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The crystal structure of the GdNi;Gag compound was refined on X-ray powder diffraction data collected for
a sample of composition Gd;;Niy1Gage,. The phase composition determined by X-ray diffraction was
confirmed by energy-dispersive X-ray spectroscopy. Therefinement of the crystal structure of GdNisGag was
carried using the structure model defined on DyNisAlg (Pearson symbol hR99, space group R32,
a=0.72624(1), c = 2.74876(5) nm). The structure type DyNisAlg is intermediate between the Ryg;/NiAlg type
in space group P-6m2 (statistical arrangement of rare-earth atoms and Al atom triangles), and the fully

ordered structuretype ErNizAlg with the same supercell and space group R32.

X-ray powder diffraction / Energy-dispersive X-ray spectroscopy / Crystal structure/ GdNi;Gay

Introduction

The R-Ni-Ga systems, whefR is a rare-earth metal
(Sc, Y, La-Lu), are rich in intermetallic compounds
more than 270 ternary compounds formed by these
metals and crystallizing with some 50 different
structure types and stoichiometries, have been
reported[1,2]. KHg, (Pearson symbobl12, space
groupImma, W,CoB, (0110, Immn), PrNRAl; (hP6,
P6/mmn), YNi,Al; (hP18, P6/mmm), CeNg (hP24,
P6s/mmgq, TiNiSi (oP12, Pnmg, MgCuAl, (0Sl6,
Cmcn), Ce&NigSi, (cl44, Im-3m), YNiAl, (024,
Cmcn), and Caln (hP6, P6s/mmqg are among the
most common structure types for this kind of system
[2]. A brief summary of crystallographic data for thes
structure types and their occurrence RaNi—Ga
systems is given imablel.

A recent investigation of the Yb—Ni—Ga system
revealed the existence of y#Ni.Ga [3], a new
ternary compound in the Ga-rich region, which
crystallizes with a partially disordered structuféis
structure type, here referred to RgsNiAlg (hP11,
P-6m2), was predicted during an investigation of the
ordered superstructure type EsNiy (hR78, R32) [4]
and first observed for three quaternary composition
Ros7T2GasTt, whereR is a rare earthl a transition
metal and Tt a tetrelide (Ge or Si)|[5].
Crystallographic data for the compounds reported to
crystallize with this disordered structure areelisin
Table2. In order to find other isostructural

work focuses on the results of the investigatioraof
sample of composition G6Niys 1Gagg.o
Crystallographic data for known ternary compounds
formed by Gd, Ni, and G#&2] are summarized in
Table 3

Experimental

The GdNiy3 Gase, Sample was synthesized by arc-
melting chemically pure>99.89 mass %) elements
under a purified argon atmosphere. The mass of the
sample was 1g and the mass loss during the
preparation was less than 1 % of the total mase. Th
alloy was annealed at 600°C for 88 days in an
evacuated quartz ampoule, and subsequently quenched
in cold water. The crystal structure was refineahr

an X-ray powder diffraction pattern recorded with a
STOE Stadi P diffractometer (G, radiation), using

the program package FullProf Suijtg]. TYPIX [8]

was used to identify the structure types and
standardize the structural parameters. The eleinenta
composition, qualitative and quantitative, was
determined by energy-dispersive X-ray spectroscopy
(EDS), using an INCA Energy 350 microanalysis
system and a scanning electron microscope ZEISS
EVO 40XVP. In order to verify the phase composition
determined by X-ray powder diffraction, EDS anadysi
of the individual phases was conducted using an
AZtecLive real-time chemical imaging device and an

compounds, a series of alloys was synthesized. This Ultim Max Silicon Drift Detector.

Chem. Met. Alloy42(2019)

21



V. Topertsert al, Crystal structure of Gdiba

Table 1 Most common structure types reported to forrRiNi—Ga system§2]. Structure type branches and
ordering variants are not distinguished and thedgemeity range may in exceptional cases reach btieo
boundary binary systems.

Structure type

Pearson symbol

Space group

Number ofR-Ni—-Ga

systems
PrNibAl 5 hP6 P6/mmm 14
W,CoB, ol10 Immm 14
CeNji hP24 P6s/mmc 13
KHg, ol12 Imma 13
TiNiSi oP12 Pnma 13
YNiAl5 hP18 P6/mmm 13
YNIAI 4 o4 Cmcm 11
CeNigSip cl44 Im-3m 10
Caln, hP6 P6s/mmc 9
MgCuAl, 0Sl16 Cmcm 9
Table 2 Compounds found to crystallize will ¢Ni Al g-type structureshPl1, P-6m2).
Compound aUnit-ceII parameters, nrg V, nn? Ref
Sa.eMNiAlg 0.416403 0.90586 0.1360 [6]
Y o.6/Ni2Al 0.42038 0.91316 0.1398 [6]
Gdy eNizAlg 0.42088 0.91494 0.1404 [6]
ThoeNizAlg 0.42008 0.91303 0.1395 [6]
Dyo.sNizAlg 0.42008 0.91262 0.1395 [6]
Hog s NioAlg 0.41980 0.91171 0.1391 [6]
Erp.eNiAlg 0.41939 0.91071 0.1387 [6]
Tmg eNizAlg 0.41888 0.90983 0.1383 [6]
Ybo eNiAlg 0.41890 0.90982 0.1383 [6]
LugeNioAlg 0.41871 0.90905 0.1380 [6]
Ybo sNiGas 0.41656 0.91557 0.1383 [3]
Simy 6 Ni2GasSix? 0.41976 0.9159 0.1398 [5]
Gy 6Ni,GaGe,” 0.41856 0.9167 0.1391 [5]
Y 0.66C0,G85 3856 67 0.41822 0.9240 0.1400 [5]

2 refined composition SgaNi,Gas .Sio o6 b composition from refinement GeNi.GasGe, from chemical analysis

Gy eNioGas Gey g

Table 3 Crystallographic data for known ternary compouimdhe Gd—Ni—Ga systefiz].

Compound Structure type Fs)jrirkfgln Space groug a Unit-cel pat:ameters, nm c

GNigGay CeNigSiy cl44 Im-3m 0.8921 - -
GdNiGa YNIAI 4 o4 Cmcm 0.4093 1.5355 0.6548
GdNizGa, 1t YNi,Al; hP18 P6/mmm 0.8737 - 0.4132
GdNizGa, ht PrNpAl 5 hP6 P6/mmm 0.5086 - 0.4051
GdNiGa BaNiSn tI10 [4mm 0.4166 - 0.9960
GdNi, 7Ga 25 CeNg hP24 P6s/mmc 0.5035 - 1.6340
GdNiGa NdNiGa, 0S16 Cmmm 0.4120 1.7540 0.4082
GdNiGa TiNiSi oP12 Pnma 0.6970 0.4329 0.7385
GdNiyGa 7 Caln hP6 P6s/mmc 0.4357 - 0.7430
GdNiy5Ga; 4s KHg» ol12 Imma 0.4375 0.7190 0.7570
GdNi,Ga W,CoB, ol10 Immm 0.4197 0.5407 0.8383
GdNigsGay.» T 08 Cmcm 0.3780 1.0390 0.4297
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Results and discussion

The results of local and average EDS analysis ®f th
Gd; 7Niyz Gasg, sample surface showed good
agreement with the nominal compositiorable 9, as
well as homogeneity of the sampleFid. 1).
The sample was found to contain three phases:
a new ternary phase of composition G, the
binary phase NGa (structure type NAl3) and the
ternary phase GdNiGa(structure type YNIA).
The results of the EDS analysis of the individual
phases of the GdNiyxs:Gaso Ssample Fig. 2

we made a preliminary hypothesis assuming the
presence of a disorder®&y sNi,Als-type phase, space
group P-6m2. The atomic coordinates of the initial
model for the refinement of the structure of thevne
compound were taken from the dNi.Ga
compound3]. The occupancy of Wyckoff positioral
by Gd atoms was fixed to 0.667 and that of theisite
Wyckoff position 3, occupied by Ga atoms, was fixed
to 0.333. The refinement proceeded to a Bragg ffacto
of Rg = 0.0692 and thBy Ni,Als model satisfactorily
described the majority of the peaks found in the
experimental diffraction pattern. However, a detil

showed that the measured compositions of the phasesanalysis of the 2 region 30-48° (see inset &ig. 3

are in good agreement with the theoretical ones
(Table 5.

Based on our previous investigation of the
Yb—Ni—Ga system[3], and the report on the
Ge-containing sample of neighboring composifish

showed that the experimental diffraction pattern
contained at least two peaks (at 40.10° and 41.33°)
that were not described by thHe ¢NiAlg model,
which could indicate ordering of the atoms and
formation of a superstructure.

Table 4 Results of average and local EDS analysis of tifase—the Gg:Ni,s Gasg ,Sample.

Results of average EDS analysis of the surface o
the Gd 7Ni,3 Gasg » alloy (Spectrum 1)

Results of local EDS analysis of the surface of
the Gd 7Ni,3 Gasg» alloy (Spectrum 2)

Element Weight fraction|  Atomic fraction Element \Yei fraction | Atomic fraction
Gd 16.66 7.85 Gd 16.87 7.95
Ni 18.09 22.82 NK 18.40 23.23
Ga 65.25 69.33 Gl 64.73 68.82

200pm

Fig. 1 Surface morphology at 500 magnification and EP8ct#a of the GdNGa alloy (Spectrum 1 —
average EDS analysis of the selected area; Spe&ruincal EDS analysis of a point at the surface).
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Table5 Results of the EDS investigation of the phasesthe Gd-Niy;Gaso, Sample (theoretical

composition in parentheses).

Phase GdNGa Ni,Gag GdNiGg
Element Weight Atomic Weight Atomic Weight Atomic
fraction fraction fraction fraction fraction fraction
Gd 16.84 7.94 (7.69 0.53 0.22 (0) 31.95 16.188361)
Ni 17.85 22.57 (23.08 34.61 38.71 (40) 11.81 1§16167)
Ga 65.31 69.49 (69.23 64.86 61.07 (60) 56.24 666166)

Spectrum
3

Spectrum 11
+ h

10um

10pum

Fig. 2 Electron microscope photos of the Gdi,3 Gase » Sample: gray matrix — GddGa (DyNizAlg type),

dark gray regions — MBa; (Ni,Al3), light gray regions —

As stated previousl-6], the Ry sNiAl ¢ structure
is closely related to the structure types BANj
(Pearson symbolhR78, space groupR32) and
DyNizAlg (Pearson symbdhR99, space grouR32).
Consequently, these models were used to try thédit
experimental diffraction pattern at the next stépur
investigation. The atomic coordinates and isotropic
displacement parameters refined for the G@igj
compound assuming the partly ordered structure type
DyNi;Ga are listed inTable 6 The occupancies of all
the sites susceptible to contain vacancies acagidin
the structure type were refined, but some congtrain
were applied. Details of the Rietveld refinementied
quantitatively predominant phase in the
Gd; 7Niy3 Gasg, sample, GdNGa, are given in
Table 7 The experimental, calculated and difference
powder diffraction patterns for the Dy@#a model
are shown irFig. 3

The low intensity peaks, which were not described
by the Yh sNi,Alg model are satisfactorily described
by the DyNiAly (and ErN3Alg) superstructure
models, which confirms a tendency towards ordering
for the structure of the GdiGa compound. The
significant occupancy of site Gd2 (0.394(4)), albsen
the ErNgAlg type, excludes complete ordering. On the
other hand, complete disorder of Gd atoms and Ga
atom triangles (smaller unit cell) would correspaad

24

GANIGAYNIAl ).

occ(Gdl) = occ(Gd2) = 0.667, which is far from the
refined values.

The structures typesRygMNiAlg, DyNizAlg
and ErNiAlg are peculiar in the sense that the
translation unit along the crystallographic direnti
[001] contains four successive atomic layers
Ry.67AI-NIiAl —~AI-NiAl, (multiplied by 3 for theR
translation of the superstructures), which is tiated
in Fig. 4. The difference between the structures lies in
the Ry /Al layers. TheR, sNi Al structure contains a
statistical arrangement oR atoms and Al atom
triangles, whereas the arrangement of Dy atoms and
Al atom triangles in DyNiAlq is partially ordered. The
ErNisAlg structure type is characterized by full
ordering of Er atoms and Al atom triangles
(Fig. 5).

For the refinement of the structure of GglBh, we
assumed that each position 0/9% and?% % in the
Rys7Ga layers is occupied either by a Gd atom or a
Gg triangle, and constrained the sums of the
occupancies of the sites Gd1 and Ga7, and Gd2 and
Ga2, to be equal to 1. Vacancies excluded,
the Ga:Gd ratio in the layers cannot exceed 3:2,
otherwise too short Ga-Ga distances would occur

between neighboring triangles. This implies an
additional constraint on the site occupancies:
occ(Gdl) + occ(Gd2)/21. The refined value,

Chem. Met. Alloy42(2019)
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1.044(5), is close to unity. For the refinement
of DyNisAlg [4], the occupancies were constrained
to the stoichiometry 1:3:9, whereas for the
refinement of GgsNi.Ga.,Ge, the total Ga+Ge
content was fixed to 6 atoms per formula unit, thet
occupancy of the only Gd site was refined to 0.680(
i.e. the composition of the layers containing the rare-
earth atoms was found to be Ggho.dGa,Ge).
We believe that the composition of each layer isel

Table6 Atomic coordinates and

to Gd.Ga and that the disorder is mainly the result of
stacking faults, possibly favored by small deviatio
from the ideal composition. The result of the EDS
analysis, which showed a slight excess of Gd with
respect to the stoichiometric amount, supports
the idea of partial replacement of Ga atom triamgle
by Gd atoms, but at the same time some Ga atoms
would be replaced by Ni atoms in the intermediate
slabs.

isotropic displacement peters for the GdNGa compound

(structure type DyNAly, Pearson symb#R99, space grouB32,a = 0.72624(1)¢ = 2.74876(5) nm).

Wyckoff Atomic coordinates Biso.
Atom position X y z Occupancy (102 nnt)
Gd1 & 0 0 0.3330(4) 0.847(38) 1.62(9)
Gd2 K9 0 0 0 0.394(4) 1.62(9)
Ni 18f 0.3228(14) 0.0057(14) 0.0818(1) 1 1.58(9)
Gal 18 0.3247(14) 0.3354(13) 0.06752(9) 1 1.59(5)
Ga2 @ 0.200(3) 0 0 0.606(%) 1.59(5)
Ga3 @ 0.3422(12) 0 Ya 1 1.59(5)
Ga4 & 0 0 0.4507(4) 1 1.59(5)
Gab5 & 0 0 0.2174(5) 1 1.59(5)
Ga6 & 0 0 0.1158(5) 1 1.59(5)
Ga7 18 0.005(8) 0.197(6) 0.3299(16) 0.153{3) 1.59(5)
2 0cc(Gd1) + occ(Ga7) was constrained t8 dgc(Gd2) + occ(Ga2) was constrained to 1
15000 [T T T T T T T T T T T T T T T T T T T T T T T T T T T T ]
- 1 — GdNi;Ga, (ST DyNi;Aly) ]
- 2 — Ni,Ga, (ST NiAly) b
13000F 3 _ GaNica, (ST YNiAL) R ;
11000 im :
€ 9000 e ‘ Wy
: s !
§ "F
= - e
& 5000 -
< - ]
= 3000 F =
P = ]
1000 | .
S || | I‘ (il || | I|| (1R |||||= [l I |III!|I III‘I‘ ||I|||| ||| ||||I||||||||‘||| ||||I| I|| ||||||I]||I|I|I I|||||||I||II|||| ||III‘II|||I|III‘IIII”||| I‘|||II| || W
- I I A AT
; par) l O N TS TRy Do Y b mrovveidee T | ;
0 20 40 60 80 100 120
20 (°)

Fig. 3 Observed,

calculated and difference (bottom) X-rpgwder

diffraction patterns for the

Gd; Niy3 1Gase» Sample annealed at 600°C for 88 days;KGu radiation (GdNiGa — 93.6(7) mass %,
DyNizAlg structure type; NGa — 3.7(1) mass %, Bl; structure type; GdNiGa- 2.7(1) mass %, YNiAl
structure type). Arrows on the inset indicate thpesstructure lines.
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Yb, Ni,Al DyNi,Al, ErNi,Al,
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Fig. 4 Representation of the relationship between thgg¥h,Als (Pearson symbohPl1, space group
P-6m2), DyNisAlg (Pearson symbdhR99, space grouR32) and ErNiAly (Pearson symbdhR78, space
groupR32) structure types.

Yb, NiA DyNi,Al

ErNi,Al

0, OO O

0 o

OO
o?

2 0/0
202 0\0
00 OO
QO OO O

R, Al

e ©¢ 6 6 © 0 o
® 6 ¢ 6 o ©°

Fig. 5 A closer look at the atomic layers of the o¥fNioAls, DyNisAlg and ErNsAlg structure types. The
translation units are indicated by dotted lineslo@m parts of circles show the probability of fhesition to
be occupied.
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Table 7 Experimental details of the structure refinemdrntdNi;Ga.

Sample
Compound
Structure type
Pearson symbol
Space group
Cell parameters:

a, nm
c, nm
Cell volumeV, nn?
Formula units per unit cell
DensityD,, g/cn?
Preferred orientation [direction]
6 range (°) [step]

Gdy /Niyz 1Gasg
GdNisGa
DyNizAlg

hR99
R32

0.72624(1)
2.74876(5)
1.25554(4)
6
8.937
0.971(4) [110]
6-110.625° [0.015]

Number of measured reflections 6976
Number of refined parameters 38
FWHM parameters:
U 0.019(2)
Y -0.009(2)
w 0.0106(5)
Mixing parameter 0.621(8)
Asymmetry parameters 0.091(4)
Reliability factors:
Rs / Re 9.89/16.8
Ry/ RNg 3.81/5.07
Rexp ! 1 3.57/2.01

The crystal structures of tHeNizAlg compounds,
where R is Gd or Er were found to belong to the
rhombohedral ErNAlg type, whereas the compounds
where R is Y or Dy were refined with the partly
disordered DyNjAl, type[4]. It should be noted that
these compounds are the only ones so far repasted t
crystallize in the ErNAlg and DyNAlg structure
types, respectively. Another partly ordered demat

with  a larger supercell was reported for
Dy062leea_-',25Ge @Pﬁo, P3lc) [5] .

The refinement of the  structure  of
GdyeNiGasGeg, on single-crystal data was

performed in the disordered mode}sNiAl; to a
reliability factor ofR = 0.027[5]. The exact amount of
Ge could not be determined from X-ray diffraction,
but the chemical analysis indicated a composition
close to GdgNi,Ga; Gy s As mentioned above, the
refinement showed vacancies on the Gd site. No
attempt was to our knowledge made to synthesize an
analogue without Ge. Consecutif ¢Ga layers in
these structures are separated by ~9 A thick slatls
it is easy to imagine that complete order is diffico
achieve and that the degree of disorder in thetsire
is very sensitive to the experimental conditions. A
similar situation was observed for Y§NioAl s, which
was successfully refined assuming full disorde},
but for which a supercell corresponding to partial
complete order has sometimes been repggted

Based on the results established in this workh(bot
X-ray powder diffraction data and EDS analysis), we

Chem. Met. Alloy42(2019)

can state that there exists a ternary equilibrium
between the binary phase 8B (structure type
NiAl;, hP5, P-3ml), the ternary phase GdNigGa
(YNiAl4, 0S108, Cmcnm) and the new ternary
compound GdNGa (DyNisAlg, hRA9, R32) in the
Gd-Ni—Ga ternary system at 600°C.

Conclusions
The GdNiGa compound belongs to the
DyNizAlg-type structure, which is a partially

ordered variant of the fully ordered structure type
ErNizAlg, and the disorderedR,eNiAlg type.
This is the third compound, after Dyl and
YNizAlg, found to crystallize with a DyNAlq-type
structure.
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