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We report the synthesis of the new compounds Ry5SigC with R=Sm, Gd-Er, Y and R15GegC with R=Ce,
Pr and Nd. These compounds crystallize in the hexagonal La;sGegFe structure type (hP50, P63mc, Z=2)
which is an ordered superstructure of LasGes (MnsSis-type, hP16, P63/mcm, Z=2). The superstructure is
absent in a single-phase RsGe3Co 33 alloy with R=Sm and Gd. The addition of interstitial carbon modifies
the magnetic properties significantly as regards the magnetic transition temperature and the nature of
the magnetic ordering. Carbon doping induces mostly a ferromagnetic or ferrimagnetic configuration. The
preponderance of ferromagnetic interactions in the superstructure compounds, with respect to the parent
phases, can tentatively be attributed to a change in the sign of the RKKY interactions. The dense Kondo
lattice state of Ce in ferrimagnetic CesGes is preserved in Ce15GegC. Large coercive fields (~4-5 kOe) at low
temperatures are observed in most compounds, which exceed ~50 kOe in the two Sm based compound.
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1. Introduction

Most of the R5 X5 intermetallics with R=rare earth and X=Ga, Si,
Ge, Sn and Sb, crystallize in the hexagonal MnsSis3-type structure
(hP16-P63/mcm, space group No. 193) [1]. In this structure proto-
type the R atoms occupy the two inequivalent 4d and 6g crystal
sites, i.e. the special positions (1/3, 2/3, 0) and (xR, 0, Y4), respec-
tively, while the X atoms occupy the 6 g site (xyx, 0, %4). The R atoms
in 6g form chains of confacial trigonal antiprisms (octahedra), while
the X atoms bridge all edges of the shared faces. A summary of
the magnetic properties reported in literature for most of the RsX3
phases, with X=Si and Ge, is given into a next paragraph. A vari-
ety of elements can be alloyed interstitially in the centers of the
antiprisms to produce stuffed versions of the same structure type.
The alloying of carbon and of boron, for example, with some R5X3
compounds, resulted in the formation of interstitial compounds
ErsSi3Cx, GdsSi3Cx, HosSi3Cx, Nd5Ge3By and DysGesBy for various
values of x [2-4]. A new superstructure derived from the MnsSis-
type LasGes by the insertion of one interstitial atom Z per three
Mn;Sis-type cells (@' = ./3a, ¢’ = c) has been found to exist in a series
of La-compounds with the stoichiometry La;5GegZ (Z=C, Mn, Fe,
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Co, Ni, Cu, Ru, O and P) [5]. We report in the present work that the
superstructure formation with C extends to Ry5SigC with R=Sm,
Gd, Tb, Dy, Ho, Er and Y. In the case of Ge compounds the super-
structure Ry5GegC forms for R = Ce, Pr and Nd, but not for R=Sm and
Gd; for these two rare earths only formation of R5X3Cq 33 stuffed
phases has been observed. Preliminary results on the existence and
on the magnetic behavior of the two families have already been
anticipated [6]; here we report on their magnetic and some physical
properties, too. Significant modifications of the magnetic proper-
ties of the parent RsSiz and RsGes take place with the addition of
interstitial carbon.

2. Experimental details

The samples were prepared by arc melting, in an inert atmosphere of
argon, weighed amounts of rare earths (99.9 wt.% purity), germanium or silicon
(99.999 wt.% purity) and carbon (6 mm-diameter rod, spectroscopic grade). A typical
procedure consisted in melting the R metal with C first, forming the corresponding
carbide, and then melting together the preformed carbide with germanium or sil-
icon. The samples were turned upside-down and re-melted at least three times in
order to ensure complete carbon dissolution and homogenization. An alternative
method of reacting carbon with preformed RsGes proved to be unsuccessful as it
resulted in both carbon and total weight losses. The as-cast alloys, placed inside
open out-gassed Ta crucibles and sealed under vacuum into quartz ampoules, were
annealed at 1000 °C for 14-21 days, followed by a fast air-cooling. The compounds
were characterized by X-ray powder diffraction, using a Guinier camera, with pure Si
as internal standard (a=5.4308 A) and Cu Ko radiation. Rietveld refinements were
performed on all the phases to confirm the single-phase state, by means of the Full-
Prof program [7] on patterns collected on a Bragg-Brentano Panalytical instrument,
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Fig. 1. The X-ray powder patterns of Y;5SigC and Ce;5GegC, taken as representative
examples of the 15:9:1 silicides and germanides, respectively.

with Cu Ka radiation. Single crystals were mounted on a Bruker-Nonius MACH3
diffractometer with graphite monochromated Mo Ka radiation (see supplementary
material for details of data collection conditions). The computer programs SHELXS-
97 [8] and SHELXL-97 [9] were employed for single crystal structure solutions and
refinements. Crystal calculations were performed with the Bond_Str program, part
of the Fullprof suite. Structure drawings were made with the DrawXtl program [10].
Micrographic analysis by optical and electron microscopy (SEM) was also performed
on portions of the samples. Magnetization was measured using SQUID and VSM mag-
netometers while resistivity, magnetoresistivity and heat capacity were recorded on
PPMS (Quantum Design).

3. Results and discussion
3.1. Crystallographic properties

The alloys were all single, or nearly single, phase. La, Ce and
Pr samples of Ri5GegC contained only a few % of extra phases,
mainly the binary compound R4Ges (anti-Th3P4 type); no trace of
secondary phases were found for R=Nd, Sm and Gd among the
germanides and for all the Ry5SigC compounds. Indexing of the
reflections in the powder patterns was carried out by comparing
the observed intensities with those calculated by the Lazy-Pulverix
program [11] on the basis of the atomic positions reported for
the known LajsGegFe-type single crystal data [5]. Fig. 1 shows
the Bragg-Brentano X-ray diffractograms of Y15SigC and Ce;5GegC
phases. In both patterns the low-intensity superstructure reflec-
tions, absent in the parent binary phase, are unambiguously visible
(highlighted with an asterisk). The Guinier pattern of the Sm and Gd
stuffed germanides, when compared with the parent compounds
[2] were only slightly shifted to the left (due to a volume expansion
of 1.2% and of 0.2% respectively), and no superstructure reflections
were detectable. Therefore we here refer to them as SmsGe3Cq 33
and GdsGesCop 33. However, as reported in the magnetic properties

section, it should be noted that the stuffed Sm germanide, if com-
pared to the parent compound, behaves in a significantly different
way and orders ferromagnetically, as the R15GegC phases do, while
the behavior of the Gd germanide is strictly related to that of the
host compound.

Presumably, the heavier rare earths (from Tb onwards) form as
well the partially stuffed RsGe3Cq 33 (or RsGe3Cy). The radii ratio
rr/rx is found to be >1.33 in all the R15XgC compounds and the
geometric factor might be related to the superstructure formation,
in analogy with the formation of the MnsSiz-type Rs X3 compounds.
In fact the two structures are strictly related and formed by layers
containing both metals and non-metals [2]. The elements La to Nd
do not form partially stuffed silicides because they form different
binary Cr5Bs;-type parent phases, rather than MnsSis-type (only Nd
has been reported to shift to the MnsSisz structure type in the fully
stuffed NdsSi3C compound [2]). The lattice parameters of Ry5XgC,
listed in Table 1, follow a decreasing linear trend, like expected from
the lanthanide contraction. The formation volume-contraction AV
is slightly higher for the silicides (11% av.) than for the germanides
(7.2% av.). The appearance of the superstructure, due to the ordered
carboninsertionin the 5:3 frame, implies a small volume expansion
(AVp, 1.1% av.) of the starting host phases.

The La;5GegC structure type was confirmed from the results of
the single crystal analysis for Nd;5GegC: in this compound, the car-
bon position was unambiguously localized (see atomic coordinates
in Table 2) from the difference Fourier map, after anisotropic refine-
ment of Nd and Ge atoms. The complete structural model converged
to acceptable agreement indexes (WR2=0.073, R1=0.036), and at
the end of the refinement procedure, the peaks of residual elec-
tron density were found in correspondence of neodymium atoms
only (1),

The result obtained for the Nd compound was thus extended to
all other 15:9:1 phases and Rietveld refinements were performed
using the La;5GegFe atomic positions as starting point. R and X posi-
tions were refined first, while carbon was included only in the last
stage, fixed in the calculated cavity center around (1/3 2/3 ~0.5). A
global thermal parameter was refined for the Sm and Er silicides; in
all other compounds, isotropic displacement parameters could be
refined as independent values for groups of atomic species. Due to
the low atomic number of carbon, X-ray powder data did not allow
to exclude that C is also partly accommodated into other available
cavities (2),

The 5:3 structure and the 15:9:1 superstructure are strictly
related, the volume of the 15:9:1 supercell being three times larger
than that of the 5:3 parent cell. The relationship between the two
unit cells is depicted in the [0 0 1] projection of Fig. 2. The supercell
arises as a result of regular small atomic shifts in the parent struc-
ture that accompany the ordered insertion of interstitial atoms.
While the R atoms occupy the two in-equivalent 4d and 6g sites in
R5X3 unit cell (hP16, P63/mcm), four symmetry in-equivalent rare-
earth sites are needed to describe the Ry;5XgC unit cell (one 12d
and three 6¢ Wyckoff positions, hP50, P63mc), as drawn in Fig. 2.
The MnsSis-type unit cell possesses 2 octahedral rare-earth cavi-
ties, i.e.: one cavity per unit formula, in which small atomic species
can be accommodated. While in the stuffed R5X3Cx compounds the
C atoms randomly occupy both the available 2b octahedral cavities
formed by the 6g R atoms, up to the maximum extent (x=1) [2], in
the triple cell of the stoichiometric R15XgC, only one third of all the

1 Single crystal intensity data were also collected for Dy;5SigC and Er;5SigC: in
these compounds, however, probably due to absorption problems combined with
the low diffraction power of carbon, some doubts still remain whether the C atoms
only fill the 2b cavity at (1/3 2/3 ~0.5), or if they also partially enter the two other
available cavities (2b at 1/3 2/3 ~0; 2a at 0 0 ~0).

2 Atomic coordinates are deposited as supplemental data file.
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Table 1

Lattice parameter values, a and c (as obtained by Guinier powder patterns), unit cell volume Vy, and the resulting formation volume-contraction, AVy, for the Ry5SigC (R=Sm,
Gd, Tb, Dy, Ho, Er, Y) and R15GegC (R=La, Ce, Pr, Nd) compounds (La;5GegFe-type, hP50, P63mc, Z=2). AVp is the volume expansion due to the C addition, with respect to the

parent phase.

Compound a(A) c(A) Vy (A3) AVE (%) AV, (%)
SMysSioC 14.845(1) 6.561(1) 1252.2(4) 8.3 1.03
Gd15SioC 14.725(2) 6.435(2) 1208.3(7) 11.9 027
Tb15SigC 14.629(1) 6.418(1) 1189.5(3) 114 2.26
Dy155ioC 14.537(1) 6.348(1) 1161.7(3) 122 115
Ho15SieC 14.459(1) 6.325(1) 1145.1(3) 12.7 1.39
Ery5SigC 14.410(2) 6.285(1) 1130.2(5) 12.9 1.77
Y15SioC 14.573(1) 6.404(1) 1177.8(3) 142 118
LaysGeoC? 15.467(1) 6.880(1) 1425.4(4) 79 ~0.74
CesGeoC 15.336(2) 6.791(1) 1383.2(6) 538 1.38
PrisGegC 15.242(2) 6.764(2) 1360.8(8) 6.9 1.79
Nd;5GeoC 15.129(2) 6.713(1) 1330.6(6) 8.3 1.59
SmsGesCoss 8.655(1) 6.574(1) 4265(2) 8.8 1.17
GdsGesCos 8.5547(7) 6.4681(7) 409.9(1) 122 023

2 Data from reference [5].

six available cavities per unit cell is occupied, as indicated by the
stoichiometric formula, but the insertion takes place in an ordered
fashion. The overall six cavities in the enlarged unit cell are formed
by R2(6¢)-R3(6¢) and R4(6c)-R4(6¢) atoms, but the two occupied,
as in the La;5GegFe prototype, are those formed by the R2 and R3
atoms only, as depicted in the lower part of Fig. 2 (projection along
the [110] direction).

The shortest R-R distances (12d-12d) are reported in Table 3
for each 15:9:1 compound, alongside with the shortest R-R dis-
tance (4d-4d) in the parent 5:3 phase. In both structures these
atoms form long chains along the c axis, and the interaction has
a covalent character, as suggested by the radii of the 12d rare-earth
atoms, comparable with their covalent values. The structure change
induced by the ordered insertion of carbon causes an increase
in these R-R distances (2% av. for 12d-12d, Ad=0.04-0.09A).
Table 3 also reports the octahedral cavity radii rc,y, calculated as
Tcav = dr_c — IR Where dg_c is the R-C distance at the cavity cen-
ter and ry is the rare earth atomic radius (CN12, [12]). The cavity
radii range from 0.84 A (for Ce15GeqgC) to 0.66 A (for Dy;5SigC). They
clearly follow the rare-earth dimensions trend and are distributed
around the value of 0.77 A (carbon covalent radius, smaller than the
corresponding CN12 atomic radius of 0.91 A [12]). In ref. [5] it has
clearly been underlined that in the La;5GegZ family of compounds
the La2-La3 antiprisms give rise to a ‘Peierls-like’ distortion, being
alternately longer and shorter if empty or filled. In agreement with
this remark, in all the R15XgC phases, the filled R2-R3 cavities turn
out to be considerably compressed if compared to the correspond-
ing RsX3C filled antiprisms. The 15:9:1 cavity radii are shown in
Table 3, in comparison with those of the 5:3:1 values; on aver-
age, they are smaller by 14%: the silicide cavities are smaller by
16.5% av. (with peak contractions of 20% for Gd and Dy), while
the germanide ones get smaller by 8% av., the dimensions in the
Ce compound being thereby the less affected by the superstruc-
ture formation (—4%). The reduction of the cavity dimension in the
R15X9C compounds suggests an increase of the covalent character

Table 2

of the six R-C bonds (either R2-C or R3-C); this reminds, in anal-
ogy with what has been concluded for other rare-earth carbides
(like GdCy, x~0.33, [13]), that the increased overlap that occurs
between 2p-C and 4f-R orbitals, determines an increase in the
interaction between the cavity-forming R2-R3 atoms. This factor,
together with the symmetry change in passing from the 5:3 to the
15:9:1 structure, likely contributes to the ultimate dramatic change
of the magnetic properties discussed in the following paragraph.

3.2. Magnetic properties

3.2.1. Summary of magnetism of the RsX3 phases

We first briefly summarize the magnetic behavior of the par-
ent RsGe3 and R5Si3; compounds, in order to compare the changes
induced by the interstitial addition of carbon. Despite their sim-
ple formula these compounds present rather complicated magnetic
structures, associated with one or both the R sublattices. The
magnetic properties of RsGe3 compounds were first reported by
Buschow and Fast [14]; antiferromagnetic ordering at 12 and 48 K
was seen in PrsGes and GdsGes respectively, while NdsGes was
inferred to be ferrimagnetic below 45 K. Subsequently, while the
type of magnetic ordering was confirmed for GdsGes (but with a
Tn=80K[15]),aneutrondiffraction study on NdsGes showed thatit
orders antiferromagnetically at 52 K, with a collinear double-sheet
structure for the Nd ions at the 6g site and a canted structure for the
ions at the 4d site [16]. Studies on Ce;Ges have revealed thatitis a
dense Kondo lattice exhibiting a complex magnetic structure with
spontaneous magnetization below 6.4K [17]. Magnetization data
on a single crystal of GdsGes have shown a cusp at 76 K followed
by a shoulder at 52 K, indicating two antiferromagnetic transitions
[18]. Conical magnetic ordering in Tb5Sis3 [19], Dys5Si3 [20], collinear
for ErsSis [21], flat spiral for TbsGes [22] have been reported. More
recently, a complex sine-modulated type of magnetic ordering has
been shown for HosSi3; and HosGes, both presenting on cooling
two subsequent antiferromagnetic orderings [23], while a sine-

Fractional atomic coordinates and anisotropic displacement parameters for Nd;5GeoC, La;5GeoC type, hexagonal, hP50-P63mc, Z=2, as obtained from single crystal X-ray

analysis. Agreement indexes: wR2=0.073, R1=0.036, Goodness of fit GoF=0.842.

Atom Wyckoff site X y z Ueq [A?]
Nd1 12d 01681(6) 34169(8) 0 0114(2)
Nd2 6c 41259(8) 2 7355(7) 0112(4)
Nd3 6c 25436(8) 2x 2830(7) .0077(4)
Nd4 6c 07930(8) 2x 7360(8) 0147(4)
Gel 6¢ 1331(2) 2x 273(1) 0127(10)
Ge2 6c 4669(2) 2x 262(1) 0113(8)
Ge3 6c .1991(2) 2x 717(1) .0100(9)
c 2b 1/3 2/3 512(9) .007(5)
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Table 3

Shortest R-R interatomic distances [A] in the Ry5XoC (12d-12d) and in the parent RsXs compounds (4d-4d), cavity radii [A] and Rietveld refinement agreement indexes, Rg,

Rr, Rwp and R;, [%].

Compound R15XoCR-R RsX3 R-R 3] TCav. 15:9:1 Icav. 5:3:1 12 Rg R Rwp Rp

Smy5SioC 3.308(3) 3.24(1) 0.736(10) 0.845(10) 6.41 501 574 414
Gd15SisC 3.244(1) 3.19(1) 0.671(5) 0.835(10) 230 185 347 2.62
Ths5SioC 3.2283(6) 3.15(1) 0.699(10) 0.815(10) 6.26 524 525 352
Dy15SigC 3.1899(5) 3.14(1) 0.661(7) 0.825(10) 4.09 2.48 3.69 272
Hoy5SigC 3.1796(6) 3.12(1) 0.684(6) 0.820(10) 6.04 3.90 5.78 417
Er15SigC 3.1493(6) 3.11(1) 0.707(6) 0.815(10) 4,60 278 6.02 427
Y155iC 3.2145(5) 3.16(1) 0.677(5) 0.830(10) 476 453 5.44 405
CersGeoC 3.4224(7) 3.36(1) 0.839(6) 0.870(10) 533 324 5.59 3.94
Pr1sGegC 3.413(1) 3.33(1) 0.798(8) 0.870(10) 8.00 540 7.94 463
Nd;5GeoC 3.3883(7) 3.30(1) 0.764(12) 0.865(10) 4.04 2.79 7.63 479

2 Data from reference [2].

modulated collinear antiferromagnetic structure has been found
in Er;Ges [24]. It may be noted that overall the magnetic interac-
tions in both RsSiz and R5Ge; compounds are antiferromagnetic.
The crystal electric fields at the two in-equivalent rare earth sites
are different giving rise to anisotropy directions which are perpen-
dicular to each other in some of these compounds.

3.2.2. Magnetic properties of the R;5X9C compounds

At 300K, all the Ry5XgC compounds studied in the present work
are paramagnetic. At high temperatures, the inverse susceptibil-
ity of nearly all the compounds shows a Curie Weiss behavior,
except Pri5GegC, Smq5SigC and Sm5Ge3Cop 33. Some representative
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cavities are connected also inter-plane (white lines), to highlight the filled octa-
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Fig. 3. The Curie-Weiss variation of the inverse susceptibility, ', of Ery5SisC,
Tb15SigC and GdsGesCp33. The inset shows the data for Ce15GegC and Nd;5GegC.

plots are shown in Fig. 3. The paramagnetic Curie temperatures, 6p,
obtained by fitting the Curie-Weiss expression x=Ccw/(T—0p) to
the susceptibility data are positive, except in Ce15GegC, indicating
prima facie a ferromagnetic exchange interaction between the rare
earth ions. The effective paramagnetic moments are close to the
free ion values (see Table 4), slight deviations being attributed to
conduction electron polarization and or stoichiometry of the sam-
ple, save for Ce;5GegC, where it is appreciably larger. The negative
0p in Ce15GegC may arise from a single ion Kondo exchange inter-
action as discussed later. The magnetic susceptibility of La;5GegC
and Yq5SigC was measured between 1.8 and 300K and they show
typical Pauli paramagnetic behavior with x4,k ~ 104 emu/g atom.

3.2.2.1. Ry5SigCcompounds. The magnetization behavior of Ry5SigC
(R=Sm, Gd, Tb, Dy, Ho and Er), which form in the ordered ternary
structure, is consistent with a ferromagnetic ground state in the
silicides. The hysteresis loops for R=Tb, Dy and Ho at 4.5K, for
example, are shown in Fig. 4. The initial rapid build-up of the mag-
netization followed by saturation at higher fields, the observation

Table 4
The effective paramagnetic moment per rare earth ion, pLeg/R-ion, paramagnetic
Curie temperature 6}, of Ry5SigC and Ry5GegC compounds.

Compound Meefr/R-ion [pg] Op [K]

Gd;5SigC 8.4 168.6
Tb15SigC 9.5 127.0
Dyi5SisC 11.0 69.9
Ho45SigC 10.7 36.6
Ery5SigC 9.8 232
Ceq15GegC 3.84 -108.2
Nd;5GegC 3.65 59.8
Gd5GEgC033 84 99.2
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of a remanent magnetization and coercivity are characteristic sig-
natures of the ferromagnetic ground state in these compounds.
The saturation magnetization is less than the free ion value due
to the effect of crystal electric fields. The coercive fields at 4.5K
are 1.5, 2.5 and 1.8 kOe for Tb, Dy and Ho compounds, respectively.
The low field (50-100Oe) ZFC and FC plots of magnetization are
shown in the inset of Fig. 5 and in Fig. 6. The Curie temperature
(inferred approximately from the sharp upturn of magnetization)
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Fig. 7. The hysteresis loops of Sm;5SigC at 1.8, 20, 60 and 100 K. The inset shows the
FC magnetization, M/H, below 150K in a field of 50 Oe.

is the highest in Gd;5SigC and decreases with the increase in the
atomic number of the rare earth (Fig. 5), which is qualitatively in
accordance with the de Gennes scaling behavior. The deviation of
the ZFC and FC plots from each other below T¢ arises due to the
large coercivity of these compounds. The shape of the magnetiza-
tion plots in applied field of 3 kOe (Fig. 5), when the samples were
cooled in zero field, most-likely arises due to an inter-play of the
temperature variation of coercivity and magnetization below T¢. It
appears unlikely to be due to the influence of any antiferromagnetic
correlations as the low-field FC plots do not show any signature of
antiferromagnetic transition.

Sm;5SigC orders ferromagnetically at a temperature of ~120K
(see inset of Fig. 7). The coercive field at 60 K is nearly 45 kOe, taken
as the average of the field values at which the magnetization crosses
the M =0 axis on up and down field cycles, which is large and higher
than the corresponding value for the germanide at the same tem-
perature. The magnetization at all fields at 20 and 1.8 Kis lower than
the corresponding values at 60K and shows a behavior similar to
that of a paramagnet or an antiferromagnet.

3.2.2.2. Ri5GegC compounds. The low-field magnetization of
Ce15GegC in the zero-field-cooled (ZFC) and field-cooled (FC)
modes is shown in Fig. 8. The upturn in the magnetization near
10K and its subsequent variation with temperature, as the sample
is cooled to 2K in applied field of 50 Oe, suggests a ferromagnetic
alignment of the moments in the field. The ZFC data, however,
cross the M =0 axis near 7.4 K, taking negative values at lower tem-
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Fig. 8. The magnetization, M/H (H=500e) of Ce;5GegC below 20K in ZFC and FC
modes. The inset shows the hysteresis plot at 2 K up to a maximum applied field of
70KkOe.
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Fig. 9. The magnetization, M/H (H=50 Oe) of Pr15GegC below 50K in ZFC and FC
modes. The corresponding data for Pr; Ge; below 30K is shown in the inset.

peratures. Such a behavior suggests that the Ce moments adopt a
ferrimagnetic like configuration when cooled in nominal zero field.
An antiferromagnetic or a ferrimagnetic ground state which devel-
ops a spontaneous magnetization below 6.4 K has been postulated
in the parent CesGes [17]. The hysteresis loop of CesGes at 2K
shows a coercive field of 1.2 kOe and the magnetization attains a
value of 0.9 pg/Ce ion at 145 kOe without showing any signs of sat-
uration. The coercive field of Ce15GegC at 2 K is comparable with a
magnitude of 2 kOe and the hysteresis loop indicates an additional
contribution besides the ferromagnetic-like component which is
responsible for the rapid initial rise of the magnetization with field.
This may either arise due to the complex nature of the magnetic
ordering involving Ce ions at four in-equivalent symmetry sites or
alternatively some Ce ions may be in a Kondo/mixed valence state
depending upon the degree of hybridization of the respective 4f
orbital with the conduction electrons. In CesGes a negative 6p of
30.9 K was obtained from the magnetization data and the magnetic
part of the resistivity, p4¢, showed two regions of —In T dependence
characteristic of a Kondo lattice compound [17]. We believe that a
negative value of ;, in Ce;5GegC, which in absolute magnitude is
far larger than that of Ce5Ges, has a contribution derived from the
Kondo interaction of some Ce ions in the lattice. It is likely that the
magnetic state of some Ce ions is nearly non-magnetic due to their
hybridization with the conduction electrons. The thermal variation
of the magnetic susceptibility of such Ce ions will not follow the
Curie-Weiss behavior characteristic of local moments. This might
account for a not very good linear behavior of x~! versus T at high
temperatures in Ce;5GegC (see the inset of Fig. 3) and also for
an effective paramagnetic moment larger than the free ion value
combined with a large negative 6, of 108.2 K.

Fig. 9 shows the variation of both the ZFC and FC, low-field
(50 0e) magnetization in Pry5GegC and, for the sake of compari-
son, in Pr5Ges (inset, Fig. 9). The Curie temperature, Tc, of Pri5GegC
is close to 30K as inferred from the thermal variation of the low-
field magnetization. The ZFC magnetization attains negative values
below 10K indicating a ferrimagnetic configuration similar to the
case of Cei5GegC. The magnetic response of Pr;Ges is different.
The peak near 16K in PrsGes is a signature of the antiferromag-
netic ordering of Pr ions in agreement with the previous results
[12], though a minor divergence between the ZFC and FC data
in the ordered state suggests a complex nature of antiferromag-
netic configuration which is almost generic to R5X3 (X=Ge, Si, Sn
and Sb) compounds, as mentioned above. Indeed, our recent single
crystal magnetization data on Pr5Ges reveals an antiferromagnetic
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Fig. 10. The field dependence of magnetization of Pry5GegC at 2 and 15K up to
70KkOe.

transition at 13K and a ferromagnetic-like upturn at 36 K when
the applied field is parallel to ab-plane. A single ferrimagnetic-
like transition at 13K occurs when the field is applied along the
c-axis [25]. The in-field magnetization plots of Pri5GegC at 15 and
2K are shown in Fig. 10. The sharp increase in the magnetization
of Pri5GegC at relatively low fields is in conformity with a ferro-
magnetic transition near 30 K. However, the magnetization both at
15 and 2K (1.2 pp/Pr), does not saturate up to the highest applied
field of 70 kOe. Similar to the case of Ce ions in Ce 5GegC, the site-
dependent magnetic response of four symmetry in-equivalent Pr
ions, together with the evidence for a ferrimagnetic-like transition
at lower temperature (Fig. 9), gives rise to the observed behavior
of magnetization in the Pr compound.

Fig. 11 (lower inset) shows the ac susceptibility xac of Nd15GegC
and the parent NdsGes. The two peaks in xac of Nd5Ges are in appar-
ent conformity with the results of ref. [ 14]. However, in the carbide
there is only one magnetic transition which occurs at Tc =80K. The
ferromagnetic nature of the transition is inferred from the low field
(100 Oe) ZFC and FC magnetization data below 100K (upper inset)
and from the hysteresis plot at 5K. A large coercive field (~5 kOe
at 5K) is responsible for thermomagnetic irreversibility observed
in low-field (100 Oe) magnetization of Nd;5GegC. The saturation
magnetization of 1.6 wp/Nd at 5K, which is less than the free ion
value, reflects the effect of crystal electric fields.
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Fig. 11. The hysteresis loop of Nd;5GeqgC at 5 K. The upper inset shows the magne-
tization M/H (H=100Oe) in ZFC and FC modes below 100 K. The lower inset shows
the ac susceptibility of NdsGes and Nd;5GegC below 100 K.
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Fig. 12. The magnetization, M/H (H=500e) of SmsGe3Cg33 in ZFC and FC modes
below 150K.

The FC and ZFC (50 0Oe) magnetization data (Fig. 12) provide
evidence for a ferromagnetic transition in SmsGe3Cq 33 as well, at
Tc ~ 88 K, whichis even higher than that in the Nd analog (but lower
than that of Smy5SigC). The isothermal magnetization at selected
temperatures of 60, 40, 20 and 1.8 K is shown in Fig. 13. A large
coercive field of nearly ~34 kQOe, taken as the average of the field
values at which the magnetization crosses the M =0 axis on up and
down field cycles, is observed at 60 K. The coercive field increases
to 80 kOe as the temperature is lowered at 40K. At 1.8 K the vari-
ation of the magnetization with field is surprisingly nearly linear
and mimics that of a paramagnet or an antiferromagnet. The appar-
ent lack of hysteresis at low temperatures in both Sm;5SigC and
SmsGe3Co 33 is surprising and it needs further study to understand
the observed behavior; it may arise due to the very high values of
the coercive field at low temperatures, such that the applied field
is not sufficient to induce significant rearrangement of domains in
these two compounds.

While both the transition temperatures and the nature of mag-
netic ordering change markedly in the Pr and Nd analogs and
in SmsGe3Cp 33, GdsGe3zCy33 (in which the carbon occupation is
random) remains antiferromagnetic as in GdsGe3 with a slight
enhancement of Ty to 83 K (Fig. 14). Incidentally, the paramagnetic
Curie temperaure 0, of GdsGe3Co 33 is positive but the compound
does not order ferromagnetically. Similar instances have also been
recorded earlier in R5sGe4 [26] and GdsTs (T=Si, Ge and Sn) [27],
DysSis [20], TbsSns3 [28] and R5Sbs [29], to quote a few examples.
They have been attributed to the presence of both ferro and anti-
ferromagnetic interactions in these compounds. A metamagnetic
transition is observed in the isothermal magnetization at 1.6 and
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Fig. 13. The hysteresis loops of Sms;Ge3Co 33 at 1.8, 20, 40 and 60 K up to 120 kOe.
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Fig. 14. The field dependence of magnetization of GdsGe3Co 33 up to 120kOe at 1.6,
30 and 90K. The inset shows the low field (H=500e) magnetization M/H below
150K.

30K at 24 and 13 kOe, respectively. The magnetization plot at 1.6 K
shows irreversibility in a certain range of field values and attains a
value of 6.8 g /Gd ion at 120 kOe, close to the free ion value of 7 .

3.3. Electrical resistivity and heat capacity

Since the magnetic behavior of some cerium compounds arises
due to an interplay of competing RKKY indirect exchange interac-
tion and the single-ion Kondo interaction, the magnetic properties
of Cey5GegC were further explored by measuring its electri-
cal resistivity (1.6-300K) and low temperature heat capacity
(1.8-50K), together with those of the non-magnetic reference ana-
log La15GegC. The electrical resistivity of reference La;5GeqgC (inset
of Fig. 15) decreases as the sample is cooled to low tempera-
tures and thus shows expected metallic behavior arising due to
the scattering of the charge carriers from phonons. The resistivity
of Ce15GegC decreases with temperature as the sample is cooled
below 300K, goes through a broad minimum at ~25 K, and exhibits
a sharp peak at 10K. It decreases with temperature below 10K,
before exhibiting another upturn at ~4 K. The 4f contribution to
the resistivity, o4y, is usually obtained by subtracting the resistivity
of non-magnetic La analog from the isotypic magnetic compound.
But in the present case the resistivity of La;5GegC is higher than
that of the Ce compound and p4f cannot be estimated. The pres-
ence of micro cracks in the La compound could be a possible reason
for its higher resistivity. The upturn in the resistivity below 25K
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Fig. 15. The electrical resistivity of Ce;5GegC (main panel) and non-magnetic, ref-
erence compound La;5GegC (inset) between 1.7 and 300 K.
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Fig. 16. The heat capacity of Ce;5GegC and the non-magnetic, reference compound
La;sGegC between 1.7 and 20K. The 4f contribution, C4, and the corresponding
entropy, Sss, are also plotted.

in Ce15GegC can in principle be attributed to arise from the Kondo
scattering of the charge carriers and it is in conformity with the
large, negative 0 inferred from the susceptibility data. The peak at
10K correlates with the magnetic transition at ~8.5K, as inferred
from the magnetization data. At lower temperatures the resistivity
decreases due to the gradual freezing of the spin-disorder resistiv-
ity. The upturn at ~4 K may have its origin in the re-alignment of
the magnetic moments suggested by the ZFC magnetization data
(Fig. 8).

The heat capacity of Ce15GegC and La;5GegC is plotted in Fig. 16.
A fit of the expression C/T=y +BT2 to the heat capacity data in
La;5GegC below 10K gives y =54 mJ/molK? (=3.6 mJ/La-mol K?)
which is typical of non-magnetic, paramagnetic La compounds. The
4f contribution to the heat capacity, C4, obtained by subtracting the
heat capacity of La;5GegC from that of Ce15GegC, and the entropy Syf
are also plotted. The heat capacity of Ce;5GegC shows two peaks at
~8 and ~4.2K corresponding to two magnetic transitions, which
is in overall agreement with the features seen in the magnetiza-
tion and resistivity data. In the paramagnetic regime Cgy initially
decreases from the peak at ~8 K down to ~15 K and then increases
up to the highest measured temperature of 45 K (the data are shown
up to 20K only). A substantial short-range order above Tc and/or
a Schottky contribution arising from closely lying excited crystal
electric field levels can be invoked to explain the persistence of a
finite C4f to such high temperatures and the increase of C4 above
16 K. The entropy S4/Ce-mol attains a value 0f 4.2 J/Ce-mol Kat 10K
which is less than RIn2 (5.76 ]J/Ce-molK) arising from the crystal
electric field doublet ground state with effective spin s = %5. It attains
the theoretical value at 18 K much above the magnetic transition.
Since most likely there is Schottky contribution to the heat capacity
at low temperatures, S4¢ due to the magnetic order alone would be
even lower, implying indirectly the non-magnetic nature of some
Ce ions located at the four in-equivalent symmetry sites of the unit
cell. Thus both resistivity and the heat capacity data indicate the
existence of Kondo interaction in Ce;5GegC.

3.4. Overall remarks

With the exception of GdsGe3Cq 33, the addition of carbon leads
mostly to a ferromagnetic state in the ternary compounds, though
ferrimagnetic ordering is also inferred in some cases. Interestingly,
the effect of carbon addition to these compounds is similar to that
in MnsSi3 and MnsGes. The antiferromagnetic MnsSis changes to
a ferromagnet in MnsSi3Cy thin films with a T¢c of 350K at x~ 0.8,
while the Curie temperature of MnsGes is enhanced from 300K to a

maximum of 442 K in MnsGe3Cy thin films [30-32]. The enhance-
ment of ferromagnetic stability in MnsX3 compounds due to the
addition of carbon has been proposed to an increased interaction
between Mn atoms mediated by the interstitially incorporated car-
bon such that the occupation of the sp states overlapping with the d
bands is changed by Mn-C and X-C interactions leading to a spon-
taneous magnetization. In the present compounds the electronic
shells of the 4f-derived magnetic moments are well localized (apart
possibly from the Ce analog) and addition of carbon will leave the
4f states virtually unaltered unlike the 3d states in Mn compounds.
The preponderance of ferromagnetic interaction in the superstruc-
ture compounds can tentatively be attributed to a change in the
sign of the RKKY sum ZF(ZkFan), where F(x)=(xcos x — sinx)/x*,
kg is the Fermi wave vector and Ry, is the distance between the
rare earth ions located at two distinct sites n and m and the ori-
gin is taken as a rare earth site; theoretical calculations would be
helpful to corroborate this assumption.

As we have previously mentioned, the solubility of carbon in
some of the R5Si3 compounds has been investigated in the litera-
ture; ErsSis, for example, forms as single phase for compositions
up to Er5Si3Cyx (x=2) [33]. Regions of superstructure formation
separated by disordered structures were observed as a function
of x. Similarly, LasGesC is also known to exist [2]. It would be
therefore interesting to check whether the concentration of inter-
stitial carbon in R5Ge3 compounds can be increased further and to
investigate the changes brought about in the lattice symmetry and
magnetic behavior of RsX3C, (X=Si and Ge; y>0.33). We plan to
carry out such studies in future.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jallcom.2011.03.092.
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