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The quaternary intermetallics Ce,CoGagGe,, CeaNiGagGe,, and Sm,NiGayGe, were prepared by reacting elemental
metals in excess of gallium at 850 °C. The title compounds crystallize in the tetragonal space group P4/nmm in
the SmNi(SisNiy)Al,Sis structure type with cell parameters a = 5.9582(5) A, ¢ = 15.0137(18) A, and a = 5.9082(17)
A, ¢ =14.919(6) A, Z= 2, for Ce;CoGagGe, and SmzNiGasGe,, respectively. The structures are composed of
covalently bonded three-dimensional networks of [CoGagGe;] in which the rare-earth metals fill the voids forming
a 2D square net. The structures of RE;,MGayGe, are Ga-rich and possess extensive Ga—Ga bonding even though
the Ga atoms do not form a network on their own. Magnetic susceptibility measurements for Ce,CoGagGe, and
Ce:NiGagGe, show Curie—Weiss paramagnetism, consistent with presence of Ce®* ions. Magnetocrystalline
anisotropy was observed for Ce,NiGayGe,, with the magnetically easy axis lying along the [001] crystallographic
direction. A transition to an antiferromagnetic state was observed below 4 K in the easy direction of magnetization.
In the magnetically hard direction of the basal plane, paramagnetic behavior was observed down to 1.8 K.

Introduction

Complex gallium-containing intermetallics have shown
fascinating physical properties such as superconductivity in
PuCoGas,'  magnetoresistance in SmPd,Ga,,* and heavy
fermion behavior in CePdGas.” A large number of binary
and ternary intermetallics have been reported;®”'* however,
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quaternary systems have not been investigated in detail. The
application of the metal flux technique to the synthesis of
complex intermetallics, including rare-earth (RE), transition
metal (M), and the main group 13 and 14 elements such as
Ga, Al, In, and Si, Ge, had so far shown exceptional results. '
In investigations using molten Ga as a solvent, we have
already described the systems with M = Fe, Ni, and Co. In
the case of Fe, Tb,FeGes'> and the gallide RE,FeGa,,.,Ge,'°
have been discovered to form when RE/Fe > 1 in the
reaction. For the systems with M = Ni and Co, we thus far
mostly examined the cases with the RE/M < 1. From these
reactions, several ternary and quaternary intermetallic com-
pounds have been synthesized. Examples include RENiSis,'’
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RE;Nis4Sis,'® REq¢M2Gas.Ge,,'” REqsM,Gas.Ge,,"”
REMGa;Ge,”” RE3Ni3GagGes,”” and GdCo,..Ga;Ge.>' Al-
though in the Si-containing system RE/Ni/Ga/Si the com-
positions with RE/Ni > 1 were previously studied, systematic
investigations in the related RE/M/Ga/Ge system have not
yet been performed.

Herein we present the results of the exploratory synthesis
in the RE/M/Ga/Ge system with RE/M > 1 (M = Ni and
Co) employing molten Ga as a solvent. We describe the
synthesis, structure, and magnetic properties of three novel
intermetallics Ce,CoGagGe,, CerNiGaygGe,, and SmyNiGag-
Ge,. Fascinatingly, we find that these reactions yield
predominantly quaternary compounds, whereas in the analo-
gous reactions in RE/Ni/Ga/Si system mostly gave ternary
RE5Co0,4Si14,>> RENiSis,!” RE;NiGa;,** and pseudoternary
RE;NiGa;,.,Si, intermetallic compounds. The dichotomy in
reaction chemistry of RE/M/Ga/Ge and RE/M/Ga/Si systems
is discussed.

Experimental Methods

Synthesis. Elemental Ce, Sm (2.26 mmol), Co, Ni (1.13 mmol),
and Ge (3.4 mmol) of typical purity 99.9% and higher (CERAC
Inc.) were combined in the molar ratio 2:1:3 with 30 equiv of Ga
(33 mmol) and placed in the alumina crucibles. The metals were
handled in the dry box under nitrogen atmosphere. The crucibles
were then sealed in the quartz ampule under high vacuum (~1 x
10~* Torr). The reaction mixtures were heated to 1000 °C in 15 h,
left at 1000 °C for 5 h to allow proper homogenization of the melt,
cooled in 2 h to 850 °C, kept there isothermally for 6 days, and
cooled to 250 °C at the rate of 8°/h. Unreacted Ga flux was removed
by hot-filtration at 250 °C via centrifuging through a specially
designed quartz filter with a coarse frit. Further isolation was done
in 3—5 molar solution of iodine in dimethylformamide (DMF) over
12—24 h at room temperature. The product was rinsed with hot
water and DMF and dried with acetone and ether. The crystals of
RE;MGagGe, are large, plate-like, often displaying a phyllomor-
phous character. High yield (>90%) of the Ce,CoGayGe, and
Ce,NiGayGe, phases was observed under the described conditions.
However, they appear to be suboptimal for the synthesis of
SmyNiGagGe, under which a mixture of Sm3;NisGagGes; and
Sm,;NiGayGe, phases was produced in approximately 2:3 molar
ratio. The yield of SmyNiGayGe, is enhanced to ~80% (from
~30%) by limiting the heating time to only 5 h at 1000 °C. The
side products of this reaction are Sm;GagGe>* and recrystallized
Ge.

Elemental Analysis and X-ray Powder Diffraction. The purity
and the identity of the products were confirmed by elemental
analysis and X-ray powder diffraction (XRD). Semiquantitative
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microprobe elemental analysis was performed using a scanning
electron microscope equipped with the NORAN energy dispersive
spectrometer. The routine data acquisition was done at an accelera-
tion voltage of 20 kV and a collection time of 30 s. An extensive
averaging of the results obtained on the different crystals was carried
out to attain accurate values of the atomic ratios. Averaged
compositions for Ce,CoGayGe, were determined to be “Ce,Co; 3-
Gag1Gey o (normalized to the amount of Ce). Similar results were
obtained for the Sm/Ni/Ga/Ge and Ce/Ni/Ga/Ge compounds. The
XRD patterns of products were taken at room temperature on a
CPS 120 INEL X-ray diffractometer (Cu Ko radiation) equipped
with position-sensitive detector. Experimental XRD patterns were
then compared to that calculated from single crystal data using the
CERIUS? software package.

Single Crystal X-ray Crystallography. The intensity data was
collected on single crystals of Ce,CoGayGe, and SmyNiGagGe, with
a Siemens Platform SMART?® CCD X-ray diffractometer. A full
sphere of reciprocal data (Mo Kot radiation, A = 0.71073 A) was
acquired up to 46° in 20 using w-steps of 0.30° and an exposure
time of 40—50 s per frame. The data collection and acquisition
was performed with the SMART?® software package; the SAINT-
PLUS?’ program was used for data reduction. The analytical
absorption corrections were done using a face-indexing routine, and
an empirical correction for absorption based on symmetry equivalent
reflections was consequently applied with the SADABS?® software
package. The crystal structure was solved with direct methods using
the SHELXTL?® program. All atomic positions were refined
anisotropically. The setting of the cell was standardized with the
STRUCTURE TIDY program.*°

The Ce,CoGayGe, and Sm;NiGayGe, crystallize in tetragonal
space group P4/nmm in a structure type of Sm,Ni(Si;.Ni,)Al;Sis.>!
In the structure of RE;MGayGe;, a total of seven atomic positions
were identified; of those, sites with multiplicity 4f and 2a were
unambiguously assigned to rare-earth and transition metal atoms,
respectively. Contrarily to the SmyNi(Si;.,Ni,)AlsSie, the substitution
of Ge at 2c with a transition metal was not favorable during the
structure refinement of RE;MGagGe,. The variation of the Ga/Ge
versus Al/Si assignment further underlies the differences in
RE;MGagGe, and its structure type. The accurate determination of
the Ga and Ge distribution is very difficult if relying on X-ray
diffraction data solely. Here, the assignment of Ga (8], 2¢, 2¢) and
Ge (2¢, 2¢) was made on the basis of elemental analysis, bond
length, and connectivity data. Because Ge has a smaller covalent
radius than Ga, the shorter Ce—X distances (where X could be Ga
or Ge) were assigned to Ge. Previous Ga/Ge and Al/Si assignments
based on this approach were shown to be accurate and later
confirmed with neutron single crystal diffraction data.>** Further
investigation of the Ga/Ge distribution has to be carried out with
neutron diffraction or X-ray diffraction with anomalous scattering.
The information relevant to the data collection structure refinement,
the final atomic positions, and the equivalent thermal displacement
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Ce,CoGayGe,, Ce;NiGaoGe,, and Smy;NiGayGe,

Table 1. Crystal Data and Structure Refinement for (a) Ce2CoGagGe; and (b) SmyNiGaygGes

empirical formula

(a) CerCoGagGe,

(b) szNiGa()Gez

formula weight
temperature (K)
wavelength A)

crystal system

space group

unit cell dimensions (A)

volume (A3)

V4

density (calculated) (g/cm?)
absorption coefficient (mm™!)
F(000)

crystal size (mm?)

6 range for data collection
index ranges

reflections collected
independent reflections
completeness to 6
refinement method
data/restraints/parameters
goodness-of-fit on F?

final R indices [/ > 20(])]*
R indices (all data)

1111.83

173(2)

0.71073

tetragonal

P4/nmm

a = 5.9582(5)

¢ = 15.0137(18)

532.99(9)

2

6.928

37.663

972

0.02 x 0.06 x 0.10

2.71 to 23.23°
—6=<h=<6—6=<k=<6 —-16=<1=<16
3197

270 [Rine = 0.0338]

99.6%

full-matrix least-squares on F?
270/0/29

1.426

R; = 0.0194, wR, = 0.0506
R; = 0.0221, wR, = 0.0514

1132.07

298(2)

0.71073 A
tetragonal

P4/nmm

a = 5.9082(17)

¢ = 14.919(6)
520.8(3)

2

7.220

41.297

990

0.20 x 0.16 x 0.04
1.36 to 23.13°
—4=<h=<6,—-4<k=<6—-16=<1=<13
1946

267 [Rin = 0.0593]
100.0%

267/0/29

1.417

R; = 0.0396, wR, = 0.1304
R; = 0.0405, wR, = 0.1308

extinction coefficient i
largest diff. peak and hole (e A~%)

0.00243(16)
0.630 and —0.996

0.0020(4)
1.978 and —1.897

“Ryp = ZHFol - |FCH/2‘F0|; wRy = [zw(lFo‘ - |Fc|)2/2W‘F0|2]1/2, w = UGZ{lFo‘}-

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (x 103 A2) for Ce;CoGayGe; (First Row) Sm;NiGaoGe,
(Second Row)

atomic ~ Wyckoff

position symbol X y z U(eq)”
Ce 4f 3/4 1/4 0.2529(1) 6(1)
Sm 4 3/4 1/4 0.2548(1) 2(1)
Co 2a 3/4 1/4 0 6(1)
Ni 2a 3/4 1/4 0 3(1)
Ga(l) 8 0.0103(1)  0.0103(1)  0.0851(1) (1)
8j 0.01103)  0.0110(3)  0.0877(2) 4(1)
Ga(2) 8j 0.0362(2)  0.0362(2)  0.4190(1) 9(1)
8j 0.0333(4) 0.0333(4) 0.4179(2) 8(1)
Ga(3) 2c 1/4 1/4 0.6471(2) 8(1)
2c 1/4 1/4 0.6513(3) 6(1)
Ge(1) 2c 1/4 1/4 0.8130(2) 8(1)
2c 1/4 1/4 0.8157(3) 6(1)
Ge(2) 2c 1/4 1/4 0.2115(2) 7(1)
2c 1/4 1/4 0.2151(4) 7(1)

“ Uleq) is defined as one-third of the trace of the orthogonalized UY
tensor.

parameters are given in the Tables 1 and 2, respectively. Selected
interatomic distances (up to 3.5 A) and anisotropic displacement
parameters refined for Ce,CoGagGe, are listed in Tables 3 and 4,
respectively. The bond angles are given in the Supporting Informa-
tion.

Magnetic Measurements. The magnetic susceptibilities were
measured on single crystal and polycrystalline samples of
Ce,NiGagGe,, and Ce,CoGayGe; in the temperature range 1.8—400
K using a MPMS SQUID magnetometer (Quantum Design, Inc.)
with the magnetic field 500 Gauss. Sample preparation: the crystals
were picked manually and polished with sandpaper (600—1500 grit)
to eliminate the risk of contamination with unreacted Ni, Co, or
Ni-, Co-containing phases. As-obtained samples were further treated
with 30% (v/v) solution of HCI for approximately 1 min under
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2001, 723 (29), 7040-7047.

sonication, then rinsed with water, and dried with acetone and ether.
The anisotropic measurements were performed using single crystal
samples by positioning them with the c-axis parallel and perpen-
dicular to the external magnetic field (H,,). For isotropic measure-
ments, polycrystalline samples were used. The field dependence
of magnetization was studied at 2—3 K in fields up to £5 T. The
susceptibility data was corrected for the sample holder contribution.

Results and Discussion

Reaction Chemistry. In employing Ga flux as a synthetic
medium for the exploratory synthesis in the RE/M/Ga/Ge
system with M = Ni, Co, we find that the formation of the
quaternary phases is extremely favorable. To date, we have
discovered six families of quaternary compounds:
RE;MGasGe,, REMGa;Ge,” RE;Ni;GasGes,”® REsNi3Gas-
GC4,20 RE()_67M2G8.5,XGCX, and RE0'67M2G36,XGC,C.19’21 This is
unlike the chemistry of the related RE/M/Ga/Si or RE/M/
In/Ge systems, where the flux metal tends to act as an
unreactive solvent to produce ternary phases such as
RE;5C0,Si 4,2 RENiSi3,'” RE,Nis,Sis.,,'® YbNi,Ge,,** 3-RENi-
Ge,,> and RE,Zn;Geg.>° By contrast, switching from Ga flux
to Al flux in Si and Ge containing systems, we again observe
the quaternary phases Sm,Ni(Si;_,Ni,)ALsSis,*' RENiALGe,
(RE = Sm, Tb, Y),>’ RE4Fe,.Al;..Sis (RE = Ce, Pr, Nd,
Sm),*® REgRu,AlSio[ALSiz.] (RE = Sm and Pr),*

(34) Bud’ko, S. L.; Islam, Z.; Wiener, T. A.; Fisher, I. R.; Lacerda, A. H.;
Canfield, P. C. J. Magn. Magn. Mater. 1999, 205 (1), 53-78.
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Inorg. Chem. 2005, 44 (24), 8670-8679.
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M. G. Chem. Mater. 1999, 11 (9), 2451-2455.
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Table 3. Selected Bond Lengths [A] for Ce;CoGaoGe,
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bond distance multiplicity bond distance multiplicity
Ce—Ge(2) 3.0430(6) x 2 Ga(1)—Ge(1) 2.6743(18) x 1
Ce—Ge(1) 3.1387(8) x 2 Ga(1)—Ge(2) 2.772(2) x 1
Ce—Ga(2) 3.2789(11) x 4 Ga(1)—Ga(l) 2.8566(17) x 2
Ce—Ga(l) 3.2843(11) x 4 Ga(2)—Ga(2) 2.508(2) x 1
Ce—Ga(3) 3.3362(12) x 2 Ga(2)—Ga(2) 2.5482(18) x 2
Co—Ga(l) 2.4655(6) x 8 Ga(2)—Ga(3) 2.6075(16) x 1
Ga(1)—Ga(l) 2.562(2) x 1 Ga(3)—Ge(1) 2.490(3) x 1

Table 4. Anisotropic Displacement Parameters (x 103 A2) for
CerCoGagGe; (1)

Atomic

Position Ull u22 U33 U23 Ul13 Ul2
Ce 4(1) 4(1) 8(1) 0 0 0

Co 4(1) 4(1) 8(1) 0 0 0
Ga(l) 6(1)  6(1)  9(1) 0(1) o(1) 1(1)
Ga(2) 70 D) 12y =2 =2 —1()
Ga(3) 71 N 10(1) 0 0 0
Ge(1) 7(1) 7(1) 10(1) 0 0 0
Ge(2) 6(1) 6(1) 10(1) 0 0 0

“The anisotropic displacement factor exponent takes the form:
—22[h?a*U" +... + 2hkabU'].

Tb,NiALGe,,* and Ce;NiAlg,Ge,,.> Such a disparity in
Si versus Ge chemistry is perplexing, given their similar
covalent bond radii and isoelectronic nature. The higher
affinity of Ga toward Ge rather than Si appears to be fine-
tuned; understanding the fundamentals underlying these
differences will require further investigations.

The ability to grow Ga-free ternary silicides from the RE/
M/Ga/Si melts does not seem to depend on the RE/M ratio.
For the systems containing Ge, however, the RE/M ratio
becomes an important factor in phase formation. For instance,
at RE/M < 1, two families of hexagonal phases RE(;M>Gas.
«Ge, and RE;¢M,Gae.Ge,'® form with nearly every rare-
earth: Y, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Yb. At RE/M =
1, however, the products appear to be sensitive to the reaction
conditions (temperature, time) and vary with the identity of
the rare-earth. For example, the growth of the RE:MGayGe,
phase was observed only with the lighter lanthanides such
as Ce and Sm, while for the heavier rare-earths other
structures including REMGasGe,*® GdCo,.,Ga;Ge,>' and
RE;Ni;GagGe;?° are favored. The chemistry of the Sm/Ni/
Ga/Ge system is particularly complex. Up to three quaternary
phases SmNiGasGe, Sm;NisGagGes,?° SmyNiGaoGe,, and a
ternary SmiGasGe®* could be found depending on the
annealing time and/or the reaction mixture composition. For
instance, SmyNiGagGe, seems to be a kinetic product,
forming on the early stages of the reaction. Sm;NizGasGes
phase, on the other hand, emerges upon further heating of
the reaction mixture, indicative of a thermodynamic stability
of this product. Coincidentally, the separation of these two
phases was possible owing to the variation in adhesive
properties of these two compounds. Thus, during high-
temperature filtration using glass wool as a filter, the crystals
of Sm3NisGasGes phase were found at the filter, while
crystals of SmyNiGayGe, settled down at the bottom of the
alumina container.

(39) Sieve, B.; Trikalitis, P. N.; Kanatzidis, M. G. Z. Anorg. Allg. Chem.
2002, 628 (7), 1568-1574.
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Crystal Structure of Ce;CoGagGe,. The structure of
Ce,CoGayGe, projected onto ac-plane is depicted in Figure
1A. The Co, Ga, and Ge form a three-dimensional
[CoGayGe,] framework, where Ce atoms are filling the voids,
forming a monatomic square net (/). The [CoGayGe;]
substructure could be further “broken down” to a pair of 2D
fragments, namely a [CoGasGe»] “cube” layer (/) and a Ga-
only “pentagonal” slab (/Il). The [CoGasGe,] layer is a
common structural feature among ternary rare-earth nickel
polygallides like Ce,NiGajo,*® Pr;NiGa;o,*! CesNiGajs,*
Sm,NiGa;*® and quaternary rare-earth transitional metal
trielides tetrelides such as REMGa;Ge** and RE;Nis-
GagGes,” SmyNi(Ni,Siy)AlLSis, and Ce,NiAls,Gey,.>” In
this layer, the Ga(1) atoms form a distorted cubic arrange-
ment. In Ce,CoGaygGe, the distortion is severe, with the
Ga(1)—Ga(1) distances ranging from 2.562(2) A t0 3.102(2)
A, and it is even more pronounced than in the flat square
net of Ga atoms found in GdCoGa;Ge?' and YCoGa;Ge,
where Ga—Ga distances vary within the cubes from 2.615(3)
A t0 2.9615(5) A.*° Considering such a large divergence in
the Ga—Ga bonding in the Ga(1) “cube” layer, it is perhaps
more appropriate to view the latter as a set of [Ga(1),] dimers,
(Ga—Ga = 2.562(2) 10%). The Co atoms occupy centers of a
half of [Ga(1)g] “cubes” in a checkered manner, while the
remaining half is bicapped with Ge atoms. The distance from
the central Co atom to the corners of Ga “cubes” is 2.4655(6)
A, comparable to that found in YCoGaz;Ge (Co—Ga = 2.462(1)

Figure 1. (A) Crystal structure of CexCoGagGe, viewed along the c-axis.
The Ce, Co, Ga, and Ge atoms are shown with yellow, black, red, and
green spheres, respectively. The bonds to Ce atoms are omitted for clarity;
the unit cell is shown with a black solid line. Three main structural fragments
are contoured with dashed lines and marked with letters (I), (IT) and (IIT)
indicating Ce, [CoGasGe»], and [Ga(2)4Ga(3)] slabs, respectively. (B) An
excised portion of a [Ga(2)4Ga(3)] “pentagonal” slab. (C) A Ga(2) puckered
layer formed by two tetragonal Ga(2) sheets arranged in a staggered
conformation and linked across at 2.508(2) A.
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A).?° The capping Ge(1) and Ge(2) atoms are bonded to the
Ga(1) network at 2.6743(18) A and 2.772(2) A.

The Ga-only two-dimensional (2D) network [Ga(2)4Ga(3)]
features pentagonal tunnels which run parallel to the a-,
b-axis, see Figure 1A. It could be viewed as consisting of
two corrugated 2D Ga sheets (Figure 1B), where the Ga
atoms are arranged with a tetragonal symmetry. The Ga—Ga
contacts within the [Ga(2)4] squares are 2.5482(18) A and
are strongly bonding, whereas the distance between the squares
exceeds 3.4 A and is nonbonding. A half of the larger hollows
of the Ga(2) square net is monocapped with Ga(3) atoms at
2.6075(16) A. The two corrugated Ga sheets are arranged in a
staggered conformation to each other and bonded across via
Ga(2)—Ga(2) interactions at 2.508(2) A, see Figure 1C. This
Ga(2)—Ga(2) interaction is the shortest Ga—Ga distance found
in this structure. The [CoGasGe,] and Ga-only fragments
alternate along the c-axis and bridged through the Ge(1) atoms.
The Ce atoms form a square pattern with interatomic distances
of 4213 A. This Ce—Ce interaction is quite typical and has
been observed in a number of Ce-containing intermetallic
compounds.**~*> The next closest Ce—Ce interaction occurs
at 5.9582(5) A (unit cell parameter a).

The local coordination of all atoms is shown in Figure 2.
The Ga(l) atoms are seven-coordinate; they are bonded to
six atoms [Ga(1)3Ge(2)Co,] in the form of a hexagon in the
chair conformation and to an additional Ge(1) atom in the
apex position. The distances from the central Ga(1l) atom to
the Ga(l) atoms of the hexagon are 2.562(2) A and
2.8566(17) A and to the Ge(2) and Co atoms are 2.772(2)
A and 2.4655(6)A, respectively. The immediate environment
of Ga(2) includes three Ga(2) atoms at 2.508(2) A and
2.5482(18) A and one Ga(3) at 2.6075(16) A in the shape
of a severely distorted tetrahedron (Ga(2)—Ga(2)—Ga(2) and
Ga(2)—Ga(2)—Ga(3) angles are 90°—99.89(4)°) and 130.83-
(2)°—98.31(9)°, respectively). The Ga(3) atoms are located
in the center of the square pyramid with the base of four
Ga(2) atoms and an apex of Ge(1) atom (Ga(3)—Ge(l) =
2.490(3) A; the Ge(1)—Ga(3)—Ga(2) angle is 112.37(6)°.
Analogously, Ge(1) has a square pyramidal environment that
includes four Ga(1) atoms at the pyramid base (Ge(1)—Ga(1)
= 2.67443(18) A) and a Ga(3) atom in the apex position.
The Ga(3)—Ge(1)—Ga(l) angle is 124.91(5)°. The Ge(2)
atoms are four-coordinate; they are bonded equidistantly to
four Ga(l) atoms with Ge(2)—Ga(1)—Ga(l) bond angle of
58.98(2)°. The Co atoms are in the center of the distorted
cube of eight Ga(1) atoms; the Co—Ga(1) bond is 2.4655(6)
A, and the Ga(1)—Co—Ga(1) bond angles are 62.61(4)°
70.81(5)°, 77.95(5)°, 105.59(2)°, 117.55(4), and 175.97(6)°.
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Figure 2. Local coordination environrrgents of Ga, Ge, and Co atoms
(shown within the sphere of radius 3.0 A) and Ce atoms (within 3.5 A).
The 14-atom coordination polyhedron of the Ce atoms
includes ten Ga atoms (Ce—Ga(1) = 3.2843(11) A; Ce—Ga(2)
= 3.2789(11) A; Ce—Ga(3) = 3.3362(12) A) and four Ge
atoms (Ce—Ge(1) = 3.1387(8) A; Ce—Ge(2) = 3.0430(6)
A). For a more complete list of bond distances and bond
angles see the Supporting Information.

Although Ce,CoGaygGe, is a Ga-rich compound, the Ga
atoms do not form an extended network on their own. A
Ga-only substructural unit bears zero- and 2D character:
Ga(1) atoms form dimers (severely distorted Ga cubes), while
Ga(2) and Ga(3) form 2D layers with pentagonal channels.
The average Ga—Ga bond distance (for all interactions up
to 3.0 A) is 2.641 A, which is comparable to the sum of
single-bonded metallic radii*® (2.50 A) and is quite shorter
than the average Ga—Ga distance found in metallic Ga (2.70
A). The bonding within the Ga framework is thus reasonably
strong. Similar Ga—Ga bonding interactions were observed
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Figure 3. (A) Temperature dependence of molar magnetic susceptibility (y'm) and inverse susceptibility ((x'm)~!) of CeaNiGayGe; single crystal oriented
with the c-axis perpendicular to the external magnetic field (H.,); inset: linear part of the molar magnetic susceptibility plotted in the 50—400 K temperature
range; (B) field dependence of the magnetization of a single crystal of Ce,NiGaoGe, oriented with c-axis perpendicular to Hex measured in fields up to +5
T at 3 K. (C) Temperature dependence of y', and ()/'m)~! of a Ce;,NiGaoGe, single crystal oriented with the c-axis parallel to the external magnetic field;
inset: linear part of the molar magnetic susceptibility plotted in the temperature range 50—250 K; (D) field dependence of the magnetization of a single
crystal of Ce;NiGagGe, oriented with the c-axis parallel to He in fields up to =5 T measured at 3 K. Inset: an expanded region of low-field magnetization
data (+0.2 T). (E) Temperature dependence of y'm and (y'm)~' of a CexCoGagGe; single crystal oriented with the c-axis perpendicular to the external
magnetic field; inset: linear part of the molar magnetic susceptibility plotted in the temperature range 50—250 K; (F) field dependence of the magnetization
of a single crystal of Ce,CoGayGe, oriented with the c-axis perpendicular to Hex measured in fields up to = 5 T at 2 K.

in the Ce3GaygGe polygallide with an average distance of 2.64
A. The connection between 1D and 2D fragments within
the Ga-only network occurs via bridging Ge(1) atoms that
link Ga(1) to Ge(1) at 2.6743(18) A and Ge(1) to Ga(3) at
2.490(3) A. The latter is the shortest bonding contact in the
structure and, in view of the sum of covalent radii of Ga
and Ge (2.47 10\), reflects considerable covalent character.

The Ce—Ga interactions cover the range from 3.2789(11)
A to 3.3362(12) A with an average Ce—Ga bond distance
of 3.293 A. Allowing for the sum of single-bonded metallic
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radii of Ga (1.25 A) and Ce (1.818 A for CN = 12), these
interactions could be regarded moderately to weakly bonding.
The Ce—Ga bond distances found in Ce,CoGayGe, fall in
the same range as those found in other Ce-containing gallides
such as CesGaoGe®* (3.1139(16) A—3.4342(9) A) and
CeRu,Gas*’ (3.135 A—3.387 A).

Magnetic Properties. (a) Ce;NiGayGe;. The temperature-
dependent magnetic susceptibility of Ce,NiGayGe, was
measured anisotropically by positioning a single crystal with
the crystallographic c-axis parallel (y',) and perpendicular
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(¢*m) to the external magnetic field (Hex). The y*, is inversely
proportional to 7 in the whole region of measured temper-
atures (1.8—400 K) with no upturn in zero-field-cooled—field-
cooled (ZFC-FC) history dependence observed up to 1.8 K,
see Figure 3A. The inverse molar susceptibility in the high
temperature region (50—400 K) could be fitted within the
Curie—Weiss law with the effective magnetic moment (tefr)
of 2.80 Bohr magnetons (BM) and the Weiss constant (6)
of —33 K (Figure 3A, inset). The obtained y is in a good
agreement with the theoretical value (2.54 ug) given by the
formula ues = g/[J(J + 1)]Y2 where g, is a Landé factor,*®
and J is a total angular momentum of the Ce3* ion.*” The
field dependence of magnetization measured in the fields up
to &5 T and calculated in BM per mole of Ce is given in
Figure 3B. The onset of saturation of the magnetic moments
is observed at 5 T with the total moment of ~0.8 ug. The
lowered value of x#** compared to the theoretical value (2.14
), that could be obtained using the formula u* = g, is
indicative of the lifted degeneracy of the J = 5/2 ground
multiplet of Ce®* ion because of the crystal field.”°>? Similar
experimental values of x** (0.8—1.2) have been previously
observed in a number of Ce-containing intermetallic
compounds.”*

When the external magnetic field is directed parallel to
the c-axis, the magnetic response is nearly four times greater
than that in perpendicular direction (1.2 emu/mol for y',,
compared to 0.33 emu/mol for yt,), see Figure 3C. A
transition to an antiferromagnetic state is observed at ~4 K.
Below the critical temperature (), the zero-field-cooled part
of y'n rapidly decreases, whereas its field-cooled part
continues to rise. Above the Ty, the system behaves as a
regular paramagnet, as evident from the linear part of (3'",)™!
versus T (Figure 3C, inset). The calculation of g from the
high-temperature data of (y'',) ! versus T yields 2.97 ug. The
Weiss constant is negative, § = —37 K. The field dependence
of magnetization for Hellc is shown in Figure 3D. Similarly
to HexLc, the magnetization is practically saturated at 5 T,
yielding the value of only 0.8 ug A weak hysteresis loop
was observed in the M(H) characterized with a very small
remnant magnetization, see Figure 3D (inset).

(b) Ce;CoGayGe,. The susceptibility data for the Co
analog is similar to that found for Ce,NiGayGe,. For example
in Ce,CoGayGe,, the maximal magnetic response at 1.8 K
(¢*m = 0.30 emu/mol) is very close to that observed for
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CeoNiGagGe, (3t = 0.33 emu/mol), see Figure 3 E. The
low temperature area of the y*, — T plot shows a broad
shoulder centered ~4 K. The temperature dependence of
(¢tm) " above 50 K is linear (Figure 3E, inset), obeying the
Curie—Weiss law. The experimental per = 2.53 up is in
excellent agreement with the theoretical value of 2.54 ug.
The Weiss constant has even larger negative value than in
case of Ce,NiGagGe,, § = —47 K. The field dependence of
the magnetization M(H) for the perpendicular orientation is
depicted in Figure 3 F. Here, a maximal moment developed
in a field of 5 T is only 0.5 ug, less than 25% of the full
saturation value. No history dependence was observed for
M(H) in the perpendicular orientation.

The magnetocrystalline anisotropy effects studied in
Ce,NiGayGe, shows the direction of the magnetically easy
axis to be along the crystallographic c-axis. The perpendicular
direction containing basal plane is magnetically hard.
Because ordering of magnetic moments in these compounds
occurs at quite low temperatures, the direction of the
magnetic field with respect to the easy axis of the crystal
may obstruct the detection of the magnetic phase transitions
or even bring about the effect of their “appearance” and
“vanishing”.

Concluding Remarks

Molten gallium has demonstrated the ability to serve both
as a reactive and nonreactive solvent in preparation and
crystallization of complex intermetallics RE/M/Ga/Ge(Si).
There are significant differences in the reaction chemistry
of the systems involving Si versus Ge. For instance, Ga-
free products are the common outcome of the reactions
conducted in the RE/M/Ga/Si system, such as RENiSis,
RE;Ni3,Sis., and REsCo04Si;4. Contrarily, Ga reactivity is
greatly increased in the corresponding Ge-containing reac-
tions. At RE/M < 1, we observe a formation of two very
stable hexagonal phases REs;M,Gas +,Ge, (n = 0, 1) that
occur for every rare-earth metal except for Ce, Eu, and Lu.
For RE/M = 1, however, the reaction products depend more
strongly on the identity of the RE and the reaction conditions.
Previously, we have uncovered three families of quaternary
phases that form at RE/M > 1: REMGa;Ge, REsM;3GagGes,
and REsM3GaeGes. The discovery of a new family,
RE,;MGayGe,, that forms at RE/M > 1 under Ga flux
conditions with RE = Ce and Sm underscores a surprising
wealth of intermetallic chemistry that is accessible via flux
chemistry.
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