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The NdT1.,GecIn (T = Rh, Pd, x = 0+1) systems were investigated by X-ray powder diffraction
and energy dispersive X-ray analysis. The existence of limited solid solutions with the ZrNiAl-type
structure (space group P-62m) was observed:

NdRh;.95GegosIn: a = 0.75340-0.73139(7), ¢ = 0.40280-0.42944(4) nm;

NdPd;.95Gego5In: a = 0.76825-0.73367(6), ¢ = 0.40054-0.43309(4) nm.

The results of partial substitution of Rh atoms by Ge atoms were confirmed by single crystal
X-ray analysis. NdRho;Gegsln phase crystallizes with ZrNiAl-type structure (P-62m, hP9,
a=0.74755(11), ¢ = 0.41886(8) nm, R1 = 0.0183 for 360 F? values, 16 variables), which agrees well
with the results of phase analysis and EDX data.
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1. Introduction

The crystal structures of compounds with equiatomic composition, which are
formed in the majority of rare-earth metal-transition metal-p-element systems, belong to
hexagonal AIB,-, ZrNiAl-, or rhombohedral KHg,-, CaCuGe-, TiNiSi-type structure [1-7].
Almost all known compounds of this group exhibit interesting physical properties [8-17].
Replacement of palladium or rhodium with germanium in the CePd;,Gesn and
CeRhy,Ge,In systems has a significant effect on the structural characteristics and properties
of solid solutions with ZrNiAl-type structure [18, 19].

The aim of this work is to study the effect of substitution of d-element (Pd or Rh) on
Ge in NdTIn compounds (T = Rh, Pd) on the possibility of formation and structure of solid
solutions.

2. Materials and experimental techniques

The interaction of components in the NdRhy,Ge,In and NdPd,.,Ge,In systems was
studied on samples, prepared by arc-melting of pure metals, all with stated purities better
than 99.9 %.

Diffraction data were obtained using Guinier powder camera (Enraf-Nonius FR552,
Cu Ka;-radiation), equipped with an image processing technique (FujiFilm, BAS-READER
1800) and Stoe Stadi P diffractometer (Cu Kay-radiation). Phase analysis was performed
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using Powder Cell [20] and STOE WinXPOW [21] programs, and structural calculations
were performed using Fullprof package [22]. The result of X-ray powder diffraction data
were confirmed by energy dispersive X-ray analysis (scanning electron microscope
REMMA-102-02).

Single crystals were grown using a special heat treatment. Arc-melted samples of
NdRhg ;Geosln were placed in small tantalum containers that were sealed in evacuated
silica tubes as an oxidation protection. The ampoules were first heated in a Huttinger
Elektronik high-frequency furnace (Freiburg, Typ TIG 1.5/300) to 1270 K at a speed of
5°/h and held at that temperature for 120 h. Then the furnace was turned off to cool the
samples to room temperature. After cooling, the samples could easily be separated from the
tantalum container. No reaction of the container material was evident. As a result,
irregularly shaped single crystals were obtained. They were investigated using the Laue
method (precision camera, Mo K-radiation) in order to check the quality for intensity data
collection. Further investigation of the crystal structure was conducted using the single
crystal method (Stoe IPDS-II diffractometer, Mo Ka-radiation). The structure was solved in
ZrNiAl-type structure and refined using the SHELXL-97 program suite [23]. The
guantitative and qualitative composition of the single crystal was determined by EDX
analysis (JEOL 5900LV scanning electron microscope) and closely matches the
composition of the synthesized sample: 34 (1) at. % Nd : 23(1) at. % Rh : 11(1) at. % Ge :
33(1) at. % In.

3. Results and discussions

In the NdRhy,Ge,n and NdPd;,Gesn systems partial solubility of Ge in
compounds of equiatomic composition NdTIn (T = Rh, Pd) is observed with the formation
of limited solid solutions with ZrNiAl-type structure. The limits of solid solutions were
determined according to the results of X-ray phase and EDX analysis (Fig. 1) with such
unit cell parameters: NdRhy.g5Geg05In: a = 0.7534-0.73139(7), ¢ = 0.4028-0.42944(4) nm
and NdPdy.qsGeg.5In: @ = 0.76825-0.73367(6), ¢ = 0.40054-0.43309(4) nm.

Within the NdRhy.5Geg5In solid solution, in addition to the main phase, some
samples of the system contain small amounts of the NdRhlIn, phase with the MgCuAl,-type
structure [24], and NdPd;5GegosIn solid solution — NdPdIn, with the HfNiSi,-type
structure  [25], which agrees with phase equilibria diagram for the
Nd-Pd-In system at 870 K [26]. Samples with a high germanium content (> 25 at. %) in
both systems contain phases Nd,(T,Ge),In (Mo,FeB,-type structure) [27, 28], Nd(T,Ge),
(AIB,-type structure) [29] and NdInz (AuCus-type structure) [30]. The phase Nd,(Ge,T),In
with the Mo,FeB,-type structure, which is dominant in this concentration range of the
Nd-Ge-In system [31], is in equilibrium with the main R(T..Ge,)In phase with the
ZrNiAl-type structure of the majority of samples.
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Fig. 1. Scanning electron micrographs of polished samples of the NdRh,.,GeIn (a, b)
and NdPd;,Ge,In (c, d) systems: a — NdRhy 5Gey sIn (gray phase (main) — Ndg 34Rh16Ge€0191N0 31,
dark phase — pores); b — NdRhq;Geggln (light gray phase — Ndg 39Rhg0Geg 421N 19,
gray phase — Ndo 27RNg 17Ge€o.511N0.05, dark phase — Ndyg 25Rho.01G€0.051M0.69);
Cc— Ndeo_sGeo_sln (gray phase (main) — Nd0_33pdo.17G90.17|n0.33); d- NdpdollGeolgln (gray phase —
Ndolglpdo.leeeolﬁmolo, Ilght gray phase - Ndo‘ggpdo‘oGEO";g'ang, white phase —Ndo.z7pd0‘02Geo‘1o|no‘el,
dark phase — pores) (scanning electron microscope REMMA-102-02)

In order to confirm the crystal structure of solid solutions, one sample in each
system was studied by powder X-ray analysis.

In NdRh;,Geln system, the crystal structure was refined for the main phase of the
NdRhg sGeo sIn sample (Fig. 2) based on the experimental hkl reflections using the FullProf
package [22]: NdRhgssGegssIn  (ZrNiAl-type structure [34], space group P-62m,
a=0.74012(2) nm, ¢ = 0.43446(2) nm; V = 0.20610(1) nm?; Reragg = 0.0861; Rf=0.0823;
phase content — 95 wt. %). Content of Nd,(Rh,Ge),In phase (Mo,FeB,-type structure, space
group P4/mbm, a=0.74259(1) nm; ¢=0.41539 nm) was 4 wt. %, and Ndin; phase
(AuCus-type structure, space group Pm-3m, a=0.4674(1) nm) — 1 wt. %. Structural
parameters were not refined. The atomic parameters in the NdRhgs5Geg4sIn structure are
shown in the Table. 1.
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Fig. 2. Observed, calculated and difference X-ray patterns of the NdRhy sGeg sIn alloy
(Stoe Stadi P, Cu Ka,-radiation)

Table 1
Atomic parameters of NdRhg ssGeg 45In structure
Atom Wygkoff X y z
site
Nd 3f 0.5896(5) 0 0
In 3g 0.2382(7) 0 1/2
M1* la 0 0 0
M2** 2d 1/3 2/3 1/2

*M1 = 0.95(4)Rh + 0.05(4)Ge; **M2 = 0.36(5)Rh + 0.64(5)Ge, Boveranl = 1.71(9).

The crystal structure of the main phase of NdPdy sGeg sIn sample (Fig. 3) was refined
based on experimental hkl reflections using the FullProf software package [22]:
NdPdos6Geg.a4ln (ZrNiAl-type structure [34], space group P-62m, a =0.73984(6) nm,
¢ =0.43661(3) nm; V =0.20696(3) nm®; Rergg = 0.0661; R;=0.0637; phase content —
97 wt. %). Content of Nd,(Pd,Ge),In phase (Mo,FeB,-type structure, space group P4/mbm,
a =0.7688(3) nm; ¢ = 0.3989(2) nm) was 2 wt. %, and NdIn; phase (AuCus-type structure,
space group Pm-3m, a = 0.4656(1) nm) — 1 wt. %. Structural parameters were not refined.
The atomic sites and isotropic displacement parameters in the NdPdg s¢Geg 44In Structure are
shown in Table 2.
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Fig. 3. Observed, calculated and difference X-ray patterns of the NdPd,sGegsIn alloy
(Stoe Stadi P, Cu Ka;-radiation)

Atomic and thermal displacement parameters of NdPdssGeg441n structure Teblez
Atom Wyckoff site X y z Uiso
Nd 3f 0.5866(4) 0 0 0.0112(5)
In 39 0.2413(6) 0 172 0.0153(7)
M1* la 0 0 0 0.0143(17)
M2** 2d 1/3 2/3 172 0.0222(17)

*M1= 0.96(5)Pd + 0.04(5)Ge; M2** = 0.36(5)Pd + 0.64(5)Ge.

In our opinion, dimensional factor is the main factor affecting the formation of solid
solutions. The chemical nature of germanium and d-metals influences less. The closeness of
the atomic sizes (rgy=0.1345 nm, rpg= 0.1376 nm, rg.= 0.1369 nm) [32] has a direct impact
on both the possibility of replacing d-metals with germanium and on the values of the unit
cell parameters (Fig. 4). The unit cell parameter a decreases and the unit cell parameter ¢
slightly increases within solid solutions. The change in the values of a parameter is
influenced by the crystallographic peculiarities of the ZrNiAl-type structure. Substitution of
d-metals (Rh i Pd) by Ge occurs in sites 2d (1/3 2/3 1/2) of space group P-62m, which leads
to the compression of trigonal prisms around the atoms of the statistical mixture M, and the
parameter a slightly decreases. A similar situation is observed in CePd;,GexIn [18],
CeRhyGecIn [19] and CePt;,GesIn [33] systems, where substitution of the d-metal by
germanium also occurs in the site 2d (1/3 2/3 1/2).
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Fig. 4. Change of the unit cell parameters in solid solutions:
a — NdRhy,GeyIn; b — NdPd,,Ge,In

Ge, x
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The results of partial substitution of Rh atoms by Ge atoms were confirmed by
single crystal X-ray analysis. The structure was solved and refined using programs from the
SHELX-97 package [23].

NdRho;Gepzln  phase  crystallizes  with  ZrNiAl-type  structure  [34]:
P-62m, hP9, a= 0.74755(11), c = 0.41886(8) nm, R1=10.0183 for 360 F values, 16
variables, Table 3), which agrees well with the results of phase analysis and EDX data
(JEOL 5900LV scanning electron microscope).

Table 3
Crystallographic data and structure refinement of NdRhg 7Geg 3In

Empirical formula

NdRho_7Geo_3|n

Unit-cell parameters, nm

a=0.74755(11)
¢ =0.41886(8)

Cell volume, nm? 0.20271(6)
Calculated density, g/cm® 8.669
Absorption coefficient, mm’? 34.554
F(000) 450
@range for data collection, deg 3.15-34.78
hkl range +12,£12, +6
Total reflections 3158
Independent reflections / 360/16
parameters
Reflections with | > 24(1) 330
Goodness-of-fit on F? 0.936
R1/wR2 for | > 24(1) 0.0183/0.0285
R1/wR2 for all data 0.0241/0.0291
Extinction coefficient 0.0074(5)

Highest / lowest Ap, e/nm>-10°

1.055 and -1.618
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Table 4
Atomic and thermal displacement parameters of NdRhy 7Geg 3In structure
Atom WziCtEOﬁ X z Ueq
Nd 3f 0.58960(7) 0 0.0130(1)
In 3g 0.24508(7) 0 1/2 0.0127(1)
M* 2d 1/3 2/3 1/2 0.0123(4)
Rh2 la 0 0 0 0.0145(2)
Atom U1z U,, Uss Ui,
Nd 0.0110(2) 0.0129(2) 0.0187(2) 0.0065(1)
In 0.0113(2) 0.0122(3) 0.0149(3) 0.0061(1)
M* 0.0114(4) 0.0114(4) 0.0142(6) 0.0057(2)
Rh2 0.0145(3) 0.0145(3) 0.0144(6) 0.0073(1)
*M = 0.55(3)Rh + 0.45(3)Ge; U,3=U;5=0.
Table 5
Interatomic distances (a) and coordination numbers of atoms
in NdRhg;Gegsln structure
Atom a,nm CN Atom [1,0nm CN
1M* 0.3068(1) 6In 0.2783(1)
4Rh2 0.3081(1) Rh2- 3Nd 0.3068(1) 9
2In 0.3320(1) 2Rh2 0.2783(1)
Nd-— 4In 0.3396(1) 17 2M 0.2879(1)
4Nd 0.3914(1) N 2In 0.3173(1) "
2Nd 0.4189(1) 2Nd 0.3320(1)
3In 0.2879(1) 4Nd | 0.3396(1)
M- 6Nd 0.3081(1) 9

*M = 0.55(3) Rh + 0.45(3) Ge.

The shortest distances in this structure are between In-Rh2 (8 = 0.2783 nm), which
are slightly smaller than the sum of the radii of the corresponding atoms
(rn + rry = 0.301 nm). All other distances between atoms are greater than the sum of the
radii of the atoms (rng= 0.1821 nm, rgp= 0.1345 nm, rpe= 0.1376 nm,
ree= 0.1369 nm, r;,= 0.1663 nm [32]) and indicate the absence of covalent interaction
between them.
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Fig. 5. Projection of the NdRh7Geg 3In structure along ¢ axis
and coordination polyhedra of atoms

4. Conclusions

The existence of substitutional solid solutions NdRhy.05Geg0sln  and
NdPd;.¢5Geg.05In with ZrNiAl-type structure (space group P-62m) was established and the
change in the unit cell parameters was refined.

Substitution of Rh or Pd atoms by Ge atoms was confirmed by single-crystal studies
of the NdRhy;Gegsln phase (ZrNiAl-type structure, space group P-62m, hP9,
a=0.74755(11), c = 0.41886(8) nm, R1 = 0.0183, 16 parameters).
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TBEJAPI PO3UHUHU NdT,,GeIn (T = Rh, Pd)
I'. Huuunopyx'', H. lominrox™%, M. Topsiua™?, P. IIbotrren’, B. 3apeméa’

1 . o . o« . . .
JIvsiscokuil nayionanvhutl ynisepcumem imeni leana @panka,
eyn. Kupuna i Meghoois, 6, 79005 Jlveis, Yrpaina,

2IHcmumym HeopeaniuHoi Ximii, Yuisepcumem m. Mioncmep,
Koppernwmpacce, 30, D 48149 Mioncmep, Hineuuuna
e-mail: halyna.nychyporuk@Inu.edu.ua

Cucremu NdT;.GeiIn (T = Rh, Pd, x = 0+1) nocmigkeHo peHTIeHIBCBKIM METOJOM HOPOILIKY
1 JIOKQJIbHOTO PEHTIeHOCHEKTPAIbHOTO aHAII3Y.

3pa3ku AN OCHIKEHb CHHTE30BAHO E€JIEKTPOAYTOBHUM CIUIABIIHHAM IIMXTH METaliB
YHUCTOTOIO He MeHIe 99,9 Mac. % OCHOBHOTO KOMIIOHEHTA i BIMAJIEHO Y BaKyyMOBaHHX KBapIIOBHX
aMIIyJlax yOpOIOBXK Micslsd. [loBepXHIO HEOOMMY OYMINEHO Bil OKCHIIB O€3MOCepefHBO Iepesn
3Ba)XYBaHHAM 1 CIUIaBISHHAM. MacuBd AUQpakuiiHUX [aHHX OTPUMAHO 3 BHKOPHUCTAHHSIM
nopoukoBoi kamepu I'inbe (Enraf-Nonius FR552, Cu Kay—BunpomiHoBaHHs) i audpakromerpa Stoe
Stadi P (Cu Koy—BHnpoMiHOBaHHS).

CHHTE3 MOHOKPHCTAIIB BHKOHAHO CICHIAFHOI TEPMIYHOK OOpOOKOI 3pa3Ka CKIaxy
NdRhg 7Gep 3In y BakyymoBaniii TaHTanoBiit ammymi y BucokodactoTHii meui Huttinger Elektronik,
Freiburg, Typ TIG 1.5/300. CtpykTypy HOBOI (pa3su poO3B’SI3aHO Ta YTOYHEHO 3 BHKOPHCTAHHAM
komIuiekcy nporpam SHELXL-97.

BuznaueHo, moO y MJOCHIIKEHHX CHCTEMaX YTBOPIOIOTBCI OOMEXKEHI TBEpIi PO3YHHH
3amimieHHss 31 crpykryporo tumy ZrNiAl  (mpocroposa rpyma  P-62m):  NdRhjo5Geg.05In
(a=0,75340-0,73139(7); ¢ = 0,40280-0,42944(4) um; V = 0,1980-0,1989(1) um®) i NdPd,95Gegosin
(a = 0,76825-0,73367(6) um; ¢ = 0,40054-0,43309(4) nm; V = 0,2013-0,2018(1) um®). V mexax
TBEpAMX po3umHiB, moxaioHo mo cucrem CePd;,Ge,In, CeRhy,Gesdn i CePt;Gecln, mapamerp
€JIEMEHTapHOI KOMIPKH @ 3MEHIIYETHCS, a MapaMeTp C — He3HaYHO 30UTBIIYEThCA, IO 3YMOBJIECHO
ocobmBoctsimu crpykryp Ty ZrNiAl. Merogom moporuky 3 Bukopucranusm mporpamu FullProf
yTouHeHo Kpuctanidny cTpyktypy $a3 NdRhgssGeg45In i NdPdg s6Geg 441n.

YacrkoBe 3amimennst aroMmiB Rh aromamu Ge miATBep/KEHO CTPYKTYPHHMH JOCIIKSHHSIMA
moHokpuctanis dhazu NdRhg7GegsIn (ctpykrypruit Tun ZrNiAl, npocroposa rpyma P-62m, cumBoi
[Tipcona hP9, a = 0,74755(11); ¢ = 0,41886(8) um; R1 = 0,0183; 16 mapamerpis).

Knouosi  cnosa: 1iunid, TBepAMH pPO3YMH, METOJ MOPOIIKY, METOJl MOHOKpHCTAia,

KpHCTaJIIYHa CTPYKTYpa.
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