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Structural analysis of the room temperature diffraction data of Nd2NiGe3 shows that it exhibits AlB2 type
structure with space group P6/mmm. The crystal structure of Nd2NiGe3 consists of two dimensional Ni/Ge
hexagonal units sandwiching the neodymium atoms between them. Temperature dependent magnetic
susceptibility data follows Curie–Weiss law in the temperature range 20–300 K yielding an effective
magnetic moment of 3.83 lB/Nd and paramagnetic Curie temperature �2.1 K indicating trivalent Nd
and weak antiferromagnetic interactions, respectively. Low field magnetic susceptibility measurement
show a weak antiferromagnetic like ordering around 3 K. Temperature dependent neutron diffraction
measurements rules out long range antiferromagnetic ordering in this compound. The electrical resistiv-
ity measurement shows metallic nature of Nd2NiGe3, which exhibits sudden drop in resistivity below 3 K.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Rare earth–transition metal based intermetallic compounds has
been at focal point of researchers interested in the strongly
correlated electron systems. Many of these systems show diverse
crystal structures and wide range of physical properties, such as
superconductivity, magnetic ordering (antiferromagnetism (AFM),
ferromagnetism (FM)), spin-glass behavior, giant magnetoresis-
tance (GMR), Kondo effect, heavy-fermions, thermoelectric and
topological insulators [1–8]. The origins of these wide ranges of
fascinating and anomalous physical properties are associated with
the interplay of interactions between the localized 4f (or 5f) elec-
trons of the rare earth atoms and the delocalized conduction elec-
trons of the transition metal atoms. Among the RE–T–X (RE = rare
earths, T = transition metals, X = p-block elements) intermetallics,
compounds having general the formula RE2TX3 are extensively
studied for their interesting structural and physical properties
[9–23]. These compounds generally crystallize in the AlB2 struc-
ture type and its ordered superstructures [24].

In our recent studies on this family of compounds, we came
across variety of ordered compounds such as Eu2AuSi3, Eu2AgGe3,
Eu2AuGe3, Yb2AuSi3 and Yb2AuGe3 [19–23] even though the disor-
dered structures in these compositions were already reported in
the literature [25–28]. Motivated by our findings, we have now
undertaken a systematic study to determine the detailed crystallo-
graphic structure of some of the compounds in the AlB2 structure
from whom ordered structures have been reported in the litera-
ture. In our recent investigations on Ce2TGe3 based compounds,
we found ordered structure for Ce2NiGe3 [29] and disordered
structure for Ce2RhGe3 (CeRh0.5Ge1.5) [30].

In the present study, we have chosen a neodymium (Nd) based
compound, Nd2NiGe3. Some Nd based intermetallic systems have
shown some interesting physical properties. Few examples of vari-
ety of Nd based intermetallics are: Nd2Fe14B is used as permanent
supermagnet [31], magnetocaloric effect in NdMn2Ge0.4Si1.6 [32],
low temperature cluster glass behavior in Nd5Ge3 [33], ferromag-
netism and heavy fermion behavior in NdOs4Sb12 [34], metamag-
netic behavior in Nd3Pt23Si11 [35], magnetic-phase coexistence in
Nd7Rh3 [36], etc.

A few Nd based compounds with other transition metals having
the general formula RE2TX3 are reported in the literature. With the
first row of transition metal, NdFe0.67Ge1.33 [37], NdCo0.5Ge1.5 [38],
NdNixGe(2�x) (x = 0.5 and 0.6) [39, 40] and NdCu0.71Ge1.29 [41], with
second row NdPd0.4Ge1.6 [42], NdPd0.6Ge1.4 [43], NdAg0.7Ge1.3 [44],
NdRh0.5Ge1.5 [45] and NdRu1.2Ge0.8 [46], and with third row only
NdPt0.4Ge1.6 [42] and NdIr0.5Ge1.5 [42] were reported. All these
compounds were studied only for the phase analysis by X-ray dif-
fraction (XRD), except Nd2PdGe3, which was studied for magnetic
properties [47].

The lack of detailed studies on these compounds motivated us
to focus on the structure and properties in detail. We have selected
the compound NdNi0.5Ge1.5 which was first studied by Gladyshev-
skii and Bodak [48] considering the fact that both rare earth (Nd)
and transition metal (Ni) atoms carry magnetic moment that can
provide some interesting physical properties. Although earlier
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studies on the Nd–Ni–Ge phase by Salamakha et al. [40] suggested
that no homogeneity range exists for this phase, our experience
with similar compounds in this series had proved fruitful in gener-
ating compounds with varied stoichiometry by changing transition
metal to p-block type metal. However, similar attempts in the case
of Nd–Ni–Ge phase were not successful. The disordered compound
NdNixGe(2�x) [39, 40] are known to crystallize in the AlB2 structure
type with the substitution of the aluminum position by neodym-
ium and the boron position shared by nickel and germanium
atoms. Although the structure is disordered, we represent the com-
pound as Nd2NiGe3 throughout the manuscript. The preliminary
phase analysis of this compound was done by XRD. We have per-
formed the magnetic and resistivity measurements on Nd2NiGe3

and discussed in detail. We have used neutron diffraction as com-
plementary technique to support XRD and magnetization data.

2. Experimental details

2.1. Reagents

The following reagents were used as purchased without any further purifica-
tion: rare earths (metal pieces, 99.99%, Alfa Aesar), Ni (wire, 99.99%, Alfa Aesar)
and Ge (metal pieces, 99.999%, Alfa Aesar).

2.2. Synthesis

The elements were taken in the stoichiometric ratio and arc-melted in a water
cooled copper hearth under argon atmosphere. The shiny globular ingots were
formed as a result of arc, which was applied for 2–3 min. The globules were taken
out, crushed and re-melted several times. Further homogenization of the sample
was allowed by annealing it at 1173 K for 10 days. The product obtained was
crushed and purity of the sample was checked by powder XRD.

2.3. X-ray diffraction (XRD)

Phase identity and purity of the Nd2NiGe3 samples were confirmed by powder
X-ray diffraction carried out on a Bruker D8 Discover diffractometer using Cu Ka
radiation (k = 1.5406 Å) and calibrated against corundum standard, over the angular
range 20� 6 2h 6 90�, with a step size of 0.02� at room temperature (300 K). Powder
diffraction patterns were indexed using Le Bail method using the Fullprof program.
Rietveld profile analysis in the Fullprof suite was used to refine the X-ray diffraction
data. The background was estimated by the 6-coefficient polynomial function, and
the peak shapes were described by a pseudo-Voigt function varying 10 profile
parameters. A scale factor, a zero error factor and shape were refined. Cell constants
were also refined during the process. Fig. 1 shows the XRD pattern for Nd2NiGe3

indexed on the basis of a hexagonal unit cell.

2.4. Elemental analysis

Semi-quantitative microanalyses were performed on the polycrystalline sample
obtained from the arc melting using a scanning Leica 220i electron microscope
(SEM) equipped with Bruker 129 eV energy dispersive X-ray analyzer (EDS). Data
Fig. 1. Powder X-ray diffraction pattern for Nd2NiGe3 is shown here with miller
indices for the Bragg peaks. The XRD pattern has been indexed on the basis of a
hexagonal unit cell.
were acquired with an accelerating voltage of 20 kV and in 90 s accumulation time.
The average atomic composition obtained from the EDX analysis 33(3):23(3):44(3)
for Nd:Ni:Ge is found to be very close to the expected composition of Nd2NiGe3.

2.5. Neutron diffraction (ND)

ND patterns were recorded on well ground powder sample of Nd2NiGe3. Sample
was packed in a vanadium container and loaded in a closed cycle cryostat (CCR) for
measuring ND patterns at temperatures between 2.8 and 300 K. The ND experi-
ments were carried out on the focusing crystal diffractometer (FCD/PD-3) at Dhruva
reactor, Trombay (India) using a wavelength of 1.48 Å [49].

2.6. Magnetic measurements

Magnetic measurements on polycrystalline sample of Nd2NiGe3 were per-
formed with a Quantum Design Magnetic Property Measurement System–Super-
conducting Quantum Interference Device (MPMS–SQUID) dc magnetometer.
Temperature dependent magnetization data were collected in the field cooled
(FC) as well as in zero field cooled (ZFC) modes in the temperature range 2–300 K
in applied magnetic field of 1000 Oe. Temperature dependent ZFC–FC magnetiza-
tion data were also recorded in low field (H = 10 Oe) also. Magnetization as function
of field was collected at 300 and 2 K for Nd2NiGe3.

2.7. Resistivity measurements

The resistivity measurements were performed in zero field on Nd2NiGe3 with a
conventional ac four probe set-up. Four very thin copper wires were glued to the
pellet using a strongly conducting silver epoxy paste. The data were collected in
the range 3–300 K using a commercial Quantum Design Physical Property Measure-
ment System (QD-PPMS).
3. Results and discussion

3.1. Reaction chemistry

Motivated by our previous reports on the Ce compounds CeAux-
Ge1�x [50] and CeRhxGe1�x [30] in the formation of both hexagonal
and tetragonal crystal systems by varying the ratio of transition
metal and p-block elements, we have targeted the synthesis of
the compounds with other rare earths. However, our attempts
for the tetragonal system in Nd2NiGe3 were not successful. Nd2-
NiGe3 formed in the hexagonal system when the starting ratio
was taken in 2:1:3. The compound also formed by varying the ratio
of Ni to Ge, but, additional Ni or Ge were observed. All these phases
could easily be identified in the XRD patterns. We also attempted
to find the ordered structure similar to the one obtained for Ce2-
NiGe3 [29]. Since the compound was synthesized by arc melting,
high quality single crystals were not obtained. In addition, our
attempts to grow the single crystals by metal flux method (indium
and tin as flux) were also unsuccessful. The compound is stable in
air and no decomposition was observed even after several months.
The elemental analysis of this compound with SEM/EDS gave the
atomic composition, which is in good agreement with the ratio
of the metals used for the synthesis.

3.2. Structural analysis

3.2.1. Crystal structure
Preliminary analysis of powder XRD confirms that the com-

pound is a hexagonal system. Nd2NiGe3 was previously reported
in the AlB2 structure type with P6/mmm space group [39]. In order
to understand the detailed structure and properties, we have car-
ried out ND studies as well. Structural analyses on XRD and ND
data were carried out by Rietveld method using Fullprof suite pro-
gram [51,52]. A preliminary refinement on the powder XRD data
was carried out by adopting a reported structural model and
indexed in the P6/mmm space group and lattice parameters
a = b = 4.1445 Å and c = 4.1823 Å. Fig. 1 exhibits the Rietveld
refined XRD patterns.



Fig. 2. Crystal structure of Nd2NiGe3 shown along the c-direction.
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The crystal structure of Nd2NiGe3 along the c-direction is shown
in Fig. 2. The compound crystallizes in the hexagonal AlB2 structure
type, space group P6/mmm. Nd atoms occupy the Al position while
germanium and nickel atoms are statistically distributed in the
boron position [53]. The crystal structure is composed of infinite
arrays of planar hexagonal [NiGe3] units stacked along the [001]
direction and the Nd sites are sandwiched between these parallel
hexagonal networks.
3.2.2. Neutron diffraction
Neutron diffraction measurements were carried out at various

temperatures between 2.8 and 300 K. As can be seen from the mag-
netization measurements vide infra, there are no signatures of
long-range magnetic ordering in this compound, similar to another
compound of this series, Ce2NiGe3 [29]. ND data recorded at all
temperatures were refined using the P6/mmm structure as men-
tioned earlier and the details of the refinement are summarized
in Table 1. The unit cell volume and cell parameters show decreas-
ing trend from room temperature down to lowest temperature (see
Fig. 3). There is however a very small anomaly observed in cell
parameters around 15 K. At this moment the origin of this anomaly
is not clear but can be speculated as a probable structural reorien-
tation as expected for the compounds in the AlB2 type and its
ordered superstructures. At this context, this can be connected to
the Bärnighausen formalism [54,55] proposed by Hoffmann and
Pöttgen [24] for the group–subgroup relations in the AlB2 family.
As reported in the literature and our observations in few of our
recent works, the ordering of the transition metal atoms and main
Table 1
Structural parameters obtained from the Rietveld refinement of neutron diffraction pattern
general multiplicity = 24). Nd is at the atomic position 1a (000), and Ni/Ge are at 2d (1/3,

Parameters ; Temperature ?

2.8 K 5 K 10 K 15 K 20 K

a (Å) 4.1338 (5) 4.1338 (5) 4.1336 (5) 4.1340 (5) 4.1341
c (Å) 4.1712 (5) 4.1708 (5) 4.1710 (5) 4.1719 (5) 4.1718
c/a 1.0090 1.0089 1.0090 1.0091 1.0091
Volume (Å3) 61.731 (3) 61.726 (3) 61.723 (3) 61.746 (3) 61.748

Bequ (Å2)
Nd@ 1a 0.4622 (1) 0.4621 (1) 0.4621 (1) 0.4623 (1) 0.4623
Ni/Ge@ 2d 0.3990 (1) 0.4022 (1) 0.3722 (1) 0.4220 (1) 0.4393

R-parameters
Rp 7.57 8.82 8.71 10.00 9.57
Rwp 9.60 11.40 11.40 12.90 12.4
Rexp 3.20 3.24 3.17 3.26 3.25
v2 9.03 12.20 12.80 15.60 14.70
Bragg-R 5.57 5.66 5.15 5.96 5.87
Rf-factor 5.18 5.41 5.21 4.70 4.46
GoF 3.00 3.50 3.60 4.40 4.20
group elements at the boron positions in the planar hexagonal ring
of the AlB2 type may result in the loss of the basic hexagonal sym-
metry [18,24,56–58]. Depending on the extent of tilting and distor-
tions of the hexagonal rings, these compounds may crystallize in
the hexagonal, orthorhombic and monoclinic structures. This
ordering and superstructure formation can be due to the size of
the atoms, valence electron count and the nature of the bonding.
The structural phase transition and associated with the magnetic
properties in our recent works on the compounds Eu2AuGe3, Eu2-
AgGe3, Yb2AuGe3 [19,20,22].

In Fig. 4, Rietveld refinement profiles along with raw data are
shown for ND patterns recorded at 2.8 and 300 K for direct com-
parison. As can be clearly seen from the figure, no additional Bragg
peaks were observed in the case of 2.8 K profile when compared
with the room temperature (300 K) profile. In addition, all the
peaks in the pattern could be refined assuming the same structural
model. Absence of any additional peak at 2.8 K thus rules out any
long range antiferromagnetic order in this compound. Also, the
intensities of the all Bragg peaks in the experimental data could
be matched with calculated pattern using the crystallographic
model itself thus ruling out any additional magnetic phase. Thus,
considering the neutron diffraction and the magnetization data
(discussed below) we expect that, similar to its Ce counterpart,
the Nd compound is also a strong candidate for studying the mag-
netic properties using inelastic neutron scattering experiment.
3.3. Physical properties

3.3.1. Magnetic properties
The temperature dependent molar magnetic susceptibility and

inverse susceptibility of Nd2NiGe3 is shown in Fig. 5. Magnetic
moment was measured while warming in a field of 1 kOe after
cooling the sample in presence and absence of applied magnetic
field. Fitting the curve with Curie–Weiss law in the temperature
range 20–300 K gives an effective magnetic moment (leff) of
5.42 lB/f.u., which turns out to be about 3.83 lB/Nd. The value of
leff per Nd atom is slightly higher than theoretical value
(3.62 lB) of the trivalent free Nd ion (considering S = 3/2, L = 6
and J = 9/2) [39]. The calculated paramagnetic Curie temperature
(hP) is �2.1 K, which indicates antiferromagnetic interactions. With
decreasing temperature, the magnetic susceptibility increases
gradually but does not exhibit any sharp transition which could
be considered as a magnetic ordering and hence this compound
can be classified as a weak paramagnet or a Pauli paramagnet at
s of Nd2NiGe3 at temperatures between 2.8 K and 300 K. Space group: P6/mmm (#191;
2/3, 1/2).

25 K 30 K 50 K 100 K 300 K

(5) 4.1341 (5) 4.1341 (5) 4.1342 (5) 4.1352 (4) 4.1425 (5)
(5) 4.1716 (5) 4.1716 (5) 4.1707 (5) 4.1725 (5) 4.1829 (5)

1.0090 1.0090 1.0088 1.0090 1.0097
(3) 61.746 (3) 61.745 (3) 61.735 (3) 61.749 (3) 62.173 (3)

(1) 0.4623 (1) 0.4623 (1) 0.4622 (1) 0.4625 (1) 0.4645 (1)
(1) 0.4331 (1) 0.5050 (1) 0.4371 (1) 0.5045 (1) 0.8384 (1)

9.85 11.20 9.75 9.13 9.10
12.70 14.80 12.60 11.80 12.10

3.23 3.53 3.29 3.30 3.48
15.50 17.60 14.70 12.70 12.20

6.15 6.14 6.52 6.14 3.85
4.96 4.46 5.75 5.76 3.91
4.20 4.50 3.80 3.80 3.40



Fig. 3. Neutron diffraction patterns for the Nd2NiGe3 at 2.8 K and 300 K. The solid
line through the experimental points is the Rietveld refinement pattern. The
difference between the observed and the experimental pattern is shown in blue
color and short vertical bars indicate the Bragg peak positions. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.) Fig. 4. Variation of cell parameters as a function of temperature is plotted in

different forms. The vertical dashed line is drawn to show the highlight the
temperature at which anomaly occurs in the cell parameters.

Fig. 5. Temperature dependence of magnetic susceptibility and inverse magnetic
susceptibility measured in 1 kOe applied dc magnetic field. The inset shows
temperature dependence of magnetic susceptibility in zero field cooled (ZFC) and
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this field [39]. Low field magnetic susceptibility measurements
were also carried out in ZFC–FC modes. A sharp upturn can be
observed at very low magnetic field (H = 10 Oe) in the ZFC curve,
as shown in the inset of Fig. 5. In FC curve, below 3 K, the curve
does not decrease with further lowering of temperature, instead
it rather saturates as if independent of temperature below 3 K.
The difference in ZFC–FC curves indicates the strong magnetic
anisotropy in this system, indicating spin-glass like state below
3 K in this system.

The field dependence of magnetic moment at 300 and 2 K is
shown in Fig. 6. The high temperature curve increases linearly as
expected for a paramagnet in a Curie–Weiss regime. At low tem-
perature (2 K), the moment, however, increases sharply up to
30 kOe followed by a curvature. The moment however does not
saturate up to the highest applied field and is calculated to be
2.2 lB which is around 61% of the expected value indicating the
presence of crystalline field effect in this compound resulting in
the reduction of the expected saturation magnetization value.
The S-shape of the magnetization loop is also an indication that
the system is a spin-glass at this temperature.
field cooled (FC) modes at 10 Oe.
3.3.2. Resistivity
The temperature dependent electrical resistivity of the Nd2NiGe3

sample in the temperature range 3–300 K is shown in Fig. 7. In the
low temperature range, there is a sudden drop in resistivity near
3 K and it sharply decreases with further decrease in temperature.
This could arise due to onset of ferromagnetic ordering as also
observed in another AlB2 type compound, Eu2CuSi3 [59,60]. At tem-
peratures below 10 K, the q(T) data can be fitted to the power law
function, q = q0 + ATn, where q0 is the residual resistivity expressed
in units of lX cm and A and n are the fitting parameters [61]. The
residual resistivity (q0) was 6.4 lX cm and power factor was 0.48.
The low value of n hints that the conduction electrons are not
strongly correlated to the localized 4f orbitals and the system shows
non-Fermi liquid behavior (NFL) [62] i.e. it does not behave like a
Fermi liquid in its ground state, in that case the power value would
have been closer to two [63]. The residual resistivity ratio (RRR),



Fig. 6. Field dependence of magnetic moment at 2 and 300 K. The inset shows low
field ranges of the magnetization curve.

Fig. 7. Resistivity (q) measured as a function of temperature in zero field. The inset
figure shows the low temperature behavior and red line shows the fitting range.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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q300/q0 for this compound is 3.2, considerably higher than 1, indi-
cates that the sample purity is quite high and defect free [21].

4. Concluding remarks

The compound Nd2NiGe3 was obtained in pure form by arc
melting. The crystal structure of this compound was studied by
X-ray and neutron diffraction studies. Our preliminary magnetic
and resistivity measurements suggest short-range magnetic order-
ing and probable non-Fermi liquid behavior suggest that spin–
orbit interaction exists in this compound, which needs to be fur-
ther studies different probes such as neutron inelastic scattering
experiments. Though the expected ordered compound was not
formed, our work is just a mere start of searching interesting phys-
ical properties lying on several Nd based compounds reported only
by XRD.
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