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The lanthanum iron carbide Lasg;[Fe(Cy)3] was prepared from the elements by argon arc-melting
followed by annealing. The crystal structure of the ternary phase was reported previously (space group
P63/m with a = 878.7(2) pm, and ¢ = 535.1(1) pm) [A.M. Witte, W. Jeitschko, Z. Naturforsch. 51b (1996)
249-255]. In the present work the compound was reinvestigated by X-ray powder and single crystal
diffraction, and was further characterized by metallographic methods and chemical analyses. Our
diffraction data clearly reveal a superstructure with weak superstructure reflections in the space group
P63/m with a = 879.26(8)pm and c = 1604.59(15) pm, thus tripling the previously reported subcell.
The crystal structure (refinement to R1 =0.044 and wR2 = 0.075 for 1387 unique reflections and
60 variables) contains Fe(C;)s trigonal planar groups with the C; ligands bonded end-on to the Fe atoms.
The C-C distance is typical for a double bond. La atoms as the least electronegative component surround
the complex anions and form a framework of face-sharing tricapped trigonal prisms. The resulting
hexagonal channels at 0, 0, z of the partial structure with chemical composition LasFeCg are occupied by
four additional La atoms per unit cell. These La atoms are fully ordered within a linear chain and display
a Peierls-like distortion pattern. However, no long-range order in the a—b plane has been observed due
to the random orientation of the chains. Because of the two different orientations which are possible for

each chain the situation is similar to an Ising model on a triangular lattice.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

Recently, the family of ternary carbides RET,C, (RE = rare-earth
metals or actinoids; T = transition metals; C = monoatomic C*~
species) has been classified into two groups according to
structural characteristics and the ratio (x+y)/z, i.e., carbometalates
with (x+y)/z<2 containing complex anions and metal-rich
carbides with (x+y)/z=4 [2]. In the search for novel carbometa-
lates we also explored the systems RE-Fe-C. Compounds of this
type have been proposed as potential hard magnet materials [3].
In spite of intensive explorations of the respective phase diagrams
only a few compounds with (x+y)/z<2 have been reported:
RE;FeC4 (RE =Y, Tb-Lu) [4], ScsFeCy4 [5], REFeC, [6], ScFeC, [7] and
RE; ¢;FeCs (RE = La-Nd, Sm) [1]. All these compounds contain
C,-pairs as structural units instead of monoatomic carbon ligands,
thus, in a strict sense they do not belong to the class of
carboferrates. During our recent work in the system La-Fe-C we
reinvestigated the crystal structure of Las g7FeCg, which had been
described already in a previous communication by Witte and
Jeitschko [1]. In the present work we report on the determination
of a superstructure of this compound.

* Corresponding author. Fax: +49 3514646 3002.
E-mail address: kniep@cpfs.mpg.de (R. Kniep).

2. Experimental
2.1. Preparation

All handlings were carried out in a glove box under argon
atmosphere (MBraun, p(O,, H,0)<1ppm). The title compound
was prepared by arc-melting of cold pressed pellets of La (Ames,
99.99%), Fe (Alfa Aesar, 99.99%) and graphitic carbon (Chempur,
99.9%) in the molar ratios 3:1:6 and 3.67:1:6. The button
specimens of about 0.6 g total mass were remelted several times
to ensure compositional homogeneity. The samples were then
wrapped in Fe-foils, which in turn were encapsulated in fused
silica tubes, heat treated at 1173K for 21 days, and finally
quenched in cold water. The reaction products were gray with
metallic luster.

2.2. Phase analysis and crystal structure determination

Powder XRD data were collected on a Huber Guinier camera
G670 (transmission geometry, CoKo; radiation (4 = 178.896(1)
pm), primary-beam Ge(111) monochromator, flat sample holder
with vaseline-coated Mylar foil, LaBg as internal standard).
Continuous scan data were collected in the range 10°<26<85°
with a step width of 0.005°. According to powder X-ray diffraction
analyses the title compound was the majority phase in all samples
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(Fig. 1) and only a small number of very weak reflections
originating from a minority phase with unknown crystal structure
were observed. The unit cell parameters of the hexagonal
structure (a = 879.26(8) pm and ¢ = 1604.59(15) pm) were deter-
mined by least-squares refinement of the peak positions using the
program WinXpow [8].

For metallographic examination pieces of about 5mm in
diameter were embedded in epoxy resin. Grinding was performed
using fixed abrasive papers (SiC, grain sizes 45, 20 and 10 um) and
paraffin oil as lubricant. Polishing was done in four steps using
slurries of 6-, 3-, 1- and }-micron diamond powders in paraffin
oil. After each step the specimens were cleaned with n-hexane
to remove all particles and the paraffin oil. The microstructure
and the chemical composition of the samples were examined
by optical (bright field) and scanning electron microscopy (Zeiss
Axioplan 2 and SEM Philips XL 30 with integrated energy
dispersive (EDX) spectrometer, respectively). The sample with
composition 3.67:1:6 is nearly single phase material of the title
compound. Fig. 2 shows a BSE image of a typical microstructure of
this sample with large crystals of the title compound. The space
between grains of the majority phase is filled by small amounts
of an unknown phase. The fine matrix is probably a remnant of a
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Fig. 1. Experimental and calculated X-ray powder diffraction patterns for
Las 67[Fe(C2)s].

Fig. 2. BSE image of a typical microstructure after prolonged heat treatment; the
title compound is the primary phase and the fine matrix in between is composed
of the title compound and an unknown phase.

eutectic structure, which has partly survived even the prolonged
heat treatments. EDX analyses on selected areas gave an average
atomic ratio of La:Fe =3:1. No reliable determination of the
chemical composition of the unknown phase was possible.
Prismatic-shaped single crystals obtained from both composi-
tions were mounted on glass fibers and sealed in glass capillaries.
Because of better quality, the crystal from the sample started with
3:1:6 ratio was chosen for intensity data collection. It was carried
out on a Rigaku AFC7 diffractometer with Mercury CCD detector
and graphite monochromatized MoKo (A = 71.069 pm) radiation.
The crystal structure was solved by direct methods and refined
using the program packages SHELXS97 and SHELXL97 [9]. Both,
powder and single crystal diffraction data clearly reveal a
primitive hexagonal cell with weak superstructure reflections
arising from a tripled cell along c. Relevant crystallographic data
and further details of data collection and structure refinement are

Table 1
Crystallographic data and details on data collection and structure refinement for
Las 67[Fe(C2)s].

Chemical formula
Crystal system Hexagonal
Space group P63/m (no. 176)
Formula unit Z=6

La; g7[Fe(Ca)3]

Formula mass/g mol~! 637.23
Radiation, A/pm MoKuo, 71.069
Temperature/K 295

a/pm 879.3(2)
b/pm 1605.0(7)
V/pm3 106 1074.5(6)
Pealc/g cm® 5.909

Crystal size/um 0.20 x 0.12 x 0.11

T 0.049, 0.077
Rint. 0.0414
0-range/® 2.54-33.79
hkl-range —13<h<13
—13<k<12
—23<1<20
Extinction coefficient x* 0.00030(9)
Absorption correction Multiscan

Absorption coefficient, ;£ (mm~!) 23.28

Unique reflections/parameters 1387/60
R(Fo)/Ru(F2)/GooF (all data) 0.044/0.075/1.19
max./min. Ap [e~/(10° pm?)] 5.42(-7.45
wl1/w2P 0/25.78

Supplementary data for this paper are available from the FIZ, D-76344 Eggenstein-
Leopoldshafen, Germany, e-mail crysdata@FIZ-karlsruhe.de, by quoting the
depository number 419 578.

2 F. is multiplied by k[1+0.001 - xF2 - 23/sin(20)]~"/4.

P R = Z||Fo|—IFll/ZIFol, WR = EW(F—F22[(SW(F3)*)'* with w = 1/[c*(F3)+
(w1-P)y?+w2 - P] with P = (max(F2, 0)+2F2)/3.

Table 2

Laz g7[Fe(Cz)s]: fractional atomic coordinates and equivalent isotropic displace-
ment parameters [10% pm?]; estimated standard deviations are given in parenth-
eses.

Atom  Site occ. X y z Ueq

Lal 12i 0.39347(5)  0.33437(5)  0.08448(3) 0.00883(12)
La2 6h 0.06318(8)  0.39877(8) 1 0.00874(15)
La3 4e 1 0 0 0.02233(9) 0.0102(3)
La4 4e 1 0 0 0.18995(9) 0.0105(3)
Fel 4f 1 2 0.08260(12)  0.0075(3)
Fe2 2d 2 1 1 0.0086(5)
C1 12i 0.0240(13)  0.2771(13)  0.0849(5) 0.029(2)
2 12i 0.1475(10)  0.4426(10)  0.0831(5) 0.0118(13)
a 6h 0.2861(14)  0.2778(15) 1 0.0103(19)
C4 6h 0.4426(14)  0.2987(14) 1 0.0074(18)
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listed in Table 1. The fractional atomic coordinates and anisotropic
displacement parameters are listed in Tables 2 and 3, respectively.

3. Results and discussion

The crystal structure of Lasg;FeCs was refined in the space
group P63/m (176) with residuals R1 =0.044 and wR2 = 0.075
for 1387 unique reflections and 60 variables. The atoms are
distributed on 4 La, 2 Fe and 4 C sites in the unit cell. The
occupancy factors were refined in separate series of least-squares
cycles as a check for partial occupancy. The refinement revealed
full occupancy for all sites except those of La3 and La4. In the final
cycles of the refinement the site occupancy for La3 and La4 was
set to 0.5 as a refinement without respective constraints did not
reveal deviations beyond the estimated standard deviations.

The crystal structure of Lasg;FeCg contains Fe(C,)s trigonal
planar groups (Fig. 3a) with C; ligands bonded end-on to the iron
atoms. These complex anions are each surrounded by 9 La atoms
located at the vertices of a tricapped trigonal prism (Fig. 3b).
The filled prisms are stacked along the c axis sharing common
triangular faces, thus forming an arrangement of infinite chains.
Six chains around a sixfold axis are further connected via common
faces to form a host framework containing hexagonal channels of
carbon octahedra (Fig. 4). In total, the host framework contains
two crystallographically independent Fe atoms at 4f (Fe1) and 2d
(Fe2), two La atoms at 12i (La1) and 6h (La2) sites, and four C
atoms at 2 x 12i (C1, C2) and 2 x 6h (C3, C4). All these sites are
fully occupied and form a partial structure with chemical
composition LasFeCg. The remaining La atoms (La3, La4) are both
located at 4e sites within the hexagonal channels. The total

Table 3

Lase7[Fe(C2)s]: anisotropic displacement parameters U; [10*pm?] (fr, an-
is = exp[2m? - (Uyp - h? - a*?+Upy - k2 - b*2+Us3 - 2. ¢*?+Uq3 - h-k-a* - b*+Us3-h-1-a* - -
Cevy,, - k- 1-b*-c*)]; estimated standard deviations are given in parentheses.

Atom Uy Uaz Us3 Uiz Uiz Uas
lal  00108(2) 0.0078(2) 0.0081(2) 0.0048(2) 0.0003(1) —0.0001(2)
La2  0.0089(3) 0.0108(3) 0.0083(3)  0.0062(2) 0 0
la3  0.0073(3) 0.0073(3) 0.0161(7)  0.0037(2) 0 0
lad  0.0094(4) 0.0094(4) 00127(6) 0.0047(2) 0 0
Fel 0.0067(4) 0.0067(4) 0.0091(7)  0.0034(2) 0 0
Fe2  0.0065(7) 0.0065(7) 0.0130(12) 0.0032(3) 0 0
Cl  0023(4) 0027(5) 0.004(3) —0012(4) 0001(3)  0.001(3)
2 0.008(3) 0.012(3) 0.014(3) 0.004(3) —0.009(3) —0.007(3)
3 0007(4) 0009(4) 0012(5) 000i(4) O 0
C4  0006(4) 0007(4) 00054)  00004) O 0
a b
131.2 pm
182.5 pm

Fig. 3. The coordination around Fe. Fel shown as a representative: (a) the trigonal
planar complex Fe(Cy)s; (b) two tricapped trigonal prisms sharing common faces
with La at the vertices enclosing the trigonal planar groups Fe(C;)s; the prisms
form infinite chains along the c axis.

Fig. 4. Projection of the crystal structure viewed along the c axis showing the
hexagonal channel stuffed by La3 and La4 atoms.

number of La atoms (La3 and La4) is four per supercell or % La per
subcell. When comparing the host structure in the previously
reported subcell [1] and the supercell of the present work, the
only difference is given by minor atomic displacements.

Therefore, the superstructure reflections mainly carry informa-
tion on the arrangement of the La atoms accommodated inside the
channels and thus we will consider only this part of the structure
in detail. Fig. 5 shows different arrangements of the La atoms
at 0, 0, z along the c axis. With respect to the substructure, i.e.,
folding back the superstructure (Fig. 5a), the La3 and La4 atoms
would occupy split positions with { probability at a 4e site of the
space group P63/m. This is the highest possible site occupancy
factor corresponding to the maximum La content because only
every third position at 0, 0, z can be occupied due to distance
constraints. Witte and Jeitschko [1] obtained a site occupancy
factor of 0.32(3) from the refinement of the corresponding La
position (La2 at 4e in Table 3 of [1]). This occupancy yields a
composition Lasg4FeCs. However, the authors decided to set the
occupancy factor to the maximum value of 1.

In the superstructure of the present work with the triple cell
the two La sites, La3 and La4, are occupied with 50% probability
each (Fig. 5b), which again results in a maximum La content,
Las g7FeCs. Even in this supercell occupational disorder is still
present. In case of a simultaneous occupation of neighboring sites
the arrangement of La atoms along the chains would result in too
short La-La distances. A chain of La atoms at maximum content is
a priori determined by choosing a “start atom” and then
extending the chain to infinity. Two different orientations with
respect to the host structure are possible, here denoted as + and —
(see Fig. 5c¢). Both chains have the same local environment, thus
interchain interactions will determine the orientation of all
chains. Because the interchain distance of 879 pm is quite large,
significant interactions between the chains are not expected.
Therefore, one can assume that the orientations of the chains are
in this case uncorrelated, giving rise to the observed split atom
density. In case that every second chain runs in opposite (—/+)
direction (Fig. 5¢), the average electron density is consistent with
the obtained superstructure model given in Fig. 5b. Long range
order of the chains would lead to a symmetry-breaking, which has
not been observed. For example, a ferromagnetic-like correlation



1334 B. Davaasuren et al. / Journal of Solid State Chemistry 182 (2009) 1331-1335

a
co-substructure
€ 6D 6 €0 B @ -
b
3co-superstructure
| |
| |
@ 66 B €66 @ o1
c

chain model

340 pm 462 pm

340 pm

462 pm

(— occ.=1

+ @ @ W

o0

occ.=1

Fig. 5. Different arrangements of La atoms in the hexagonal channels running along the c axis: (a) split atom model of the substructure; (b) split atom model of the
superstructure; this model is interpreted as a superposition of ordered chains as shown in (c): sequence of La atoms (La3, La4) with alternating short and long distances for

two chains running in opposite (—/+) directions.

a

Fig. 6. Two chains of face-sharing carbon octahedra enclosing the La chains (La at 0, 0, z) in + and — directions. Within each chain pairs of La atoms occupying positions out
of the centers of two neighboring carbon octahedra alternate with one empty octahedron.

(++++...) would result in a simple ordered arrangement in the
space group P63, whereas antiferromagnetic-like correlations
would give rise to a more complex problem. In the case of long
range order additional superstructure reflections must appear
indicating even larger supercells. One can even anticipate complex
domain structures. In general, the problem is similar as discussed
for a triangular lattice Ising antiferromagnet.

The ordered chain model as shown in Fig. 5c indicates a
Peierls-like distortion of the La-chains, yielding physically favor-
able distances. This is more clearly shown in Fig. 6. Here, two
La-chains run antiparallel with the La atoms surrounded by

carbon octahedra. Within each chain pairs of La atoms occupying
positions out of the centers of two neighboring carbon octahedra
alternate with one empty octahedron.

As pointed out already, the chemical composition Lasg;
FeCs represents the La-rich border of the compound. Higher La
contents would result in too short La-La distances. The volume
per formula unit of Las g;FeCg with the triple cell is larger by about
1 A2 than the volume reported by Witte and Jeitschko [1]. for the
subcell. This small volume discrepancy together with the slightly
smaller occupancy factor and the not observed superstructure
(triple cell) indicate a possible La deficiency in the crystal
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Fig. 7. Coordination polyhedra around La: (a) mono-capped square pyramid
(coordination of Lal and La2) formed from three La and three Fe; (b) mono-capped
distorted octahedron (coordination of La3 and La4); (c) La(C;),C3 square pyramid
(coordination of Lal and La2).

investigated by Witte and Jeitschko. Indeed, in case of high quality
crystals and at maximum La content one should observe the triple
cell. However, a lower La content offers the possibility to arrange
La atoms and vacancies in a disordered way within the chains,
which then gives an additional contribution to the entropy of the
system.

The coordination polyhedra around La are shown in Fig. 7. Lal
and La2 are surrounded by six metal atoms (3 La and 3 Fe; Fig. 7a)
forming a distorted mono-capped square pyramid. La3 and La4
are coordinated by seven La atoms in the form a mono-capped
distorted octahedron (Fig. 7b).

The La-La distances vary between 340.34 and 372.68 pm
which is slightly smaller than 366-377 pm observed in the
different modifications of the pure metal [10-13]. The La-Fe
distances are quite large (321.9-358.47 pm), slightly longer than
observed in the crystal structure of LayFe;4C [17] (306.4-
339.5pm). The Lal and La2 atoms have seven carbon neighbors,
with da1-c)=265.73-281.53pm and d(.2-c) = 273.45-286.48
pm, respectively, (Fig. 7c). These distances are slightly shorter
than dga-c) = 268.6-297.3 pm in the crystal structure of La,Cs.
The Fe-C distances at 182.47-183.65pm are close to the re-
spective values in the crystal structures of Ho,Fe7C [14] (d(pe—c) =
175.7-191.7 pm), Th4Fe34C3 []5] (d(Fe—C): 19‘14pm), EryFeCy [4]
(d(Fe—C) = 196.8 pm), LuyFe4C [16] (d(Fe—C) =198 pm), and LayFe4C
[17] (dpe-c) = 203.5-219.8 pm). The C-C distances (129.4 and
131.18 pm) are close to the respective value in ethylene (134 pm).

Assuming double bonds for the C,-pairs, the electropositive La
donates all valence electrons to the [(FeC,);] polyanions. Without
significant metal-metal interactions one may assign the oxidation
state +1 for Fe: Labls;LaY'[Fe'(C2)4~]. General formulae giving the
overall stoichiometry of the compound are Lasg;FeCs or Layg
Fe3Cqg. Suitable functional formulae are Lasg;[Fe(Cz)s] or Layg
[Fe(Cz)3]3 with the square brackets denoting the anionic complex
and the parentheses defining the ligands. A formula like
Lage7Las[Fe(Cy)3] can be used to indicate the special nature of
the La atoms at the 4e site. We have chosen here the formula
Las g7[Fe(Cy)3] because it is short and combines compositional as
well as structural information.

4. Conclusion and summary

The ternary carbide Lasg7[Fe(Cz)3] with maximum possible La
content forms a superstructure with a tripled unit cell along the ¢
axis compared to the previously reported crystal structure [1].
The rigid host structure without any occupational disorder and
with chemical composition LasFeCg is identical for the sub- and
super-structure (neglecting minimum distortions) and contains
Fe(C,); trigonal planar groups with C; ligands bonded end-on
to the iron atoms. These complex entities are surrounded by
La atoms forming a framework of face-sharing tricapped trigonal

prisms. The resulting hexagonal channels of the host structure are
occupied by additional La atoms at 0, 0, z with the maximum
possible number of 4 atoms per supercell or § atoms per subcell.
Additional La atoms would result in too short interatomic
distances. The chains are fully ordered and described in two
different orientations (+, —). Disorder is still present in the
superstructure due to the random alignment of neighboring
chains. This results in split atoms each half-occupied by La at two
4e sites with respect to the supercell. The results are reported by
Witte and Jeitschko [1] indicate the possible formation of at least
a small number of vacancies, i.e., a small homogeneity range.
The ordered arrangement of the La atoms at 0, 0, z shows a Peierls-
like pattern with short and long distances. However, the driving
force for this behavior is still unclear. The following questions
remain open:

e What is the most stable ordered structure for the chemical
composition Las g7[Fe(Cz)3]?

e What kind of interchain interactions are expected between
neighboring chains: ferromagnetic- or antiferromagnetic-like?

e What is the driving force for the Peierls-like distortion for the
chain of La atoms inside the channels?

e Does Lasg7[Fe(Cz)s] represent a “line compound La;;Fe3Cqg” or
a phase with homogeneity range?

e What is the lower limit of the La content in case of a
homogeneity range?

e [s it possible to substitute La atoms inside the channels by
suitable other elements?

e [s it justified to assign of double bonds in case of the Cy-pairs?

e Is it justified to consider isolated complex entities in case of the
[Fe(C3)s3] units and to use the square brackets?

These questions will be addressed in a forthcoming paper.
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