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Flux conditions using liquid indium bypass the thermodynamically stable structure and yield new forms of the
phases RENiGe2 (RE ) Dy, Er, Yb, Lu). The compounds crystallize in the orthorhombic Immm space group and
possess the YIrGe2 structure type. Lattice parameters for ErNiGe2, DyNiGe2, YbNiGe2, and LuNiGe2 are a )
4.114(1) Å, b ) 8.430(2) Å, c ) 15.741(5) Å; a ) 4.1784(9) Å, b ) 8.865(2) Å, c ) 15.745(3) Å; a ) 4.0935(6)
Å, b ) 8.4277(13) Å, c ) 15.751(2) Å, and a ) 4.092(1) Å, b ) 8.418(3) Å, c ) 15.742(5) Å, respectively. These
phases represent a new structural arrangment (â) of the compound type RENiGe2 as another set of compounds
with identical stoichiometry are known to adopt the orthorhombic Cmcm CeNiSi2 type structure (R). In this paper
we report the crystal and electronic band structure of four new members of the YIrGe2 structure type, as well as
an investigation of the relative thermodynamic stabilities of the two forms.

Introduction

In recent years we and others have used molten metal
fluxes for the exploratory synthesis of intermetallic com-
pounds with a great deal of success. Specifically, molten Al
and Ga fluxes have shown themselves to be excellent routes
to complex ternary and quaternary intermetallic phases of
the type RE/M/Al1 and RE/M/Si,Ge2 when Al is used as the
solvent, and RE/M/Ga,3 RE/M/Si,4 RE/M/Ga/Si,Ge,5 RE/Ga/
Ge6 when Ga is used as the solvent (where RE) Y, La-
Lu, M ) a transition metal). One of the advantages of using

these fluxes is that the products often form as large high
quality crystals, which facilitates the structural and physical
characterization of these new compounds.

Given the success of molten Al and Ga in forming new
compounds, it seems the next logical step would be to
employ indium as a flux for the synthesis of intermetallic
compounds, since it has many of the characteristics that make
Al and Ga excellent candidates for such applications.
Particularly attractive is the capacity to dissolve Si, Ge, and
a host of lanthanide and transition metals, which results in
highly reactive forms of the elements. Further, indium does
not form binaries with Ge or Si and possesses a low melting
point of 156 °C.7 A quick review of the literature shows
only a handful of examples of indium being used as flux,
and so this area is relatively unexplored.8

One of the most important findings from our exploration
of molten metals as solvents was that some compounds can
only be formed via flux synthesis, and either cannot be
obtained or are very difficult to obtain by more conventional
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R. Z. Naturforsch., B: Chem. Sci.2002, 57, 791. (c) Macaluso, R.
T.; Sarrao, J. L.; Pagliuso, P. G.; Moreno, N. O.; Goodrich, R. G.;
Browne, D. A.; Fronczek, F. R.; Chan, J. Y.J. Solid State Chem.
2002, 166, 245.

Inorg. Chem. 2004, 43, 1403−1410

10.1021/ic035303j CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 4, 2004 1403
Published on Web 01/24/2004



intermetallic reaction techniques such as arc-melting or radio
frequency (rf) induction heating of the elements.9 That is to
say that certain compounds are stabilized by the flux, either
by virtue of the chemical environment provided by the
molten metal or simply because the reactions are being
carried out in a lower temperature regime, making it possible
to trap phases that are kinetically stable.

We report here the stabilization of a new form of the
compounds RENiGe2 (RE ) Dy, Er, Yb, Lu) which
crystallize in the orthorhombicImmmspace group with the
YIrGe2 structure type.10 There have been many reported
members of this structure type with compositions REMGe2

(RE ) Tb-Lu, Y, M ) Ir, Pd, Pt), and many of these have
been characterized by magnetic neutron diffraction and
possess complex magnetically ordered structures.11 All of
these phases, however, contain second row transition metals
and were produced by arc-melting of the elements with the
exception of EuIrGe2 which crystallizes in the CeNiSi2

structure type.12 If, on the other hand, one arc-melts Er, Dy,
Yb, or Lu, with first row transition metals such as Ni, and
Ge in 1:1:2 ratio, a different structure is obtained, namely
compounds with the CeNiSi2 structure type.13 The title
compounds contain first row transition metals but adopt the
YIrGe2 structure type. They can only be produced by an
indium flux reaction of the elements, which suggests that
this new form (henceforth referred to as theâ-form) of
RENiGe2 is a kinetically stable phase. Here we show that
the CeNiSi2-type form (henceforth referred to as theR-form)
is the thermodynamically stable form.

Experimental Section

Synthesis.ErNiGe2, HoNiGe2, DyNiGe2, TmNiGe2, YbNiGe2,
and LuNiGe2 were prepared by combining 1.0 mmol of rare earth
metal Er (5-10 mm ribbons, 99.6%, Research Chemicals, Phoenix,
AZ), Ho (250 mesh powder 99.9% Cerac Milwaukee, WI), Dy
(sponge 99.6%, Research Chemicals, Phoenix AZ), Tm (metal
chunk, 99.9%, Chinese Rare Earth Information Center, Inner
Mongolia, China), Yb (metal chunk, 99.9%, Chinese Rare Earth
Information Center, Inner Mongolia, China), and Lu (-40 mesh
99.9% Cerac Milwaukee WI), 1.0 mmol of Ni (-325 mesh 99.9%
Cerac Milwaukee WI), and 2.0 mmol of Ge (2-5 mm pieces
99.99% Plasma Materials Livermore, CA) and 10.0 mmol of indium
(tear drops 99.9 Cerac) in alumina tubes. All reagents were used
as received without further purification, and reactions were prepared
under an inert N2 atmosphere in a drybox. It has been found that

fine powders of the reactants (excluding In) enhance the yields of
â-RENiGe2 The alumina tubes and reactants were then flame-sealed
in fused silica tubes under a reduced atmosphere to prevent
oxidation during heating. The samples were heated to 1000°C over
10 h and held for 4 h. The temperature was then ramped down to
850 °C and held for an additional 48 h, then cooled to room
temperature over the course of another 48 h. Product isolation from
the excess indium was accomplished by centrifugation, where a
coarse frit was placed in the open end of the reaction vessel and
then resealed under a reduced atmosphere in a Pyrex tube. This
was heated to 300°C to ensure the excess indium was molten, and
then the sample was centrifuged for 5 min. This process removed
almost all excess indium. Further purification was carried out by a
15 min submersion and sonication in 6 M aqueous HCl. Longer
exposure to, or use of higher concentrations of, HCl has a
deleterious effect on product crystal quality.

â-TmNiGe2 and â-HoNiGe2 were identified by comparing
experimental powder X-ray diffraction patterns with a calculated
powder pattern from the refined structure of ErNiGe2. Neither the
Tm nor Ho analogues of these phases will form if large chunks
(3-5 mm in greatest dimension) of rare-earth metals are used as
starting materials, and this is why these phases were not initially
found. Their structures were not refined, and no further character-
ization was performed on them.

Elemental Analysis. Semiquatitative microprobe elemental
analysis was performed with a JEOL JSM-35C scanning electron
microscope (SEM) equipped with the Noran energy dispersive
spectrometer (EDS). Data were acquired using an accelerating
voltage of 20 kV and 100 s acquisition times. Several crystals from
each reaction were analyzed resulting in approximate atomic ratios
of 1:1:2 RE/Ni/Ge. These results agree quite well with the atomic
ratios that were derived from the refinement of the crystal structure.

X-ray Crystallography. Single-crystal X-ray diffraction data
were collected at room temperature using a Bruker AXS SMART
CCD diffractometer with graphite monochromatized Mo KR (λ )
0.71073 Å) radiation. Unit cell refinement and data merging were
done with the SAINT program, and an empirical absorption
correction was applied using the program SADABS.14 Inspection
of the systematic absences immediately found the structure to beI
centered. The conditionh + k + l ) 2n was the only independent
condition found which led to 4 possible space groupsI222,I212121,
Imm2, andImmm. Immm(No. 71) was the only centrosymmetric
choice available and so was chosen.15 A structural solution was
obtained by direct methods using the program SHELXS, and the
final structural refinement was completed with the SHELXL suite
of programs.16 The crystal structure refinement data for DyNiGe2,
ErNiGe2, YbNiGe2, and LuNiGe2 are given in Table 1. The atomic
positions and isotropic displacement parameters for DyNiGe2,
ErNiGe2, YbNiGe2, and LuNiGe2 are listed in Table 2. The structure
solutions for these compounds indicate fully occupied sites and no
disorder, although inspection of the anisotropic displacement
parameters, bothâ-DyNiGe2 andâ-ErNiGe2, show a large displace-
ment parameter along theU11 direction for Ge(1). This may imply
the presence of a weak modulation in the structure. The anisotropic
displacement parameters for all compounds have been deposited
with the Supporting Information.
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Phase identity and purity of polycrystalline samples was deter-
mined by powder X-ray diffraction, carried out with a Rigaku
rotating Cu anode diffractometer with post diffraction monochro-
mator.

Other Physical Methods.Differential thermal analysis (DTA)
was performed on a Shimadzu DTA-50 differential thermal
analyzer.

Magnetic susceptibility measurements were made on hand picked
crystals which were ground and screened by powder X-ray
diffraction for phase identity and purity. Measurements were
performed with a Quantum Design SQUID magnetometer in both
field cooled and zero field cooled settings at temperatures between
2 and 300 K with an applied field of 500 Oe. Additionally,

magnetization measurements were made from-55 to 55 kOe at
2 K.

Band Structure Calculations.Band structure calculations were
performed on bothR- andâ-LuNiGe2 using the self-consistent full-
potential linearized augmented plane wave method (LAPW)17 within
density functional theory (DFT) with a generalized gradient
approximation (GGA) for the exchange and correlation potential
within the Perdew-Burke-Ernzerhof model.18 Scalar relativistic
corrections were added, and spin-orbit interaction (SOI) was
incorporated using a second variational procedure.19 Calculations
were carried out on the Lu system due to the inability of DFT to
accurately model the highly correlated electrons found in partially
filled f levels. The calculations were performed with the WIEN97
program.20 The atomic radii values (in atomic units 1 au) 0.529
Å) used in the calculation are as follows: 2.4 for Lu, 2.15 for Ni,
and 2.25 for Ge. Self-consistent iterations were performed with 27
k points in the reduced Brillouin zone with a cutoff between valence
and core states of-6.0 Ry; convergence was assumed when the
total energy difference between cycles was within 0.0001 Ry. Total
energy was computed for bothR- andâ-forms of the structure by
a full volume relaxation method in which the structure is allowed
to minimize its energy by relaxing the cell volume and atomic
positions.

Results and Discussion

Structure. Despite their stoichiometric equivalence, the
structures of the title compounds are distinct from those of
the R-form. Figure 1a shows the overall structure of
â-RENiGe2 as viewed down thea axis, and Figure 1b shows
the structure of theR-form for comparison. Figure 2a shows
the structure of theâ-phase as viewed down theb axis, and
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Table 1. Crystallographic Data for RENiGe2 (RE ) Dy, Er, Yb, Lu)

empirical formula DyNiGe2 ErNiGe2 YbNiGe2 LuNiGe2

fw 366.39 371.15 376.93 378.86
cryst syst/space group orthorhombic/Immm orthorhombic/Immm orthorhombic/Immm orthorhombic/Immm
unit cell dimensions (Å) a ) 4.1784(9) a ) 4.114(2) a ) 4.0935(6) a ) 4.0924(14)

b ) 8.8645(19) b ) 8.430(5) b ) 8.4277(13) b ) 8.418(3)
c ) 15.745(3) c ) 15.741(5) c ) 15.751(12) c ) 15.742(5)

V/Z 583.2(2)/8 546.0(5)/8 543.40(14)/8 542.3(3)/8
density(calcd) (g/cm3) 8.436 9.031 9.215 9.281
abs coeff (mm-1) 51.756 58.65 62.466 64.511
θ range for data collection (deg) 2.59-27.01 2.59-27.06 2.59-27.15 4.58-29.58
index ranges -5 e h e 5

-11 e k e 9
-19 e l e 20

-5 e h e 2
-10 e k e 10
-20 e l e 19

-5 e h e 5
-10 e k e 10
-20 e l e 19

-5 e h e 5
-11 e k e 11
-21 e l e 19

reflns collected/unique/R(int) 2522/401/0.0517 1845/387/0.0324 2432/377/0.0602 2261/450/0.0304
data/restraints/params 401/0/30 387/0/30 377/0/30 450/0/30
GOF onF2 1.266 0.763 1.183 1.060
final R indices [I > 2σ(I)]

(R1/wR2)a
0.0421/0.1174 0.0253/0.0855 0.0443/0.1018 0.0231/0.0592

R indices (all data)
(R1/wR2)

0.0429/0.1181 0.0266/0.0871 0.0454/0.1033 0.0271/0.0605

extinction coeff 0.0019(3) 0.0047(3) 0.0055(3) 0.00224(15)
largest diff peak and hole (e/Å3) 3.984 and-4.443 2.080 and-1.942 7.009 and-4.913 3.063 and-2.043

a R1 ) ∑||Fo| - |Fc||/∑|Fo| and wR2) [∑(|Fo
2 - Fc

2|)2/∑(wFo
2)2]1/2.

Table 2. Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for DyNiGe2, ErNiGe2, YbNiGe2,
and LuNiGe2

atom
Wyckoff
position x y z U(eq)a

Dy(1) 4j 0 1/2 2081(1) 5(1)
Dy(2) 4g 0 2831(1) 0 7(1)
Ge(1) 4i 0 1/2 4143(1) 11(1)
Ge(2) 4i 1/2 1/2 786(2) 6(1)
Ge(3) 8l 0 1591(2) 1907(1) 7(1)
Ni(1) 8l 0 2352(3) 3466(1) 7(1)
Er(1) 4j 0 1/2 2040(1) 5(1)
Er(2) 4g 0 2602(1) 0 7(1)
Ge(1) 4i 0 1/2 4204(1) 10(1)
Ge(2) 4i 1/2 1/2 770(1) 5(1)
Ge(3) 8l 0 1568(2) 1958(1) 6(1)
Ni(1) 8l 0 2490(2) 3522(1) 6(1)
Yb(1) 4j 0 1/2 2033(1) 6(1)
Yb(2) 4g 0 2612(1) 0 9(1)
Ge(1) 4i 0 1/2 4231(1) 7(1)
Ge(2) 4i 1/2 1/2 794(1) 14(1)
Ge(3) 8l 0 1570(2) 1966(1) 9(1)
Ni(1) 8l 0 2490(2) 3525(1) 8(1)
Lu(1) 4j 0 1/2 2034(1) 5(1)
Lu(2) 4g 0 2615(1) 0 7(1)
Ge(1) 4i 0 1/2 4228(1) 5(1)
Ge(2) 4i 1/2 1/2 795(1) 11(1)
Ge(3) 8l 0 1568(2) 1966(1) 6(1)
Ni(1) 8l 0 2484(2) 3526(1) 6(1)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.
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Figure 2b shows thec axis view of theR-phase. The main
difference between the two phases is in the distribution of
the Ge species. TheR-form exists as single Ge atoms and
infinite Ge chains, whereas theâ-form contains only Ge
dimers. A list of the selected bond distances forâ-RENiGe2

is found in Table 3. The title compounds are composed of
two sets of Ge dimers that are formed by the bonding of

symmetry equivalent atoms between Ge(1)-Ge(1) with
lengths of 2.698(4), 2.507(4), 2.423(4), 2.431(3) Å for the
Er, Dy, Yb, and Lu compounds, respectively, and Ge(2)-
Ge(2) with lengths 2.476(5), 2.423(4), 2.500(4), 2.502(3) Å
for Dy, Er, Yb, and Lu, respectively. These Ge dimers then
bond to Ni atoms with Ge(1)-Ni distances of 2.578(2),
2.373(2), 2.371(2), 2.3949(18) Å and Ge(2)-Ni distances
of 2.394(3), 2.394(3), 2.376(2), 2.365(1)Å for Dy, Er, Yb,
and Lu, respectively, forming a distorted Ni2Ge4 hexagon.
Both Ge(1) and Ge(2) are in a trigonal planar bonding
arrangement. The Ni atom forms an additional 3 bonds to
Ge(3) atoms at distances of 2.3637(14), 2.3313(14), 2.328(1),
2.3276(9) Å for Dy, Er, Yb, and Lu making for a 5
coordinate square pyramidal geometry. The Ge(3) atoms
form another kind of dimer with distances 2.821(4), 2.643(3),
2.647(3), 2.646(2) Å for the Dy, Er, Yb, and Lu analogues,
respectively. Therefore, the Ge(3)-Ge(3) dimer is an ethane-
like unit with an eclipsed geometry. The result is a three-
dimensional [NiGe2] network with channels extending down
theb axis (Figure 2a), and cages encapsulating the RE atoms.
RE(1) resides in the center of the two hexagons created by
the Ge(1) and Ge(2) dimers and the capping Ni atoms, Figure
3a. These hexagons define the tunnels which extend down
thea axis. The RE(2) sites are in a cage composed of Ge(3),
Ge(2), and Ni atoms, see Figure 3b. There is a large
difference in the bond lengths between the Dy and Er
analogues, particularly with the Ge(3)-Ge(3) and Ge(1)-
Ge(1) distances. Indeed, the lattice parameters for these
compounds differ to a much greater extent than do those of
the remaining 3 analogues. This may be caused by the
inclusion of a small amount if In into the structure of
DyNiGe2. This is not reflected in the single crystal X-ray
data, but it may be present in an amount that is not detectable
by X-ray.

In contrast to theâ-form, the structure ofR-RENiGe2 is
composed of PbO type layers containing Ni and Ge(2) atoms.
These layers are connected through Ni-Ge(1) bonds to
zigzag chains of Ge atoms running along thec axis. As a
result, the Ni atoms are 5 coordinate with square pyramidal
geometry, and the Ge(2) atoms within the layer are tetrahe-
drally coordinated, Figure 1b. This structure also contains
channels of RE ions, which run parallel to thec axis (Figure
2b).

While the two phases are distinct from one another, a
simple scheme to interconvert the two structures can be
envisioned in the following way. If one of the Ge(1)-Ni

Figure 1. (a) The structure ofâ-RENiGe2 as viewed down thea axis. (b)
The overall structure ofR-RENiGe2, a perspective view along thea axis.

Figure 2. (a) The structure ofâ-RENiGe2 showing the tunnel that runs
along theb axis. (b) The structure ofR-RENiGe2 as viewed down thec
axis, which exhibits channels which run along this axis.

Table 3. Bond Lengths [Å] for DyNiGe2, ErNiGe2,YbNiGe2, and
LuNiGe2

RE ) Dy RE ) Er RE) Yb RE ) Lu

RE(1)-Ge(2) 2.9193(19) 2.8684(18) 2.8554(14) 2.8518(12)×2
RE(1)-Ge(3) 2.9821(13) 2.9099(14) 2.903(1) 2.8880(14)×4
RE(1)-Ge(3) 3.0340(19) 2.896(2) 2.8924(14) 2.9013(10)×2
RE(1)-Ni 3.0746(18) 3.0688(16) 3.0573(12) 3.0554(11)×4
RE(2)-Ge(1) 3.0340(19) 3.1282(13) 3.1159(9) 3.1139(9)×4
RE(2)-Ge(2) 3.0975(12) 3.2581(14) 3.255(1) 3.2551(9)×2
RE(2)-Ge(3) 3.1971(18) 3.204(2) 3.2179(3) 3.2162(14)×2
RE(2)-Ni 3.1976(18) 3.1068(18) 3.0979(15) 3.0948(12)×4
Ge(1)-Ni 2.578(2) 2.373(2) 2.3713(19) 2.3647(14)×2
Ge(1)-Ge(1) 2.698(4) 2.507(4) 2.423(4) 2.431(3)
Ge(2)-Ni 2.394(3) 2.394(3) 2.3762(18) 2.3728(14)×2
Ge(2)-Ge(2) 2.476(5) 2.423(4) 2.500(4) 2.502(3)
Ge(3)-Ni(1) 2.3637(14) 2.3313(14) 2.328(1) 2.3276(9)×3
Ge(3)-Ge(3) 2.821(4) 2.643(3) 2.647(3) 2.646(2)

Figure 3. (a) Coordination environment of RE(1) inâ-RENiGe2. (b)
Coordination environment of RE(2) inâ-RENiGe2.
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and Ge(2)-Ni bonds is broken and the hexagonal slab is
sheared along theb axis, the Ge dimers will tilt until Ge(1)
and Ge(2) can form a bond. This results in a Ge zigzag chain
that propagates along theb axis, see Figure 4, steps i and ii.
Then, if the Ge(3)-Ge(3) bond is broken and new Ge-Ni
bonds form with adjacent Ni atoms (by an appropriate
rotation of the fragment shown in the shaded areas in Figure
4), this will lead to the compression of the cage layer. This
rearrangement will bring about the formation of a new NiGe,
PbO-type layer, which could then connect to the zigzag Ge
chains to form the CeNiSi2-structure type. The interconver-
sion thus requires the breaking of 2 Ni-Ge bonds and 1
Ge-Ge bond and a substantial amount of atomic reorganiza-
tion in order to take place. This would suggest a large
reorganization barrier, and one may predict on the basis of
this that the kinetics of interconversion would be slow.

The first hint that theR-form was the thermodynamically
stable form came from inspecting the cell volumes of the
R- andâ-phases. ForR-ErNiGe2 the volume of 2 unit cells
is 503.6(3) Å3 while the unit cell volume of theâ-form is
546.0(2) Å3. Since these volumes contain the same number
and type of atoms, it is apparent that the atoms are more
closely packed in theR-form indicating stronger bonding
and presumably a more energetically favorable arrangement.

Synthesis and Thermal Stability.It is interesting to note
that the formation ofâ-RENiGe2 is exclusive to indium flux
synthesis. The yields from these reactions range from 60%
to 70%, on the basis of the lanthanide metal, with∼70%
purity. The main impurities were theR-phase and recrystal-

lized Ge. When other methods such as arc-melting or rf
furnace heating were used to synthesize RENiGe2, they only
led to the R-form. Furthermore, when the length of the
reaction was increased from 48 to 96 h theR-phase was the
dominant fraction, approximately 65%. Likewise, if the
isotherm temperature for the reaction was increased from
850 to 1000°C a larger fraction of the reaction product,
approximately 50-60%, crystallized as theR-form. Two
other experiments were also conducted where the elements
(Dy or Er, Ni, Ge, and In) were combined in a 1:1:2:10 ratio,
and then were arc-melted for 3 min, or heated with an rf
furnace for 1 h. Both of these methods which employ much
higher temperatures than the flux reaction described in the
Experimental Section yielded practically pureR-form despite
using excess indium. All of these results indicate that the
R-phase is the more thermodynamically stable form, and the
â-form is likely the kinetically stable phase.

Differential thermal analysis was performed on the title
compounds to see if aâ- to R-phase transition could be
observed. Bothâ-ErNiGe2 and â-DyNiGe2 were stable up
to 1000°C.21 Likewise, annealing samples of pureâ-ErNiGe2

at 950°C for 2 weeks also failed to bring about a change to
the R-form. X-ray powder patterns of the annealed product
were compared to those taken prior to annealing, and no
significant changes were observed. The resistance to convert

(21) The experiments were repeated on theR form with similar results.
X-ray powder patterns were taken of the compounds before and after
the DTA experiment, and no significant changes in the powder patterns
of the R forms nor theâ forms were found.

Figure 4. Conceptual stepwise conversion scheme from theâ-RENiGe2 structure to theR-form (CeNiSi2 type structure). The shaded ovals after step (ii)
need to be rotated to break the Ge(3)-Ge(3) bond and form the PbO-type layer.

New Forms of Intermetallic Phasesâ-RENiGe2

Inorganic Chemistry, Vol. 43, No. 4, 2004 1407



likely indicates a high barrier to phase transformation, which
is consistent with the large amount of bond breaking and
reforming required for the two phases to interconvert, which
was discussed above.

One final experiment was attempted where theR- and
â-forms of the compound were placed in separate alumina
tubes and were combined with a 10-fold molar excess of
indium and annealed at 950°C for 2 weeks. This proved
successful in interconverting a substantial amount (∼50%)
of the â-form to the R-form. The R-form was simply
recrystallized by the indium to form larger single crystals.
This demonstrates that indium indeed acts as a solvent to
lower the barrier of activation for interconversion by dis-
solving theâ-phase and recrystallizing it in theR-form.

Band Structure Calculations.Band structure calculations
were performed on both theR- andâ-form of LuNiGe2 in
order to better understand the bonding within the system and
to calculate the total energy of each phase. The band structure
of the R-form will not be discussed here; rather, we will
compare its total energy to that of theâ-phase. The
calculations suggest that theR-LuNiGe2 is more thermody-
namically stable than theâ-form by approximately 89 kJ/
(mol LuNiGe2). This result is in good agreement with our

experimental findings described above. Inspection of the
density of states plots for the 2 forms found that the
tetrahedally coordinated Ge site of theR-form had p-bands
centered at-5 eV. The p-band of the other Ge atom were
slightly higher at-2 eV. All the Ge sites in theâ-form have
p-bands centered at-2 eV. All other bands for the 2 forms
fall in the same energy region, so it seems that the stability
of R-form has its origins in the tetrahedral coordination of
Ge atoms by Ni, a structural feature exclusive to theR-form.
The tetrahedral bonding environment alone is not sufficient
as Ge(3) in theâ-form is also in such an environment. With
the difference being that Ge(3) forms a dimer with its
symmetry generated equivalent, it therefore must be the
exclusive coordination of Ni.

The total calculated density of states (DOS) forâ-LuNiGe2

is shown in Figure 5a. Two main features dominate the DOS.
The first is the nondispersed f orbital based states of the two
crystallographically distinct rare earth sites located between
-6 and-4 eV. The second the Ni d states centered at-3
eV. A total of four large narrow f bands appear because each
of the two rare earth ion bands are split in two by spin-
orbit coupling. These bands are quite low in energy and are
therefore not expected to play a role in conduction.

Figure 5. (a) Total DOS for LuNiGe2. (b) Ni d DOS for LuNiGe2. (c) Lu(1) d and Lu(2) d DOS for LuNiGe2. (d) Ge(1) p, Ge(2) p, and Ge(3) p DOS for
LuNiGe2. (e) Ge(1) s, Ge(2) s, and Ge(3) s DOS for LuNiGe2.
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The Ni d bands are also located well below the Fermi level
and suggest that the Ni atoms have a filled d10 electronic
configuration, Figure 5b. Therefore, the Ni is essentially
reduced to a diamagnetic species. Filled d bands of late
transition metals are a common feature in intermetallic
compounds containing more electropositive elements.22

Also evident from the total DOS plot is that theâ-LuNiGe2

is metallic as there are 8 states/eV at the Fermi level. Bands
derived from Lu d orbitals lie between 7 and-2 eV
indicating that the Lu ions are in a 3+ state as they have
transferred their electrons to delocalized orbitals, Figure 5c.
The Ge contribution to the density of states is rather small;
there are p bands present in all three Ge atoms between-5
and 0 eV allowing for effective overlap between these bands
with the d bands of Ni and Lu, Figure 5d. The s bands of
the Ge atoms are located at very low energies, between-11
and-6 eV, Figure 5e.

Magnetism.Magnetic measurements performed onâ-DyNi-
Ge2 and â-ErNiGe2 show antiferromagnetic ordering with
TN of 4 K for each, Figure 6a,c. Above the Ne´el temperature,
the compounds obey the Curie law.â-YbNiGe2 andâ-LuNi-
Ge2 do not show any ordering. Magnetization curves for
DyNiGe2 and ErNiGe3 can be seen in Figure 6b,d, respec-
tively; these data show that the antiferromagnetic order is

broken by a very small applied field resulting in a meta-
magnetic transition. The magnetization curve does not
saturate for either, and theµsat for each is approximately 80%
of the theoretical value. The measured effective magnetic
moment ofâ-DyNiGe2 is 10.0µB which is close to the value
calculated for a Dy3+ ion which is 10.6µB.23 The measured
magnetic moment ofâ-ErNiGe2 was 9.0µB, which compares
to the calculated value of Er3+ which is 9.6µB. Likewise,
â-YbNiGe2 has an effective magnetic moment of 4.65µB,
which compares to the theoretical value of 4.56µB.21

Conversely,â-LuNiGe2 exhibits temperature independent
Pauli paramagnetism. These findings are consistent with
those predicted from the band structure calculations which
showed Ni to be a d10 diamagnetic species; therefore, the
only contribution to the paramagnetic susceptibility would
be from the lanthanide ions. Given these results, we may
write the compounds as RE3+[NiGe2]3-.

A great deal of work has been done characterizing the
magnetic structure of REIrGe2, REPtGe2, REPdGe2.11 Many
of these compounds have very complex structures including
canted antiferromagnetism and incommensurately modulated
antiferromagnetism to name a few. Therefore, the magnetic
ordering phenomena observed inâ-DyNiGe2 andâ-ErNiGe2

(22) Vajenine, G. V.; Hoffman, R.J. Am. Chem. Soc.1998, 120, 4200.
(23) Kittel, C. Introduction to Solid State Physics; 7th ed.; Wiley: New

York, 1996; p 425.

Figure 6. (a) Temperature dependent magnetic susceptibility (øm and 1/øm) for â-DyNiGe2. The inset shows the antiferromagnetic ordering at low temperatures.
(b) Magnetization curve forâ-DyNiGe2. (c) Magnetic susceptibility (øm and 1/øm) for â-ErNiGe2. The inset shows the antiferromagnetic ordering. (d)
Magnetization curve forâ-ErNiGe.
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are also of interest to search similar effects or even as model
compounds for comparison purposes to see what effect a
first row transition metal would have on magnetic properties.

In conclusion, we have presented here new forms of the
compound RENiGe2 (RE) Er, Dy, Yb, Lu) which crystallize
as the YIrGe2 structure type grown from an indium flux.
These phases are intriguing, because other phases with the
same composition (RENiGe2) have been known for some
time, but they crystallize in the CeNiSi2 structure type. What
is more, many REMGe2 species with RE) Tb-Lu, Y and
M ) Pd, Pt, Ir with the YIrGe2 structure type are known,
but phases with first row transition metals have not been
reported until now. The discovery of these compounds is an
excellent example of how a metal flux coupled with the right
conditions of temperature and time can alter the reaction
outcome and stabilize kinetic phases.
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