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The ternary germanide Th;FeGeg was obtained from Ga flux reactions. The crystal structure studied with single-
crystal X-ray diffraction revealed the existence of an orthorhombic average substructure (Cmem, Z = 1) with cell
parameters a = 4.1118(14) A, b = 15.844(5) A, and ¢ = 3.9885(15) A. The refinement [/ > 20(/)] converged to
final residuals R1/wR2 = 0.0363/0.0893. The average structure (CeNiSi,-type) consists of a 3D [Fey,Ge;] framework
where Ge atoms form a square net and Fe atoms reside alternatively above and below it with only ¥/, occupation
probability. X-ray and electron diffraction studies showed a modulation in the Ge net. The modulated structure was
refined based on a 4-fold monoclinic supercell (P2,/n) with parameters a = 5.7315(11) A, b = 15.842(3) A, ¢ =
11.438(2) A, and B = 91.724(4)° with Ri/wR, = 0.0643/0.1735 and uncovered a severe distortion of the Ge
square net. The Ge atoms are displaced to form an array of cis—trans chains. The Ge—Ge distances within these
chains are distinctively bonding, whereas those between the chains are nonbonding. Results of the electronic
structure calculations and magnetic measurements are also reported. The structural distortions found in Th,FeGeg
cast a doubt onto the correctness of many of the reported REM;_,Ge, disordered compounds and call for
reinvestigation.

Introduction large variation of parametet is found within a series of
compounds with different RE or M element {Ox < 1). At
present, little is known about the nature of the vacancies on
the M site. No direct correlation seemingly exists between

The populous CeNigbtructure typeis represented in the
realm of intermetallics by a rather large number of

compounds. * Their general formula could be written as and the RE or M entity. Simple geometric considerations

REM,Tt;, where RE= rare-earth element, M- transition also could not account for such variatiomxofFor example
metal (Mn, Fe, Ni, Co, Cu, Ru, Rh, Re, Ir, Pd, Pt), and Tt . bi€,

= tetrelide (Si, Ge, Sn). The Tt atoms in this structure type in REMGe; and REM.SW’ XIS Increasing from Co to N'_ to

: . . Fe although the atomic radii of these metals are very similar.
define a flat square net. Even a compound witfiM.i has In fact, all REFgTt, compounds are nonstoichiometric. The
been reported though it is not strictly isostructiraiterest- ’ 2 P )

. L . possibility of electronic reasons being responsible for the
ingly, most of these compounds are nonstoichiometric. A Lo . . :
nonstoichiometry has been hinté@he more wide-ranging
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cem.msu.edu. been outlined as follow%for given RE and Ttx increases
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done using very high temperatures and polycrystalline
powder samples. Single-crystal studies are available only for
a limited number of compounds, for example, NdFe °
(x = 0.45) and HoFg&5e ° (x = 0.33). In these cases, the
shortened M-Ge bond distances as well as vacancies
and unusual thermal ellipsoids found on the M atom point
to possible superstructures. The single-crystal data for
REFesSi, (RE = Dy, Ho)* also show highly perturbed
thermal displacement parameters and partial occupancies
characteristic of a superstructure, even though no superstruc-
ture reflections were observed. High-quality single crystals
are hence particularly desirable in order to perform more
in-depth investigations that could shed further light on the
origin of the M vacancies.

Although hundreds of ternary rare-earth transition metal
tetrelides have been reported over the past decades, mostlgigyre 1. SEM image of a typical crystal of TeGe grown from
conventional methods were applied for their synthesis. An liquid Ga.

alternative synthetic route involves the use of molten metal ] )
(Ga, Al, Sn, etc)) as a flux. In cases when the flux is Ge net is strongly modulated, and we successfully elucidated

nonreactive, the metal solvent facilitates crystal gréhdh  ItS structure using electron diffraction and X-ray crystallo-
and does not incorporate into the final product. For silicides 9raphic techniques. We also explored, through density func-
and germanides, molten Ga, for instance, may serve both adional calculations (DFT), the electronic reasons fo_r this phe-
a reactivé® 17 and as a nonreactive solvent, even though NOmenon. The re_sult_s of X-ray and electron d_lffractlon crystal
the examples of the latter behavior are still scarce. Pre- Structure determination of TbeGe together with electronic

viously, we reported on the crystal growth of two families structure calculations and magnetic properties are discussed.

2 mm

of silicides RENiSi *® and RENi3+Sis—x ° from nonreac-
tive Ga melts. Others employed the mixed-metal Zn/Ga
flux in synthesis of EuZsBi; and EuZnGe.?° In the case

of germanides, however, up until recently only Ga-con-
taining compounds were reported from such Ga-flux reac-
tions. Examples of the latter include the quaternary
REFeGa,xGe,'* REjeM:Garn+G6,'> REMGaGe;'
RE;NisGaGes,*® RENisGasGe,?t and REMGasGe?! and

the ternary RBGaGe}l” YbsGaGe;?? Yb,GaGes??
REGaGe;,*! and LaGaGe?! Here we present the Ga-flux
synthesis and crystal growth of J#eGe which adopts the
CeNiSp, structure type. We show that the square net of Ge
atoms found in the structure is only an artifact of the
averaging effects of the CeNiSstructure type. In fact, the
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(11) Deitch, R. HCrystal Growth Pamplin, B. R., Ed.; Pergamon Press:
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Experimental Section

Synthesis. ThsFeGg was synthesized in-70% yield from a
reaction containing 4, 1, 30, and 4 equiv of Th, Fe, Ga, and Ge,
respectively. The metals Th (1 mm chips), Fe (300 mesh powder),
Ga (3 mm shots), and Ge (polycrystalline, hand-ground), all of
purity 99.9% and higher, CERAC Inc., were weighed in a glovebox
under nitrogen atmosphere and loaded into an alumina crucible.
The crucible was then sealed in a silica ampule under vacaum (

x 1074 Torr). The following heating profile was used for growing
single crystals of TiFeGe. The reaction mixture was heated to
1000°C, held there fo5 h toobtain proper homogenization of the
melt, cooled to 850C in 2 h, then held isothermally at 83C for
144 h, and finally cooled to 20TC in 72 h. The reaction was taken
out at 200°C for hot filtration** to remove unreacted liquid Ga.
Next, the reaction product was treatedwét 3 M solution of b in
dimethylformamide (DMF) in order to isolate the crystals from the
remaining flux. The final crystalline product was rinsed (under
sonication) with water and DMF and subsequently dried with
acetone and ether.

Scanning Electron Microscopy and Elemental AnalysisThe
elemental composition was studied by energy-dispersive spectros-
copy (EDS) semiquantitative analysis on the scanning electron
microscope (SEM) equipped with the NORAN Inc. EDS detector.
The data acquisition was done at an acceleration voltage of 20 kV
and a collection time of 30 s. The results obtained on a large number
of crystals were averaged to obtain more accurate values of the
atomic ratios. A typical crystal of TFeGg grown in Ga flux is
shown in Figure 1. A distinctive feature of this compound is the
layered character of the crystals. The crystals are normally
morphologically properly developed, platelike, well-faceted, and
often featuring right angles. The surface of the crystals, as indicated
by EDS analysis, tends to adhere to small particles of side products.
Thus, the FeGgand ThGaGe; 2! phases were found to be locally
present on the surface of the;HeGe crystals. However, the EDS
analysis taken on a freshly exposed cross section of theelir
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crystals gave the composition “Ie ,4Ges34’. This is in good superstructure. Even though the supercell could not be found during
agreement with the formula obtained from the single-crystal X-ray the cell reduction, further search for it was done with X-ray zone
diffraction refinement? photographs. The photographs indicated the presence of the 4-fold

Powder X-ray Diffraction. The X-ray powder diffraction (XRD) monoclinic supercell with dimensiong?(+ ¢?)¥2 x b x 2(a2 +
patterns of pulverized products were taken at room temperature onc??, wherea, b, andc are the parameters of the subcell. Given
a CPS 120 INEL X-ray diffractometer (CudKradiation) equipped that the autoindexing algorithm of the SMAREoftware package
with a position-sensitive detector. Experimental XRD patterns were was unable to carry out the indexing of the supercell (possibly due
then compared to that calculated from single-crystal data using theto the very weak superstructure reflections), a cell transformation
CERIUZ software packag®. The yield of the ThFeGeg phase matrix was imposed to convert the subcell to the 4-fold primitive
was found to be maximal when the longer isothermal and cooling supercella = 5.7315(11) A’ = 15.842(3) Ac' = 11.438(2) A,
steps of the temperature variation profile were chosen. At the andf = 91.724(4). Intensity statistics suggested tR&,/n space
reaction conditions described above, the yield of thg-€lGg phase group?’” Subsequent refinement of the superstructure led to a
was 60-70%, according to the XRD. From the XRD pattern, the reasonable convergence fackof 0.0643 forl > 20(l), although
presence of Ge and ternary ;Bm,Ge; phasé! was also evident. the Fourier difference map featured elevated (but not alarming)
Additionally, traces of binary FeGand quaternary TFeGa,_.Geg * residual electron density peaks 5.424 am@l753 e/R.
phases were observed during EDS elemental analysis but not in A total of 14 general positions were found. Four of those were
the XRD pattern. The latter two phases are therefore present in theassigned to Thb, eight to Ge, and two to Fe atoms. Full occupancy
amount less than 2%, below the detection limit of our powder X-ray was observed for all Tb and Ge sites, whereas the two Fe sites
diffraction method. were found to be partially occupied (0.80 and 0.20 for Fe(1) and

Single-Crystal X-ray Diffraction. The X-ray intensity data Fe(2), respectively) with a combined occupancy of 1. In the
collection was carried out at room temperature on the Siemens superstructure, all interatomic bond distances are regular, with the
Platform SMART®® CCD diffractometer using a single crystal of exception of the Fe(2) site, which exhibits shortened bonding
dimensions 0.06< 0.04 x 0.02 mn? mounted on a glass fiber. A contacts (1.989(17), 2.130(19), and 2.181(17) A) to the neighboring
hemisphere of reflections (Modradiation,A = 0.710 73 A) was Ge atoms. Owing to its low occupancy, the Fe(2) site that causes
acquired up to 56in 26. The individual frames were measured unreasonably close distances could be considered as a satellite peak,
using thew-steps of 0.30and an exposure time of 45 s per frame. arising from either poor (weak) intensity data for the superstruc-
The data acquisition and cell reduction were performed using ture or the fact that a higher than 4-fold supercell may exist in
SMART 2 and further data reduction and integration were done Th,FeGe.

with SAINTPLUS? software packages. The face-indexing proce-  For the details of the data collection and structure refinement,
dure was used to analytically correct for absorption. The structure see Table 1. The fractional atomic coordinates, isotropic thermal
solution and refinement were done by direct methods on the basisdisplacement parameters, and occupancies for the substructure and
of full-matrix least-squares orF? using SHELXTL software  superstructure are presented in Table 2. The interatomic distances
package. All atoms were refined anisotropically. The setting of the yp to 3.5 A for the substructures and superstructures are listed in
cell (substructure only) was standardized with the STRUCTURE Table 3. The anisotropic thermal displacement parameters for the
TIDY program? substructures and superstructures are given in Table 4. Complete
Substructure Refinement. The initial cell reduction using  crystallographic information is contained in the Supporting Infor-
SMART? readily gave an orthorhombi€-centered lattice with mation section.
the following parametersa = 4.1118(14) Ab = 15.844(5) A, Transmission Electron Microscopy (TEM) and Electron
andc = 3.9885(13) A. The systematic absences led to three possible pjffraction (ED). The TEM and ED studies were performed on a
space groupsCmc2, Cmem andAme2, of which the centrosym- 3EQL 100CX microscope. The electron beam was generated from
metric one was proven to be correct during refinement. A total of {he Ceg filament at accelerating voltage 120 kV. The samples were

four atomic positions (all of multiplicity ) were identified in the stable under the impact of the electron beam.
substructure of T-eGe. The site population of Fe was found to

be substantially lower than full, while the rest of the atoms were
found with ideal occupancies. Free refinement of the occupancy
parameter of Fe atelshowed it to be nearly 0.25, and therefore in
the final refinement cycle it was constrained to exaétly Short
bond distances between Fe and some Ge atoms (2.147(3) A) als
validate the partial occupancy detected for Fe atoms. Additionally,
the anisotropic displacement parametgtsandU3 (directed along
thea- andc-axis, respectively) of Ge(2) atoms were enlarged. The
U33 parameters for the rest of atoms were on the contrary normal.

TEM Sample Preparation. Large, platelike, single crystals of
ThsFeGe, normally over 10 mrhin area and up to 50@m in
thickness were selected. Because of the platelike habit of the
crystals, only the [010] zone axis could be observed at zero tilt.
The samples were hand-polished with sandpaper of subsequently
cfncreasing grit (10061500) to a thickness of approximately
200—-300um. A core drill was then used to cut out a circular shape
specimen 3 mm in diameter suitable for use in the TEM holder.
As-prepared samples were electrochemically thinned using a
) - Tenupol-3 twin-jet polishing unit equipped with an infrared detector.

Superstructure Refinement.In ThyFeGe, the deficiency onthe ¢ gjectropolishing experiment was conducted at the temperature
Fe site, shortened FeSe bond distances, and unusual thermal range from—35 to —40 °C with an applied potential of 3685 V

displacement parameters raised suspicion for the existence of ausing a four-component acidic electrolffeThe details of the
thinning experiment have been described elsewHere.

(23) This is despite complications caused by the partial overlap of the K
line of Fe (6.403 keV) and d-line of Th (6.495 keV) in the X-ray

emission spectra. (27) Even though thé2;/n is a nonstandard setting space group, it was
(24) CERIUS, version 1.6; Molecular Simulations Inc.: Cambridge, meaningful to keep it unchanged in order to easily relate the
England, 1994. superstructure to the substructure. The transformation to the standard
(25) (a) SMART,version 5; Siemens Analytical X-ray Systems, Inc.: setting P24/c space group) requires a different cell choiae<5.732
Madison, WI, 1998. (bBAINT,version 4; Siemens Analytical X-ray A, b=15842 Ac=12.638 A, = 115.23).
Systems, Inc.: Madison, WI, 1994.995. (28) Electrolyte composition (vol %): 10%,80s, 1%HF, 1.5% HNG,
(26) Gelato, L. M.; PartheE. J. Appl. Crystallogr 1987, 20, 139. 87.5% CHOH.
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Table 1. Crystal Data and Structure Refinement Details fosFHdGe
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empirical formula (a) substructure of JfeGe (b) superstructure of TFeGe
formula weight (g/mol) 1272.25 1272.25
temperature (K) 298(2) 298(2)
wavelength (A) 0.71073 0.71073
crystal system orthorhombic monoclinic

space group
unit cell dimensions (A)

volume (A3)
VA

density (calcd) (g/cR)
absorption coefficient (mmnt)
F(000)

crystal size (mrf)

6 range for data collection (deg)
index ranges

reflections collected
independent reflections
completeness té = 28.36
refinement method
data/restraints/parameters
goodness-of-fit orfF2

final Rindices | > 20(1)]2
Rindices (all data)

extinction coefficient

largest diff peak and hole (e

Cmcm(No. 63)
a=4.1118(14)
b = 15.844(5)
c=3.9885(13)
259.84(15)

1

8.130
50.850
542
0.06x 0.04x 0.02
2528.36
—-5=<h=<3,-18<k=<13,-3=<1=<5
502
18R = 0.0338]
85.4%
full-matrix least-squaresFén
181/0/18
1.115
R1=0.0363, wR2= 0.0893
R* 0.0371, wR2= 0.0898
0.0096(14)
2.953 and-2.171

P2/n (No. 14)
a=5.7315(11)
b= 15.842(3); = 91.724(4)
c=11.438(2)

1038.1(4)
4

8.141

50.913

2168

0.06x 0.04x 0.02

6.29-32.79

—8=<h=<7,-17=k=23,-17=<1=17
5694

3367 Rint = 0.0448]

87.4%

full-matrix least-squares of?

3367/0/118

0.851

R1=0.0643, wR2=0.1735

R1= 0.1457, wR2= 0.2159
0.00051(6)

5.424 and-6.753

aR1=Y||Fo| — [Fe|l/S|Fol; WR2=[SW{|Fo| — |Fc|}2/SW|Fo|3¥2 b The high peak is located 0.72 A from Tb(4), and the hole is at 0.84 A from Th(3).

Table 2. Atomic Coordinates, Equivalent Isotropic Displacement
Parameters (Ax 10% and Occupancies for the (a) Substructure and (b)
Superstructure of TfFeGe

atomic  Wyckoff

position symbol X y z Ueqp occ
(a) Substructure
Th 4c 0 0.3966(1) Y4 7(1) 1
Ge(1) £ 0 0.0519(1) Y4 10(1) 1
Ge(2) & 0 0.7525(2) Y4 25(1) 1
Fe &L 0 0.1972(5) Y4 4(2) Yy
(b) Superstructure
Th(1) 4e  0.8756(5) 0.1029(1) 0.1884(2) 5(1) 1.0
Th(2) 4 0.3744(4)  0.1011(1) 0.4342(1) 5(1) 1.0
Th(3) 4e  0.3757(4) 0.1025(1) —0.0591(1) 6(1) 1.0
Th(4) 4e  0.1250(4) —0.1069(1) 0.3140(2) 6(1) 1.0
Ge(1) 4  0.3746(10) 0.0464(2) 0.1881(4) 6(1) 1.0
Ge(2) 4  0.8758(10) 0.0543(3) —0.0615(3) 8(1) 1.0
Ge(3) 4  0.6260(11) —0.0572(2) 0.3134(4) 8(1) 1.0
Ge(4) 4  0.8743(10) 0.0507(3) 0.4356(3) 9(1) 1.0
Ge(5) 4  0.0946(6)  0.2487(3) 0.0532(2) 10(1) 1.0
Ge(6) %  0.6497(6) 0.2534(3) 0.0548(3) 12(1) 1.0
Ge(7) &  0.1082(7) 0.2541(2) 0.3221(3) 13(1) 1.0
Ge(8) &  0.6492(7) 0.2498(2) 0.3246(3) 16(1) 1.0
Fe(1) 4  0.3753(10) 0.1977(2) 0.1872(5) 2(1) 0.8
Fe(2) 4  0.8730(30) 0.1971(10) 0.4392(15) 6(3) 0.2

aU(eq) is defined as one-third of the trace of the orthogonalizéd
tensor.

Electronic Structure Calculations. Calculations were performed

using the self-consistent full-potential linearized augmented plane

wave methotf within density functional theo®} using the general-
ized gradient approximation of Perdew, Burke, and Ernzétfiof

the exchange and correlation potential. To avoid complications
connected with presence of unfilled f-states of Th atoms, the (32) This particular number ok

(29) Singh, D.Planewaes, Pseudopotentials, and the LAPW Method
Kluwer Academic: Boston, MA, 1994.

(30) (a) Hohenberg, P.; Kohn, Whys. Re. 1964 136B 864. (b) Kohn,
W.; Sham, L.Phys. Re. 1965 140, A1133.

(31) Perdew, J. P.; Burke, K.; Ernzerhof, ®hys. Re. Lett 1996 77,
3865.
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calculations were carried out on a hypothetical yttrium analogue.
The following values of the atomic radii were taken: 2.0 au for Fe
atoms, 2.05 au for Ge, and 2.3 au for Y atoms, where au is the
atomic unit (0.529 A). Convergence of the self-consistent iterations
was performed to within 0.0001 Ry with a cutoff ef6.0 Ry
between the valence and the core states for 9 ankl B@ints?
inside the Brillouin zones of superstructures and substructures,
respectively. Scalar relativistic corrections were included, and the
spin—orbit interaction was incorporated using a second variational
proceduré The calculations were performed using the WIEN2K
program3*

Magnetic MeasurementsMagnetic susceptibility studies were
carried out on single-crystal and polycrystalline samples of
ThsFeGe. Single crystals of Thi-eGe were selected manually and
polished with sandpaper of increasing fineness (+Q&DO) to
remove possible surface impurities. The measurements were carried
out in the temperature range-200 K with an applied magnetic
field of 500 G. Measurements of magnetization as a function of
field (up to £5 T) were also performed. Both susceptibility and
magnetization data acquisition included isotropic measurements
where the pulverized sample was used, as well as anisotropic, for
which the single crystal was placed with theaxis parallel or
perpendicular to the direction of the external magnetic fielgl)

Results and Discussion

Reaction Chemistry.Large single crystals of TBeGe
could be grown from molten Ga; see Figure 1. The ability
of liquid Ga to enable crystal growth is thus quite remarkable,

points was chosen in order to have
approximately the same densitylopoints inside the Brillouin zones.

(33) Kaoelling, D. D.; Harmon, BJ. Phys C: Solid State Physl98Q 13,
6147.

(34) Blaha, P. K.; Schwarz, G.; Madsen, D.; Kvasnicka, Luit¥y[EN2K,
an Augmented Plane Wa+ Local Orbitals Program for Calculating
Crystal Properties Schwarz, Karlheinz, Ed.; Vienna University of
Technology: Vienna, Austria, 2001.
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Table 3. Bond Lengths [A] for the (a) Substructure and (b) Superstructur

e gFdbe

(a) Substructure

bond distance multiplicity bond distance multiplicity bond distance multiplicity
Th—Ge(1) 2.9778(10) x4 Th—Fe 3.228(4) x4 Ge(2)-Fe 2.235(3) x2
Th—Ge(2) 3.073(2) x2 Ge(1l)y-Fe 2.302(9) x1 Ge(2)-Ge(2) 2.8653(7) x4
Th—Ge(2) 3.092(2) x2 Ge(1)y-Ge(1) 2.586(3) x2 Fe-Ge(2) 2.147(3) x2
Th—Fe 3.159(8) x1 Ge(1yTb 2.9778(10) x4 Fe-Ge(2) 2.235(3) x2
Th—Ge(1) 3.2063(19) x2 Ge(2)-Fe 2.147(3) x2
(b) Superstructure
bond distance bond distance bond distance bond distance
Th(1)—Ge(4) 2.946(4) Th(2)Ge(8) 3.117(4) Th(3)Ge(2) 3.205(4) Ge(3)Ge(4) 2.604(8)
Th(1)—Ge(2) 2.961(4) Th(2)Ge(7) 3.118(4) Th(4)Ge(3) 2.966(7) Ge(4)Fe(2) 2.320(17)
Tb(1)-Ge(1) 2.997(7) Th(2)Ge(4) 3.187(4) Th(4)yGe(3) 2.978(7) Ge(4)Ge(4) 2.587(9)
Th(1)-Ge(1) 3.008(7) Th(2yFe(1) 3.213(5) Th(4yGe(4) 2.999(4) Ge(5)Fe(2) 2.259(19)
Tb(1)-Ge(5) 3.070(4) Th(2)Ge(3) 3.226(4) Th(4yGe(2) 3.005(4) Ge(5)Fe(1) 2.333(6)
Th(1)—Ge(6) 3.095(5) Th(2)Fe(2) 3.235(18) Th(4)Fe(1) 3.096(3) Ge(5)Ge(8) 2.643(3)
Th(1)—Ge(8) 3.106(4) Th(3)Ge(1) 2.963(5) Th(4)yGe(7) 3.123(4) Ge(6)Fe(2) 2.181(17)
Th(1)—Ge(7) 3.119(4) Th(3)Ge(2) 2.964(7) Th(4)Ge(6) 3.126(5) Ge(6)Fe(1) 2.385(7)
Th(1)—Fe(2) 3.234(17) Th(3)Ge(2) 2.967(7) Th(4)Ge(5) 3.158(4) Ge(6)Ge(5) 2.552(3)
Th(1)—Fe(1) 3.234(6) Tb(3)Ge(8) 2.971(4) Th(4)Ge(8) 3.160(4) Ge(6)Ge(7) 2.668(3)
Th(1)-Ge(2) 3.235(4) Th(3)yGe(7) 2.983(4) Th(4yFe(2) 3.163(18) Ge(HFe(2) 2.130(19)
Th(1)—-Fe(1) 3.236(6) Th(3)yGe(3) 2.996(5) Th(4yGe(1) 3.184(4) Ge(HFe(1) 2.380(7)
Th(2)—-Ge(1) 2.946(4) Th(3)Ge(5) 3.120(5) Th(4)yGe(4) 3.218(4) Ge(HGe(8) 2.632(4)
Th(2)—-Ge(3) 2.969(5) Th(3)Ge(6) 3.123(5) Ge(bHFe(1) 2.397(4) Ge(8)Fe(2) 1.989(17)
Th(2)—Ge(4) 2.975(7) Th(3)Fe(2) 3.175(16) Ge(HGe(2) 2.564(8) Ge(8)Fe(1) 2.339(6)
Th(2)—Ge(6) 2.996(5) Th(3)Fe(1) 3.195(5) Ge(HGe(3) 2.589(7)
Th(2)—Ge(5) 3.000(5) Th(3)Ge(1) 3.149(4) Ge(2)Ge(2) 2.616(9)

Table 4. Anisotropic Displacement Parameters>(A 10%) for the (a)
Substructure and (b) Superstructure ofH&Ge?

atom Ull UZZ U33 U23 U13 U12
(a) Substructure
Th 8(1) 9(1) 2(1) 0 0 0
Ge(1) 9(1) 20(1) 1(1) 0 0 0
Ge(2) 30(1) 10(2) 34(1) 0 0 0
Fe 5(3) 7(5) 0(3) 0 0 0
(b) Superstructure
Th(1) 6(1) 7(1) 2(1) 0(1) 0(1) 0(1)
Th(2) 7(1) 7(1) 2(1) 0(1) 0(1) 0(1)
Th(3) 6(1) 8(1) 3(1) 0(1) 0(1) -1(1)
Th(4) 6(1) 8(1) 4(1) 1(1) 0(1) 0(1)
Ge(1) 6(1) 9(1) 3(1) 0(2) —1(1) 1(2)
Ge(2) 72) 15(2) 22) -1(1) 1(1) —2(2)
Ge(3) 8(1) 13(1) 4(1) 02) -1(1) -1(3)
Ge(4) 52) 192 4(2) 0(1) -2(1) 0(2)
Ge(5) 6(1) 12(2) 14(1) —-2(1) 0(1) —2(2)
Ge(6) 4(1) 14(2) 17(1) 0(2) 1(1) 1(2)
Ge(7) 18(1) 9(1) 12(1) —2(2) —7(1) 1(2)
Ge(8) 24(2) 13(1) 11(1)  —4() 13(1)  —4(2)

aThe anisotropic displacement factor exponent takes the form
—272[h%a*2U1l + .. 4+ 2hkarb*U1?.

considering that compounds of this type (rare-earth transi-
tion metal tetrelides) are usually produced in polycrystalline
form. The ThFeGeg seems to be the first representative of
the CeNiSj structure type to be grown from liquid Ga.
TbhFe 4/Ge, has been previously obtained by conventional
methods and characterized by powder diffracfidinis also
interesting to see the sequence of phase formation, which
occurs in the quaternary Hi-e—Ga—Ge system under flux
conditions. Longer reaction times give mainly jJFeGe.
Shorter temperature profiles resulted in the formation of the
guaternary TlFeGa,_4Gg, 1 phase. It appears that initially
the ThiFeGa,-«Ge phase is produced, which then decom-
poses to the Ga-free TBeGeg along with the Fe-free phase
Th,GaGes. The ThFeGa,—«Ge could be regarded as only

a kinetically stable product.

Crystal Structure. (a) Average Structure. The structure
of Th,FeGe (or ThFg 25Ge, for easier comparison) is related
to a well-known CeNiSi structure typé. Although the
structure of the latter does not exhibit any deficiency on the
corresponding Ni site, a large number of isotypic compounds
are nonstoichiometric and show a wide homogeneity rafige.
In particular, ThFgIt; crystallizing in CeNiSi structure type
are now obtained with T Si, Ge, and Sn. As mentioned
above, parametex in these compounds seems to be
commensurate with the atomic number of the tetrelide. For
instance, single-crystal data gixeo be'/, for Tt = Sij10 Y,
for Tt = Ge, and!/g for Tt = Sn3° The only stoichiometric
compound known in the TbkE&t, family is TbhFeSj. It
crystallizes in NdRuSitype 2 monoclinically distorted low-
temperature polymorphic modification of CeNiSype.
Interestingly, many compounds in the REB& € family
have been reported with= %, or close to it. These include
GdFe.Ge, LuFe Ge, GdCe.Ge, LuCo.Ge,
ErCw2sGe, GdMnGe, HoMngxGe, ErMngGe,
TmMno 25Ge&, LuMno./Ge, GdRe.2sGe, HORe . Ge,
GdRWw.Ge, HORW.Ge, LURWGe, GdRh.Ge,
HoRh»¢Ge, and LURR 4Ge. Similarly, x = Y/, is more
common for silicides, for example, RESi, (RE = Tb,
Dy, Ho, Er, Lu)1 TmLiysGe,® and NdFeg4sGe.? Although
it could be coincidental, it is also possible that it indicates
the existence of different fold superstructures: 2-fold, 4-fold,
and 8-fold (or even higher multiples) for CeNiSype
silicides, germanides, and stannides, respectively.

The substructure of TpeGe viewed down thec-axis is
shown in Figure 2A. No bonds were drawn to Tb atoms to
better emphasize the three-dimensional e, framework

(35) Zhuravleva, M. A.; Kanatzidis, M. G. Work in progress.
(36) Cenzual, K.; Gladyshevskii, R. E.; Pdrtlie Acta Crystallogr., Sect.
C 1992 48, 225.

Inorganic Chemistry, Vol. 44, No. 7, 2005 2181



Zhuravleva et al.

Ge(2)-Ge(2) = 2.8653(7) A

Th Ge Fe

Figure 2. (A) Projection of the substructur€mcn) of ThsFeGe onto theab-plane. For clarity, the bonds to Th atoms are not drawn. (B) A fragment of
the [Fa/sGe(2)] puckered layer viewed approximately down thaxis. Open circles, Ge atoms; large black circles, Th atoms.

and its channels. The channels stretch alongthgis, and
each of them accommodates a pair of Tb atoms. If broken
down into fragments, the [keGe)] framework could be
thought of as constructed of infinite Ge(1) zigzag chains and
[FeusGe(2)]-puckered layers. The Ge(1) zigzag chains extend
along thec-axis with the plane of the chain being parallel to
the bc plane.

The [Fe;Ge(2)] slab is shown in Figure 2B, and it
deserves special attention as the apparent disorder reveals
itself in this particular layer. The slab contains a planar square
net defined by Ge(2) atoms. The Ge{Ze(2) bond dis-
tances in the layer are 2.8653(7) A. On one hand, these are
quite large compared to normal G&e bonds or the sum
of covalent radii (2.44 A¥738however, they are much shorter
than those found in the related, stoichiometric LaNi&e
compound (3.020 A). Above and below the Ge(2) square Figure 3. The |h0l] x-ray diffraction zone photograph for TEeGe taken
net are Fe atoms located in a puckered manner. In such aith the exposure time of 3000 s. The? 0 +1 reflections of the subcell

. ., are pointed out with arrows. The Bragg spots are indexed in dhet(
puckered layer, the Fe atoms are only partially occupied 212, 1 » 22 + ¢v2 supercell.
(25%). This allows for unrealistically shortened-Fée(2)
bond distances of 2.147(3) A to occur in this layer. The next modulated long-range superstructure over a small unit cell.
closest Fe-Ge(2) contact is at 2.235(3) A, and it is yet The first indication for superstructure in FieGeg came from
considerably shorter than the corresponding-8e bonds X-ray [010] zone photographs taken on the CCD diffracto-
in LaNiGe,*® (2.4055(9) and 2.4360(10) A). Note that the meter with the exposure time of 3000 s, Figure 3. Later, the
only difference between the stoichiometric LaNjCGand superstructure was confirmed by single-crystal electron
nonstoichiometric TH-eGe (TbFe »sGe) is the size of the  diffraction; see below. In the X-ray zone photograph, only
Ge openings in the square net. In the former case, the largeffour reflections with indicest2 0 +1 (marked by arrows)
3.02 x 3.02 A squares easily accommodate 100% of Ni correspond to a subcell; see Figure 3. The remaining reflec-
atoms; while for ThFeGe, the smaller size (2.8% 2.87 tions belong to a supercell and were indexed in the mono-
A?) Ge openings are not able to accommodate all Fe atomsclinic primitive lattice with dimensionsag + )2 x b x
without generating uncomfortably short bond distances.  2(a2 + ¢?)¥2 wherea, b, andc are the substructure param-

(b) Superstructure. The unacceptably short Gde eters. No superstructure reflections were seen along*the
distances caused us to seek rational explanations such as thexis in thehkO or (kl zone photographs indicating that there
possibility of an artifact originating from averaging a large is no modulation along thb-axis. It is not surprising that
the supercell reflections could not be initially observed during

(37) Wulfsberg, G. Inlnorganic Chemistry University Science Books: i i it i
Sausalito. CA. 2000: b 32 the data collection (45 s), as their intensity is very weak even
(38) Pauling, L. InThe Nature of the Chemical Bon8rd ed.; Cornell

University Press: Ithaca, NY, 1960; p 410. (39) Prosperio, D. M.; Chacon, G.; Zheng,&Chem. Mater1998 10, 1268.
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A. : ! B.

§ &

Figure 4. Side-by-side representation of the long-range structure (A) and average structure (BFeG&b (C) A single Fe-Ge puckered layer found

in the superstructure of TBeGeg viewed approximately down thie-axis. The numbering for the corresponding crystallographic sites is enclosed in the
circle and given on the side for Ge and Fe, respectively. The unit cell is shown with a dashed line. (D) The modulated structure of the Ge squaee net resolv
into parallel cis-trans chains. The GeGe bonds were drawn within the cutoff distance of 3 A. Open circles, Ge atoms; large black circles, Th atoms.

in zone photographs taken at long exposure times. Neverthenet, the Ge atoms of 1D zigzag chain are conserved
less, it was possible to obtain a reasonable refinement of(2.564(8)-2.616(9) A in the superstructure versus 2.586(3)
the superstructure and resolve the nature of the modulationA in the substructure).
in ThyFeGe. The refinement results provide unique insight  As a result of the displacement of Ge atoms from their
in understanding the substructdiguperstructure relationship  average position in the square lattice, openings of different
and the driving force for superstructure formation. shapes and sizes are generated, Figure 4D. The Fe atoms
A drawing of the 4-fold superstructure is depicted in Figure effectively cap only the larger squarelike openings where
4A. For the sake of consistency, all atoms are drawn in the Ge-Ge distances are in the range 3.68182 A. Not
same manner as in the substructure. The substructure (viewegurprisingly, these compare very well with the 3.02>A
along the diagonal) is given for reference in Figure 4B. The 3.02 A openings in the stoichiometric LaNiG&very fourth
severe distortion of the Ge square lattice is striking. The main opening in the Ge net is large enough to effectively
dissimilarity between the two lies in the distortion of the Ge accommodate Fe atoms in capping positions, in accord with
net and ordering of Fe atoms in the-F@e layer. A single  the '/, occupancy of Fe in the substructure.
Fe—Ge layer of the superstructure is given in Figure 4C.  The superstructure forms due to a distortion of the square
Four crystallographically distinct Ge atoms (Gef&e(8))° net of Ge which brings about the differentiation between the
and two Fe atoms (Fe(1) and Fe(2)) are involved in its Ge—Ge bond distances and produces paralle-tians
construction. chains. It follows that the energy of the crystal lattice is
The distortion breaks the square net of Ge atoms into lowered when a group of weak G&e bonds (in the ideal
arrays of parallel cistrans chains, Figure 4D. Interestingly, net) are exchanged for a set of strongly bonding and
a monoclinic distortion of the CeNigStype has also been nonbonding interactions (in the distorted net). Because of
observed for the compounds of NdRySi structure type; the severity of the distortion, we believe the main driving
however, it bears only a distant resembldfagith that force to be electronic in nature. The accommodation of only
occurring in TaFeGe. The distances within the cigrans /4 of Fe atoms in the capping position is due possibly to
chains range from 2.552(3) to 2.668(3) A, while those size effects, but electronic factors cannot be ruled out. With
between the chains are much larger and span a range oPnly /s of Fe atoms present, a closer orbital overlap is
3.076-3.182 A. In contrast to GeGe distances in the square

(41) In NdRusS;j, the monoclinic distortion breaks down the square net of
Si atoms into an array of zigzag chains; the bonding within the chains
(40) Four other Ge atoms (Gefie(4)) are correspondingly part of the is even stronger, and the separation between the chains is even larger
Ge-only zigzag chains. than that for ThFeGe.
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Figure 5. The [010] zone axis SAED pattern from a single crystal of
ThsFeGe. Selected subcell reflections are indexed. The corresponding
vectors of the reciprocal subcell and supercell are denotetas C*sup
anda*sypes C*supes respectively.

Zhuravleva et al.

be a good compromise between the misleadingly averaged
substructure and possibly correct but not well-resolved 8-fold
superstructure in TfFeGe.

Electronic Structure. As mentioned above, this type of
distortion most likely originates from the nature of electronic
structure of this compound. To explore this further, theoreti-
cal electronic calculations were performed. It is well-known
that LDA and GGA approximations within density functional
theory cannot adequately treat partially filled f-shells. To
avoid this problem, we have carried out our calculations for
the hypothetical YFeGe compound, since Y is devoid of
any f-electrons and both Y and Tb ions are trivalent. Fur-
thermore, because most of the structural distortions occur
in the Fe-Ge network, we expect our electronic structure
calculations for FeGe to give us a proper physical under-
standing of the underlying driving mechanism in,feGe.
Single-crystal structure refinement gives two types of Fe sites
in the Y,FeGe monoclinic superstructure, one of which is
80% occupied and the other is only 20% occupied. For
rigorous calculations of such disorder, one has to choose an

achieved between Fe and Ge, which is revealed in the shorte€Ven larger unit cell than that of the superstructure. This was

Fe—Ge bond distances of 2.359 A on average (compare to
Ge—Ni distances of 2.4055(9) and 2.4360(10) A in the
related LaNiGg). The overall effect is such that by removing
%, of the Fe atoms from the hypothetical “ThFeGand
allowing the Ge lattice to relax, energy stabilization is gained
through enhanced bonding in the-F8e puckered layer. This
phenomenon of modulations and distortion in square nets
driven by electronic factors is known in tellurium-based

systems where an ideal net of Te atoms distorts to chains or

oligomeric fragments depending on electron count per Te
atom?? On the basis of the work reported here, it would
appear that this effect is more general and operates in net
made of other main group elements.

Single-Crystal Electron Diffraction. The partial occu-
pancy on the Fe(1l) and Fe(2) atoms and the short bond
distances generated between the Fe(2) atoms and Ge ato

could possibly indicate the presence of even higher order”.

superstructure. Interestingly, electron diffraction does evi-
dence an even higher order superstructure faF&Ge; see
Figure 5. The selected area electron diffraction pattern taken
along the [010] zone axis on a single-crystal sample of
ThsFeGe shows the presence of an 8-fold superstructure.
The modulation occurs, as in the previous case, along both
diagonal directions of the orthorhombic cell, and #feand

¢’ supercell parameters area2(+ c?¥? x 2(@ + cd2

This additional weaker modulation may be due to ordering
of the Fe atoms in the net or further modulation along the
Ge chains. Unfortunately, because of the lack of a sufficient
number of reflections in the X-ray data corresponding to this
supercell, it was impossible to reliably refine the 8-fold

m

clearly beyond the scope of the present ab initio calculations.
Instead, we decided to work with the refined superstructure
and assume the Fe(1) site to be fully occupied while
neglecting the low occupancy of the Fe(2) dite.

The goal of the electronic structure calculations was
threefold: (1) to verify that the superstructure is energetically
more stable than the substructure; (2) to assess why a
stoichiometric ThFe,Ge; (TbFeGeg) has not been experi-
mentally observed; and (3) to get further insight into Ge net
distortion. First, the results of the theoretical electronic
calculations show that there is a substantial difference in total

£nergy Eo) between the substructures and superstructures.

The modulated structure is predicted to have lower energy
by 1.04 eV/fu(Y,FeGeg) and thus be more energetically
favorable. Second, to further study the stability of the
%bserved nonstoichiometric,feGe phase versus the fully
stoichiometric YFe,Ges, we calculated their cohesive ener-
gies,Econ TheEconis defined as the difference betwekg;

of the solid ancE; of the constituent parts of the solid. The

values ofE.q, are given by the following equations:

E (Y ,FeGg superstructurer
E(Y ,FeGe superstructurey
E(Y 4Ge; superstructure)- E(Fe atom in bulk)

E.on(Y sF€,Ge; substructurey
E(Y JFe,Ge; substructurey- E (Y ,Ge, substructure)-
4E, (Fe atom in bulk)

These values for the ;FeGeg superstructure and JFe,Ges

superstructure from the X-ray intensity data. As was shown
above, the 4-fold superstructure provides information regard-
ing the distortion that is completely masked up in the

substructure. Therefore, the refined 4-fold superstructure may

(42) Kanatzidis M. G.; Patschke, Rhys. Chem. Chem. Phy2002 4,
3266.
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(43) Additionally, to be able to compare the results of the calculations for
the smaller orthorhombic average substructure with the larger mono-
clinic superstructure and account for the partial Fe occupancy, we had
to present the substructure in the larger cell with dimensiahsH(
A2 x b x 2@ + cAY2 similar to the ZFeGe monoclinic
superstructure. Note that the only difference between this larger subcell
construct and the actual monoclinic supercell is that the Ge(2) square
lattice in the former is not distorted.
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substructure are-2.53 and+2.52 eV respectively, showing

that the Y,FeGe phase is a stable phase (negatiig), w70l ¥
whereas the ¥eGeg; phase is not a stable phase. The results %60
are again consistent with the observation that theexGe; “sol
phase has not been seen experimentally. Zwl
Third, to elucidate the driving force behind the super- =_,
structure formation, we closely examined the energetic effects z_ |
brought about by the distortion of the Ge(2) square net. For =
this, we compared,; of the Fe-free hypothetical ;66 "’12 [
superstructure and %e; substructure. The X5e; substruc- asE pariel DOS: Fe d -
ture has a lower energy than that ofGdg; superstructure e
by 0.81 eV/f.u.(%,Ges).* Consequently, in the absence of « 3'2 [

Fe, a distortion in the Ge net does not seem to be = .
energetically favorable. The presence of the transition metal s 2'
thus has to be responsible for the destabilization and = s .

distortion of the square net. W
Density of states (DOS) analysis for theFeéGe super- osl
structure shows metallic behavior with a value~0 states/ a P
0.6

partial DOS Gel p —
pardial DOS: Gel s -

{(eV)(4[YsFeGg])} at the Fermi energykr (Figure 6A).
The largest contribution to the DOS Bt are Fe d-states 081
(~1.5 states/(e\atom)), which are not fully occupied (Figure § aal
6B). The Ge(1) p-states (Ge in zigzag chains) and Ge(2)§
p-states (Ge in distorted square nets) span a broad range=®-3|
between—5 and 10 eV, contributing-0.1 states/(e\atom) %0_2 |
to the DOS ak. The Ge s-states are located betweetrl ®
and —6 eV (Figure 6C,D), indicating a bandwidth compa-
rable to the bandwidths of the p-bands. The difference _gli
between occupied Ge(1) and Ge(2) p-states is that the former
states are mostly located belowl.5 eV; therefore, these
states are better stabilized in energy than the Ge(2) p- states._o4 B
The Y d-states are mostly empty centered about 5 eV with z,
a value of~0.2 states/(e\atom) of DOS aE (Figure 6E). -E o3 r
Between—5 and 0 eV, the Ge(1) and Ge(2) p-states hybridize So.2|
with the d-states of Fe and Y atoms. These will have =
implications in the long-range interaction between the rare-
earth moments because the rare-earth f-states have strongest 2
interactions with their s and d-states (see discussions 18 (&)
following the magnetic properties). =°r
Magnetic Properties. The temperature dependence of the E Tar
molar magnetic susceptibilityy{(») and reciprocal molar Nl
susceptibility ¢”m)~* for the external magnetic fieldHey) Goel
oriented perpendicular to the crystallograpbiexis of a Eo_s i
single crystal of TiFeGeg is shown in Figure 7A (left panel). “o4}
The low-temperature region @y, is characterized with the 02}
maximum centered &fmax ~ 19 K; see Figure 7A (right R—T = Energ o] & 6
panel). The system thus appears to undergo an antiferro-
magnetic transition beloWnax. The Nesl temperaturdy =
20.4 K was determined in a series of susceptibility measure- magnetic moment(e) obtained from the slope of the line
ments performed in fields of 162000 G. As the temper-  is 9.68s and is very close to the value for the free*Th
ature increases above 50 K, theg{)~* increases linearly  ion*® (9.72us).
with temperature. The behavior of,)* versusT obeys Interestingly, if the external fieltH. is directed parallel
the Curie-Weiss law at highT. The intercept with the  to the b-axis the magnetic response is quite different; see
temperature axis gives the Weiss consta@it)( which has Figure 7B (left panel). First of all, ndnaxis observed up to
a small positive value o#-3.8 K (indicating ferromagnetic  the temperature of2.5 K. Instead, thg'i,, continues to rise
coupling between the magnetic moments). The effective as could be seen in the expanded area of the low-temperature

Wil ,
‘: »..‘U'L\v‘im\ ‘,,‘_L?_,_‘yu.
partial DQS: Ge2 p —— |
partial DOS: Ge2 5 ---—-

Q5

! wi' ‘f"-w_w.,_..\ e

partial DOS: ¥ d —— ]

siaV*
-

Figure 6. Density of states for ¥-eGe (superstructure model).

(44) This result, however, does not exclude the possible existence of other(45) The effective magnetic moment could be obtained by the forpugla
Y 4Ges superstructures with lower energy than that a65¢; substruc- = g[J(J + 1)]¥2 whereg; is a Landefactor andJ is a total angular
ture. momentum of the T4 ion.
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Figure 7. Molar magnetic susceptibility and inverse susceptibility for a single crystal gf@®e (A and B) oriented with thd-axis perpendicular (A)
to the external magnetic field or parallel (B) to the external magnetic field and for a polycrystalline samplg-eGG8(C). The expanded area of low-

temperature susceptibility data is given on the right.

region in Figure 7B (right panel). The pronounced maximum,
which is clearly seen at20 K in they"—T plot, is revealed
only as a weak shoulder in thg,—T graph*® Moreover,
the onset of an additional upturn on tjig—T plot appears

at T'max~ 2.5 K. At high temperatureg/() * shows Curie-

are essentially nonmagnetic. Similar nonmagnetic char-
acter of Fe atoms was observed in the intermetallic com-
pounds REF&.,Al7—Sig*” (RE = Ce, Pr, Nd, Sm) and
ThsFeGa,_4Ge.M* The dramatically different response be-

Weiss behavior witt®" = —36 K indicating antiferromag-
netic coupling between the moments. The experimental value
of u'e calculated from the slope of/')™*—T is in ex-
cellent agreement with the theoretiggl for the free TB*

ion. Thus, it is clear that in both cases it is theéeTmoment

which is responsible for the magnetic response. The Fe atoms

2186 Inorganic Chemistry, Vol. 44, No. 7, 2005

(46) There may be two reasons for observing a shoulder iy tHE plot
when the external field is parallel to theaxis. First, it could be due
to a small misalignment of the crystal with respect to external magnetic
field, given that the crystal is positioned in the field manually using
its well-defined morphology. Alternatively, because of the lower
symmetry associated with the structural distortions, the effective spin
Hamiltonian could have terms which couple component of spin parallel
to theb-axis {y-axis) with those parallel to the andz axes.
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Figure 8. The Th-only sublattice in the structure of ;A2Ge. The unit
cell is drawn with dashed lines.

tween y', and y", clearly signifies that the interaction
between the Tb moments is highly anisotropic and complex
with competing ferromagnetic and antiferromagnetic cou-
plings.

From a geometrical point of view, the origin of the two
different types of interactions may lie in the packing of Tb
atoms, which mediates the exchange interaction between th
Tb ions. The Th-only framework could be considered as
consisting of [Tl trigonal prisms condensed into 2D layers
via face-sharing. These Tb layers extend infinitely indbe
plane and stack along theaxis with an intralayer separation
of ~5.5 A; see Figure 8. The nearest-Tbb bond contacts
occur at 3.835, 3.988, and 4.112 A. These distances are quit
close to the sum of single-bonded metallic radii 3.55 A for
Th* (CN = 12) and therefore may contain a certain amount
of covalent character. The next nearest-Tib contact is at
5.459 A, which could only be regarded as nonbonding.
Consequently, in the Tb-only framework, the bonding
interactions in [Tl] prisms are comparable in both rectan-
gular faces dc-plane) and pseudotrigonal facds-{plane).
Interestingly, in compounds with a pure trigonal arrangement
of Tb atoms and comparable Fib distances of-4 A, such
as ThsNiGas—xG8g,1° the values 0fTmax (~3 K) are very
close toT max (~2.5 K) observed in TieGe. Similarly,

the Th compounds containing only an orthorhombic arrange-

ment of Tb atoms such as Miz+,Sis—« 1° (again with similar
Th—Tb distances of-4 A) are characterized Withnax (~15

K) comparable tolmax (~20 K) for ThyFeGe. This serves
as an additional indication that interactions inyjfeéGe are

of one type if the moments are oriented on #oeplane and
of different type when the moments are oriented onlite
or ab- plane.

This is a classic example of competing long-range aniso-

e

the interaction between the Th moments is primarily of long-
range RudermanKittel —Kasuya-Yoshida type that is
oscillatory in nature (both ferromagnetic and antiferromag-
netic type coupling depending on the distance between two
RE ions). Also the band structure is anisotropic and therefore
one expects this interaction to be anisotropic. Finally, the
Tb®*" ion has orbital magnetic moment, and additional
anisotropy may arise due to this. It will be interesting to
compare these results with a spin-only case, which is the
case for G&" compounds. We have previously observed such
anisotropy due to angular momentum in virtually every heavy
RE analogue of RisNi.Gas-xGe, *° but Gd, which has no
contribution from the orbital magnetic momentum to its total
momentum.

The isotropic susceptibility of the polycrystalline sample
is expected to reflect the average contribution from both
antiferromagnetic transitions. Indeed, isotropic magnetic
susceptibility measurements performed on polycrystalline
samples of ThFeGe, Figure 7C (left panel), clearly show
two ordering transitions to an antiferromagnetic state. The
inspection of the expanded low-temperature regiog¢P
and §*9) 1, see Figure 7C (right panel), shows that the first
transition is centered at2.5 K and the next one is at20
K, just as in the case gf.' andym", respectively. Theues
obtained from the slope of thgs%,—T plot gives the value
of 9.61ug, close to that calculated for the free®Thon. The
field-dependence measurements show no saturation up to
fields of 5 T, with the maximal magnetic moment ranging
from 1.8z to 3ug depending on the orientation. An
analogous situation was observed in a number of Th-con-
taining intermetallic compounds including Mz 4Sis—y,°

erbNiGagGe,16 and TbAL_,Ge.*°

Concluding Remarks

Large crystals of Th-eGeg, a new derivative of the
CeNiSp structure type, have been obtained in reactions
involving excess liquid Ga. This is also a primary example
of the nonreactive behavior of the Ga flux in the quaternary
RE—M—Ga—Ge system.

The quality of the grown crystals facilitated more detailed
studies of the structural and magnetic properties of this new
compound. An interesting structural peculiarity is the pres-
ence of a “perfect” square net of Ge atoms and a “disorder”
observed in the [R@Ge] plane, which is revealed in the Fe
site vacancies and the shortened-iB= bond distances,
which we have now shown to be an artifact of the existence
of a 4-fold to 8-fold supercell, with the modulation propagat-
ing along the diagonal of the orthorhombic subcell. The
strong modulation is due to a distortion in the Ge square net
in the structure.

Total energy calculations suggest an energy lowering of

tropic interactions and can be understood by looking at the 1.04 eV/f.u.(Y,;FeGg) due to distortions in the Ge network

calculated electronic structure. Since the system is metallic,

(47) Sieve, B.; Sportouch, S.; Chen, X, Z.; Cowen, J. A.; Brazis, P.;
Kannewurf, C. R.; Papaefthymiou, V.; Kanatzidis, M.Ghem. Mater
2001 13, 273.

(48) Pauling, L. InThe Nature of the Chemical Bon8rd ed.; Cornell
University Press: Ithaca, NY, 1960; p 403.

in the presence of Fe atoms. The theoretical calculations also
suggest that stoichiometric,Fe;Ge; compounds may not
be stable. The magnetism in JA2Gg is due to the free

(49) Zhuravleva, M. A.; Rangan, K. K.; Lane, M.; Brazis, P.; Kannewurf,
C. R.; Kanatzidis, M. GJ. Alloys Compd2001, 316, 137.
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Tb®t ion, while the Fe atoms in the structure are nonmag- fully acknowledged. This work made use of the SEM and
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events that depend on the direction of the magnetic field Michigan State University. We are indebted to Prof. M. A.
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