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In this work we report the results of the neutron diffraction investigation performed on the germanides
R15Ge9C, for R = Ce, Pr and Nd (La15Ge9Fe-type, hP50, P63mc, Z = 2), to refine the crystal superstructure of
these compounds and determine their magnetic structures. The interstitial carbon atoms occupy mainly
the 2b Wyckoff site in the position (1/32/3�1/2) and also, with a smaller occupancy rate, the Wyckoff site
2a at (00�1/2). In the magnetic state, the three compounds display predominantly a ferromagnetic
behavior with the propagation vector k = [000]. These results are in agreement with the magnetization
measurements, with TC = 10, 30 and 80 K as Curie temperature of Ce15Ge9C, Pr15Ge9C and Nd15Ge9C,
respectively. Ce15Ge9C and Nd15Ge9C present a ferromagnetic alignment of the R moments along the c-
axis and an antiferromagnetic spin arrangement within the (a–b) plane. For Pr15Ge9C the ferromagnetic
contribution is found within the (a–b) plane, as previously observed for the isotypic compound Tb15Si9C.
The carbides crystal structure possesses four inequivalent rare earth sites carrying different magnetic
moments, leading to mean values of 0.9 lB/Ce, 1.1 lB/Pr and 2.2 lB/Nd for Ce15Ge9C, Pr15Ge9C and
Nd15Ge9C, respectively.

The magnetic structures of these R15Ge9C compounds differ strongly from those of their parent R5Ge3

germanides, but present strong similarities with the structures of the R15Si9C compounds. The overall
results indicate and confirm the drastic influence of carbon insertion in the rare earth environment.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction magnetic properties of the parent R X compounds. Here we con-
It has been shown that intermetallic compounds La15Ge9Z,
where Z is an interstitial element (Z = C, Mn, Fe, Co, Ni, Cu, Ru, O,
P), could be synthesized [1]. This results from a remarkable feature
of R5X3 intermetallic phases (R = rare-earth) which can accommo-
date such a variety of elements interstitially in the centers of the
antiprisms to produce filled versions of the same structure type.
The obtained superstructure, La15Ge9Fe-type (hP50, P63mc, Z = 2),
is strictly related with the parent arrangement of the R5X3 interme-
tallics crystallizing in the hexagonal Mn5Si3 type structure (hP16,
P63/mcm, Z = 2). Indeed, this superstructure contains octahedral
cavities, formed by the R atoms, in which small atomic species
can be inserted. Recently, this family has been extended, with car-
bon as interstitial element, to the silicides R15Si9C with heavy lan-
thanides and to the germanides R15Ge9C for R = Ce, Pr and Nd [2,3].
These results showed that C insertion significantly modifies the
5 3

centrate on the isotype R15Ge9C germanide compounds which have
been reported to form with Ce, Nd and Pr but not with Sm or Gd.
For these last two rare earth elements which do not form the
superstructure, simpler R5X3C0.33 stuffed phases has been observed
[3]. In this latter structure, the C atoms randomly occupy both
available 2b octahedral cavities formed by the 6gR atoms, up to
the maximum extent (x = 1). On the contrary, in the triple cell of
the stoichiometric R15X9C, only one-third of all the six available
cavities per unit cell are occupied (as indicated by the stoichiome-
tric formula), and the insertion takes place in an ordered fashion.

The article is devoted to the investigation of the crystal and
magnetic structure of the R15Ge9C germanide compounds (R = Ce,
Pr, Nd) from high resolution neutron powder diffraction. Indeed,
neutron scattering not only enables to determine the magnetic
ordering but also offers the advantage to be sensitive to light ele-
ments like carbon atoms. The article is organized as follows, in
the next section the sample synthesis and the neutron diffraction
details are described, then the Section 3 presents the results
starting from the description of the crystal structure followed by
the successive discussion of the magnetic structure obtained for
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Nd15Ge9C, Pr15Ge9Cand Ce15Ge9C. The main results are summa-
rized in the conclusion section.
2. Experimental

2.1. Synthesis

The compounds were prepared by arc melting, in an inert atmosphere of argon,
weighed amounts the rare earth (rod, 99.9 wt.% purity), germanium (piece,
99.999 wt.% purity) and carbon (6 mm-diameter rod, spectroscopic grade). Prefera-
ble route consisted in melting the R metal with C, to prepare first the corresponding
carbide, and then melting together the parent carbide with germanium [3]; the al-
loys were turned upside-down and re-melted 3–4 times in order to ensure com-
plete carbon dissolution and best homogenization. Total weight loss was lower
than 0.5 wt.%, with no or negligible losses in C. The as-cast alloys, placed inside
open out-gassed Ta crucibles and sealed under vacuum into quartz ampoules, were
annealed at 1000 �C for 1 week, followed by a fast air-cooling. The samples were
characterized by X-ray powder diffraction, using a Guinier camera, with pure Si
as internal standard (a = 5.4308 Å) and Cu Ka1 radiation.

2.2. Neutron powder diffraction

Neutron diffraction data were collected on the D1A powder diffractometer at
the Institut Laue Langevin using a wavelength of k = 1.911 Å selected by the
(115) reflection of a germanium crystal operating with a take-off angle of the
monochromator of 122�. The high-resolution powder diffractometer D1A is unique
in being able to provide high resolution at long wavelengths, with shorter wave-
length contamination eliminated by the guide tube. D1A is particularly suited to
study magnetic structures and other large d-spacing studies. Consequently, this
was the optimal instrument for our study. In the configuration used the resolution
of D1A is about 0.3� (FWHM) at 90�. During the neutron diffraction measurements a
cylindrical vanadium sample holder of 6 mm inner diameter was used. The neutron
detection is performed with 25 3He counting tubes spaced at 6�. The complete dif-
fraction pattern is obtained by scanning the detectors in 2Theta. The FullProf Suite
program was used for nuclear and magnetic structure refinements using the Riet-
veld method [4]; the agreement factors of the Rietveld refinement used are those
as defined in Ref. [5].
3. Results and discussion

3.1. Crystallographic structures

To investigate the crystal structure of the R15Ge9C carbides, neu-
tron diffraction pattern were recorded at 100, 40 and 15 K for
R = Nd, Pr and Ce respectively, i.e. above their magnetic transition
temperature. One of the main goals was, in particular, to localize
the carbon atoms in the structure, knowing that it contains three
available octahedral cavities formed by the rare earth atoms. The
three samples were nearly single phase: some amount of the sec-
ondary phase Ce4Ge3 was clearly visible in the Ce compound dif-
fraction pattern as well as some traces of Pr4Ge3 for Pr15Ge9C.
Apart from the binary impurity peaks, all reflections are well in-
dexed with the space group P63mc as reported previously [3] and
Table 1
Lattice and crystal structure parameters of the Ce15Ge9C, Pr15Ge9C and Nd15Ge9C compoun

Atom Ce15Ge9C Pr15Ge9C

x y z x

R1 (12d) 0.0185(3) 0.3426(6) 0 0.0186(3)
R2 (6c) 0.4110(7) 2� 0.736(5) 0.4112(7)
R3 (6c) 0.2537(6) 2� 0.283(5) 0.2517(5)
R4 (6c) 0.0794(8) 2� 0.727(5) 0.0780(7)
Ge1 (6c) 0.1333(4) 2� 0.274(4) 0.1334(4)
Ge2 (6c) 0.4677(3) 2� 0.259(4) 0.4673(3)
Ge3 (6c) 0.1992(5) 2� 0.707(4) 0.1994(4)
C1 (2b) 1/3 2/3 0.506(9) 1/3
C2 (2a) 0 0 0.496(9) 0

Occ. C1 0.31(1) 93% 0.28(1)
Occ. C2 0.14(1) 36% 0.12(1)
a (Å) 15.3146(3) 15.2029(3)
c (Å) 6.7611(2) 6.7449(2)
RBragg (%) 6.3 7.7
with comparable unit cell parameters (Table 1). The lattice param-
eters obtained at low temperature from neutron diffraction are con-
sistently smaller than those reported in [3] from room temperature
X-ray diffraction analysis. The full refinements also confirm the
superstructure of the Mn5Si3 structure type determined in previous
results: it contains four inequivalent rare earth sites (one 12d and
three 6c Wyckoff positions), three germanium sites (6c) and one
site for the carbon atoms in 2b (1/32/3�0.5). However, while the
above-mentioned 2b cavity is almost fully occupied in the three
carbides, some doubts remain concerning the occupancy of the
interstitial site 2a (00�0.5) by carbon atoms, as raised previously
for the R15Si9C silicides [12]. Indeed, for R = Ce and Pr, partial occu-
pation of the 2a site of 36% and 33% respectively improves slightly
the refinements and their agreement factors. It is worth to point out
that an incomplete filling of interstitial site by carbon is not uncom-
mon and has also been reported on other intermetallic compounds
[6–8]. Concerning Nd15Ge9C no significant improvement was ob-
served with additional interstitial carbon in (00�0.5), letting some
ambiguity on the localization of the carbon atoms in the Nd octahe-
drons. Besides, when the 2a (00�0.5) site is not accounted for in the
refinement, the Fourier difference map does not clearly show addi-
tional nuclear density on this position, i.e.: the density is at the limit
of the residual intensity background. If this site is taken into ac-
count in the refinement, its occupation rate is found to be around
30%. All crystal structure parameters for R = Ce, Pr and Nd are gath-
ered in Table 1; the structure is depicted in Fig. 1.

The R15Ge9C crystal structure is a superstructure of the Mn5Si3

type of the parent compounds (a0 =
ffiffiffi

3
p

a and c0 = c), the unit cell
volume being three times larger than the R5Ge3 one. The R15Ge9C
structure results from a slight shift of the rare earth and germa-
nium atoms in the parent structure in parallel to the ordered inser-
tion of the carbon atoms [3]. The R atoms in the 6c site form
infinite chains of trigonal antiprism (octahedra) along the c-axis
and the Ge atoms connect these chains through the edges of the
shared faces. The supercell possesses 6 octahedral cavities in 2b
(1/32/3�0.5), 2b (1/32/3�0) and in 2a (000), but only the first
2b interstices are filled by carbon atoms along with the 2a ones
but with a much smaller occupancy. It is interesting to note that
the filled 2b cavities are considerably compressed compared to
those in the parent compound. This suggests a strong covalent
character of the R–C bonds and accounts for the significant change
of the magnetic properties after C insertion due the modification of
the R–R interactions within the octahedral chains. Thus, this con-
firms what was previously measured by means of X-ray diffraction
and reported in Ref. [3]. In addition, the R–C interatomic distances
in Nd15Ge9C are found to be 2.56 and 2.58 Å against 2.55 Å and
2.76 Å for NdC2 and Nd2C3 respectively. The Nd–C bonding in
Nd15Ge9C can be considered as short in such Nd environment
ds, as obtained from Rietveld refinement of the neutron diffraction data (k = 1.911 Å).

Nd15Ge9C

y z x y z

0.3427(5) 0 0.0170(2) 0.3418(5) 0
2� 0.726(3) 0.4129(7) 2� 0.725(5)
2� 0.271(4) 0.2541(6) 2� 0.274(5)
2� 0.716(3) 0.0789(7) 2� 0.723(5)
2� 0.271(3) 0.1331(6) 2� 0.269(4)
2� 0.259(3) 0.4677(5) 2� 0.259(4)
2� 0.711(3) 0.2001(6) 2� 0.709(4)
2/3 0.503(6) 1/3 2/3 0.500(6)
0 0.498(6) 0 0 0.51(1)

84% 0.29(1) 87%
33% 0.10(2) 30%

15.1222(3)
6.7028(2)
8.7



Fig. 1. Crystal structure of a R15Ge9C compound viewed along the [001] direction.
Rare earth atoms, germanium atoms and carbon atoms are depicted in blue, red and
light grey (2b and 2a sites), respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Rietveld refinement plot of Nd15Ge9C compound at 2 K.
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and particularly strong. However shorter Nd–C bound of 2.49 Å
may be observed in different environment as in Nd2Fe17C0.7 [6,7].

3.2. Magnetic structure

3.2.1. Nd15Ge9C
According to magnetization measurements Nd15Ge9C under-

goes a ferromagnetic-like transition around TC = 80 K [3]. Thus, to
clarify the magnetic behavior of the Nd carbide, neutron diffraction
patterns were recorded at 40, 20 and 2 K. Below the Curie temper-
ature only existing Bragg peaks increase which is consistent with
the ferromagnetic character of the carbide. These magnetic contri-
butions indexed with the propagation vector k = [000] imply that
the magnetic structure can be described within the nuclear cell.
Fig. 3. Magnetic structure of Nd15Ge9C: view
Symmetry analysis using magnetic group theory by means of BAS-
IREPS program [9] was used to determine the magnetic structure.
Considering the four inequivalent Nd sites, one in 12d and three
in 6c Wyckoff positions, the space group P63mc and the propaga-
tion vector k = [000], the analysis gives 6 allowed irreducible
representations for both sites. Among the 6 irreducible representa-
tions (IR), five describe pure antiferromagnetic structures and only
one contains basis vectors describing a mixed structure with a fer-
romagnetic component along the c-axis and an antiferromagnetic
one within the (a–b) plane. Consequently, we choose this last IR
solution to determine the magnetic structure of Nd15Ge9C, in
accordance with its magnetic properties. Using this model we
obtain a good refinement of the neutron data at 2 K. The final
refinement and the corresponding magnetic structure are shown
in Figs. 2 and 3 respectively. This magnetic structure can be seen
as a canted ferromagnetic type structure with a main ferromag-
netic component along the c-axis. The antiferromagnetic compo-
nent corresponds to an arrangement of the moments at 120�
from each other within the hexagonal basal plane for each Nd site.
The details of this magnetic structure are given in Table 2. Note
that the low accuracy of the values arises from the large number
of refined parameters with respect to the low magnetic contribu-
tion to the total scattering.

It is worth mentioning that Nd1 and Nd4 almost have a pure fer-
romagnetic configuration (h1 = 10(3)� and h4 = 6(7)�) while Nd2 and
Nd3, close to the C1 carbon atom, are more canted since h2 = 30(8)�
and h3 = 45(5)�. This indicates a very low antiferromagnetic cou-
pling of the Nd1 and Nd4 moments within the basal plane and a
stronger one for the Nd2 and Nd3 moments. The average Nd
moment is found equal to 2.2 lB but the value for Nd3 (3.0 lB) is
significantly larger than those for Nd1, Nd2 and Nd3 which are close
to 2 lB/Nd. The mean magnetic moment is weaker than the free ion
value gJ = 3.27 but higher than the value determined for the parent
compound Nd5Ge3 by means of neutron diffraction experiment,
namely 1.36 lB from Ref. [10] or 0.66 lB from Ref. [11]. These re-
duced moments may reasonably be ascribed to crystal electric field
effects as it was assumed for the parent compound Nd5Ge3.

With increasing temperature, the model using the chosen IR is
still valid to refine the neutron data, providing the evolution of
the magnetic moment on each site (Fig. 4). In particular, although
the limited number of temperatures, we observe that the moment
on Nd1 increases and saturates rapidly below TC. The different
thermal behavior for Nd2, Nd3 and Nd4 can be ascribed to different
structural environments around these atoms which belong to octa-
hedrons chains unlike Nd1.

The magnetic structure of Nd15Ge9C presents strong similarities
with its isotypic homologous Ho15Si9C [12]. Notably, the neutron
diffraction data disclose similar magnetic couplings of the four dif-
ferent rare earth sites with respect to the c-axis and the (a–b)
plane. The temperature dependence of the Nd1 moment, which
saturates rapidly compared to the 3 other Nd atoms, was also
previously mentioned for Ho1.
along c-axis (left) and 3D view (right).



Table 2
Magnetic structure parameters of the R15Ge9C carbides obtained from Rietveld refinement of the neutron diffraction data at 2 K (k = 1.911 Å). ltot, lF (lAF) and h are the total
magnetic moment, the ferromagnetic (antiferromagnetic) component of the moment and the canting angle relative to the c-axis, respectively.

Ce15Ge9C Pr15Ge9C Nd15Ge9C

ltot (lB) h (�) lAF (lB) lF (lB) h (�) ltot (lB) lF (lB) h (�)

R1 (12d) 1.10(7) 97(5) 1.13(8) 1.72(5) 118(5) 2.10(5) 2.07(4) 10(3)
R2 (6c) 0.7(2) 50(20) 0.4(1) 1.4(2) 76(21) 2.0(4) 1.7(3) 30(8)
R3 (6c) 0.7(2) 36(20) 0.7(1) 1.5(3) 120(10) 3.0(3) 2.2(3) 45(3)
R4 (6c) 0.8(2) 36(12) 1.9(1) 1.1(2) �64(4) 1.9(5) 1.9(5) 6(7)
a (Å) 15.3139(3) 15.2015(3) 15.1081(3)
c (Å) 6.7616(2) 6.7450(2) 6.7053(2)
RB-nuc (%) 6.3 6.7 6.9
RB-mag (%) 12.5 13.2 8.5
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Fig. 5. Rietveld refinement plots of the Pr15Ge9C and Ce15Ge9C compounds at 2 K.
For the Ce carbide the nuclear and magnetic contributions of the Ce4Ge3 impurity is
added.
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3.2.2. Pr15Ge9C and Ce15Ge9C
Magnetic structures of Pr15Ge9C and Ce15Ge9C were determined

at low temperature. Magnetization measurements have shown
that both carbides exhibit a ferromagnetic type transition at 30 K
and 9 K for Pr15Ge9C and Ce15Ge9C, respectively. The neutron dif-
fraction patterns at 2 K are shown in Fig. 5; they present many sim-
ilarities with that of the Nd carbide. In particular, the magnetic
contributions are again indexed with the propagation vector
k = [000], allowing us to make use of the same magnetic symmetry
analysis as for Nd15Ge9C. Therefore, in agreement with their mag-
netic properties, we chose the same IR as for the Nd carbide to
determine their magnetic structures.

This model accounts well for the magnetic contributions of the
Ce compound. The refinement was performed on the difference
pattern ‘‘2 K–15 K’’ to increase the sensitivity to the weak magnetic
contribution. Besides, the magnetic moment values of Ce2 and Ce3
were constrained to be equal to help the convergence of the fit. The
result is reported in Fig. 5 on the whole pattern at 2 K and the
parameters summarized in Table 2. Note that the nuclear and mag-
netic contributions of the impurity Ce4Ge3 has been included in the
refinement. The magnetic structure of the binary compound has
been solved and referred in Ref. [13]. It corresponds to a commen-
surate antiferromagnetic structure with Ce spins directed up and
down along the c-axis. For the carbide Ce15Ge9C, the determination
of the magnetic structure is hampered by the low values of the Ce
moments. However, the small mean value of 0.9 lB/Ce is consistent
with the magnetization data M(H) performed at 2 K which also
indicate a non-pure ferromagnetic ground state. Besides, these
low values with respect to the free ion Ce3+ value strongly support
the Kondo behavior stated previously from resistivity and specific
heat data [3]. Such values were also found for the parent Kondo
compound Ce5Ge3 [14]. However, if this study is in fair agreement
with the previous physical investigations, it cannot provide expla-
nations about the transition around 4 K clearly visible on the heat
capacity curve and assigned to re-orientation of magnetic
moments.

Concerning Pr15Ge9C, the model of magnetic structure used
previously for the Nd and the Ce isotypes do not correctly fit the
neutron data. Indeed, the best refinement obtained with this irre-
ducible representation (RB-mag = 18.5%) exhibits many discrepan-
cies between the observed and the calculated intensities, in
particular on the reflections (112), (220) and (221). Moreover,
all the other allowed IR, with antiferromagnetic couplings only,
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were tested and did not yield a better fit of the measured intensi-
ties. We assume that this incorrect fit cannot arise from the impu-
rity Pr5Ge3 since no magnetic reflection is observed in neutron data
down to 2 K in zero magnetic field [11]. On the other hand, we ob-
tain a much better fit of the data if we include the ferromagnetic
component within the (a–b) plane. However, its direction remains
undetermined due to the equivalence of the reflections in powder
diffraction. Eventually, the best fit of the neutron data is obtained
by including this ferromagnetic component into the basal plane
and an antiferromagnetic one given by the symmetry analysis.
The refined parameters of the fit are detailed in Table 2. Again,
the low accuracy arises from the weak magnetic moment values.

This result points out a conflict with the symmetry analysis giv-
ing no IR with a ferromagnetic contribution within the basal plane.
This is usually observed if the symmetry is actually lower than the
apparent one, which may occur in case of a slight distortion of the
unit cell breaking the hexagonal symmetry for example. But we
cannot know whether there are two separated phases into the
sample, each one having its own magnetic structure or only one
phase with a lower symmetry. In order to check carefully the sym-
metry of the phase(s) it would be useful to perform electron
microscopy and/or synchrotron measurements on the Pr15Ge9C
sample.

It is interesting to notice that the same problem was also evi-
denced for the Tb15Si9C carbide [12]. The synchrotron data [12]
indicated a structural change via the broadening or the splitting
of some peaks and the authors supposed the coexistence of an anti-
ferromagnetic hexagonal phase and a ferromagnetic phase with a
lower symmetry. Some magnetization measurements on Pr15Ge9C
single crystals would also be helpful to clarify the magnetocrystal-
line anisotropy.

It is worth to note that a ferromagnetic correlations within the
hexagonal plane of the parent compound Pr5Ge3 was also reported
on single crystal magnetization measurements, although a ferro-
magnetic transition along the c-axis at lower temperature [15].
The (a–b) plane was found to be the easy magnetization plane.

Finally, a comparison of the ordering temperature for the three
studied R15Ge9C compounds reveals that the TC varies linearly with
the de Gennes factor of the rare-earth (Fig. 6). This result confirms
the importance of RKKY interactions and bears witness to the triva-
lent character of Ce in this R15Ge9C compound since it behaves
similarly to the Pr and Nd isotypic phases.
4. Conclusion

The interstitial carbon atoms occupy mainly the Wyckoff site 2b
in the position (1/32/3�1/2) and also, with a smaller occupancy
rate, the Wyckoff site 2a at (00�1/2) for R = Ce and Pr. The reduc-
tion of the filled cavity dimension suggests an increase of the cova-
lent character of the R–C bonds.

In the magnetic state, the three compounds display canted
ferromagnetic structures with a propagation vector k = [000].

The magnetic structures of these R15Ge9C compounds strongly
differ from those of their parent R5Ge3 germanides (being these
mainly antiferromagnetic), but present strong similarities with
those of R15Si9C compounds [12]; the overall results indicating
the drastic influence of insertion of carbon atoms in the rare earth
environment via the R octahedral distortion and R–C bonding
which modifies strongly the RKKY interactions. Therefore, ordering
temperatures, magnetic moment values and magnetic structures
are changed by carbon insertion.

Further search on the Pr15Ge9C compound, as magnetization
measurements performed on single crystal or supplemental data
from synchrotron, would be useful to clarify the magnetic struc-
ture of this compound.
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