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New quaternary intermetallic phases REMGasGe (1) (RE =Y, Sm, Tb, Gd, Er, Tm; M = Ni, Co) and RE3Ni;GasGes
(2) (RE = Sm, Gd) were obtained from exploratory reactions involving rare-earth elements (RE), transition metal
(M), Ge, and excess liquid Ga the reactive solvent. The crystal structures were solved with single-crystal X-ray and
electron diffraction. The crystals of 1 and 2 are tetragonal. Single-crystal X-ray data: YNiGasGe, a = 4.1748(10)
A, ¢ =23710(8) A, vV = 413.24(2) A3, 14/mmm, Z = 4; GdsNi;GagGes, a = 4.1809(18) A, ¢ = 17.035(11) A, Vv
= 297.8(3) A3, P4/mmm, Z = 1. Both compounds feature square nets of Ga atoms. The distribution of Ga and Ge
atoms in the REMGa3Ge was determined with neutron diffraction. The neutron experiments revealed that in 1 the
Ge atoms are specifically located at the 4e crystallographic site, while Ga atoms are at 4d and 8g. The crystal
structures of these compounds are related and could be derived from the consecutive stacking of disordered
[MGa], puckered layers, monatomic RE—Ge planes and [MGa,Ge;] slabs. Complex superstructures with modulations
occurring in the ab-plane and believed to be associated with the square nets of Ga atoms were found by electron
diffraction. The magnetic measurements show antiferromagnetic ordering of the moments located on the RE atoms
at low temperature, and Curie—Weiss behavior at higher temperatures with the values of . close to those expected
for RE®* free ions.

Introduction and CeNiAlsGe,,.5 Following these promising results,
o ) ) we became interested in the reactivity and phase formation
The application of molten aluminum as a reactive solvent ;, the related systems RE/M/Ga/Ge, where REare-earth
for the exploratory synthesis of complex intermetallic - qat4) and M= Ni and Co, for reactions conducted in liquid
compounds led to the discovery of a nu-mlber of NeW 5 From these studies, we have recently reported the hexag-
multinary phases including SiNi(NiySi;—x)Al 4Sis,* LNAl 5- onal compounds REM,Gas_xTt, and RE.sM,Gas_xTte
o . 3 . . 4 . . .
Siz,” RENIAILGe,,” RERULAI 15Sis(AlSiiz-«),* TRNIAIGe, (Tt = Si or Ge) that are very stable and readily form at the
ratio RE:M < 1 within a rather broad range of synthetic

como whom correspondence should be addressed. E-mall: kanatzid@ congitions. However, when we turn to the compositions with

T Michigan State University. RE:M = 1, we find that the reaction product strongly depends

* Argonne National Laboratory. on RE and is also significantly more sensitive to the reaction
(1) Chen, X. Z.; Sportouch, S.; Brazis, P.; Kannewurf, C. R.; Cowen, J. i e

A.; Patschke, R.; Kanatzidis, M. Ghem. Mater1998 10, 3202. conditions. Specifically, the hexagonal phases do not form;

(2) Chen, X. Z; Sieve, B.; Henning, R.; Schultz, A. J.; Brazis, P.; instead, we obtain the tetragonal REMGe, REMGa,Ge,,’
Kannewurf, C. R.; Cowen, J. A.; Crosby, R.; Kanatzidis, MABgew.
Chem., Int. Ed1999 38, 693.
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New Intermetallics Synthesized in Liquid Gallium

RE:Ni;GaGe, and the orthorhombic REi;GaGe,’ phases.
The results are reminiscent of those obtained in the corre-
sponding RE/NIi/AI/Si and RE/Ni/Ga/Si systems, in which
the orthorhombic/tetragonal compounds,SitNiSi;—,)Al ;Sig!

and RENiGay,-,Si were produced at Sm:Ni 1. Here we

report the synthesis, crystal structure, and magnetic properties

of two new families of quaternary intermetallic compounds
REMGaGe (RE=Y, Sm, Tb, Gd, Er, Tm; M= Ni, Co)

and RENi;GaGe; (RE = Sm, Gd) grown from Ga flux.
We also address the issue of Ga/Ge distribution and the
question of disorder versus long-range ordering using neutron
diffraction and electron diffraction, respectively.

Experimental Section

Synthesis.The reactions between the rare-earth element, transi-
tion metal (Ni or Co), and Ge were performed in liquid Ga.
Elemental rare earths (Y, Sm, Gd, Tb, Er, Tm) typically of purity
99.9% and higher (CERAC Inc.), nickel (cobalt) powder 99.99%
(Aldrich Inc.), Ge powder (99.999%, CERAC Inc.), and Ga (3 mm
shots 99.999%, CERAC Inc.) were taken in the amounts RE 0.75
mmol, Ni 0.75 mmol, Ga 11.2 mmol, and Ge 0.75 mmol and loaded
into alumina crucibles under an inert\itmosphere. The crucibles
were placed into fused silica tubes and evacuatedX 10~ Torr).

The following heat treatment was used: the temperature was raised

to 1000°C at the rate 60C/h and kept at 1000C for 5 h to
achieve proper melt, then cooled to 88C in 2 h and kept
isothermally at 850C for 36 h and, finally, slowly cooled to 250
°C at the rate 33C/h. The majority of the unused flux was next
removed by centrifuging liquid Ga through a coarse frit-&50

°C. The reaction products were further isolated from the remaining
Ga by soaking in a5 M solution of iodine in dimethylformamide
(DMF) over 12 h at room temperature. This step serves to dissolve
the residual Ga by converting it to Gallhe resulting crystalline
product was subsequently rinsed with DMF and dried with acetone
and ether. The phasésand2 were recovered in high yields (80
95%) from the reactions in molten Ga. The isolated crystals
possessed a typical platelike morphology, often with a phyllomor-
phic character. Images of characteristic crystalsafid2 are shown

in the SEM micrographs in Figure 1A and Figure 1B.

X-ray Powder Diffraction. The X-ray diffraction (XRD) powder
patterns of products were taken at room temperature on a Rigaku-
Denki/Rw400F2 (rotaflex) rotating-anode (CuoK powder dif-
fractometer and a CPS 120 INEL X-ray diffractometer (Ca)K
equipped with a position-sensitive detector. Experimental powder
patterns were compared to that calculated from single-crystal data
using the CERIUSsoftware package.

RE/Ni/Ga/Ge (RE=Y, Sm, Gd, and Th) Phase Composition.

2 mm

Figure 1. The SEM photographs of crystals of (A) GdCaGea (1) and
(B) SmeNisGasGes (2) grown from liquid Ga at 850C. The roughening
of the surface of the crystals is most likely due to the etching effect of |
during isolation.

quaternary phases of tydeis very high. The minor side products
(~5%) for these reactions were Cofznd Ge. In the case of Er,
the quaternary phask did not form; instead a single phase of
ErCoGa (HoCoGg structure typ&) was produced.

Elemental Analysis.The chemical composition of the products
was determined by energy dispersive spectroscopy (EDS) performed

The examination of the powder patterns immediately revealed the on a JEOL JSM-35C scanning electron microscope (SEM) equipped

differences in the reaction products depending on the type of the with a NORAN Inc. EDS detector. The analysis was conducted at

RE used. Hence, when RE Y, Th, Er, or Tm, the peaks in the  accelerating voltage 20 kV and collection time 30 s. After averaging

XRD pattern showed single-phase RENiGa (1), while for RE the results of the elemental analysis over several crystals of each

= Gd the patterns indicated80% of compound GsNi;GaGe; analogue, the compositions of compouddmd?2 were determined

(2) with impurities that included hexagonal gNi,Gas—xGe, and to be "RE.1MGasGey.1” and “REsNi, GasGey 5”, respectively. The

Ge. In the case of Sm, up to three quaternary phases SrgGigGa  formulas forl and2 obtained from the elemental analysis agreed

SmNiGaGe,, and SmNisGaGe; could be found in the reaction  well with those refined from the single-crystal data.

product. Single-Crystal X-ray Diffraction. Intensity data were collected
RE/Co/Ga/Ge (RE=Y, Sm, Gd, and Er) Phase Composition. on single crystals of (YNiGasGe) and2 (GdNizGaGes) at room

For the Co-containing reactions with Y, Gd, and Sm the yield of temperature with a Siemens Platform SMARTCCD X-ray

(8) Chen, X. Z.; Small, P.; Sportouch, S.; Zhuravleva, M.; Brazis, P.;
Kannewurf, C. R.; Kanatzidis, M. GChem. Mater200Q 12, 2520.

(9) CERIUS, version 1.6 Molecular Simulations Inc.: Cambridge,
England, 1994.

(10) Grin’, Yu. N.; Yarmolyuk, Ya. P.; Gladyshevskii, E. 8. Phys.
Crystallogr. (translated fronKristallografiya) 1979 24 (2), 137.

(11) SMART persion 5 Siemens Analytical X-ray Systems, Inc.: Madison,
WI, 1998.
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Table 1. X-ray Single Crystal Data and Structure Refinement for
YNiGaszGe (1) and GadNisGaGe; (2)

Zhuravleva et al.

Table 2. Atomic Coordinates, Equivalent Isotropic Displacement
Parameters (Ax 10%), and Occupancies for YNiG&e (1)

empirical formula YNiGaGe GadNiz7GaGe; Wyckoff
fw 429.37 1411.08 atom symbol X y z U occ
crystal system tetragonal tetragonal
Y(1 de 0 0 0.1496(1 8(1 1
space group 14/mmm(No. 139) P4/mmm(No. 123) G(a()l) 8g 0 12 0 0551((1)) 145(:3) 1
unit cell dimens (A) a=4.1748(10) a=4.1809(18) Ga() ad 0 12 1)4 31(1) 1
(at 296 K) c=23.710(8) c=17.035(11) Ni(1) 2a 0 0 0 9(1) 1
volume (&), Z 413.24(19), 4 297.8(3), 4 Ni2) 10 0 0 0.2831(2) 19(1) 112
density (calcd) (g/cr) 6.901 7.869 Ge(l) e 0 0 0.3523(2) 13(1) 112
absorption coeff (mmt) 44,575 45.870 Ge(2) le 0 0 0.3794(2) 13(1) 12
reflections collected 1944 3830 )
independent reflections 19R(int) = 0.0569] 391 Riny = 0.0850] 2 Ueqis defined as one-third of the trace of the orthogonaliggdensor.
data/parameters 194/22 391/35
final Rindices | > 20(1)]2 R1=0.0298, R1=0.0360,
o WR2=0.0787 WR2=0.0889 Table 3. Selected Bond Lengths (&) for YNiG&@e (1)
Rindices (all data) R* 0.0333, R1=0.0414,
wR2=0.0797 wR2=0.0909 bond distance  mult bond distance  mult
largest diff peak and 0.987 and-1.460 2.744 and-4.546 Y(1)-Ge(l) 29524(7) x4 Ga(2r-Ga(2) 29520(7) x4
hole (e/%) Y(1)-Ge(2) 3.0316(13) x4 Ge(1}Ge(2) 0.645(4) x1
AR1=5||Fol — |Fell/3|Fol; WR2 = [W{ |Fo| — |Fe[}2W|Fo|¥2 Pw = Y(1)—Ga(l) 3.0622(14) x4  Ge(1)>Ni(2) 1.640(6) x1
1[o*F?) + (0.0451P8]; whereP = (1/3)F.2 + (2/3)F&2. ¢ w = 1/[0%(F?) Y(l)—G_a(Z) 3.1652(12) x4 Ge(2)—G§1(1) 2.6003) x4
+ (0.0575P3; whereP = (1/3)F,2 + (2/3)F2. Y(l)*NI(Z) 3.355(2) x4  Ga(l)-Ni(l) 2.4631(8) x2
Ni(1)—Ga(l) 2.4632(8) x8 Ga(l»Ga(l) 2.6153) x1
. . . Ni(2)— 2 2.2298(1 1 1 2.9520(7 4
diffractometer. Crystals of suitable size 0.280.12 x 0.01 mn? N:EZg_gggzg 2.282%) 5 ﬁ Ga(lyr-Ga) 9520(7)

and 0.07x 0.06 x 0.02 mn¥ were cut out of larger crystals and
mounted on glass fibers. Both data sets (Ma Kadiation,A =
0.71073 A) were acquired up to 68.5 20, covering either a full

Table 4. Atomic Coordinates, Equivalent Isotropic Displacement
Parameters (Ax 10%), and Occupancies for GNi:GaGes (2)

sphere or a hemisphere of reciprocal space. The individual frames
were measured using tlhesteps of 0.30and exposure time up to

60 s per frame. The data reduction was performed with the
SAINTPLUS? software package. A face-indexing procedure was
used for analytical absorption corrections. An additional correction
for absorption based on symmetry equivalent reflections was
subsequently applied with the SADABS program. The structure
solution and refinement were done by direct methods with the
SHELXTL software package. All atomic positions were refined
anisotropically. The setting of the cell was standardized with
STRUCTURE TIDY prograni? The information relevant to the
data collection and structure refinement is given in Table 1. The
complete crystallographic information can be obtained in the
Supporting Information section.

YNiGagGe () crystallizes in the tetragonal space grédfmmm
The asymmetric unit of YNiG#e contains a total of seven atomic
positions. The Y atoms reside a dositions, the Ga atoms occupy
8g and 4 sites, and Ni atoms are found a &nd 4 sites. The Ge
was refined as a split position with 50% occupancy on each of the
Ge(1) and Ge(2) sites. The refinement of Ge in a singlesite
resulted in the enlarged thermal displacement paramidtgup to
~100 A2 x 1073) and increase® values (17% and higher). The
partial occupancy of 50% was also refined for the Ni atds a
result of the close interatomic distances to one of the split positions
of Ge. The disorder observed for Ni(2) and Ge(2) also affects the
Ga(2) square net lying right beneath. For this reason, the enlarged

thermal displacement parameters were found for Ga(2), even though2

these atoms are ordered. The final atomic positions, the equivalent

thermal displacement parameters, and occupancies are listed in

Table 2; the interatomic distances up to 3.5 A are presented in Table
3.

The RENIi;GaGe; (2) are structurally related to the REMég&ze,
and they crystallize in the tetragonal space grBdpmmm Owing
to this symmetry reduction, an increased number of atomic positions
(a total of 10) were identified in the structure of Bli;GaGe;.

(12) SAINT,version 4 Siemens Analytical X-ray Systems, Inc.: Madison,
WI, 1994-1996.
(13) Gelato, L. M.; PartheE. J. Appl. Crystallogr 1987, 20, 139.
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Wyckoff
position  symbol X y z U occ
Gd(1) la 0 0 0 91) 1
Gd(2) 2h 1/2  1/2 0.2862(1) 9(1) 1
Ge(1) 1c 12 12 0 98(4) 1
Ge(2) 29 0 0 0.3307(2) 8(1) 0.59(3)
Ge(2) 2g 0 0 0.2939(6) 17(1) 0.40(4)
Ga(l) 4i 0 1/2  0.4233(1) 13(1) 1
Ga(2) 4i 0 1/2  0.1401(1) 23(1) 1
Ni(1) 1d 172 12 112 101) 1
Ni(2) 2g 0 0 0.1959(2) 11(1) 0.714(14)
Ni(2') 2h 1/2  1/2 0.0997(4) 10(1) 0.223(14)

@ Ueqis defined as one-third of the trace of the orthogonalidgdensor.

Thus, the Gd atoms in the asymmetric uniasccupy two atomic
sites (la and 2), and the number of sites occupied by Ni and Ge
increased to three (1 2g, 2h and X, 2g, 2g, respectively). The Ga
atoms are found in two positions with multiplicityi.4Similar to
REMGaGe disorder is observed in the structure okBidGaGe;
causing the short bond distances between Ni and Ge. Partial
occupancies of 0.714(14) and 0.223(14) were found for the
disordered atoms Ni(2) and Nij2respectively. The occupancies
of the Ge(2)/Ge(2 split site refined to 0.59(4)/0.40(3), while the
Ge(1) site, although exhibiting an enlarged thermal displacement
parameter, refined to full occupancy and did not favor the split
position during the refinement. The final atomic positions, the
equivalent thermal displacement parameters, and occupancies for
are presented in Table 4. The interatomic distances up to 3.5 A
are listed in Table 5.

The apparent disorder observed in these two structures is
evidently pointing to a possible supercell. However, no clear
indication of it could be seen from the X-ray data except for the
RECoGaGe (RE =Y, Sm, Gd), where the reciprocal lattice

featured satellite reflections with incommensurate spacings. We

observed that the supercell reflections are generally too weak to
be accurately measured. To further probe the longer range ordering,

we performed electron diffraction studies (see below).

Because the X-ray scattering power of Ga and Ge is nearly
identical, elemental analysis was used in combination with bond
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Table 5. Selected Bond Lengths (A) for GNizGaGe; (2)

Table 6. Neutron Crystal Data and Structural Refinement Parameters

for YCoGaGe (1)

bond distance  mult bond distance  mult
Gd(1)-Ge(l) 2.9563(13) x4 Ge()—Ni(2) 1.670(11) x1 formula ipoaGe
Gd(2-Ge(2) 2.9593(14) x4 Ge(1)y-Ni(2') 1.699(7) x2 temperature. K 295
Gd(2-Ge(2) 3.0522(14) x4 Ge(2y-Ni(2) 2.297(5) x1 or Srtja|8 stemn tetragonal
Gd(2-Ga(l) 3.1344(16) x4 Ge(2y-Ga(l) 2.618(2) x4 c {ice z)u | 4/mm$n
Gd(1)-Ga(2) 3.1722(16) x8 Ga(l}-Ni(1) 2.4653(11) x2 ap group 4.1883(7)
Gd(2-Ga(2) 3.2508(17) x1 Ga(l}-Ga(l) 2.9563(13) x4 A 23 7760(9)
Gd(2)-Ni(2) 3.3325(18) x3 Ga(2)-Ni(2') 2.200(2) x2 Vv A2 417 12)
Gd(1)-Ni(2') 3.4104)  x3 Ga(2F-Ni(2) 2.2967(16) x2 5 P
Ge(2-Ge(2) 0.628(8) x1 Ga(2r-Ga(2) 2.9563(13) x4 thates glcn? 6.84
radiation neutrons
distance considerations to assign the Ga and Ge atoms positions. data collection technique time-of-flight Laue
However, in order to accurately determine these positions, neutron ~ #(4), cm* 0.409+ 0.262
refins ( > 3o(l))/parameters 433/34

diffraction was used. The neutron scattering power between Ga

and Ge differs by~10% compare te-3% for the X-ray radiation.
Single-Crystal Neutron Structure Determination of 1.Neutron

diffraction data were collected from a single crystal of YCeGa

(1) at the Intense Pulsed Neutron Source (IPNS), Argonne National

refinement method
RindicesRy(F),2 R(F)P

full-matrix least-squaresfon
0.062, 0.068

2 Ru(F) = { ZIW(Fo — FZ/ S [W(Fo)} 2. ° R(F) = 3 [IFel — [Fell/Z|Fol-

Laboratory. The single-crystal diffractometer (SCD) is a time-of- Table 7. Fractional Coordinates and Site Occupancy of YCg&a(l)

flight instrument with a time- and position-sensitive detector. A

Wyckoff

detaileq description of the SCD instrumgnt and data collection and  pgsition Sg,lmbm X y oce
a_naly5|s procedures have been publlsHéé.A total of 13 2o 0 o 0.14900(7) 1
hls_tograms were megsured;@anddu values s_wtabl_e to cover a Ga(l) 8g 0 12 0.05446(6) 1
unique octant of reciprocal space. An auto-indexing algorithm Ga(2) 4d 0 1/2 1/2 1
was used to obtain an initial orientation matrix from the peaks in Co(1) 2a 0 0 0 1
one histogram. Data were indexed using individual orientation Co(2) 4e 0 0 0.2777(5) 172

trices for each histogram to allow for any misalignment of the Ge(l) ae 0 0 0.3562(3) 12
ma grar _ y misalig|  Ge(2) de 0 0 0.3754(2) 1/2
sample. Bragg peaks were integrated in three dimensions about their
predicted locations and corrected for the incident neutron spectrumTable 8. Selected Interatomic Distances (A) for YCoGe (1)
and _detector efficiency. The Iat_tice constants were refined using bond distance bond distance
299 intense peaks, corresponding tolasentered tetragonal cell Y —Gell YT pry— YT
with a = 4.1882(7) A anct = 23.776(9) A. The intensities were Y—ngzg 3.018(1()) ng:))eggzg 2'32351)3)
corrected for absorption using a local program ANVRED and  y—_co(2) 3.060(12) Ga(BGa(l) 2.590(3)
assuming a spherical crystal of radius 1.27 mm, and wavelength- Y—-Ga(2) 3.186(1) Ga(bGa(1) 2.9615(5)
dependent linear absorption coefficientsftm=1) = 0.409 + X—ga((g 3237,2((3 gagggeg; gg?gg

—Co . a(hGe .

0.262.. The GSAS software packadewas used for structural Co(1)-Ga(l) 2.462(1)

analysis. The refinement was based Brusing reflections with
|Fol > 30(F,). Initial coordinates were obtained from single-crystal

X-ray analysis. The information relative to neutron data collection single crystals ol and irregularly shaped flat single crystals2f

and refinement ol is given in Table 6; the positional and thermal . S
. ; ) normally over 10 mrhin area and up to 60@m in thickness, were
displacement parameters and occupancies are presented in Table

7. The selected interatomic distances are listed in Table 8. ?nﬂfggz?ﬁg;:? ( fgorgqggo;vs e; d;::sr-i)(;)g;?gxmggeliubse%uently
Refinement of the neutron structure shows that our original X-ray : : . .
assignment of Ga and Ge atoms (based on bond distances) Waﬂm " thlckngss. A core d-“” as then u;ed to cut ou.t circular-
) he G indeed . hile G §haped specimens 3 mm in diameter, suitable for use in the TEM
C"ffre‘j’ -€., Ig N agozs n eeTr?ccupz,s tes, V‘? e a Wals holder. As-prepared samples were electrolytically thinned using a
re 'r]:,e (;n :] € ?\aré S|tes: e neutr?n re |nemﬁnt O%SO Tenupole-3 twin-jet polishing unit equipped with an infrared
confirmed that the Ge atoms ib are in sp It sites V_V't 0% detector. The electropolishing experiment was conducted in the
occupancy on each, gnd the Gapbsition is 50% occupied. Thus, temperature range from-35 to —40 °C with a 15 V applied
th_ehuznlt_c;u composition ofl can be formulated as YCo@2e potential using a four-component acidic electrof&&.he mean
with Z = o . ) . size of the resultant hole is regularlyl00 zm in diameter, with
Transmission Electron Microscopy and Electron Diffraction. the average area lucent to the electron beam on the order of 400
The transmission electron microscopy (TEM) studies were per- ,m2 pue to the platelike habit of the crystals, in most cases the
formed on a JEOL 100CX TEM microscope. The electron beam [001] zone axis could be observed at zero tilt. It is only in the case

was generated from the CgBlament at accelerating voltage 120 ot GdcoGaGe that it was possible to observe the transverse [010]
kV. Both the imaging mode and the selected area electron diffraction 4,6 axis owing to the unusual cuboid shape of the crystal.

(SAED) mode were used. The samples were stable under the impact Magnetic Measurements. The magnetic susceptibility was
of the electron beam. measured on single crystal and polycrystalline samplesl of
(TbNiGaGe, GdCoGgie, and YCoGgse) and2 (GaNisGCaGe)

as a function of temperature in the range4®0 K in an applied
external magnetic field of 500 G with MPMS Quantum Design

Sample Preparation for TEM. Large, often square platelike

(14) Schultz, A. J.; Van Derveer, D. G.; Parker, D. W.; Baldwin, J. E.
Acta Crystallogr., Sect. @99Q C46, 276.

(15) Schultz, A. JTrans. Am. Crystallogr. Asso&987, 23, 61.

(16) Jacobson, R. AJ. Appl. Crystallogr 1986 19, 283.

(17) Larson, A. C.; Von Dreele R. B5SAS General Structural Analysis
SystemLos Alamos National Laboratory: Los Alamos, NM, 2000.

(18) Electrolyte composition (vol %): 10%,80, 1% HF, 1.5% HNOs,
87.5% CHOH.
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Inc. SQUID magnetometer. The field dependence of the magnetic
susceptibility was determined at-3 K in the fields up to+5 T.

The susceptibility data was corrected for the sample holder
contribution. The isotropic measurements (TbhNiGa, GdCoGgGe,

and YCoGaGe) were carried out using ground polycrystalline
samples. For anisotropic measurements (GdGG@a and
GdsNi;GaGe;) crystals with explicit platelike morphology were
placed with thec-axis parallel and perpendicular to the external
magnetic field.

Results and Discussion

Reaction Chemistry. The reaction chemistry in the system
RE/M/Ga/Ge (RE= rare-earth, M= Ni, Co) conducted in
excess Ga with RE:M: 1 is one of the most complex among
metal flux systems. For example, in previous studies in the
related systems with Al (RE/M/Al/Ge, RE/M/AI/Si) and with
Ga (RE/M/Ga/Si and RE/M/Ga/Ge with RE:M 1) we
observed that, generally, for a given set of reaction condi-
tions, a series of isotypic compounds with different RE and/
or M metal could be obtained. For instance, over 20
analogues of RisMGas T8 7 and REg gM Al 5 Tt (Tt
= Si or Ge) have been obtained and nearly every heavy RE
analogue of RENiAIGe? grown. For the first time in the
RE/M/Ga/Ge system, with RE:M 1, we observe a delicate
sensitivity of the products to the reaction conditions and a
large variation of the crystal structure with the RE element.

Thus, for M = Ni the reaction of different lanthanide
elements under otherwise identical conditions results in
YNiGazGe, CeNiGagGe,” GkNisGaGe;, and ThNiGaGe.

Zhuravleva et al.

Figure 2. The structure of YCoG#se (1): (A) a single unit cell viewed
along theb-axis; (B) the Y-Ge monatomic layer projected onto thb-

plane; (C) the [CoG#5e)] slab viewed approximately along tleeaxis; (D)

the [CoGa} puckered layer.

are the first gallium-containing analogues in this structure

The case is even more complicated for Sm, as up to threetype. The quaternary aluminum isotype;Ne\l ¢,Gey+y has

phases SaNiGayGe,” SmNiGaGe, and SnNi;GaGes
could be found in the reaction product. The latter two
possibly form an intergrowth in one isolated crystal. Fur-
thermore, increased reaction times-@days) with Tb and

Y produced YNisGa;Ge; and ThNi:GaGe,’ (compared to
YNiGazGe and ThbNiGgGe obtained in shorter reaction
times). Interestingly, if Ni is substituted for Co, the following
phases form in quantitative yield: YCogze, CeCoGaGe,’
SmCoGgGe, GdCoGgGe, and ErCoGA° for RE=Y, Ce,
Sm, Gd, and Er, respectively. As we will describe below,

been recently reportédlhe crystal structure of the YCoga
Ge, as refined using neutron diffraction data and projected
onto thebc-plane, is depicted in Figure 2A. In this plot, no
bonds were drawn to the Y atoms in order to emphasize the
different types of layers participating in the construction of
this structure. Subdivided in this fashion, the structure can
be represented as a consecutive stacking of th&¥ plane,
a [CoGaGe)] slab, and a puckered [CoGdhyer.

The fragment of the ¥-Ge plane viewed down theaxis
is shown in Figure 2B. The layer is defected, with the Ge

these different phases share many structural components anétomic site being only 50% occupied. In the ideal YGe layer,
may have similar formation energies. Also, some may be the Y and Ge atoms are arranged in square-like manner, with
intermediates that have been quenched before had a chanc@e atoms being slightly off the plane of Y atoms. The

to transform to the more thermodynamically stable ones.
Crystal Structure of 1. The crystal structure of REMGae
derives from the CaNiGay, structure type? however, no
disorder has been reported for the latter. To show the
relationship of these two structures, we can rewrite
the formula of the CéNiGartype and 1 as RENix-
[Ga.’4Gd'1zGd"4] and REMz[M zmzed'lze&], respectively.
In this formulation the different crystal sites in their structures
are clearly indicated. Thus, the relation bto CeNiGayo
lies in substitution of Gawith M and a vacancyt(), plus a
substitution of G& with Ge. The REMGgGe compounds

distance between the Y and Ge in the plane is normal,
2.9641(6) A; the Y-Y distance in the square net corresponds
to the length of the unit cell. The [CoGaGe)] slab, viewed
approximately down the-axis, is shown in Figure 2C. This
type of layer has been previously observed in a number of
ternary and quaternary intermetallic compounds such as
CezNiGalo,zo Pr3NiGa10,21 Ce4NiGa18,22 szNiGalz,S
SmNi(NiSih—)Al 1Sis,! REMGaGe,” and CeNiAl ¢_Gey-y.°

The layer consists of greatly compressed; Gabes, with

the lengths of the cube sides being 2.590(3) and 2.9615(5)
A, that are condensed via face-sharing into a two-dimensional

(19) Sieve, B. Doctoral Dissertation Thesis, Michigan State University,
2002, Chapter 8.

(20) Yarmolyuk, Ya. P.; Grin’, Yu. N.; Rozhdestvenskaya, I. V.; Usov, O.
V.; Kuz'min, A. M.; Bruskov, V. A.; Gladyshevskii, E. ISa. Phys.
Crystallogr. (translated fronKristallografiya) 1982 27, 599.
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(21) Grin’, Yu. N.; Yarmolyuk, Ya. P.; Rozhdestvenskaia, |.S&v. Phys.
Crystallogr. (translated fronKristallografiya) 1983 28 (4), 477.

(22) Grin’, Yu. N.; Yarmolyuk, Ya. P.; Usov, O. V.; Kuz’'min, A. M,;
Bruskov, V. A. Saw. Phys. Crystallogr.(translated fromKristal-
lografiya) 1983 28 (6), 710.
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Figure 3. The local coordination of Y atoms within 3.5 A, and Co, Ga, and Ge atoms within 3.0 A. The Ge(1) and Ge(2) positions are depicted as one
split Ge site.

Ga, framework. One half of the cubes in this framework A Ge(1)

are centered with Co(1) atoms, while the other half is vacant ---—----'—_———‘Gd(l)

but capped with Ge atoms from above and below, see Figure i Ni(2) |

2C. The distance from the central Co(1) atom to the corners | |

of the Ga(1) cube is 2.462(1) A; the bond length between ) Ga(2)

the capping Ge(2) and Ga(1) atoms is 2.677(3) A. This slab . b Ni(2)

is again defected, so that every second Ge(2) atom is missing. | %2] ! Get2)

Finally, the structure contains a [CoGaflisordered
puckered layer, in which Ga(2) atoms form a monatomic
square net with a Ga(2)Ga(2) distance of 2.9615(5) A, see
Figure 2D. The Co atoms are located above or below every
Ga(2) square in a puckered manner. In this layer, every
second Co(2) position is not occupied. In the structuré of
the stacking sequence of the layers described abcABAC
ABAC if YGe, [CoGa}, and [CoGaGe)] slabs were denoted
asA, B, andC, respectively.

The local coordination environments of the Y atoms within J
3.5 A and of the Co, Ga, and Ge atoms within 3.0 A are M
presented in Figure 3. The Ge(1) and Ge(2) positions are ! : . G
regarded as one (split) Ge site. The Y atoms have four nearly ! . @® Ni
in-plane contacts with Ge atoms; above and below thi$5¢ —:70

plane, the squares Pf Ga'(lamd Ga(24) are located in . Figure 4. (A) The structure of GgNiGagGes (2) viewed along thé-axis.
staggered conformation to each other. The Co(1) capping(B) The local coordination of the Gd(1) atom. Only ordered atoms are

the Ge(1) square and five additional Co(2) atoms from the shown; the Ge(2) and Géjositions are depicted as one split Ge(2) site.
Ga(2)Co(2) puckered layer complete the 18-coordination )
sphere of Y atoms. The Co(1) is in the distorted cubic (CO(2)-Ga(2)= 2.195(4) A); the next four near-neighbors
environment of eight Ga(1) atoms. The Co(2) local coordina- '€ four in-plane Ga(2) atoms bonded at 2.9615(5) A.
tion is square-pyramidal with a square base made of Ga(2) Crystal Structure of 2. The crystal structure of GHis-
atoms and an apex of Ge atom. Similarly, the Ge atom is in G&Ge; (2) is shown in Figure 4A and is reminiscent of that
the center of a Ga(1¢o(2) square pyramid. The Ga(1l) atom 0f YCoGaGe (1). Although the neutron structure refinement
is nine-coordinate, and it has a slightly distorted tetrahedral is not available fo2, we are confident in assigning the Ga
environment of two Co(1) and two Ge atoms (the Ce{1) and Ge atoms analogously th considering the strong
Ga(1)-Ge angle is 109.12(%). The Ga(1) is additionally  structural similarities of these two compounds. Using the
self-bonded to four atoms in theb-plane (Ga(1)yGa(l)= same approach, the structure 2tould be constructed of
2.9615(5) A) and to one out-of-plane Ga(l) that caps the the similar building motifs ad; however, in the GgNis-
Co(1)-Co(1) edge of the tetrahedron. The Ga(2) is eight- GaGe; the stacking sequence is different. Namely, the-Gd
coordinate, and its nearest coordination is formed by a Ge (A) plane, a [NiGg] (B) puckered layer, and [NiG&e)]
severely distorted tetrahedron consisting of four Co(2) atoms (C) slab appear in the sequena8ACABA ABACABA
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Figure 5. (A) The structure of GgNiGagGe; (2) in polyhedral representation. (B) The isolated layer of the Gd(1) cubo-octahedra. (C) The fragment of the
Gd(2)-Ni(2) layer. (D) Distorted cubic layer of Ni(1). (E) Coordination polyhedra of Gd and Ni aton®s in

The local environment of the ordered atoms 2nis Probing Long-Range Order with TEM and Electron
identical to those found il with the exception of Gd(1), Diffraction. The apparent disorder in the subcellslafind?
which is sandwiched between two [NiG&-type layers and  motivated us to undertake a search for possible superstructure
does not have a counterpartinThe local coordination of  and long-range ordering with the help of electron diffraction.
the Gd(1) atom, remarkably, includes 22 atoms within a Because the nature of interaction of matter with electron
radius of 3.5 A, see Figure 4B. The environment of the Gd(1) beams is conceptually different from that of X-ray and
atom contains four Ge(1) atoms lying in a plane that includes neutron diffraction, and the interaction itself is much stronger,
Gd(1). Additionally, two fragments of the [Ni(gGa(2)- electron diffraction studies allow detecting weak satellite
Ni(2)] puckered layer (related to each other by mirror reflections often nearly invisible otherwise when using
symmetry) are located above and below the Gd(1)/Ge(1) X-rays. Indeed, we find that the apparent disorder on the
plane. layers of REGe and [MGalis an artifact, and that these

It is useful to view the structure of in polyhedral layers possess long-range order.
representation, see Figure 5A. The Gd(1) atoms are inideal, [001] Zone Axis of 1.The [001] zone axis photographs
and Gd(2) in distorted, cubo-octahedral environments of Ga probe the structure of these materials in #ieplane. The
and Ge atoms (within 3.2 A). The Gd(1) cubo-octahedra are [001] zone axis SAED taken at room temperature on single
condensed into a 2D layer via sharing four out of their six crystals ofl (SmNiGaGe, SmCoGg5e, and GdCoGsse)
square faces with each other, infinitely extending inabe are shown in Figure 6AC with the corresponding bright-
plane, see Figure 5B. Likewise, the Gd(2) polyhedra sharefield TEM images of the thin areas given below. The
rhombic faces forming a 2D layer, see Figure 5C. In this inspection of the thin electron-lucent area shows no ir-
Gd(2) layer, the pyramidal voids are occupied by Ni(2) regularities in the way the crystal has developed. The cracks,
atoms. The Ni(1) atoms are in a distorted cubic environment if present, are random and most probably due to the stress
of Ga atoms. These cubes share edges to form a 2DNi(1) imposed on the crystal during the TEM sample preparation.
Ga(l1) layer, as shown in Figure 5D. The Gd(1), Ge{2) Luckily, the SAED patterns contained valuable information
Ni(2), and Ni(1)-Ga(1) layers alternate along tbexis and on the superstructure. In each of the three studied compounds,
connected via face-sharing interactions between Gd and Nithe SAED patterns feature both the subcell Bragg’s reflec-
polyhedra and via edge sharing between Gd(1) and Gd(2)tions and the supercell reflections. While the subcell spots
cubo-octahedra. The coordination polyhedra of the Gd(1), are intense, the supercell spots are generally weak. The
Gd(2), Ni(1), and Ni(2) atoms are shown in Figure 5E. systematic extinction of the strong subcell reflections satisfies
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nification 67,000

Figure 6. The [001] zone SAED pattern (top) and the TEM image (bottom}:ofA) GdCoGaGe, (B) SmCoGgGe, and (C) SmNiGs#5e. No rotation
calibration was performed.
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the I-centering limiting condition for thék0 set of reflec-
tions: h + k = 2n. The supercell reflections, on the other
hand, do not display clear systematic absences and their
positions are not commensurate with the underlying sublat-
tice.

For example, in the SAED pattern of SmNi{&ze, see
Figure 6A, the spacings of the supercell reflections scale only
approximately as (1/8¥+/2, wherea* is a reciprocal subcell
parameter. The magnified area of the reciprocal space of the
SmNiGaGe is shown in the inset of Figure 6A. In order to
describe the reciprocal supercell lattice, two unit vectors
indicated by the lettersi™ and “s’ (which stand for “long”
and “short” reciprocal lattice spacings) were used. These
incommensurately spaced reflections propagate along both
main axes of the reciprocal supercal,(b'); however, in
one direction the supercell reflections seem to be stronger,
suggesting the presence of an orthorhombic supercell and
twinning.

Interestingly, the SAED pattern of the SmCaGa is
different from that of the Ni analogue, signifying a different
type of long-range order, see Figure 6B. In contrast to
SmNiGaGe, the SmCoG&e does not exhibit incom-
mensurate distances. In this case, the supercell reflections
are equally intense in both directions and regularly spaced
scaling as (1/4*+/2 with respect to the subced*. Yet
different diffraction behavior is seen for GdCof&a. The
[001] zone axis SAED pattern of GdCog&e stands out
for its unusual diffraction pattern. Here, no discrete supercell Figure 7. The [010] zone axis SAED pattern (A) and the TEM image

. . . . (B) of GdCoGaGe. No rotation calibration was performed.
spots could be easily recognized. Instead, diffuse scattering
in the shape of the octagons and squares appears, see Figuraore exacerbated situation was observed in the
6C. The larger octagons are centered on the strong subcelRE; M ,Gas_Gef and RE sM-Gas_,Ge families of com-
reflections withh + k = 2n, while the smaller squares pounds. For the latter two, the model was proposed, where
surround the subcell symmetry forbidden reflections with  the structure is considered to be constructed of the 2D
+ k= 2n+ 1. Thus, using the tile of these two “unit cells”,  building blocks fully ordered in th@b-plane, but stacked
the 2D diffraction pattern could be constructed. It should be irregularly along thec-axis. Considering the similarities by
noted that the ED pattern featuring diffuse scattering has beenwhich the disorder is expressed (streaking along:theexis)
repeatedly seen in a number of crystals of GdCs&&ea in both R eM2Gas1n-—xG6& (N =0, 1f and1, it is reasonable

[010] Zone Axis of 1.In order to probe the structure to adopt a similar model also in the caselof
parallel to the layers, and examine the relative stacking of The additional evidence that supports the stacking fault
the A, B, andC layers mentioned above, diffraction experi- model might be found in examining the [010] zone TEM
ments were performed with the electron beam directed image, see Figure 7B. The thin area for [010] zone is
parallel to theb-axis. In this fashion, we are observing the noticeably different from that of [001] zone. Thus, the thin
[010] zone. The [010] zone axis SAED pattern and corre- area around the edge is sliced by parallel lines (running at
sponding thin area of GdCo@&ae are shown in Figure 7A  approximately 45 with respect to the tangent of the edge
and Figure 7B, respectively. Again, the diffraction pattern curvature) that could be associated with dislocation-type
features both subcell reflections (strong) and supercell irregularities. It is rather improbable that the mentioned
reflections (weak). The stronger subcell reflections conform irregularities can be caused by the TEM sample preparation,
to the limiting condition ofl-centered cell forOl set of as exactly the same conditions were applied to prepare both
reflections: h + | = 2n, consistent with4/mmmspace group  [001] and [010] zone axis samples. Nevertheless, further
of the substructure. No additional reflections corresponding high-resolution TEM studies are necessary to confirm the
to a supercell were observed along the recipratadxis, stacking fault origin of the disorder.
which leads us to conclude that there is no superstructure To summarize, the superstructures found itake place
along thec*-axis. However, the supercell reflections with in the ab-plane only, whereas the direction of thexis is
incommensurate periodicity of short and long spacings appeamot modulated. The in-plane modulation varies from analogue
in the direction of the reciproca*-axis. An interesting to analogue and reaches up to 8-fold supercell in volume
feature of these supercell reflections is their slightly elongated (SmCoGaGe). In some instances the period of modulation
shape, along the*-direction. This could be attributed to  scales incommensurately with underlying sublattice. The
stacking faults (not severe) of ttad-planes. A similar but investigation of incommensuration observed in a number of
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Figure 8. The [001] zone axis 02: SAED pattern and the TEM image of (A) SNizGaGe; and (B) GdNizGaGes. No rotation calibration was performed.

Co analogues of using a superspace approach is currently electron diffraction patterns & contain the information on

in progres? It is yet unclear what causes the variety of the supercell. The SAED pattern of the Sm analogu2 isf
complex ordering in theab-plane to occur in different  given in Figure 8A. The subcell reflections reveal no
analogues ol. One possibility is that the occupancy of the systematic absences, in accord with a primitive Bravais
transition metal site may vary slightly from compound to lattice. In addition to the subcell reflections, the electron
compound. However, a size effect has to be ruled out, asdiffraction pattern features very weak supercell reflections.
different superstructures were obtained for the analogues withThe supercell parameters in thb-plane were found to be
the elements of similar radii (compare SmMGea (M = (1/2)a*/2 x (1/2)a*+/2. Likewise, the SAED pattern

Ni and Co) and RECoG&e (RE= Sm and Gd)). On the  obtained for Gd analogue, see Figure 8B, also exhibits a (1/
other hand a variety of superstructures reminiscent of the 2)a*v/2 x (1/2)a*+/2 supercell. Thus, in contrast tb,

type observed in the compounds described here have beeronsistent supercell parameters were obtained for Gd and
found to be pervasive in many polytelluride compounds that Sm analogues o2. Assuming no modulation takes place
contain square nets of Te atoms. The origin of those along thec-axis (as it is in case df), the supercell oR is
superstructures is energy-lowering, displacive modulations 2-fold (a+/2 x a+/2). Because the supercell reflections were
in the Te square nets the nature of which depends primarily extremely weak, no X-ray data supporting the supercell could
on the average charge on Te and secondarily on the REbe obtained for eithet or 2 compounds.

element* It is possible that the effect extends to square nets Magnetic Properties. Magnetism of 1 (TbNiGaGe,

of other elements such as Ga. Further studies are necessangdcoGaGe and YCoGaGe). (a) Tb Analogue. The
to examine the superstructures in details and the reasons thahagnetic properties were studied for three analogues of
give rise to them. (RE = Tb, Gd, and Y). The temperature dependence of
[001] Zone Axis of 2. The [001] zonal axis shows susceptibility of a polycrystalline sample of the ToNiGa
crystallographi@b-plane. The [001] zone axis SAED pattern calculated per mole of Tb is shown in Figure 9A. The
and the thin area of SNi;GaGe; and GdNizGaGes (2) susceptibility shows an antiferromagnetic maximun-&t
are presented in Figure 8. Similarly fig the [001] zone  K; below that temperature the zero-field cooled (ZFC) and
field cooled (FC) parts of susceptibility diverge, see inset in
(23) Zhuravleva, M. A.; Evain, M.; Petricek, V.; Kanatzidis, M. G.  Figure 9A. Above 30 K the reciprocal susceptibility increases
24) e P ik, Rhys. Chem. Chem. Phy2002 4, linearly with temperature, indicating CuriéVeiss behavior,
3266. see Figure 9B. The effective magnetic momepts)
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Figure 9. The magnetization data for the TbNig&ze polycrystalline sample. (A) Temperature dependence of molar magnetic susceptibility. Inset: Low-
temperature region of magnetic susceptibility. (B) Inverse susceptibility. (C) The molar magnetization in field&5 to

calculated from the linear part of the plot is 9.23, in
agreement with the free-ion value for 3(9.72 ug). The

Ni atoms accordingly do not have a localized magnetic
moment, i.e., their contribution to the susceptibility is
diamagnetic. The Weiss constant is negat®e= —36.6

K, in accord with proposed antiferromagnetic ordering. The
magnetization in fields up t&-5 T is nearly linear and shows
no saturation, with a maximal moment of:3 developed in
the field 5 T that corresponds to only 30% of the full
saturation value, see Figure 9C.

(b) Gd Analogue. The magnetic properties of the
GdCoGaGe analogue were studied in both polycrystalline

the Neel temperature from the set of isofield plots)of vs
T yielded Ty = 15 K.

The field dependence of magnetization for all orientations
is presented in Figure 10C. The maximum moment devel-
oped in the field 65 T does not exceed dg, which is only
14% of the full saturation value. From both temperature-
and field-dependence measurements, it is evident that the
relative crystal-to-field orientation does not produce any
impact on magnetization and susceptibility. Thus, the effect
of crystal field in GdCoGgGe is obviously negligible. Such
isotropic behavior of magnetization is consistent with S-state
of the G&" atoms and has been previously observed in a

(isotropic) and single crystal (anisotropic) type measure- number of Gd-containing intermetallic compounds including
ments. The molar susceptibility data vs temperature is plotted Gt sNi-Gas—xGe’ and GdGaGe?* as well as in pure Gd

in Figure 10A. For the Gd analogue, thigax 0ccurs at higher
temperature compared to the Tb analogueyab K, as
shown in the inset in Figure 10A. At the temperature 50 K
and higher, the inverse magnetic susceptibility obeys Curie
Weiss law, see Figure 10B, with the averagge = 8.15ug
close to the free-ion value for Gt (7.94 ug). The exact
values foruer and® for different orientations arg'® = 8.42

s, u° = 8.43 ug, t'° = 7.62 ug, O° = =56 K, Q* =
—54 K, and®'s° = —47 K. The negative sign of the Weiss

constants is again in favor of the antiferromagnetic moments (26)
ordering on the Gd atoms. The subsequent determination of

6422 Inorganic Chemistry, Vol. 42, No. 20, 2003

metal?®

(c) Y Analogue.The effective magnetic moments obtained
for the analogues of with Gd and Tb indicate that the
magnetic moments are carried solely by the rare-earth ions,
while the transition metals are in diamagnetic state. However,
in order to reconfirm the nonmagnetic nature of the transition
metal atoms (Ni and Co), magnetic measurements were

(25) Zhuravleva, M. A.; Kanatzidis, M. G. Solid State Chen2003 173
280.

Rhyne, J. J. IIMagnetic Properties of Rare Earth MetaElliot, R.
J., Ed.; Plenum Press: London and New York, 1972.
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performed using the Y analogues, sincg ¥ diamagnetic. constant and the effective magnetic moment were determined
As a result, the susceptibility of YCo@ae was determined  to be—40.7 K and 8.244g, respectively. Both the sign and
to be very low (0.6x 102 emu/mol or 0.6x 10°° m3mol) the maximum ory, indicate the antiferromagnetic ordering
and nearly temperature independent, which is characteristicbelow Trnax The Neel temperatur@y = 10 K was determined
of Pauli paramagnetism. Thus, inthe magnetic moments  from the set of the isofielgg,—T plot by extrapolating the
indeed originate only from rare-earth atoms, whereas the Ni maximal temperature to the zero field. The: found for
and Co atoms are in diamagnetic states. This situation is nowGNizGaGe; is in agreement with the free-ion value for
a recurring theme in this type of intermetallic chemistry, since G+ ion. Similarly to 1, the Ni atoms in2 are in
similar diamagnetic behavior of the transition metal atoms nonmagnetic state. The magnetization increases linearly with
was also observed in SMiGa,,? REysNi2Gasin—xG6,° the applied magnetic field, reaching the value of only 1.5
RENISk,%” RENIiAlI,Ge,® SmpNi(NiySii—y)Al 4Sis,! REJFe- us in fields of 5 T, see Figure 11C.
Ga,—xG8,,28 and many other related intermetallic compounds.

Magnetism of 2: GdNizsGagGes. The temperature de-
pendence of the susceptibility of a single crystal Df In liquid Ga the elements RE, M, and Ge with RE2M1
(GNisGaGe) is presented in Figure 11A. The maximum react readily to give well-grown crystals of two different
of the magnetic susceptibility occurs atl0 K. Slight ~ families of new quaternary compounds REMGa (M =
variation of the ZFG-FC parts is observed below that Ni, Co) and RENisGaGes. The flux method proves to be
temperature. In Figure 11B the inverse magnetic susceptibil-an excellent tool for discovering new quaternary intermetallic
ity (xm 1) is plotted against the temperature. The linear compounds with complex stoichiometries. In compounds
increase iryy,~* with temperature and nonzero intercept with containing Ga and Ge (just as for those containing Al and
temperature axis indicate CuriVeiss behavior; the Weiss ~ Si), it is often difficult to assign with a high degree of
confidence the corresponding sites, requiring neutron dif-
(27) Ehen, X. %'ELESS-O}Q' P, %port'augghs.; B':/?zis,lF;é Mﬂ\a%i, S. D,; fraction analysis in some representative cases. The single-
(28) Zﬁﬂ?ae\\/l;/:\;a{, M. A Vz\ilgﬁtgz,l )és Sc'hultz,e;-{]."].;aézrkas,%l'.; kanétzidis, crystal neutron diffraction performed on YCo&® shows

M. G. Inorg. Chem 2002 41, 6056. that Ge is situated on thee4ite, while Ga atoms occupyd4

Concluding Remarks
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