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The interaction between the components in the NdNiln—-NdNiSn system was investigated by X-ray powder
diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy in the full concentration
range at 870 K. The formation of two substitutional solid solutions was observed: NdNilni.o-0.6Sn0-0.4
(ZrNiAl-type structure; space group P-62m; a =0.75375(9)-0.74694(6), c = 0.39359(6)-0.39624(4) nm) and
NdNiSn1.0-0.9In0-0.1 (TiNiSi-type structure; space group  Pnma; a=10.73959(9)-0.74212(10),
b =0.45438(5)-0.45588(6), ¢ =0.76754(9)-0.76984(11) nm). The partial replacement of indium atoms by tin
atoms in NdNiln was confirmed by single-crystal X-ray diffraction and EDX data. NdNilno.cSno.4 crystallizes

with ZrNiAl-type structure (P-62m, hP9, a = 0.74689(2); ¢ = 0.39483(1) nm, R1 = 0.0202, wR> = 0.0477).
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1. Introduction

NdNiln and NdNiSn are representatives of a large
group of ternary compounds with the equiatomic
composition RTM (R = rare earth, T = transition metal,
M = p-element) [1-5]. They are being studied quite
intensively due to a number of interesting physical
properties such as Kondo effect, superconductivity,
spin fluctuations, valence instability and the behavior
of  heavy  fermions, magnetic  transitions,
metamagnetism, efc. [6-14]. The Nd7In compounds are
ferromagnetic for 7= Ni and Pd, antiferromagnetic for
T'=Cu, and paramagnetic for 7=Au [9].
The compound NdNiSn orders antiferromagnetically
with a Néel temperature (7n) of about 3 K. It has been
studied by various approaches: crystal structure,
magnetic  susceptibility, heat capacity, X-ray
photoemission spectroscopy, neutron diffraction, efc.
[12,13]. The compounds LaNiSn and NdNiSn and their
deuterides have been studied using !'Sn Méssbauer
spectroscopy with variable temperature. The compound
NdNiSn, which is nonmagnetic above 12.5 K, exhibits
magnetic ordering below 25 K after deuteration, while
the compound LaNiSn and its deuteride do not exhibit
magnetic ordering above 4.2 K [14].

It was found that in the similar quasi-binary systems
NdNiIln-NdCuln and NdNiln-NdNiAl, the formation
of a continuous solid solution with a structure of the

ZrNiAl type is observed, and in the case of substitution
of Al for In, the solubility range is limited to the region
NdNiln—NdNilng 75Alo.2s. This pattern is also observed
for the hydrides [15]. Ardeleani et al. [16] studied
the PrNilng sSno > and NdNilng sSng» phases to observe
the influence of the rare-earth metal on the stability
of the hydride, and showed that at 3 MPa they
have the compositions PrNilngsSng,Hi33 and
NdNilno.sSng2H; 26, respectively.

The aim of this work was to study the interaction of
the components in the NdNiln—-NdNiSn system in the
full concentration interval at 870 K.

2. Experimental details

Polycrystalline samples (up to 1 g) in the NdNiln;..Sn,
system, where x ranges from 0 to 1.0 with steps of 0.1,
were prepared by arc melting of the pure elements (all
with stated purities better than 99.8%) under an argon
atmosphere of ca. 800 mbar, purified using titanium
sponge. Homogeneity of the alloys was achieved by
annealing in evacuated quartz ampoules in an electric
SNOL muffle furnace with automatic temperature
control (£2 K) for 30 days at a temperature of 8§70 K.
The alloys were hardened in cold water without
previously breaking the ampoules. The samples were
stable in air in both bulk polycrystalline and powder
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forms. The samples were analyzed by powder X-ray
diffraction using DRON 2.0M (Fe Ko radiation) and
STOE STADI P (Cu Ko, radiation) diffractometers.
Phase analysis was performed using Powder Cell [17]
and STOE WinXPOW [18] software. Structural
refinements were performed using the Fullprof package
[19]. Some alloys were examined on a Tescan Vega 3
LMU scanning electron microscope equipped with an
Oxford Instruments SDD X-MaxN20 detector.
Single-crystal growth was performed by sealing the
arc-melted sample with the starting composition
NdNilng 6Sno 4 (Nd33,3Ni33,3In2()Sn13,4) in a small
evacuated quartz ampule and heating it in a Naberterm
HTCT 01/16 furnace. First, the sample was heated to
1173 K within 6 h and held at that temperature for 24 h,
then cooled at a rate of 3 K h™! to 873 K and kept at that
temperature for 6 h. Finally, the furnace was turned off.
As a result, we could select irregularly shaped single
crystals from the crushed alloy, and one of them was
investigated on a SuperNova Rigaku Oxford
Diffraction diffractometer (Mo Ko radiation) at
the Technical University of Dresden in order to check
the crystal quality. Intensity data were collected at room
temperature by using the same device. The crystal
structure was refined using JANA 2006 software [20].
The qualitative and quantitative composition of single

/ Nd,; Nig; ¢In,;,Sn,,
Nd,, [Ni,, In, ,Sn,,,

Nd,; Niy, ,In;g Sn,;

Nd,;{NigsIn  5ST,,

Nd,; Niy; In,s;Sn,,

crystals was determined by EDX analysis
(Zeiss EVO MA 15 scanning electron microscope) at
the Leibniz Institute for Solid State and Materials
Research (Dresden, Germany).

3. Results and discussion

The existence of two limited solid solutions of different
lengths, based on the ternary compounds delimiting
the NdNiln—NdNiSn system, was observed during
the investigation of the interaction between
the components at 870 K. The limits of the solid
solutions were determined according to the results of
X-ray diffraction and EDX analysis (Fig. 1) and had the
following unit-cell parameters: NdNilnj 0-0.6Sno-0.4
(ZrNiAl-type structure [21]; space group P-62m;
a = 0.75375(9)-0.74694(6); ¢ =10.39359(6)-
0.39624(4) nm) and NdNiSnj¢.09Ine0.1 (TiNiSi-type
structure [22]; space group Pnma; a=0.73959(9)-
0.74212(10); b =10.45438(5)-0.45588(6);
¢=0.76754(9)-0.76984(11) nm). The  unit-cell
parameters of the ZrNiAl- and TiNiSi-type phases are
given in Table 1. Some samples, in addition to the main
phase, contained small amounts (up to 5 wt.%) of an
impurity phase with MgCusSn-type structure [23].
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)

Nd,; Niy,,In, ;Sn,, |

Fig. 1 Back-scattered electron images of the surface of samples in the NdNiln—NdNiSn system (samples
annealed at 870 K): @ — NdNilng 7Sng 3, b — NdNilng 4Sng s, ¢ — NdNilng »Sng s.

Table 1 Lattice parameters of samples within the solid solutions NdNiln;.,Sn.

Sample | a, nm | | ¢, nm | V, nm?

NdNilni-0.6Sne-0.4 (ZrNiAl-type, space group P-62m)

NdNiln 0.75375(9) - 0.39359(6) 0.19366(4)
NdNilng9Sng.1 0.75240(8) - 0.39399(5) 0.19316(4)
NdNilng gSno.» 0.75038(8) - 0.39439(5) 0.19232(7)
NdNilng.7Sno 3 0.74901(6) - 0.39484(4) 0.19184(3)
NdNilng.¢Sno.4 0.74694(6) — 0.39624(4) 0.19145(3)
NdNilno.1-0Sno.o-1 (TiNiSi-type, space group Pnma)

NdNilng.1Sno.e 0.74212(10) 0.45588(6) 0.76984(11) 0.26045(6)
NdNiSn 0.73959(9) 0.45438(5) 0.76754(9) 0.25794(5)
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The formation of a single-phase sample with
composition Ndo.33Ni0.331n0.20Sn0.14 (STOE STADI P,
Cu Ko, radiation, Fig.2a) indicated the solubility
of Sn in NdNiln. Partial substitution of Sn atoms
for In atoms was confirmed by a complete crystal
structure  determination  (single-crystal method,
automatic diffractometer Super Nova Rigaku Oxford
Diffraction, Mo Ka radiation, program JANA [20]):
NdNilng 6Sng 4, ZtNiAl-type structure [21]; space group
P-62m;  hP9, a=0.74689(2); ¢=0.39483(1) nm,
R1=0.0202, 494 F? values, 15 variables (Table 2).

Indium and tin atoms form a statistical mixture,
the composition of which was fixed according
to the initial composition of the sample, in agreement
with the results of the EDX analysis of a single
crystal (33.8(1) at.% Nd: 33.6(1) at.% Ni: 19.3(1) at.%

In: 13.3(1) at.% Sn) (Fig. 2b). The refined atomic

coordinates of NdNilng¢Sng4
Table 3, interatomic distances

numbers in Table4, and the

the crystal structure onto the ab plane is shown

in Fig. 3.
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Fig. 2 Experimental (circles), calculated (continuous line) and difference (lowest line) powder X-ray
diffraction patterns (Stoe Stadi P, Cu Ko, radiation) (a) of sample Ndo 33Nio 331n0.20Sno.14 and scanning electron

micrographs of a single crystal (b).
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Table 2 Crystal data and structure refinement for NdNilng.¢Sno 4.

Empirical formula
Molar mass (g-mol™)
Crystal system
Space group
Pearson symbol, Z
Unit-cell dimensions

Radiation; A, nm

Calculated density (Mg-m™)
Absorption coefficient (mm'-10°)
F(000), e

6 range for data collection

Range in ikl

Total no. reflections

Independent reflections / parameters
Reflections with 7> 2o([)
Goodness-of-fit on F?

Ri/wRy [I>20(])]

R/ wR, [all data]

Extinction coefficient

Largest diff. peak / hole (enm™-103)

NdNiIn0,6Sno,4

3193

hexagonal

P-62m

hP9, 3

a=0.74689(2) nm

¢ =0.39483(1) nm
V'=0.190745(9) nm?

Mo Ka; 0.071073

8.3392

36.319

412

3.15-41.06
-13<h<13,-11< k<12,-6<I<7
2939

494/15

491

1.45

R =0.0199, wR, =0.0475
R =0.0202, wR, =0.0477
237

1.45/-1.43
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Table 3 Atomic coordinates and anisotropic displacement parameters for NdNilng ¢Sng 4.

Atom Wyckoff x z Ueq, NM?
position

Nd 3f 0.58650(5) 0 0 0.0092(1)
Nil la 0 0 0 0.0122(3)
Ni2 2d Ve % Vs 0.0110(2)
M 3¢ 0.24907(6) 0 v, 0.0094(1)
Atom Ui1, nm? U, nm? Uss, nm? Ujz, nm??

Nd 0.0086(1) 0.0102(1) 0.0093(1) 0.0051(1)

Nil 0.0130(4) 0.0130(4) 0.0106(6) 0.0065(2)

Ni2 0.0104(3) 0.0104(3) 0.0124(4) 0.0052(1)

Mb 0.0084(1) 0.0088(2) 0.0112(2) 0.0044(1)

1U;3= U =0;°M=0.6In+0.4Sn

Table 4 Interatomic distances (J, nm) and coordination numbers (CN) in the structure of NdNilngeSng4. All

distances within the first coordination spheres are listed.

Atom O, nm CN Atom o, nm CN
Nd - 4Ni2 0.29939(1) M?- 2Nil 0.27125(3)
INil 0.30884(4) 2Ni2 0.28568(3)
2M 0.32014(5) 17 2Nd 0.32014(5) 12
4M 0.33393(4) 2M 0.32221(6)
4Nd 0.38985(2) 4Nd 0.33393(1)
2Nd 0.39483(1)
Nil - oM 0.27125(3) 9 Ni2 - IM 0.28568(4) 9
3Nd 0.30884(4) 6Nd 0.29939(1)

*M=0.6In+ 0.4Sn

Fig. 3 Projection of the structure of NdNilng sSno.4along the c-axis and coordination polyhedra of the atoms.

A comparison of the NdNiIn—NdNiSn system with
the previously studied LaNiln-LaNiSn and
CeNiln—CeNiSn systems [24] shows common trends in
the nature of the interaction of the components:
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formation of limited substitutional solid solutions of
different lengths with the structures of the boundary
compounds. Approximately 13.5 at.% of indium is
replaced by tin in the compounds with ZrNiAl-type
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structures, while only 3.3 at.% of Sn is replaced by In
in the compounds with TiNiSi-type structure.
The results are influenced by structural features of
the ZrNiAl and TiNiSi types. Similar situations may
occur during the formation of R,7>In;..M, solid solutions
(R=La, Ce; T=Ni, Cu; M= Al, Sn) [25].

4. Conclusions

The existence of the limited solid solutions
NdNiIl’lLo-oAsSl’lo-()A and NdNiSl’lle_oAgIno_oj with
ZrNiAl-type structure, was observed at 870 K.
Unit-cell parameters were determined. The crystal
structure of the NdNilng ¢Sno.4 phase was refined using
single-crystal diffraction: ZrNiAl-type, P-62m, hP9,
a=0.74689(2); ¢=0.39483(1)nm, R;=10.0202,
WwR> =0.0477, 494 F? values, 15 variables.
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