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The new compounds Tm;Fe,Si,C and Lu,Fe,Si,C were prepared
by arc-melting cold-pressed pellets of the elemental components.
They crystallize with the monoclinic Dy,Fe,Si,C-type structure.
The crystal structure of Tm,Fe,Si;C was refined from single-crystal
X-ray data: C2/m, a = 1049.7(3) pm, b = 388.2(1) pm, ¢ =

664.6(2) pm, g = 128.96(2)°, R = 0.020 for 296 structure factors, .

and 21 variable parameters. The structure may be considered as
consisting of two-dimensionally infinite polyanionic layers of
|Fe,Si,C%"], scparated by the rare-carth cations. The hydrolysis
of Er,Fe,5i,C with diluted hydrochloric acid yields mainly methane
besides about 20 wt% of C, and C; hydrocarbons. Tm,Fe,Si,C
orders antiferromagnetically at Ty = 2.7(2) K. The magnetization
behavior for this compound suggests metamagnetism. Lu,Fe,Si,C
is Pauli paramagnetic. Electrical conductivity measurements of
polycrystalline samples of Tm,Fe,Si;C and Lu,Fe,5i,C indicate
metallic conductivity. ThFe,,SiC,_, has a tetragonal LaMn,,C,_,-
type structure with the lattice constants a = 1005.3(2) pm and
c= 651.6(2) PM.  © 1995 Academic Press, Ine.

INTRODUCTION

The first structurally well-characterized ternary silicide
carbide was the Nowotny-phase MosSi,C (1). Ti,SiC, was
reported only two years fater (2). More recently the series
of ternary compounds Ln51,C, with filled CrB;- and
MnSis-type structure has been investigated (3-7}. In all
these silicide carbides the carbon atoms occupy octahe-
dral voids formed by the metal atoms. Recently the ter-
nary silicide carbides U;5i,C, and U,Si,4C, were reported
(8). The carbon atoms in UySi,(C; occupy octahedral
voids formed by-six uranium atoms, while the carbon
and silicon atoms in U,Si,C, form Si—C units, which are
surrounded by nine uraniom atoms. The guaternary sys-
tems of the rare-earth elecments with iron, silicon, and
carbon were investigated recenily by Paccard, Paccard,
Bertrand, and co-workers (9-11) while searching for new
permanent magnets. These investigations resulted in the
new compounds DyFe,SiC (9), R,Fe,S5i,C (R = ¥, Pr,
Nd, and Gd—Er) with Dy,Fe,Si,C-type structure (10), and
RFeSiCy s (R = Ce-Nd, Sm) (11} with LaMn,,C,_ type
structure (12}). The magnetic propertics of the compounds
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R,Fe,Si,C with R = Y, Pr, Nd and Gd-Er were also
investigated (13, 14). The isotypic series AFe,SiC (4 =
Y, Sm, Gd, Tb, Ho, Er, Tm, Lu, Th, and U) with
DyFe,SiC-type structure was published recently (15). In
the preseat paper we report mainly about the structural
and physical properties of the silicide carbides
Tm,Fe,Si,C and Lu,Fe,Si,C.

SAMPLE PREPARATION

Starting materials were filings of the rare-earth metals
(>99.9%), thorium ingots (nominal purity 99.9%), iron
powder (Alpha, 99.9%, 325 mesh), silicon powder (Fluka,
>99.9%, 100 mesh), and graphite flakes (Alpha, >99.5%,
20 mesh). Filings of thorium were prepared under dried
paraffin oil. They were washed with dried cyclohexane
under argon. The thorium filings were not allowed to con-
tact air prior to the reactions. The samples were prepared
by arc-melting of small (about 500 mg) cold-pressed pellets
of the elemental components of the ideal compositions in
an argon (99.996%) atmosphere. The argon was further
purified by repeatedly melting a titanium button prior to
the reactions. The samples were wrapped in tantajum foil
and annealed in evacuated silica tubes for 30 days at
1000°C. Single crystals of Tm,Fe,5i,C were obtained by
annealing an arc-melted button in an evacuated, water-
cooled silica tube in a high-frequency furnace slightly
below the melting point for about 4 hr.

CHEMICAL PROPERTIES

The quaternary silicide carbides are all stable in air for
several months. Single crystals of these compounds are
prey with metallic luster. Powdered samples are dark
grey. While the samples do not visibly react with water,
the hydrolysis with diluted hydrochloric acid proceeds
rather fast. A sample of Er,Fe,S8i,C was hydrolyzed with
2N hydrochloric acid at room temperature. The emerging
gaseous products (H, and hydrocarbons) were analyzed
in a mass spectrometer (CHS, Varian MAT, 20°C, 70 eV).
Of the hydrocarbons about 80 * 5 wt% was methane
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FIG. 1. The magnetic susceptibility of Lu,Fe,5i,C as a function
of temperature.

besides about 20 = 5 wt% of C, and C,; hydrocarbons.
Nevertheless, the compound contains only isolated car-
bon atoms. The occurrence of the C; and C; hydrocarbons
is probably due to catalytic effects of the iron atoms.
Similar mixtures of hydrolyses products were observed
for various ternary carbides containing transition metals
(16), while CaC, and Al,C; are known to yield only C;H,
and CH,, respectively. Energy dispersive analysis of the
quaternary silicide carbides in a scanning electron micro-
scope were in agreement with the ideal compositions and
did not reveal any impurity elements heavier than sodium,

MAGNETIC SUSCEPTIBILITIES OF Tm,Fe,Si,C
AND Lu,Fe,Si,C

Susceptibility measurements of the two carbides were
carried out in the temperature range between 2 and 300 K
with a SQUID magnetometer (S. H. E. Quantum Design,
Inc.) with magnetic flux densities of up to 5.5 T as de-
scribed previously (17, 18). The susceptibilities of
Lu,Fe,51,C were very small, not fieid-dependent, with a
room temperature value of 6.6 (0.1} 107° m*/mol, and
almost temperature-independent, suggesting Pauli para-
magnetism (Fig. 1). The small upturn at low temperatures
is most likely due to a very minor amount of a paramag-
netic impurity. For an approximate diamagnetic correc-
tion we assumed the atomic susceptibilities (in units of
107° m*/mol) of —0.21 (Lu**), —0.16 (Fe*), and —0.02
(51**) given by Klemm (19), and —0.001 (C) given by
Haberditze] (20). With the thus calculated correction of
Xgia = —0.8- 107 m*/mol a value of x = 7.4 (0.1} 1077
m®/mol is obtained for the Pauli paramagnetism of the
conduction electrons. Thus, there is no magnetic contri-
bution from the iron atoms.

The susceptibility behavior of Tm,Fe,Si,C is dominated
by the Tm’' ijonms. At temperatures above 20K
Tm,Fe,Si,C shows Curie—-Weiss behavior with a slight
field dependence, most likely due to an unknown ferro-
magnetic impurity, although the Guinier powder diagram
gave no indication for such an impurity. The susceptibili-
ties obtained with magnetic flux densities of 3 and 5T
were practically the same and thus the impurity content
was very small. The compound orders antiferromagneti-
caily at low temperatures with a Néel temperature of
Ty = 2.7 £ 0.2 K (Fig. 2). The magnetic moment g, =
7.8 = 0.1 up, calculated from the slope of the 1/y vs T
plot according 0 pe, = 2.83((x/2(T — @] uy agrees
rather well with the free ion value of gz = 7.56 pp calcu-
[ated from the formula w; = glJ(J + D' ug. The Weiss
constant of @ = 14 + 1 K was determined by linear extrap-
olation of the high-temperature part of the 1/y vs T plot
to l/y = 0,

At low temperatures the magnetic susceptibility of
Tm,Fe,Si,C became field-dependent in a way suggesting
metamagnetism. The value of the critical field strength
was estimated to be 0.4 T (Inset of Fig. 2). This was
confirmed by the magnetization measurements at 2 K
(Fig. 3}, which nearly show magnetic saturation at the
highest obtainable field of 5.5 T. The hysteresis loop ex-
pected for a metamagnet was too small to be observable
in the 2 K data, because this temperature is too close to
the ordering temperature of Ty = 2.7 K. The magnetic
moment per Tm atom, calculated from the highest obtain-
able magnetization of 5.5 T (nearly the saturation mag-
netisation, smj, amounts feusm = 4.5 = 0.1 ug. This
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FIG. 2. The temperature dependence of the reciprocal susceptibility
of Tm,Fe,S8i;,C measured with a magnetic flux density of 5 Tesla. The
inset shows the low-temperature behavior of the reciprocal susceptibility
with smaller flux densities.
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FIG. 3. Magnetization M, vs magnetic flux density B, of
Tm,Fe,Si,C at 2 and 20 K.

may be compared to the theoretical saturation moment
of pieaeem = 7.0 pp, calculated according to poyem =
g = J pg, where g is the Landé factor and J is the total
angalar momentum quantum number. Thus, the experi-
mental vatue is somewhat smaller than the theoretical
value, as expected for a powder sample with random
orientatton of the particles.

The Néel temperatures of Tm,Fe,Si,C and the coire-
sponding silicide carbides R,Fe,Si,C (R = Nd, Gd, Tb,
Dy, and Er} (13) seem to follow the de Gennes function
(21}, which states that the Néel temperatures are propor-
tional to (g — 1)°/(J + 1} (Fig. 4). Only the gadolinium
compound shows a strong deviation from this function.
The validity of the calculated de Gennes transition tem-
peratures, however, is restricted to comparable structures
(22) and the magnetization measurements of Gd,Fe,Si,C
(13) had shown that the magnetic behavior of this com-
pound is completely different from that of the others.

Nd Gd Tb Dy Ho Er Tm

FIG. 4. Néel temperatures of Dy,Fe,Si,C-type compounds. The de
Gennes functions Ty = k(g — DAJ + 1) for the arbitrarily chosen
values of k = 4.3 and & = 2 are drawn with dashed lines.
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FIG. 5. Electrical resistivity of Tm;Fe,Si;C and Lu,Fe;Si,C as a
function of temperature,

The magnetic structures of the isotypic neodymium and
terbium compounds have been reported recently (14). Ac-
cording to these investigations the iron atoms carry small
magnetic moments of 1.5 pug and 1.3 uy, respectively,
while we have not observed any magnetic moments for
the iron atoms in the isotypic thuolium and lutetivm com-
pounds. We therefore thought about the possibility that
the magnetic moments of the iron atoms of these com-
pounds might be hidden in an antiferromagnetic structure
with a Néel temperature higher than room temperature.
However, in agreement with the interpretation of our sus-
ceptibility measurements given above, the Fe Moss-
bauer spectra of Tm,Fe,Si,C recorded at 4.2 K and 300 K
gave no indication for magnetic order. Both spectra were
practically identical and showed no hyperfine field split-
ting (23).

ELECTRICAL PROPERTIES

The electrical conductivity behavior of Tm,Fe,Si,C and
Lu,Fe,Si,C was investigated with an a. ¢. four-probe de-
vice between 4 K and room temperature as described
previously (24). Several compact polycristalling samples,
all taken from the same arc-melted and annealed ingots,
were measured. The samples had typical sizes of about
0.5 x 0.5 x 0.5 mm?® and the results were completely
reproducible within a factor of two from sample to sample,
while the relative values for one sample at different tem-
peratures are much more reliable. The specific resistivities
of both compounds decrease with decreasing temperature
(Fig. 5), as is typical for metallic conductors. The absolute
values of the resistivities at room temperature are about
100 uflcm, as compared to the values of p = 1.6 uQOcm
and p = 10 uQcm found for the metals silver and iron,
respectively (25).
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LATTICE CONSTANTS

The powdered samples were characterized by the Gui-
nier technique with CuKe, radiation using e-quartz {a =
491.30 pm, ¢ = 540.46 pm) as an internal standard. Indices
could be assigned on the basis of the C-centered mono-
clinic cell as found previously for Dy,Fe,Si,C (10). The
following lattice constants were obtained by least-squares
fits. The standard deviations in the place value of the
last listed digit are given in parentheses (throughout the
paper); Tm,Fe,Si;C: a = 1049.7(3) pm, & = 388.2(1) pm,
¢ = 664.2(2) pm, 8 = [28.96(2)°, V = 0.2105 nm’;
Lu,Fe,SL,C: o = 1045.1(2) pm, b = 386.1(1}) pm, ¢ =
660.0(1) pm, 8 = 128.88(2)°, and V = 0.2073 nm®.

While searching for an isotypic compound with thorium
as the most electropositive component we obtained the
new compound ThFe,;SiC,_,. This compound has the
tetragonal lattice constants @ = 1005.3(2) pm, ¢ = 651.6(2)
pm, and V = 0.6585 nm’. A powder pattern calculated
(26) with the positional parameters of NdFe SiC, s (11)
gave good agreement between the observed and calcu-
lated intensities and thus this compound is isotypic with
the corresponding lanthanoid compounds RFe,SiC,
(R = Ce, Pr, Nd, Sm) (11} and LaMn,,C,_, (12).

CRYSTAL STRUCTURE OF Tm,Fe,Si,C

Single crystals of Tm,Fe,Si,C were isolated from the
crushed sample prepared in the high-frequency furnace.
They were investigated with a Buerger precession camera
to establish their symmetry and suitability for intensity
data collection. The precession photographs showed mo-
noclinic symmetry and the systematic extinctions for a
C-centered lattice. The structure was eventually refined
in the centrosymmetric space group C2/m (No. 12).

Single-crystal intensity data were collected on an auto-
mated four-circle diffractometer with graphite monochro-
mated MoKe radiation and a scintillation counter with
pulse-height discrimination. The crystallographic data
and some results are summarized in Table 1. The structure
of Tm,Fe,Si,C was assumed to be isotypic with
Dy,Fe,8i,C (10), which was confirmed during the full-
matrix least-squares refinements with atomic scattering
factors (27), corrected for anomalous dispersion (28). A
factor accounting for isotropic secondary extinction was
alsorefined and applied to the calculated structure factors.
The weighting scheme included a term accounting for the
counting statistics. To check for deviations from the ideal
composition the scale factor was held constant in one
series of least-squares ¢ycles and all occupancy parame-
ters were allowed to vary along with the thermal parame-
ters. No significant deviations from the full occupancies
were found, and in the final least-squares cycles the ideal
occupancies were assumed. The metal and silicon atoms

TABLE 1
Crystallographic Data for Tm,Fe,Si,C

Lattice constants a = 1049.7(3) pm

b = 388.2(1) pm

¢ = 664.2(2) pm
B = 128.96(2)°
V = 0.2105 nm?
Formuta units/cell Z=2
Space group C2im (No. 12)
Formula weight 517.7
Calculated density (g/cm’) p. = 8.17
Absorption coefficient (cm™') wMoKa) = 493
Crystal dimensions {um®) 20 x 20 x 110
0/26 scans up to 20 = 60°
Range in Akl *14, =5, 9
Total number of reflections 1595
Absorption correction from psi scans
Transmission coefficient (highest/lowest) 1.23

Unique reflections 350

Inner residual R, = 0.024
Refiections with I > 3¢ (/) 296

Number of variables 21

Extinction correction value, g* 1.15(8) x 107%
Conventional residual (on F values) R = 0.020
Weighted residual R, = 0.029

¢ The extinction correction value g is defined by corr, factor 1/(1 +
g x L)

were refined with anisotropic and the carbon atoms with
isotropic thermal parameters. The final conventional and
weighted residuals are R = 0.020 and R,, = 0.029 for
296 structure factors and 21 variable parameters. A final
difference Fourier analysis showed the value of 0.89 e/A?
as highest residual density, too small and too close to a
metal site to be suitable for an additional atomic position.
The atomic parameters and the interatomic distances are
listed in Tables 2 and 3. A projection of the structure and
the coordination polyhedra is shown in Fig. 6. Listings
of the structure factor tables and the anisotropic thermal
parameters are available from the authors.

The present structure refinement of Tm,Fe,S8i,C fully

TABLE 2
Atomic Parameters of Tm,Fe,8i,C?

Atom C2/m Occupancy x ¥ z B
Tm 4 1.000(2) 0.56098(5) 0 0.29255(8) 0.396(8)
Fe 4 1LO0K(S)  0.20422) 0 0.0996(3)  0.41(3)
Si 4i 0.97(1) 0.15343) 0 0.7026(5)  0.52(6)
C 2a 0.93(5) 0 0 0 0.6(3)

2 The last column contains the isotropic thermal parameter of the
carbon atom and the equivalent isotropic thermal parameters B (X 100,
in units of nm? of the metal atoms. The occupancy parameters were
refined in separate least-squares cycles. In the final cycles the ideal
occupancies were assumed.
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TABLE 3
Interatomic Distances (pm) in the
Structure of Tm,Fe,5i,C?

Tm: 2 C 252.8 Fe: 1C 180.2
2581 296.8 281 2293
18i 297.8 18 2340
2 8i 298.8 2Fe 2836
2 Fe 303.% 2Tm 3031
1 Fe 3103 1 Tm 310.3
1 Fe 3142 1Tm 314.2
2Fe 3178 2Tm 3178
1 Tm 324.0
181 3547 Si: 2Fe 2293
2Tm  365.5 1 Fe 2340
1Tm 369.9 1Si 259.2
2Tm 388.2 2Tm 296.8

1Tm 2978
2Tm 298.8
1 Tm 354.7
C: 2Fe 180.2
4Tm 252.8

¢ Al distances shorter than 480 pm
(Tm-Tm, Tm-Si), 400 pm {Tm-Fe, Tm-C,
Fe-5i, Fe-C), 360 pm {Fe-Fe, Si-Si, C-0),
and 320 pm (Si~C) are listed. Standard devia-
tions are all equal to or less than 0.3 pm.

confirms the earlier structure determination of
Dy,Fe,8i,C (10). In several rare-earth transition metal
carbides the carbon positions were found with consider-
able deviations from the full occupancy, interestingly, so
far only for carbides with very high metal content. For
example, in the carbides CeRh(, (29), Gd;Mn,C; (30) and
Er,FeC, (31) the carbon positions were found to be fully
occupied, while the occupancy of at least some carbon
positions is only between 59 and 81% in LaMn,,C,_, (12),
Pr,Mny;C,_, (32), Th,Mn,,C;_, (33), and Ce,Ni,C;_, (24).

TmyFes8isC

FIG.6. Crystal structure and coordination polyhedra of Tm,Fe,Si,C.
Atoms connected by thick and thin lines in the right-hand part of the
drawing are at y = 3 and ¥ = 0, respectively.

In Tm,Fe,Si,C the carbon position is essentially fully oc-
cupied, as was found also for U;5i,C, and U,,Si;,C; (8).

The carbon atoms in the Dy,Fe,5i,C-type structure
have octahedral metal coordination as in most frequently
observed for ‘‘isolated” carbon atoms (carbon atoms
without C-C bonds). In the Dy,Fe,Si,C-type carbides the
carbon atoms have four rare-earth atoms as neighbors
forming a square with two iron atoms in trans-position
completing the flattened octahedron. Analogous environ-
ments were found for the carbon atoms in UMoC, (34),
YCoC (35), UsRe,Cy (36), PrReC, (37), and ScsRe,C, (38).

The interaction of the rare-earth atoms with the neigh-
boring atoms may be considered as primarily ionic, re-
sulting in a formula [2Tm3*])*[Fe,Si,CI°~. Together, the
iron, silicon, and carbon atoms form a polyanion. The
Si-8i bonds of 259 pm are rather long in view of the 5i-Si
bond distance of 235 pm in elemental silicon (39). If, for
simplicity, this very weak bond is neglected, the polya-
nion may be regarded as essentially two-dimensionally
infinite (Fig. 7). We believe that the atomic arrangement
and chemical bonding of highly condensed solid-state
compounds are governed by rules similar to those found
for molecular compounds. Thus, all valence orbitals
should possibly be utilized for chemical bonding, i.¢., the
iron atoms might be expected to follow the 18-electron
rule and the silicon and carbon atoms should obey the
octet rule, In aiming for such a visualization of the chemi-
cal bonding, we have used the classical Lewis formalism
to see how these rules are fulfilled for Tm,Fe,5i,C. In the
lower part of Fig. 7 the polyanion is shown together with
two different valence electron distributions. The five-
membered Si-Fe—C-Fe-Si zigzag chains of the monomer
are connected like the bricks in a wall. Each brick of the
monomer [Fe,Si,CJ%~ has to contain 34 valence electrons:
16 from the two iron atoms, 8 from the two silicon atoms,
4 from the carbon atom, and 6 from the formal charge.
The iron—carbon interactions are shown as double bonds
and the iron-silicon interactions as single bonds. The
remaining electrons are shown as lone pairs at the silicon
atoms and as nonbonding clectrons (dots) at the iron
atoms. In the visualization at the [eft side of Fig. 7 the
iron atoms obtain a total of 15 valence electrons including
5 nonbonding electrons. Using two of the latter (at the
right side of Fig. 7) to form Fe—Fe bonds, each iron atom
attains 17 electrons. This is as close as one can get to the
18-electron rule without invoking fractional bonds. The
assumption that there is some Fe—Fe bonding is supported
not only by the length of the Fe-Fe distance of 284 pm,
but, more conclusive, also from the small Fe—Si—Fe bond
angle of 75°, The Fe-C distance of {80 pm is slightly
shorter than the Fe—C distances of 181 and 183 pm in
Fe(CO)s, and there is generally agreement that the Fe-C
distances of the carbonyls have some double bond charac-
ter (40). Thus, there is at least some justification for the
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FIG. 7. The polyanionic iron-silicon—carbon network in the struc-
ture of Tm,Fe,Si;C. In the upper part of the figure the whole structure
1s shown in a view projected approximately along the y direction. In
the lower part of that projection the Tm atoms are omitted for clarity
and the relatively weak Si-Si bonds of 259.2 pm are left out, thus
emphasizing the two-dimensionally infinite character of the polyanion.
A view of the polyanion perpendicular to the xy plane is shown in the
middle of the figure with some bond angles and distances {pm). At the
bottom the same atoms are shown with two different valence electron
distributions using the Lewis formalism. On the left side the iron atoms
obtain 15 valence electrons and on the right side they obtain 17. How-
ever, this should not imply that they carry magnetic moments, as dis-
cussed in the text,

simple representation of chemical bonding as shown in
Fig. 7. Nevertheless, such a picture must have shortcom-
ings. The Pauli paramagnetism of Lu,Fe,Si,C indicates
that there are no localized moments at the iron atoms and
the metallic conductivity shows that the electrons at the
Fermi level are delocalized in an unfilled band. Certainly,

a band structure description is better suited to represent
the .chemical bonding, especially for the electrons at the
Fermi level of this extended solid.
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