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Recently we began investigating molten Al and Ga
as potential solvents for the systematic exploratory
synthesis of silicides, germanides, and related com-
pounds. We reported that RE,AI;Si, (RE =Y, Dy, Ho,
Tm, Er),l szNi(Sil_X,Nix)A|4Si5 ,2 and RENiAl4G€2 (RE
= Sm, Th, Y)3 form readily in solutions of molten Al. In
these reactions a solution of Si or Ge is formed in liquid
Al which becomes available for reaction with other
elements (e.g., rare earths, transition metals) to form
ternary or quaternary compounds. To assess the behav-
ior of liquid Ga vis a vis Al, we performed corresponding
experiments using Ga as a solvent and observed sub-
stantially different chemical reactivity. Namely, Al
analogues of the quaternary compounds Sm;Ni-
(Si1—x,Nix)Al4Sig did not form. In the case of Sm/Ni/Si/
Ga phase separation occurred to give SmNiSiz,* and the
new compound SmyNiGaj,. The latter exhibits an
interesting tetragonal structure with a fascinating
three-dimensional (3D) network. Here we report the
synthesis, structure, and properties of SmyNiGaj,. Itis
noteworthy to mention that many RE/Ni/Ga phases
exist® and the Sm/Ni/Ga phase diagram already con-
tains a striking number of phases namely, SmNiGa,
SmNiGay, SmyNixGa, SmNisGay, SmsNigGaz, SmNiGas,
szNiGa3, SmNiGa4, SmgeNillGaG, Sm4NiGa7, and
Sm17NisgGazs.6 None of these materials was synthesized
in Ga flux. It is rather remarkable that despite the great
number of ternary compounds in this system Sm;NiGa;»
is yet a new addition.

Sm;,NiGa;, was originally discovered from the reac-
tion of Sm, Ni, and Si carried out in excess Ga at 900
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Figure 1. (A) Typical crystals of Sm;NiGaj, grown from Ga
solution. (B) and (C) Two views of the structure of Sm>NiGai»
with atomic labeling. The two different segments are indicated.

°C for 4 days.” Subsequently, it was prepared as a single
phase by dissolving Sm and Ni in a 2:1 ratio in ~20
equiv of Ga at 800 °C. The compound forms square-
shaped plates that possess a gray metallic sheen (see
Figure 1A). Occasionally, the pseudo-quaternary Sm/
Ni/Ga/Si phase was obtained as a byproduct, among
well-formed crystals of SmNiSis, which turned out to
be the isostrucutral Sm;NiGa»—4Six (X ~ 0.25).8 The
presence of Si and the value of x were determined with
EDS microprobe analysis as well as careful refinement
of the single crystal X-ray crystallographic data. Only
the site of Ga(4) was found to contain Si (see below).
Sm;NiGay, adopts a tetragonal structure® which has
not been noted for other RE/Ni/Ga or RE/Ni/Al systems.

(6) (a) For an exhaustive review of ternary gallium intermetallic
phases, see: Grin,Y. N.; Gladyshevskii, R. E. Gallides Handbook;
Moscow, Metallurgy, 1989 (in Russian). (b) Villars, P.; Calvert, L. D.
Pearson’s Handbook of Crystallographic Data for Intermetallic Phases;
ASM International: Materials Park, OH, 1991.

(7) SmyNiGa;, was synthesized by the reaction of Sm (1.33 mmol)
and Ni (0.68 mmol), in Ga (12.20 mmol). The mixture was placed inside
an alumina tube which was flame-sealed inside a silica tube under
vacuum (~10~* Torr). The tube was heated to 900 °C over 12 h, kept
at 900 °C for 96 h, then cooled to 300 °C at 8.3 °C/h, and to 50 °C at
125 °C/h. The excess gallium flux was removed by first placing the
alumina tube in boiling deionized water for about 20 min. The alumina
tube and the water were removed, and the remaining solid material
was washed with three aliquots of acetone. The solid material was
placed into about 50 mL of 5% (v/v) bromine in N,N-dimethylformamide
(DMF) solution for 2 days. After the bromine solution was decanted,
the product was washed with three aliquots of DMF, three aliquots of
acetone, and three aliquots of ether. Shiny, silver square plates and
chunks were obtained, yield ~88% based on Ni. Powder X-ray diffrac-
tion indicated only one phase. Energy dispersive spectroscopy (EDS)
on several single crystals gave “Sm,NiGa;;”. The crystals are air and
water stable and can resist aqua regia up to 24 h.

10.1021/cm0002261 CCC: $19.00 © 2000 American Chemical Society
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It can be described as a 3D framework of [NiGa;,] with
Sm atoms residing in cavities made of Ga atoms (Figure
1B). The [NiGayz] part of the structure can be separated
into two distinct alternating two-dimensional seg-
ments: a NiGag segment and a Ga-only segment. The
NiGas segment, shown in Figure 1B has a similar
structure to the [NiAl,Siy] fragment found in Sm;Ni-
(Si1—x,Nix)Al4Sic? and it is reminiscent of the KCu,Ss
structure type. The NiGag section is also similar to that
of LaGagNi;—® and Ce4Ni,Ga;7.1° The Ni atoms are
found in an almost cubic environment of eight Ga atoms
with a Ni—Ga distance of 2.480(1) A.

The two-dimensional Ga-only network segment pos-
sesses Ga—Ga bonds ranging from 2.548(1) to 2.594(1)
A. The next shortest distances are found at 2.949(2) A
which may represent weak Ga---Ga interactions. This
Ga-only layer is connected to the NiGag segment via
Ga—Ga bonds at 2.419(1) A which are the shortest in
the structure. Interestingly, if all Sm and Ni atoms are
removed from the structure, we still see a continuous
3D Ga framework in which the Ga atoms are connected
via bonds ranging from 2.419(2) to 2.611(2) A. At a
bonding cutoff distance of ~3.3 A, the coordination
number of the Sm atoms in the structure is 12.

To gain deeper insight into the bonding and properties
of SmyNiGa;,, band structure calculations were per-
formed, at the extended Huckel tight-binding theory
level,!* using Y to mimic the Sm.?? The calculated
electronic band structure predicts the compound to be
a metallic conductor. The total density of states (DOS)

(8) (a) The pseudo-quaternary phase Sm,NiGai,Six (x &~ 0.4) was
obtained as a byproduct in the reactions performed in the Sm/Ni/Si/
Ga system. Sm,NiGa;,-4Six crystals were recovered from the reaction
of Sm (2.4 mmol), Ni (1.2 mmol), and Si (8.4 mmol) in Ga flux (24.4
mmol). The reaction was carried out in an alumina crucible sealed in
a fused silica tube under vacuum. The samples were heated at a rate
of 60 °C/h to 1000 °C, left at 1000 °C for 5 h to allow proper melting
and homogenization, quickly brought down to 850 °C, kept there for
10 days, and slowly cooled to 150 °C at 6 °C/h. The product was isolated
from the Ga flux by treating it with ~1 M solution of I, in DMF at 60
°C for 5 h and at room temperature for 24 h. (b) Sm;NiGa;,«Six.
Crystal data: A Bruker Smart CCD diffractometer equipped with a
graphite crystal monochromator and Mo Ka (4 = 0.71096 A) radiation
was used to collect data from a crystal of dimensions 0.05 x 0.05 x
0.01 mm. The data were extracted using the SAINT software package.
The structure was solved and refined with full-matrix least-squares
techniques with the SHELX software package. Crystal data at 293 K:
a=5.9855(1) A, ¢ = 15.404(6) A; oo = f =y = 90°; V = 551.9(3) A3; Z
= 2; dcaic = 7.134 g/cm83; space group P 4/nbm; u(Mo Ka) = 4.067 cm™%;
20max = 57°; octants collected —7< h < 7,-7< k < -7, —13=< | < 20;
number of total data collected is 3001; number of unique data
384 (Rint = 0.0723); number of variables 27. An absorption correction
was made with SADABS. All atoms were refined anisotropically. The
final R/Ry = 0.047/0.129. The Si atom was located only in the Ga(4)
position.

(9) SmzNiGay,: A Bruker Smart CCD diffractometer equipped with
a graphite crystal monochromator and Mo Ka. (1 = 0.71096 A) radiation
was used to collect data from a crystal of dimensions 0.24 x 0.24 x
0.03 mm. The structure was solved using the TEXSAN software
package and refined using the full-matrix least-squares techniques.
Crystal data at 293 K: a = 5.9953(3) A, ¢ = 15.401(1) A; 0 = 8 =
y = 90°% V = 553.57(6) A3, Z = 2; dearc = 7.176 g cm~3; space group
P4/nbm (no. 124); u(Mo Ko) = 4.067 cm™1; 20max = 56.52°; octants
collected =7 < h =<7, -7 <=k =7, —18 < | = 20; number of total data
collected is 5768; number of unique data is 392 (Ri,: = 0.0695); number
of data with Fs2 > 30(F,?) is 392; number of variables 26. An empirical
absorption correction using vy scans was performed. All atoms were
refined anisotropically. The final R/R, = 0.0654/0.1876. Frac-
tional atomic coordinates and equivalent isotropic displacement pa-
rameters (x103) (Ugq): Sm 8/4, 14, 0.2450(1), 7(1); Ga(l) ¥4, 34, 0.1811-
(3), 10(1); Ga(2) 34, 314, 0.3394(2), 10(1); Ga(3) 0.5074(4), 0.0074(4),
—0.0833(2), 17(1); Ga(4) 0.5720(4), 0.0720(4), 0.4279(2), 16(1); Ni 34,
4, 0, 20(2).

(10) Grin, Y. N.; Yarmolyuk, Y. P.; Usev, O. A,; Kuzmin, A. M,
Burkov, V. A. Soviet Phys.-Crystallography (Translated from Krystal-
lografiya,) 1983, 28 (6), 710—711.
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Figure 2. Total DOS for the Y;NiGa;; and partial DOS
corresponding to the Ni 3d orbitals and to the Ga contributions.
The Fermi level is drawn with dashed line.

is shown in Figure 2. The region around —14 eV is
contains a set of weakly dispersed bands located close
to the ionization potential of the Ni 3d orbitals. The
major peak, ranging from —14.8 to —13.5 eV, corre-
sponds to the d orbital manifold of Ni. Below —14.8 eV,
a series of very dispersed bands consist primarily of Ga
4s orbitals weakly hybridized with the Y 5s and Ni 4s
orbitals. The band structure, between —13.5 eV and the
Fermi level, is dominated by the Ga 4p orbitals feebly
mixed with the Ni 4s and the Y 4d orbitals. The latter
indicates a certain extent of back charge transfer from
the Ga atoms to the rare earth atoms to partially fill
their 4d orbitals. Surprisingly, above the Fermi level
the bands mainly derive from an almost equal contribu-
tion from Ga 4p and Y 4d orbitals. This strong Ga—Y
hybridization, above the Fermi level, makes this com-
pound very different from the silicides?* but similar to
the other gallides.'® Therefore, the rare earth element
acts not only as an electron donor to the [NiGai,]
framework but also participates in strong covalent
bonding with it.

On the basis of the DOS plots the Ni d as well as s
orbitals are filled, resulting in a reduced state ap-
proaching a diamagnetic d%s? configuration. This can
be understood by the fact that Ni is actually the most
electronegative element in the structure.* Therefore,

(11) (a) Whangbo, M.-H.; Hoffmann, R. 3. Am. Chem. Soc. 1978,
100, 6093—6098. (b) Calculations performed using Caesar program
package: Ren, J., Liang, W., Whangbo, M.-H. Program for Crystal and
Electronic Structure Analysis; PrimeColor Software, Inc.: NC, 1998.
(c) The atomic orbital parameters, i.e., energies and exponents, used
in the Slater-type wave functions are chosen from one the three
database available in the CEASAR package (Y: 5s Hjj = —6.81, ;1 =
1.6, ¢, = 0.53470, ¢, = 0.95, ¢, = 0.55278; 5p Hii = —3.76, {1 = 1.28, ¢,
=1.0; 4d Hji= —6.1, {3 = 2.4, ¢, = 0.29142, {, = 1.0, ¢, = 0.83859. Ga:
4s Hii = —14.58, {; = 1.77, ¢1 = 1.0; 4p Hjj = —6.75 {; = 1.55, ¢c; = 1.0.
Ni: 4s H;i = —9.17, §; = 1.825, ¢, = 1.0; 4p Hij = —5.15, {; = 1.125, ¢;
=1.0; 3d Hjj = —13.49, ¢; = 5.75, ¢, = 0.56830, &, = 2.0, ¢, = 0.62920).
(d) The nondiagonal Hamiltonian matrix elements were computed with
the modified Wolfsberg—Helmholtz formula, see: Ammeter, J.; Burgi,
H.-B.; Tibeault, J.; Hoffmann, R. 3. Am. Chem. Soc. 1978, 100, 3686—
3692.

(12) (a) Nordell, K. J.; Miller, G. J. Angew. Chem., Int. Ed. Engl.
1997, 36, 2008—2010. (b) The use of Y atoms is intended to avoid
including the incomplete f shell of rare elements in the calcula-
tions.

(13) Calculations on RENizGag compounds: Small, P.; Sportouch,
S.; Kanatzidis, M. G. Work in progress.

(14) Pauling electronegativity scale.
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Figure 3. (A) Electrical conductivity and thermopower data
of a pressed pellet sample of Sm;NiGa;; as a function of
temperature. (B) Molar magnetic susceptibility as a function
of temperature for Sm;NiGas,. The susceptibility was corrected
for diamagnetic contributions only. Applied field: 200 G.

electron density tends to flow to Ni from both the rare
earth and Ga atoms. This points to an effective reduc-
tion of the Ni atoms and implies that the compound is
as much as a “nickelide” as it is a gallide. The charge
distribution in the Ga substructure suggests that
Ga(l) and Ga(2) are slightly reduced (electron density:
3.2682 and 3.3354, respectively). This may be attributed
to the close proximity of Y atoms which transfer electron
density to their immediate neighbors Ga(1) and Ga(2).
On the other hand Ga(3) and Ga(4) are suggested to be
nearly neutral.

The electrical resistivity and thermopower data ob-
tained from Smy;NiGa,, indicate highly metallic p-type
behavior, in accordance with the predictions of electronic
band structure calculations. The resistivity at room
temperature is very low at ~ 95 uQ cm (conductivity
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~10 500 S/cm), and it exhibits a typical metallic tem-
perature dependence (see Figure 3A). The corresponding
thermopower is very small at ~ +3 uV/K and decreases
with temperature down to ~65 K (see Figure 3B). Below
this temperature an increase is observed which is
attributed to phonon-drag effects!® typically encountered
in good metals.

The susceptibility of Sm,NiGa;, shows an antiferro-
magnetic ordering with a maximum at ~9 K with
irreversibility in the field cooled (FC) and zero-field
cooled (ZFC) data which becomes evident below 14 K,
see Figure 3B. The material seems to follow Curie—
Weiss law above 12 K only after accounting for a large
temperature-independent Pauli paramagnetism of ~8.6
x 107* emu/mol. From the linear portion of the data
the slope gives a uesr 0f 0.54 ug per Sm atom which is
consistent with a Sm3* center. The low magnetic mo-
ment can be fully accounted by the Sm3* atoms and thus
the Ni atoms appear to be diamagnetic in accordance
with their reduced state suggested by the electronic
structure calculations.

The facile synthesis of Sm,;NiGa;, from molten Ga as
the solvent, in a ternary system with an existing
plethora of phases, underscores the great potential of
this synthetic approach to the exploratory synthesis of
new intermetallics. Additional isostructural members
such as Ce;NiGayz, PraNiGasz, and Nd2NiGasz have also
been similarly prepared.
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(15) Phonon-drag effects are often seen in many metal systems such
as Au, Ag, and Cu. These effects are not due to a transition, and they
are not observed in the corresponding electrical resistivity data. See
for example: Thermoelectricity in Metallic Conductors; Blatt, F. J.,
Schroeder P. A., Eds.; Plenum Press: New York, 1977.



