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a b s t r a c t

Crystals of the ternary La11(MnC6)3 and new quaternary carbide La14Sn(MnC6)3 phases were grown from

La/Ni eutectic flux and their structures were determined by means of X-ray single crystal diffraction.

La11(MnC6)3 is a new superstructure variant of La3.67MnC6 (previously reported disordered subcell: P63/m;

a0¼8.806 Å; c0¼5.329 Å, Z¼2). The superstructure (R3̄; a¼O3a0¼15.2649(9) Å; c¼3c0¼16.013(1) Å, Z¼6;

R1¼0.022) is realized by complete ordering of the La chains within the columns of face-sharing carbon

octahedra, with alternating La–La distances leading to R-centering and enlargement of the unit cell. The

structure of the quaternary carbide La14Sn(MnC6)3 (P6̄; a¼8.756(1) Å; c¼10.483(2) Å, Z¼1; R1¼0.026) is

closely related to that of La11(MnC6)3 with part of the MnC6 units replaced by Sn atoms. The structure and

precise composition of La14Sn(MnC6)3 can be derived from that of La11(MnC6)3 by taking into account the

extent of this substitution and variation in lanthanum siting in the chain of carbon octahedra. Band structure

calculations indicate both phases are metallic; the La11(MnC6)3 phase is stabilized by the ordering of La atoms

which induces a pseudogap at EF.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The ternary carbides of rare-earth (RE) and transition (T) metals
RExTyCz are being extensively investigated owing to their diverse
crystal structures and physical properties such as hardness,
magnetism, and superconductivity [1]. They are also of interest
from a theoretical point of view [2]. Metal carbide compounds can
be divided into two groups according to the metal-to-carbon ratio,
(x+y)/z. Carbides with low carbon content called carbometallates
have isolated C4� specimens, while carbides with high carbon
content feature carbon pairs C2 and more rarely linear C3 units [3].

The family of isostructural carbides RE3.67TC6 (RE¼La–Nd, Sm;
T¼Fe, Ru, Mn) was first reported by Witte and Jeitschko in 1996 [4].
These phases crystallize in the hexagonal space group P63/m and
feature trigonal planar T(C2)3 groups with the transition metal
coordinated to one of the carbon atoms of the C2 units. The short
C–C distance in these units indicates the presence of a double bond. In
the structure of La3.67FeC6 electropositive La atoms form a framework
around the Fe(C2)3 anions; additional La atoms are found within a
column of face-sharing carbon octahedra formed by the terminal
carbon atoms of the C2 units. The La site within this column is partially
occupied, to allow for optimized La–La distances longer than 3.40 Å.
Recently, the structure of La3.67FeC6 was reinvestigated and a super-
structure (still in space group P63/m) with a tripled c-axis and partial
ll rights reserved.

kina),
ordering of the La atoms within the chain was reported [5]. A similar
kind of ordering was found for La3.65RuC6, which was refined as a
commensurate modulated structure [6]. The compound studied in
our work, La11(MnC6)3, crystallizes with a new and completely
ordered variant of the RE3.67TC6 structure.

The RE3.67TC6 phases are typically prepared by the traditional
method of rare-earth-transition-metal carbide synthesis—arc-melt-
ing of the starting components followed by long-term annealing.
However, several carbides can be also accessed by flux synthesis; the
fluxes used are molten metals capable of dissolving carbon, such as
lithium or sodium [7]. The recently introduced crystal growth from
La/Ni eutectic flux [8] is an efficacious synthesis technique leading to
the formation of complex intermetallics containing carbon, boron,
and transition metals such as Fe, Mn, and Ru [8,9]. Here we report on
synthesis of ternary La11(MnC6)3 and new quaternary carbide
La14Sn(MnC6)3 from La/Ni eutectic. These two compounds exhibit a
close structural relationship which is investigated by means of X-ray
single-crystal and powder diffraction methods. The formation of the
completely ordered superstructure of La11(MnC6)3 may be facilitated
by crystallization in metal flux.

2. Materials and methods

2.1. Preparation

The synthesis method used in this work is analogous to the
previously described crystal growth of La21Fe8Sn7C12 from La/Ni
eutectic flux [8]. The starting materials were stored and handled in

www.elsevier.com/locate/jssc
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Table 1
Data collection and structure refinement parameters for La11(MnC6)3 and

La14Sn(MnC6)3.a

Composition La11(MnC6)3 La14Sn(MnC6)3

Space group R3̄ (No 146) P6̄ (No 174)

Collection temperature, K 295

Cell parameters, a, Å 15.2649(9) 8.756(1)

c, Å 16.013(1) 10.483(2)

V, Å3 3231.4(3) 696.0(2)

Z 6 1

Density (calc.), g cm�3 5.89 5.83

l, mm–1 22.96 23.13

Data collection range, deg. 2 to 27.5 2 to 35

Absorption type numerical multi-scan

Reflections collected 11698 6856

Independent reflections 1641 1943

[Rint¼0.031] [Rint¼0.031]

Parameters refined 98 66

R1
b 0.020 0.026

wR2
c [Fo44rFo] 0.047 0.051

R1, wR2 (all data) 0.022, 0.047 0.026, 0.052

Largest diff. peak and hole, e/Å3 1.009 and �1.167 2.464 and �1.519

Goodness-of-fit 1.341 1.138

a Further details of the crystal structure determination may be obtained

from Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen,

Germany, on quoting the depository numbers CSD-422022 and CSD-422023 for

La11(MnC6)3 and La14Sn(MnC6)3.
b R1¼

P
||Fo|–|Fc||/

P
|Fo||.

c wR2¼[S w(Fo
2–Fc

2)2/Sw(Fo
2)2]1/2, w¼[S2(Fo

2)+(Ap)2+Bp]�1; p¼(Fo
2+2Fc

2)/3;

A¼0.0114 and B¼37.6804 for La11(MnC6)3; A¼0.0070 and B¼6.9628 for

La14Sn(MnC6)3.
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an argon-filled glove-box. Powders of lanthanum (99.9%, Alfa Aesar),
manganese (Alfa Aesar, 99.6%), carbon (95–97%, Strem Chemicals), tin
(99.9%, Fisher Chemicals), bismuth (99.9%, Strem Chemicals), antimony
(99.5%, Strem Chemicals), and ingots of La–Ni eutectic (88:12 wt %, Alfa
Aesar 99.9%) were used as-received. The reactant ratios used
are: La:Mn:M:C=2.1:0.8:0.7:1.2 mmol (M=Sn,Bi,Sb) and La:Mn:C=
1.1:0.3:1.8 mmol (total masses 0.43 g and 0.20 g, respectively). These
reactants were sandwiched between layers of La/Ni eutectic (�1.4 g)
in an alumina crucible (ID 6 mm), with a second alumina crucible filled
with Fiberfrax and inverted above the reaction crucible to act as a filter
during centrifugation. The alumina crucibles were placed into a silica
tube, which was fused under vacuum of 10�2 Torr; the ampoule was
then heated to 950 1C in 3 h, held at this temperature for 12 h, and then
cooled to 850 1C in 10 h. The reaction mixtures were subsequently
annealed for 48 h at 850 1C and then cooled to 600 1C in 84 h. At 600 1C
the ampoule was removed from the furnace, quickly inverted, and
placed into a centrifuge to decant the molten flux. To separate the
crystals from residual La—Ni coating, samples were briefly left in air to
preferentially oxidize the La-rich eutectic flux. Crystals were kept in
argon-filled glove-box or in a refrigerator under paratone oil to prevent
any further oxidation.

2.2. Elemental analysis

Semiquantitative elemental analysis was performed with
energy-dispersive X-ray spectroscopy (EDXS) on a JEOL 5900
scanning electron microscope equipped with PGT Prism energy
dispersion spectroscopy software. Crystals were oriented with a
flat face perpendicular to the beam and analyzed using a 30 kV
accelerating voltage and an accumulation time of 60 s. The carbon
content was not determined due to the limitation of EDXS with
light elements. The samples were also monitored for Ni and Al
contamination, which may stem from the flux or be leached from
the crucible, respectively. No Ni or Al was detected for the both
La11(MnC6)3 and La14SnMn3C18 phases. In addition, no Sb or Bi was
found in the crystals of La11(MnC6)3 selected from the samples with
starting compositions La21Mn8Sb7C12 or La21Mn8Bi7C12. The La/Sn
ratio in La14SnMn3C18 was found to be 14:1.

2.3. X-ray single-crystal structure determination

A crystal of La11(MnC6)3 was selected from the sample with
starting composition La:Mn:C¼11:3:18 in 1.4 g of La/Ni eutectic,
while the crystals of La14Sn(MnC6)3 were found in the reaction with
starting composition La:Mn:Sn:C¼21:8:7:12 in 1.4 g of La/Ni eutec-
tic. Crystals were mounted on glass fibers using epoxy. X-ray
diffraction data were collected at room temperature for La11(MnC6)3

and La14Sn(MnC6)3, and at 150 K for a second crystal of La14Sn(MnC6)3

on a Bruker SMART APEX2 CCD diffractometer equipped with a MoKa
X-ray tube (l¼0.71073 Å). The detector was placed at a distance of
6 cm from the crystal. Frames were collected with a o-scan with
width of 0.31. The frames were integrated with the Bruker SAINT
software package [10] using a narrow-frame integration algorithm to
a maximum 2y angle of 55–701. Data sets were corrected for
absorption effects using the empirical method (SADABS [11]). The
structures were solved by direct methods and refined by a
combination of least-squares refinement and difference Fourier
maps on 9F29 using the SHELX-97 software package [12].

In the case of La11(MnC6)3 the data set was indexed in the
R-centered trigonal unit cell with parameters a¼15.2649(9) Å and
c¼16.013(1) Å. No additional systematic extinctions, except those
corresponding to the R-lattice [hkl], �h+k+l¼3 n, were observed.
Superstructure reflections of general hkil-type, which contradict the
symmetry of the previously reported subcell (P63/m; a¼8.8035 Å;
c¼5.3346 Å), have lower intensity (I/I0r12%) compared to the
reflections which can be indexed in subcell. The centrosymmetric
space group R3̄ (No 148) was chosen for the structure solution
(Rint¼0.031). During the refinement all positions were found to be
fully occupied by one type of atom. The final refinement using
anisotropic displacement parameters for all atoms led to the compo-
sition La11(MnC6)3 with R1¼0.022.

The structure of La14Sn(MnC6)3 was solved in the P6̄ space group
(No 174) (Rint¼0.032). During the crystal structure refinement one of
the La positions was found to be split into two sites, La(3) and La(3a)
with 0.89(3)/0.11 ratio and distance of 0.31(2) Å between them. The
atomic displacement parameters (ADP) were constrained to be equal
for La(3) and La(3a) and refined anisotropically. The final refinement
using anisotropic displacement for all atoms led to the composition
La14.00(6)SnMn3C18 with R1¼0.026. The refinement with the split
positions, La(3) and La(3a), performed using the data collected at
150 K for a second crystal of La14Sn(MnC6)3 selected from the
same sample (Table S1–S3) reveals a similar (within 3 e.s.d.)
ratio of La(3)/La(3a), 0.83(4)/0.17, thus confirming the proposed
split-model.

The structure solutions were checked with the program Platon
[13] and no additional symmetry was found. The details of the data
collection and refinement are summarized in Table 1, the atomic
parameters are given in Table 2, and selected interatomic distances
are listed in Table 3.

2.4. X-ray powder diffraction

Crystals of La11(MnC6)3 were selected from the sample with
starting composition La:Mn:C¼11:3:18; after scraping off any resi-
dual flux, the crystals were ground using an agate mortar in an argon-
filled glove-box. The powdered sample was sealed in plastic tape. Data
were collected on an original setup based on a Huber imaging plate
Guinier camera 670 using CuKa1 radiation (l¼1.54060 Å) with Ge
crystal monochromator. X-ray patterns were acquired at 0.0051
resolution at ambient temperature. During the data collection the
sample was placed in a vacuumed sample space to prevent oxidation.



Table 2
Atomic coordinates and equivalent displacement parameters for La11(MnC6)3 and

La14Sn(MnC6)3.

Atom Wyckoff s.o.f. x/a y/b z/c Ueq
a

La11(MnC6)3

La(1) 18f 1 0.15241(2) 0.24569(2) 0.08055(2) 0.00793(9)

La(2) 18f 1 0.15769(2) 0.24382(2) 0.41922(2) 0.00867(9)

La(3) 18f 1 0.24245(2) 0.09037(2) 0.24906(2) 0.00706(9)

La(4) 6c 1 0 0 0.13663(3) 0.0090(1)

La(5) 6c 1 0 0 0.36122(3) 0.0099(1)

Mn 18f 1 0.34178(5) 0.00454(5) 0.08374(5) 0.0079(2)

C(1) 18f 1 0.1330(4) 0.4205(3) 0.0820(3) 0.0078(9)

C(2) 18f 1 0.1896(4) 0.2378(4) 0.2489(3) 0.0075(9)

C(3) 18f 1 0.2517(3) 0.0501(3) 0.0841(3) 0.0083(9)

C(4) 18f 1 0.0930(4) 0.1596(4) 0.2488(3) 0.0092(9)

C(5) 18f 1 0.1879(4) 0.0867(4) 0.4149(3) 0.012(1)

C(6) 18f 1 0.1869(4) 0.0849(4) 0.0843(3) 0.011(1)

La14.00(6)Sn(MnC6)3

La(1) 6l 1 0.01158(5) 0.26378(4) 0.25500(3) 0.00944(7)

La(2) 3j 1 0.33516(6) 0.39510(7) 0 0.00797(9)

La(3) 3k 0.89(3) 0.3974(5) 0.4059(4) 1
2

0.0120(5)

La(3a) 3k 0.11 0.421(3) 0.388(2) 1
2

0.0120

La(4) 2i 1 2
3

1
3

0.17070(6) 0.0105(1)

Sn 1b 1 0 0 1
2

0.0143(2)

Mn(1) 2h 1 1
3

2
3

0.2623(2) 0.0078(3)

Mn(2) 1a 1 0 0 0 0.0083(4)

C(1) 6l 1 0.3744(8) 0.4810(8) 0.2555(5) 0.006(1)

C(2) 6l 1 0.381(1) 0.332(1) 0.2495(6) 0.015(1)

C(3) 3j 1 0.231(1) 0.043(1) 0 0.010(2)

C(4) 3j 1 0.404(1) 0.105(1) 0 0.011(2)

a Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table 3

Selected interatomic distances (Å) in the structures of La11(MnC6)3 and

La14Sn(MnC6)3.

Distance, Å La11(MnC6)3 Distance, Å La14Sn(MnC6)3

La(1)–La(4) 3.3999(4) La(1)–La(4)�3 3.4801(6)

La(2)–La(5) 3.3986(4) La(2)–La(4)�3 3.6727(6)

La(3)–La(1) 3.6588(4) La(4)–La(4) 3.578(1)

La(4)–La(5) 3.5963(7) La(3)–La(3a) 0.31(2)a

La(4)–La(4) 4.3757(7) Sn–La(1)�5 3.4220(5)

La(5)–La(5) 4.4445(7) Sn–La(3)�4 3.4220(5)

Mn–C(1) 1.832(5) Sn–La(3a)�4 3.56(1)

Mn–C(2) 1.823(5) Mn(1)–C(1)�3 1.833(5)

Mn–C(3) 1.825(5) Mn(2)–C(3)�3 1.862(8)

Mn–La�9 3.2016(7)�3.6441(8) Mn(1)–La(1)�3 3.2323(5)

C(1)–C(5) 1.315(7) Mn(1)–La(3)�3 3.613(3)

C(2)–C(4) 1.357(7) Mn(1)–La(3a)�3 3.85(2)

C(3)–C(6) 1.337(7) Mn(1)–La(2)�3 3.640(1)

C(1)–La�4 2.724(5)�2.835(5) Mn(2)–La(2)�3 3.2294(6)

C(2)–La�4 2.770(5)�2.938(5) Mn(2)–La(1)�6 3.5005(5)

C(3)–La�4 2.730(5)�2.816(5) C(1)–C(2) 1.337(9)

C(4)–La�6 2.743(5)�2.967(5) C(3)–C(4) 1.33(1)

C(5)–La�4 2.631(5)�2.791(5) C(1)-La�4 2.679(6)�2.845(6)

C(6)–La�4 2.613(5)�2.770(5) C(2)–La�4 2.630(8)�2.983(7)

C(3)–La�4 2.738(2)�2.870(8)

C(4)–La�5 2.768(8)�2.932(4)

a The distance between two split sites.
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The indexing of the X-ray powder pattern and refinement of the unit
cell parameters was done using least-squares fitting employed in the
WinCSD software package [14].
Fig. 1. (a) The trigonal planar unit Mn(C2)3 found in the crystal structures of

La11(MnC6)3 and La14Sn(MnC6)3. (b) Framework of face-sharing tricapped trigonal

prisms of La atoms around Mn(C2)3, i.e. MnC6@La9, in ab-plane, showing hexagonal

channels filled with La atoms. (c) Stacking of face-sharing MnC6@La9 polyhedra

along the c-axis in the crystal structure of La11[MnC6]3.
2.5. Differential scanning calorimetry (DSC) and thermogravimetric

analysis (TGA)

To investigate the possible order–disorder phase transitions of
La11(MnC6)3, simultaneous DSC–TGA analysis was performed using
a TA Instruments Q600 system under a flow of argon. In an open
alumina pan, the powdered sample was heated to 1000 1C at a rate of
5 1C/min and cooled down to room temperature with the same rate.

2.6. Quantum-chemical calculations

Calculations of density of states (DOS) were performed with the
tight binding-linear muffin tin orbitals-atomic sphere approxi-
mation TB-LMTO-ASA program package [15a], based on the
experimentally determined room temperature unit cell dimensions
and atomic coordinates for La11(MnC6)3 and La14Sn(MnC6)3. The
radial scalar-relativistic Dirac equation was solved to obtain the
partial waves. Interstitial empty spheres (0.99 Årr(E)r2.14 Å) were
added to fill the interstitial space. The calculation was made for 40
(La11(MnC6)3) and 250 (La14Sn(MnC6)3) k points in the irreducible
Brillouin zone (IBZ). Integration over the Brillouin zone was made by
the tetrahedron method [15b]. The following radii of atomic spheres
were applied for the calculations: La11(MnC6)3, r(La(1))¼3.63 Å,
r(La(2))¼3.58 Å, r(La(3))¼3.84 Å, r(La(4))¼3.50 Å, r(La(5))¼3.54 Å,
r(Mn)¼2.46 Å, r(C(1))¼1.51 Å, r(C(2))¼1.52 Å, r(C(3))¼1.49 Å,
r(C(4))¼1.52 Å, r(C(5))¼1.51 Å, r(C(6))¼1.49 Å; La14Sn(MnC6)3,
r(La(1))¼3.61 Å, r(La(2))¼4.00 Å, r(La(2))¼3.80 Å, r(La(4))¼3.92 Å,
r(Sn)¼3.87 Å, r(Mn(1))¼2.55 Å, r(Mn(2))¼2.61 Å, r(C(1))¼r(C(2))¼
r(C(3))¼r(C(4))¼1.47 Å. The basis sets contained La (6s, 5d, 4f), Mn
(4s, 4p, 3d), Sn (5s, 5p) and C (2s, 2p) with La(6p), Sn (5d, 4f) and C(3d)
functions being downfolded.
3. Results and discussion

3.1. Preparation

Crystals of La11(MnC6)3 were initially found as a byproduct in
reactions intended to produce La21Mn8M7C12 [16] (M¼Sb or Bi)
from La/Ni eutectic flux. Later syntheses of La11(MnC6)3 were
carried out in La/Ni flux with optimized starting composition
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La:Mn:C¼11:3:18, i.e. with the absence of ‘‘foreign’’ elements (Sb
or Bi), and with a more suitable La/Mn/C ratio. This leads to a higher
yield of �20% of La11(MnC6)3 and larger crystal size (up to 0.5 cm,
see Figure S1); the crystal of La11(MnC6)3 used for structure
determination by X-ray diffraction was selected from these
later reactions. Well-crystallized specimens of La14Sn(MnC6)3

(including the crystal for X-ray single-crystal determination)
were found together with the cubic phase La21Mn8Sn7C12 [16] as
Fig. 2. (a) [0001] projection of the crystal structure of La11[MnC6]3, emphasizing the

network of MnC6@La9 polyhedra (yellow) with hexagonal channels accommodating

La@C6 octahedra (red); the P63/m subcell is shown by dashed line, while the R3̄

supercell (a¼O3a0; c¼3c0) is indicated by solid line. (b) Columns of face-sharing

carbon octahedra filled by La atoms running along c-axis. (c) La chains with

alternating La–La distances; translation corresponding to the R-cell, tR, is shown by

the arrow. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
products of a reaction with the starting composition La:Mn:
Sn:C¼21:8:7:12 in excess La/Ni flux. Modifying the reaction to
produce only La14Sn(MnC6)3 was not possible due to the presence
of all four elements in both La14Sn(MnC6)3 and La21Mn8Sn7C12;
changes in reaction ratio and heating profile did not prevent
formation of the cubic phase. However, the crystal habits of
these two phases are distinctly different, and the rod-like
crystals of La14Sn(MnC6)3 can easily be distinguished from the
truncated octahedra of the cubic La21Mn8Sn7C12. La11(MnC6)3 also
crystallizes as hexagonal rods of silver grey color. The compounds
are air-sensitive, but withstand overnight data collection at
ambient temperature by being embedded into epoxy.
3.2. La11(MnC6)3

The carbides RE3.67TC6 (RE¼La–Nd, Sm; T¼Fe, Ru, Mn) were
first reported by Witte and Jeitschko [4] to crystallize in the
hexagonal space group P63/m (No 176) with the unit cell
parameters a0¼8.806(1) Å and c0¼5.329(1) Å for La3.67MnC6

and a0¼8.787(2) Å and c0¼5.351(1) Å for La3.67FeC6. In the
crystal structure of La3.67FeC6 one of the lanthanum sites
(Wyckoff site 4e, with coordinates (0, 0, z)) is occupied by 1

3 only,
which implies a significant degree of disorder within the
lanthanum sublattice. The structure reported in this work is a
new variant of superstructure of La3.67MnC6 (R3 (No 148); a¼O3a0;
c¼3c0) with a ninefold enlarged cell volume and complete ordering
of the La atoms. La atoms occupy three 18f and two 6c positions,
C atoms are located in six 18f positions, and there is only one 18f Mn
site. All the positions are fully occupied, leading to the overall
composition La66Mn18C108 or La11(MnC6)3 with Z=6.

The crystal structure of La11(MnC6)3 features trigonal planar
Mn(C2)3 units with three carbon atoms bonded to the manganese
atoms at a distance of 1.82–1.83 Å and additional three terminal
carbon atoms, which form homonuclear bonds only (Fig. 1). The
C–C bond distance (1.32–1.36 Å) is closer to that of ethylene (1.34 Å
[17]) than acetylene (1.20 Å [17]), indicating its double bond
nature; however additional quantum chemical studies are
necessary to clarify this issue. The Mn(C2)3 units show slight
deviation from planarity with C–Mn–C angle of 118.91 instead of
Scheme 1. Group–subgroup relationship for La11(MnC6)3 using the formalism of

ref. [19] and demonstrating the splitting of the Wyckoff positions during the

transformation from the space group P63/m to the space group R3̄.
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1201. Each of these MnC6 complex anions is surrounded by nine La
atoms forming a tricapped trigonal prism centered by the manga-
nese atom. The MnC6@La9 prisms are connected with each other by
sharing common trigonal faces and form infinite chains running
along the c-axis. These chains are further linked via common faces
in the ab-plane giving a rise to a three-dimensional framework with
large hexagonal channels. Within the hexagonal channel the
terminal carbon atoms of the Mn(C2)3 units form columns of
face-sharing octahedra with long, essentially non-bonding C–C
distances of 3.5–3.7 Å. The carbon octahedra accommodate the
remaining lanthanum atoms located in La(4) and La(5) positions.
These sites are situated in such a way that one empty carbon
octahedron is followed by two filled ones; therefore only 2

3 of the
face-sharing carbon octahedra are centered by La atoms (Fig. 2).
The La atoms are found not in the exact center of the carbon
Fig. 4. Different fragments found in the crystal structure of La14Sn(MnC6)3. (a) Tricapped

types of [0001] layers formed by MnC6@La9 and Sn@La9. (c) Two types of columns running

Sn@La9. (For interpretation of the references to color in this figure legend, the reader is

Fig. 3. The X-ray powder pattern of La11(MnC6)3. Inset: section of the pattern in the

range 281r2yr501; the superstructure reflections are indicated by red arrows.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
octahedra but rather shifted toward one of the trigonal faces in
order to attain more favorable La–C distances of 2.60 Å (vs.
hypothetical 2.81 Å for La in the center of the carbon octahedron).
This arrangement of La atoms within the carbon octahedra leads to
La-chains (La(4)–La(4)–La(5)–La(5)–La(4)) running along the c-axis,
with alternating La–La distances of 4.38�3.60�4.44�3.60 Å. The
neighboring chains are shifted with respect to each other by tR (1

3 ,23 ,1
3),

thus defining the R-centering.
The transformation from subcell (P63/m) to supercell (R3̄; a¼O3a0;

c¼3c0) in the case of La11(MnC6)3 includes a ninefold cell volume
increase and a change of the centering and symmetry. Since R3̄ is
not a maximal nonisomorphic subgroup of P63/m according to the

International Tables for Crystallography [18], the transformation from
P63/m to R3̄ can be described as a combination of ‘‘klassengleich’’
(class-equivalent) and ‘‘translationengleich’’ (lattice-equivalent)
symmetry reductions [19]. The corresponding relationship between
P63/m and R3̄ space groups and the transformation of the Wyckoff
positions [20] are shown in Scheme 1. Upon such transformation the
lanthanum position 4e with the partial occupancy of 1

3 in the subcell
(P63/m) is split into six 6f positions (R3̄). Only two of them are
found to be occupied, thus resulting in complete ordering of La
atoms. Examination of the X-ray powder pattern of a powdered
sample of La11(MnC6)3 (Fig. 3) revealed the presence of weak but
noticeable reflections which contradict the subcell symmetry
(P63/m; a¼a0¼8.8035 Å; c¼c0¼5.3346 Å), but could be indexed in
the supercell proposed here (R3̄; a¼O3a0; c¼3c0). This confirms the
adoption of the superstructure in the bulk sample of La11(MnC6)3.

Another superstructure variant was recently reported for the
carbide La3.67FeC6. This type of superstructure is described by
the tripling of the c-edge (P63/m; a¼a0¼8.7926(8) Å, c¼3c0¼

16.046(1) Å)) [5]. While the overall structure motif is the same, the
major difference between subcell and supercell derives from the
positioning of La atoms within the column of face-shared carbon
octahedra. In the subcell the La chain running along c-axis is
described as one La position (0, 0, z) with the occupancy of 1

3, while
in the P63/m supercell with the tripled c-edge there are two La
positions (0, 0, z1) and (0, 0, z2). These positions have occupancies of
1
2, since the resulting La–La distances in the case of full occupancy
are unreasonably short. Thus occupational disorder in La positions
is still present even in the P63/m supercell with tripled c-edge. This
trigonal prisms of La atoms centered by MnC6 (yellow) or Sn (green). (b) and (d) Two

along c-axis produced by Mn(1)C6@La9 only or by a combination of Mn(2)C6@La9 and

referred to the web version of this article.)
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description results in the superposition of two La chains with
alternating La–La distances of 3.40 and 4.62 Å different in their
relative shift along c-axis. A similar kind of superstructure with a
tripled c-edge was reported for La3.65RuC6 [6] but this was refined
as a commensurate modulated structure. Carbides La3.67FeC6 and
La3.65RuC6 were prepared by a conventional method, e.g. arc-
melting of the starting components followed by long-term
annealing. The new and completely ordered R3 superstructure
variation reported here for La11(MnC6)3 might stem from the
different d-metal (manganese) and synthesis method (flux
growth from La/Ni eutectic flux). No order–disorder phase transi-
tions were observed in DSC experiments on La11(MnC6)3. The
possibility of annealing a disordered variant (La3.67MnC6) to
promote formation of the R3̄ superstructure cannot be excluded,
although the energy difference between the superstructure and
subcell may be very small due to the very subtle structural
differences.
Fig. 5. (a) Fragment of the crystal structure of La14Sn(MnC6)3 showing the pairs of

carbon octahedra (red) filled by La atoms and surrounding Sn@La9 polyhedra

(green); (b) the columns of face-sharing carbon octahedra La@C6 found in the crystal

structure of La14Sn(MnC6)3 and of La11(MnC6)3; note the different periodicity of

carbon octahedra filling by La atoms. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
3.3. La14Sn(MnC6)3

The crystal structure of quaternary carbide La14Sn(MnC6)3 (Fig. 4)
is closely related to that of La11(MnC6)3. Similar Mn(C2)3 groups
(Fig. 1a) are found in the center of tricapped trigonal prisms of La
atoms (Fig. 4). There are two manganese atom positions, Mn(1) and
Mn(2), with similar trigonal-planar coordination by three C2 units;
slight deviation from the planarity of the MnC6-unit is observed for
Mn(1) (C–Mn–C angle 119.86(2)1), while Mn(2)C6 is perfectly planar.
The manganese atoms are further coordinated by nine La atoms,
forming tricapped trigonal prisms; Mn(1)C6@La9 is more distorted
than Mn(2)C6@La9 (Fig. 4). The nine-vertex coordination polyhedron
around the tin atoms, Sn@La9, has a similar shape as that for
MnC6@La9 (Fig. 4) and the La–Sn distances of 3.42�3.56 Å are
comparable to the La-Mn distances of 3.23�3.64 Å. Thus Sn atoms
can ‘‘mimic’’ MnC6-units in their coordination by lanthanum atoms;
La11(MnC6)3 and La14Sn(MnC6)3 can be viewed as being comprised of
very similar building blocks. The Sn@La9 polyhedron is a commonly
observed building block in other La-rich phases obtained from La/Ni
eutectic flux. This moiety might form in the molten flux during
synthesis and act as a template for the final product, adopting slightly
different shapes depending on the crystallizing phase. For the cubic
phase La21T8E7C12 [8,16] (T¼Fe, Mn; E¼Ge, Sn, Sb, Te, Bi) the Sn@La9

polyhedron has a shape of a monocapped square antiprism, while in
the structure of La6SnNi3.67Ru0.76Al3.6 [9b] the tin atom is coordinated
by nine La atoms forming a tricapped trigonal prism. Synthesis in
La/Ni eutectic flux in the presence of heavy main elements other than
Sn (e.g. M¼Ge, Sb, Te, Bi) does not lead to the quaternary carbide
phase La14M(MnC6)3, suggesting that the Sn@La9 cluster might be one
of the most stable specimens in the La/Ni eutectic melt.

The Sn- or MnC6-centered polyhedra of La atoms are linked by
sharing common trigonal faces to form columns of two different
types running along the c-axis (Fig. 4). The first type of column is
formed by distorted Mn(1)C6@La9 polyhedra only, while the second
type of column is built of alternating Mn(2)C6@La9 and Sn@La9

units. In the ab-plane these polyhedra share common faces to form
two different kinds of layers comprised of La polyhedra either with
MnC6 units only or Mn(1)C6 and Sn (Fig. 4). As is also seen for the
ternary carbide La11(MnC6)3, the terminal carbon atoms of Mn(C2)3

units form columns of face-sharing carbon octahedra with long C–C
distances of 3.40–3.60 Å. The chain of carbon octahedra runs along
the c-axis inside the hexagonal channel defined by X@La9 units
(X¼MnC6 or Sn). La(4) atoms fill the carbon octahedra with a La–La
distance of 3.58 Å. The carbon octahedra do not form a continuous
column along the c-axis as is seen in the structure of La11(MnC6)3;
instead, these octahedra are coupled in pairs with an empty space
between them, corresponding to a missing block of two octahedra
(Fig. 5). The missing block is a result of incorporation of tin into the
structure instead of MnC6 units, since the empty space between
pairs of carbon octahedra is surrounded by Sn@La9 polyhedra. One
of the lanthanum sites of the Sn@La9 polyhedron is split into two
positions, La(3) and La(3a), with a 0.89/0.11 ratio. La(3a) is shifted
in the ab-plane toward the center of the empty void where the
carbon octahedron is missing.

Taking the structural similarities into account, the composition of
quaternary phase La14Sn(MnC6)3 can be directly derived from that of
ternary La11(MnC6)3 as shown in Scheme 2. The composition of
La3.67MnC6 (e.g. composition La11(MnC6)3 divided by 3) can be
represented as La12La2.67Mn4C24 by multiplying the formula by
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four and distinguishing the 12 La atoms which form polyhedra around
Mn atoms from the La atoms which occupy the columns of face-
sharing carbon octahedra. Within such columns, two octahedra filled
by La atoms are followed by one empty octahedron, thus ‘‘La2.67’’
Fig. 6. (a) Total density of states (DOS) for La11(MnC6)3 (left) and La14Sn(MnC6

Scheme 2. The compositional relationship between La11(MnC6)3 and

La14SnMn3C18. For the matter of clarity La11(MnC6)3 is denoted as ‘‘La3.67MnC6’’.
corresponds to ‘‘(La4)2/3’’. In the quaternary phase one of the
MnC6@La9 units is replaced by a Sn@La9 unit. Moreover, the
filling of the column of face-sharing carbon octahedra by La atoms
differs for La11(MnC6)3 and La14Sn(MnC6)3. Instead of the FFEFFE

sequence (F-filled octahedron, E- empty octahedron) as is seen
in the ternary phase, the FFEEFFEE sequence is observed in the

quaternary phase; thus only 1
2 of these carbon octahedra are filled. So

instead of ‘‘ðLaÞ2
3
’’ the number of La atoms within the chain for the

tin-containing phase could be expressed as ‘‘ðLaÞ1
2
’’, hence resulting in

experimentally observed composition La12La2SnMn3C18 or concisely
La14SnMn3C18.
)3 (right). The partial DOS for (b) La; (c) Mn; (d) C; (e) Sn are color-coded.
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3.4. Electronic structure

The density of states (DOS) diagram for ternary La11(MnC6)3 and
quaternary La14Sn(MnC6)3 carbide phases are similar. The Fermi
level falls in a pseudogap in the DOS for both, with the small but
non-zero DOS at EF indicating metallic behavior (Fig. 6). The deeply
lying states between �9 and �6 eV originate from carbon and tin
(for La14Sn(MnC6)3) s-states, manganese s- and d-states and
lanthanum d-states. The states in the valence region between
�6 eV and the Fermi level are mainly composed of C-2p, Sn-5p,
La-5d, and Mn-3d states. Lanthanum d-states make the largest
contribution to the states at the Fermi level.

The effect of lanthanum atom ordering on the electronic
properties of La11(MnC6)3 is highlighted by comparing the data
in Fig. 6 to data for a similar compound. A detailed analysis of
electronic structure and chemical bonding was recently reported
for the Ru-carbide La3.65RuC6 [6]. The structure model used for this
calculation corresponds to the threefold superstructure (P63/m;
a¼a0, c¼3c0) with imposed averaged distances between the La
atoms inside the chain of carbon octahedra. The overall DOS for
La3.65RuC6 is similar to that of La11(MnC6)3, with La–La interactions
dominating at the Fermi level, EF. However, in the disordered Ru
analog, the La states produce a substantial DOS peak at EF

(estimated from [6]: NLa(EF)¼5 states/eV per La3.65RuC6 formula
unit) whereas the ordered Mn analog studied here features a
pseudogap at the Fermi level (NLa(EF)¼0.5 states/eV per
La3.67MnC6 formula unit). The ordering of La atoms with
optimized La–La distances probably leads to the stabilization of
the crystal structure as can be concluded from the removal of the
large DOS peak at EF (which is indicative of instability).
4. Conclusion

Crystal growth from the La/Ni eutectic flux was used to synthesize
ternary La11(MnC6)3 and new quaternary La14Sn(MnC6)3 carbide
phases. The crystal structures of both phases have similar structural
fragments, i.e. trigonal planar Mn(C2)3 units surrounded by nine La
atoms. La11(MnC6)3 features a new type of superstructure with
complete ordering of La atoms within the column of face-sharing
carbon octahedra. The replacement of some of the Mn(C2)3 units with
Sn atoms in the case of La14Sn(MnC6)3 breaks the continuous column
into pairs of carbon octahedra filled with La atoms. Calculation of
electronic structure indicates that arrangement of La atoms has
crucial impact on the stability of discussed carbides. Isolation of
the La14Sn(MnC6)3 phase is another indication of the stability of the
Sn@La9 building block in La/Ni flux. Additional exploration of this flux
and related fluxes such as Ce/Ni or Ce/Co, which are also suitable for
the crystallization of new carbide phases, is proving to be of great
interest and these studies are in progress.
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