Absorption coefficient (mm~Y 775 69.7

Radiation; A, A CuKy; 1.54185

Diffractometer HZG-4a DRON-3M

Mode of refinement Full profile

Number of atomic sites 3 9

Number of variable parameters 16 23

Range of 26, deg 10-140

(sin @ /A) max, A~ 0.608

Scale factor 0.981(3) 0.842(1)

Texture axis; parameter [001]; 1.12(2) -

Final R values Ry/ Rp 0.083/0.156 0.069/0.166

Software CSD97

erbium, nickel and phosphorus as the only components in
atomic percentages of Er:Ni:P =16.1:51.0:32.9 (with es-
timated standard deviations of 2 %).

The interatomic distances in the ErgNiygP13 structure are
listed in Table 4. A projection of the ErgNiyoP3 structure
onto the ab plane and the coordination polyhedra of the
atoms are shown in Fig. 3.

Crystal structure of ErNigAs;

The crystal structure of the ternary arsenide ErNigAs;
could not be determined in all its details [15]. From the
tetragonal symmetry and the unit cell parameters, the iso-
typy with the ZrFe4Si;-type was proposed. During the phase
diagram construction, we obtained very pure samples of this
arsenide, which enabled us to refine the ErNigAs, structure
from X-ray powder data.

Ln P As

Y 8  phase diagram known 5 phase diagram known
Gd 8  phase diagram known 6 -

Tb 8  phase diagram known 7 -

Dy 5 - 7 -

Ho 6  phase diagram known 5 phase diagram known
Er 9  phase diagram known; 7 phase diagram known;
this work this work
Tm 5 - 5 -
Yb 7  phase diagram known 3 -
Lu 3 - 3 -

The powder diffraction pattern has been successfully in-
dexed with the tetragonal unit cell parameters listed in Ta-
ble 5. The positional and anisotropic displacement param-
eters were refined by full-profile Rietveld methods (Ta-
ble 6). The results confirm that ErNigAs; crystallizes in the
ZrFe4Si-type, space group P4,/mnm. Experimental and cal-
culated profiles are shown in Fig. 4.

Crystal structure of EryNijAs;

The occurrence of pure samples of the phase EryNijpAsy
enabled us to refine the crystal structure from X-ray pow-
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Fig. 4. Calculated (lines) and experimental (dot-
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O Ot
- L et
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der data. The conditions of data collection and refinement
are summarized in Table 5, while the positional and isotropic
displacement parameters are listed in Table 7. Experimen-
tal and calculated profiles of ErpNijpAs; are presented in
Fig. 4. One can conclude that Er,NijpAs7 is indeed isostruc-
tural with Zr,Fe(,P7.

Discussion

Neither solid solutions based on the binary phos-
phides or arsenides under consideration nor homo-
geneity ranges for the ternary phases were observed
in the solid-state phase equilibria of the Er-Ni-P and
Er-Ni-As systems at 800 °C. On the other hand, the
Er-Ni-P system presents eight ternary phosphides in-
stead of six arsenides for the Er-Ni-As system. A com-
parison of the main features of these phase diagrams
with those of {Y, Tb, Ho}-Ni-P and Y-Ni-As pre-

ted lines) powder diffraction patterns of the ar-
senides EI‘Ni4A52 and Eeri12A57.

viously reported in the literature confirms the main
role played by the rare earth monophosphides and
monoarsenides in these phase diagrams, since more
ternary phases are in thermodynamic equilibrium with
these binaries (Figs. 1 and 2). Moreover, the interac-
tions in the ternary systems depend strongly on the
nature of the rare earth metal, because the number of
ternary phases is not always the same (see Table 8).
Indeed, with Lu, only three ternary phosphides ex-
ist, while with Y, Gd and Tb eight phases have been
found.

Another general rule for all systems Ln-Ni-P
and Ln-Ni-As concerns the fact that the domain
of the ternary phosphides and arsenides with the
heavy rare earth metals represents 10—40 at. % Ln
and 25-40 at.% P (As). Two additional phases,
ErlzNi30P21 and Er13Ni25A519, have been syn-
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Table 9. Structure types found for the ternary compounds Ln-
Ni-P (Ln = heavy rare earth metal).

Table 10. Structure types found for the ternary compounds
Ln-Ni-As (Ln = heavy rare earth metal).

Ln Y Gd Tb Dy Ho Er Tm Yb Lu Ln Y Gd Tb Dy Ho Er Tm Yb Lu

Structure type Ref. Structure type Ref.

ZrFe4Siy + 4+ + + 4+ + + + + [9] ZrFe4Si; ++ + 4+ 4+ + + + + [1544]
TbeNizgP22 + + + + [28, this work] ZryFei,P7 ++ + 4+ + + + + + [16,45]
Smy5Nigg P33 + + + 4+ + [10] ZrgNiyoPy3 ++ + 4+ 4+ + + [12]
SmyoNig P30 + + [34, this work] YeNizoAs)3 + [1]
Tb15Ni28P21 + + [1,29] Tb6Ni15Asl() + + + + [46]
ZryFe,Pr + + + + 4+ + + + + [l1] (La,Ce)12Rh3oPy; + + + [1,47]
HosNijoP» + [35,36] Tm3Nixs As o + + + + [31, this work]
YbsNijgPy2 + [37] SmpoNig; .¢P30 + + + + + [17, this work]
HoyoNiggPa3 + [35, 38] YbPtP + 4+ + + + + + [1,17,48]
ZrgNiyo P13 + + + 4+ + + + o+ [12,39] ZryNiAs, + + + + + + [17,18,48]
H06Ni20P13 + [35,40]

ErgNiogP + this work .

Er?zNzi;)ol;; + this work HogNiyoP13-type (hexagonal symmetry, centrosym-
Y¢NisPig + [41] metric space group P63/m) [36,41]. The latter is de-
Nd3Ni7Ps + o+ [42] rived from the ZrgNiyoP3-type (non-centrosymmetric
b, _NiP R space group P6) [12]. The main difference between
CeAl,Ga ++ + + + + + 4+ [14,43] §

thesized, but
1000 °C).

From a crystallographic point of view, all the ternary
phases in general are stoichiometric with a regular dis-
tribution of the atoms on the crystallographic posi-
tions, with the exception of the compounds having the
Tb;_,NiP-type where a defect in the rare earth occu-
pancy is observed.

In the Er-Ni-P and Er-Ni-As systems, numerous
ternary phases are formed with a metalloid content
of 33 at.% representing a metal/metalloid ratio
of up to 2:1. Moreover, the ternaries ErpNij;P;
(Eeri12A87), Er6Ni20P13 (Er6Ni20A313) and
ErpoNigP39 (ErpoNigpAszg), together with the bi-
nary phosphide Ni,P, belong to a homologous series
of hexagonal two-layer structures, with the general
formula Rn(n,I)M(nJr])(n+2)Xn(n+1)+1 [6,33]. The
combination of the trigonal prisms of the R and M
atoms (rare earths and nickel) centered by the P
or As atoms are the main structural units in these
compounds.

A summary of the ternary phases in the systems Ln-
Ni-P and Ln-Ni-As is listed in Tables 9 and 10 fea-
turing numerous isostructural compounds. The more
common structures correspond to the types ZrFe,Siy,
ZrrFenPq, ZrgNirgPi3 (or to the related HogNipygPy3-
type), SmpoNiq; ¢P39, and CeAl,Ga;. The present
work confirms the existence of the ternary phos-
phide ErgNiyoPq3 instead of EryNijgP3, as was pre-
viously reported by Madar et al. [12]. The structure of
ErgNiyoPy3 is of a new type but closely related to the

only at higher temperatures (above

the two structures ErgNiygP13 and HogNiyoP;3 results
from the splitting of the Ni atoms around the sixfold
axis and the occupancy factor of the phosphorus atom
on this axis. Indeed, for ErgNiygP3 the structure re-
finement was done with three constrained split posi-
tions 64 (40 % Ni4, 49 % Ni5 and 11 % Ni6), while
for HogNipgP13 two split positions (50 % Ni4 and 50 %
Ni5) were refined. These atoms are represented by dot-
ted lines in the projection of the crystal structure of
ErgNiyoPy3 in Fig. 3. As commonly observed in pnic-
tide chemistry for hexagonal crystal structures with
space group P63/m and a metal/metalloid ratio equal
or close to 2, the splitting of the Ni atom position in-
duces also a disorder in the occupancy of the position
2a of the P atoms on the sixfold axis. This position is
only half-occupied by one P atom, since the heights
(z = 1/4 and 3/4) are very close to each other, as it is the
case for HogNipgPy3. For ErgNipgPy3, this occupancy
factor is less and corresponds to 33 %, as based on the
structure refinement (Table 3).

The coordination polyhedra of the different atoms in
the two structures are very similar. We have not taken
into account the coordination polyhedra of the atoms
occupying less than 50 % in the ErgNiygP13 structure
(Fig. 3). The P2 and P3 atoms occupy trigonal prisms
formed by the metal atoms, with three additional atoms
outside the lateral faces. This is the most widespread
type of coordination geometry for phosphorus atoms
in intermetallic compounds [7].

Interatomic distances (Table 4) in the ErgNiyoP3
structure (not taking into account the distances
between atoms with partially occupied positions)
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are close to the sum of the metallic radii of Er
(0.1757 nm) and/or Ni (0.1246 nm) and the covalent
radius of P (0.110 nm) [49]. The shortest distances
(d = 0.2199 nm) are observed between the atoms
Nil and P2, which correspond to a contraction of
ca. 6.5 %.

The same comments on the coordination polyhedra
and the interatomic distances hold true for the crys-
tal structures of ErNigAs; and Er,Nij;As7. Interatomic
distances in these compounds are in good agreement
with the sum of the metallic radii of Er and/or Ni
and the covalent radius of As (0.118 nm). The short-
est distances in the two structures are the Ni-As dis-
tances, . e., 0.2377 and 0.2197 nm for ErNizAs; and
Er,NijpAsy, respectively. In the latter, the contraction
is nearly 12 % with respect to the sum of the respective
radii. This fact can be taken to be indicative of partial
covalent Ni-As bonding.

Conclusion

The investigation of the solid state phase equi-
libria in the ternary systems Er-Ni-P and Er-Ni-As
at 800 °C led to the construction of the phase di-
agrams in the concentration ranges 0—67 at.% P
and 0-50 at. % As. Eight ternary phosphides and
six arsenides have been identified in these systems
at 800 °C. Two additional phases, Erj¢NizcP;, and
Er;3NipsAsjg, were synthesized at higher temper-
atures (1300—1500 °C). Finally, three new phos-
phides (ErlﬁNi36P22, ErzoNi42P31, ErlzNig()Pz]) and
two new arsenides (ErpgNigpAssy, ErjzNiysAsyg) were
obtained for the first time and their unit cell param-
eters have been refined. Moreover, the X-ray crystal
structures of ErgNipoP;3 (single crystals), ErNigAs,
and EryNijpAs; (powder data) have been determined
and allowed to establish the structural relationships.
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