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The new compounds R,FeC, (R = Y, Tb, Dy, Ho, Er, Tm, Yb, Lu) were prepared by arc melting of the
elemental components. They are formed by a peritectic reaction of the carbides RC, with iron. Their
crystal structure was determined from X-ray powder diffraction data for Tm,FeC, and from neutron
diffraction data for Er,FeCy. It is orthorhombic, space group Ibam with Z = 4 formula units per cell.
The lattice constants for Er,FeC, are a = 750.6(1) pm, b = 942.6(2) pm, ¢ = 500.6(1) pm, V = 0.3542
nm?>. The residual for a Rietveld peak shape refinement of the Er,FeC, neutron diffraction data is R =
0.024 (295 data and 14 variable parameters). The structure is of a new type with carbon pairs (bond
distance 133 pm) in an environment of five rare earth atoms and two adjacent iron atoms. Hydrolysis
with hydrochloric acid yields mainly C,Hg, C,H,, and CH, with minor amounts (depending on the
reaction temperature) of C;Hg, C;Hg, and CiH,. Er,FeC, is paramagnetic at room temperature. Fe
Mossbauer spectra for Y;FeC, and Er,FeC, were measured at 295 and 4.2 K. The isomer shifts are in
agreement with those for metallic iron. The quadrupole splittings reflect a previously unencountered
distorted tetrahedral carbon coordination of the iron atoms. No indication for magnetic order above
4.2 K was obtained. Induction measurements show a transition to a superconducting state for Y,FeC,
at 3.6 K, while Lu,FeC, does not become superconducting down to 1.8 K. © 1987 Academic Press, Inc.

Introduction

Ternary rare earth—transition metal-met-
alloid compounds have become a focus of
interest in recent years. Their potential for
permanent magnets was recognized

* Dedicated to Dr. Franz Jellinek.
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through the discovery of the compound
Nd,Fe 4B, which may surpass SmCos in
many applications (/). The ternary system
erbium-iron—-carbon contains the com-
pounds ErFeC, (2) and Er;Fe4C; the latter
is isotypic with Nd;Fe 4B (3). We report on
a new series of rare earth—iron—carbides,
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which we have characterized mainly
through the compounds Y,FeC,, Er;FeC,,
and TmyFeC,.

Sample Preparation

Starting materials were chips of the rare
earth metals (R), iron powder (all with
nominal purities of >99.9%), and graphite
flakes (99.5%). Stoichiometric mixtures
were cold-pressed to pellets of about 0.5 g.
For the neutron diffraction experiment, 8 g
ErFeC, was prepared from eight 1-g pel-
lets. The pellets were brought to reaction in
an arc melting furnace under about 0.6 atm
of purified argon. The rapidly solidified
samples always consisted of the binary car-
bides RC; (4) and elemental iron. The ter-
nary carbides R;FeC, were formed by an-
nealing at 900°C in evacuated silica tubes
for 10 days. After this peritectic reaction
the samples were usually nearly single
phase. Energy dispersive analyses in a
scanning electron microscope were in
agreement with the ideal composition and
did not show any additional elements. We
were not successful in isolating single crys-
tals for a structure determination from
these samples.

Properties

The carbides R,FeC, are gray with a me-
tallic luster and show good electrical con-
ductivity. They have to be kept under a
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protective atmosphere, because they de-
compose in air within a few days.

Samples of Er,FeC, and Y,;FeC, were hy-
drolyzed in diluted (2 N) hydrochloric acid
at several temperatures. The emerging gas-
eous products were analyzed in a gas chro-
matograph with a flame ionization detector.
The results are summarized in Table 1. It
can be seen that in all cases the major hy-
drolysis products were ethane, ethylene,
and methane with propane, propylene, and
C.H, (butane and butene could not be dis-
tinguished) as minor components. No great
difference was found between the hydroly-
sis of Er,FeC, and Y,;FeC4. The Y,FeC,
samples, hydrolyzed at different tempera-
tures, showed a tendency for a larger
amount of C, hydrocarbons at the expense
of the C, products with increasing hydroly-
sis temperature.

To search for superconductivity we mea-
sured the ac inductivity of several samples
of Y,FeC, and Lu,FeC, at low tempera-
tures. The carbide Y,FeC, gives a massive
signal, indicating a transition to a supercon-
ducting state at T. = 3.6 K, which is slightly
below the critical temperature for elemental
tin, 7. = 3.7 K, used for calibration pur-
poses. Lu,FeC,4 does not become supercon-
ducting down to 1.8 K.

Magnetic and SFe Mossbauer
Measurements

Samples of Y,FeC, and Er,FeC,; were in-
vestigated with a SQUID magnetometer be-

TABLE 1
HybRroLrysis PrRopucts of Er,FeCy AND Y,FeCy¢

T
Sample (OC) CH4 Csz C2H4 CzHG C}H() C]Hg C4Hx
Er,FeC, 23 15 -— 24 44 6 7 4
Y,FeC, 0 11 — 32 50 2 2 4
Y,FeC, 23 12 — 16 60 2 3 7
Y.FeCy, 100 18 — 22 44 3 3 10

¢ The hydrolyses were carried out with 2 N hydrochloric acid at
temperatures indicated and analyzed by gas chromatography.
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tween liquid helium temperature and room
temperature. Temperature- and magnetic
field-dependent =~ measurements show
Y,FeC; to be essentially nonmagnetic,
which can also be concluded from the su-
perconductivity of this compound. A quan-
titative evaluation of these data, however,
was not possible because they were domi-
nated by the magnetism of a small ferro-
magnetic iron impurity.

In contrast, Er,FeC, is strongly paramag-
netic. Its reciprocal susceptibility-vs-tem-
perature curve gives no indication of mag-
netic order above 4.2 K (Fig. 1). The
straight line (tangent) of the low-tempera-
ture portion (between 4 and 20 K) of these
data cuts the temperature scale at the para-
magnetic Curie temperature of —4 K. The
magnetic moment calculated from the slope
of the tangent results in a value of pps =
19.24u per formula unit. Assuming no con-
tribution from Fe atoms, this corresponds
to a magnetic moment of g, = 9.62up per
Er atom, which compares well with the the-
oretical value of w.q = 9.58up for Er’* (5).
The deviation from the straight line at
higher temperatures indicates the presence
of a small amount of a ferromagnetic impu-
rity, which we have identified by its Curie
temperature as elemental iron.
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FiG. 1. Inverse magnetic susceptibility of a sample
of Er,FeC, vs temperature measured in a magnetic
field of 0.5 T.

For the evaluation of the neutron diffrac-
tion powder data of Er,FeC, it was impor-
tant to ascertain the absence of magnetic
order at least at room temperature. For this
reason we determined the YFe Mossbauer
spectra of Er,FeC, and, for comparison,
also those of Y,FeC, (Fig. 2). A commer-
cially available spectrometer with a contin-
uous-flow cryostat was used to record the
spectra with a ¥Co/Rh source.

In agreement with the crystal structure
determinations, the Mossbauer data are
characteristic of one kind of iron. The spec-
tra were fitted by least-squares calculations
to quadrupole-coupled Lorentzian lines.
The results are summarized in Table II. No
great differences exist between the spectra.
They show no magnetic hyperfine structure
either at room temperature or at 4.2 K,
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FiG. 2. Fe Md&ssbauer spectra of Y,FeC, and Er,
FeC,. The solid lines are least-squares fits of the data
assuming symmetrical doublets. It can be seen that the
small amounts of a-Fe impurities are not visible in the
spectra. The slight deviations between the observed
and fitted curves near zero velocity were identified as
hydrolysis products in other ¥Fe Mdssbauer experi-
ments.



TABLE 11

RESULTS OF THE Fe MOSSBAUER MEASUREMENTS
of Y,FeC, AND Er,FeC

T 8 AE, r
Compound (K) (mm/s) (mm/s) (mm/s)
Y,FeC, 295 +0.110 1.201 0.291
Y,FeC4 42 +0.214 1.227 0.302
Ern,FeC, 295 +0.055 1.231 0.250
Er,FeC, 4.2 +0.200 1.261 0.250

¢ T = temperature of sample, § = isomer shift, AE,
= quadrupole splitting, I' = linewidths (at half-height).
Isomer shifts are relative to (metallic) a-Fe. Error lim-
its are all less than +0.01 mm/s.

even in spectra recorded on a larger veloc-
ity scale. Thus, neither compound orders
magnetically above liquid helium tempera-
ture.

The quadrupole parameters were found
to be nearly temperature independent, indi-
cating that the electrical field gradient is
due principally to the lattice. The isomer
shifts of Y,FeC, and Er,FeC, are very simi-
lar. Their room temperature values (rela-
tive to metallic iron) of 8 = 0.11 mm/s and &
= (0.10 mm/s, respectively, are comparable
to the values for the two different Fe sites
in cementite, Fe,C (6), which are both § =
0.17 mm/s (also relative to a-Fe). They are
also in agreement with metallic iron.
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The small differences between the isomer
shifts of the two compounds at both liquid
helium temperature and room temperature
are within our estimated error limits. Simi-
lar small differences (barely significant con-
sidering the error limits) were observed be-
tween the YFe isomer shifts of yttrium and
the heavier rare earth element compounds
for the series RFe; (R =Y, Tb, Dy, Ho, Er)
(7) and for dilute iron alloys, obtained by
implanting 'Fe in rare earth metal targets
&).

The variation of the isomer shifts of the
two ternary carbides with temperature can
be ascribed to the second-order Doppler
shift.

Lattice Constants

Guinier powder patterns were recorded
using CuKa, radiation with a-quartz (a
491.30 pm, ¢ = 540.46 pm) as standard. Be-
cause of their sensitivity to moisture the
samples were sealed between foils of plas-
tics. Indices could be assigned on the basis
of a body-centered orthorhombic cell with
the aid of Visser’s program (9). The lattice
constants (Table III) were refined by least-
squares fits. To assure proper indexing
the observed patterns were compared with
the calculated ones (/0) assuming the

TABLE 11l
LATTICE CONSTANTS OF ORTHORHOMBIC Er,FeC,-TyPE
COMPOUNDS?
Compound a (pm) b (pm) ¢ (pm) V (nm?)
Y,FeC, 752.9(2) 956.5(1) 504.06(8) 0.3630
Tb,FeC, 752.6(1) 964.4(1) 506.79(6) 0.3678
Dy,FeC, 751.4(1) 959.4(2) 505.09(8) 0.3641
Ho,FeC, 751.4(1) 949.4(1) 502.23(7) 0.3583
Er,FeC, 750.6(1) 942.6(2) 500.59(9) 0.3542
Tm,FeC, 749.4(1) 936.7(1) 497.92(4) 0.3495
Yb,FeC, 748.02) 931.5(2) 495.8(1) 0.3455
Lu,FeC, 749.4(1) 924.9(1) 495.08(5) 0.3431

« Here and in the following tables, standard deviations in the least
significant digit are given in parentheses.
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F1G. 3. Cell volumes of ternary rare earth-metal-
iron carbides with Er,FeC,-type structure.

atomic positions as obtained in the struc-
ture determination of Er,FeCy.

The plot of cell volumes (Fig. 3) shows
the normal lanthanoid contraction. The cell
volume of the ytterbium compound fits
smoothly between those of the thulium and
the lutetium compounds, indicating the tri-
valent nature of ytterbium in this structure.
The cell volume of the yttrium compound is
close to that of the dysprosium compound.
This was also noted for other ternary rare
earth metal carbides (2, 11, 12), whereas in
more ionic solids the cell volumes of the
yttrium compounds usually fit between
those of the corresponding holmium and er-
bium compounds (/3).

Crystal Structure

The structure determination was begun
from Guinier powder film data of Tm,FeC;.
The systematic extinctions (reflections Akl
were observed only with 2 + k + [ = 2n, h0l
only with 4 = 2n, and 0kl only with k = 2n)
led to space groups Iba2 and Ibam of which
the centrosymmetric group Ibam (No. 72)
was found to be correct during the structure
refinements. The intensity data were ob-
tained with an optical densitometer. A total
of 24 well-resolved reflections were mea-
sured and converted to structure factors af-
ter accounting for multiplicity, the usual
Lorentz polarization, and geometric factors
(10).

The atomic positions of the large thulium
atoms were deduced by symmetry consid-

erations and by space filling arguments.
The positions of the iron and carbon atoms
were located on difference Fourier maps.
The structure has Z = 4 formiila units in the
body-centered cell corresponding to a cal-
culated density of p. = 7.97 g/cm’. It was
refined by a full-matrix least-squares pro-
gram (/4), using atomic scattering factors
(15), corrected for anomalous dispersion
(16). A final residual of R = 0.056 was ob-
tained for 24 structure factors and 7 vari-
able parameters. The powder pattern is
evaluated in Table IV and the positional pa-
rameters are listed in Table V.

Because of the relatively weak X-ray
scattering power of the carbon atoms, their
positions and, therefore, also the C-C bond
distance were not obtained with the desired
accuracy by this structure determination.
Furthermore we could not fully exclude the
possibility that additional carbon atoms oc-
cupy another interstitial site. We therefore
collected diffraction data for a polycrystal-
line sample of Er,FeC, with monochro-
mated neutrons of wavelength A = 239 pm
up to 26 = 85° in steps of 0.2°. The back-
ground was fitted by a polynomial of fourth
order. Nuclear scattering amplitudes were
taken from the International Tables (/7).
Profiles of the diffraction peaks were then
refined by a Rietveld analysis program (18,
19) to a final residual of R = 0.024 for 14
variable least-squares parameters and 295
data points between 26 = 21.5 and 80.3°
(Fig. 4, Table V). The corresponding resid-
ual based on the intensities of 21 well-re-
solved reflections (20) is R = 0.008. A final
difference Fourier analysis showed no
peaks higher than 8% of the neutron diffrac-
tion power of a carbon atom. A projection
of the structure and the coordination poly-
hedra are shown in Fig. 5. Interatomic dis-
tances are listed in Table VI.

The structure of Er,FeC; is of a new
type. Its most remarkable feature is the
empty channels along the z axis, because
intermetallic compounds usually have
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TABLE IV

GUINIER POWDER PATTERN OF Tm,FeC4

hkl Q. Q. I I, Fe F,
110 292 292 10 3 6 4
020 456 — <1 — 1 —
200 712 712 6 5 11 10
121 1037 1038 100 82 28 25
220 1168 1169 7 8 11 12
130 1204 1204 49 47 30 29
211 1230 123] 92 84 30 28
002 1613 1612 28 34 38 41
310 1717 1716 34 32 30 29
040 1824 1824 16 14 30 28
112 1905 1904 28 33 20 22
022 2069 2069 8 10 16 18
231 2141 2143 10 12 13 14
202 2326 2325 14 19 23 26
141 2405 2404 16 12 18 16
321 2462 2461 2 — 7 —
240 2536 2536 10 11 20 21
330 2629 2628 18 18 28 27
222 2782 — 1 — 4 —
132 2817 2817 7 7 13 13
400 2849 2850 5 7 22 24
150 3027 — 2 — 9 —
420 3305 — 3 3 12 13
312 3330 3332 7 8 14 15
411 3367 3367 14 16 20 21
042 3437 3436 28 28 39 39
341 3830 — <1 — 4 —
251 3965 3965 27 26 29 29
060 4103 4104 6 5 28 26
242 4149 — 1 — 6 —
332 4242 4241 40 37 —
123 4264 4265 16 71 24 —
431 4279 — 3 10 —
350 4452 <1 3 —
213 4456 4457 16 40 24 —
402 4463 14 31 —
510 4566 — <1 — 3 —
152 4641 — <1 — 4 —
440 4673 10 27 —
161 4684} 4679 8} 2 17 —
260 4815 — <1 — 2 —
422 4919 — <1 — 1 —
521 5311 (5318) 18 18 26 26

¢ The pattern was recorded with CuKea; radiation. Q values are
defined by Q = 100/d* (nm~?).
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F1G. 4. Neutron diffraction powder pattern of Er,FeCy. In the upper part of the figure the measured
data points of the diffraction profiles are connected by the fitted line. The line in the lower part of the
drawing is the difference between the observed data points and the calculated line. The positions of the

reflections are marked between these two lines.

close-packed structures. There are, how-
ever, some examples where large voids re-
main unoccupied in intermetallics. One ex-
ample is the structure of Ni;Sny, where it
was rationalized (217), that the empty site
accommodates nonbinding electrons in
much the same way as lone pairs take up
space in more ionic solids (22).

Although the channels are obvious in Er;

TABLE V
PosITiONAL PARAMETERS OF Tm,FeC4 AND ErFeCy¢

Ibam x v z B (nm?

Tm,FeC,

Tm 8 0.156(2) 0.354(1) 0 0.001

Fe 4a 0 0 i 0.004

C(1) 8 0.35(3) 0.122) 0 0.005

C(2) 8/ 0.18(2) 0.09(2) 0  0.005
Er,FeC,

Er 8 0.156(2) 0.354(1) 0 0.003

Fe 4a 0 0 E 0.003

Cc 8/ 0.342(2) 0.131(1) 0O 0.005

C@2) 8/ 0.177(2) 0.078(1) 0 0.005

4 The parameters determined for Tm,FeC4 were ob-
tained from the Guinier powder data, those for ErFeC,
by Rietveld analysis of the neutron diffraction data.
Thermal parameters (B) were held constant during the
least-squares refinements.

FeC,, they are slightly too small to accom-
modate additional carbon atoms. The
empty position within a channel farthest
away from the metal atoms is at 3, 0.7, }. Its

Er,FeC,

Fic. 5. Crystal structure of Er,FeC,. Large and
small circles represent Er and C atoms. Those con-
nected by thick lines are positioned at z = ; the others
(drawn with thin lines) are at z = 0. The iron atoms,
shown as black spheres, form chains parallel to the
projection direction. They are situated at z = { and 4.
Empty channels also extend along the projection di-
rection adjacent to the iron chains. The coordination
polyhedra are outlined at the left side of the figure.
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TABLE VI
INTERATOMIC DISTANCES (pm) IN Er,FeC

Er 1C1 236 Fe 4C2 197
1C2 246 2Fe 250
2C1 251 4Er 318
1C1 253 Cl 1C2 133
1C2 261 1Er 236
1IC1 261 2Er 251
2C2 287 1Er 253
2Fe 318 1Er 261
2Er 342 C2 1C1 133
2Er 348 2Fe 197
1Er 361 IEr 246
2Er 372 1Er 261

2Er 287

4 All distances shorter than 420 pm (Er-Er), 360 pm
(Er-Fe, Er-C), 500 pm (Fe-Fe), and 290 pm (Fe-C,
C-C) are listed. Standard deviations are all equal to or
less than 2 pm.

distance from the metal atoms (void-Fe at
190 pm; on the opposite site: void-2Er at
216 pm) are all shorter than the correspond-
ing bond distances of the structure.

The presence of the channels also ren-
ders an unusual iron coordination. Each
iron atom has four close carbon neighbors.
The arrangement of these carbon atoms is
halfway between square planar and tetrahe-
dral, with the (pseudo) 4 axis parallel to the
y axis of the cell. This coordination is com-
plemented by four Er atoms at 318 pm,
which form an equally distorted tetrahe-
dron. The iron atoms have no close neigh-
bors in the y direction. The four Er atoms
close to that direction are (at the other side
of the channel) at 375 pm, a distance that
cannot be considered as bonding. Probably
nonbonding electrons extend from the iron
atoms in this direction, thus filling the chan-
nels. In this context it is interesting that the
quadrupole splittings observed for Y,FeC,
and Er,FeC, are unusually large for metal-
lic iron.

The carbon atoms form pairs. Their bond
distance of 133 pm is practically the same
as the C=C bond distance of 134 pm found

in olefins. Considering the high electropos-
itivity of the rare earth metals, the com-
pound may thus be rationalized with the
formula (Er*3), Fe*?[C5*],, where the su-
perscripts represent oxidation numbers
(and not ionic charges; a frequent misun-
derstanding). Thus the iron atoms obtain a
d® system. Strong Fe—Fe bonds are formed
within the iron chain; however, in view of
the unusual coordination of the iron atoms,
it is difficult to further rationalize the bond-
ing situation.

Structural Relationships

The crystal structure of Er,FeC, is
closely related to those of CaC, (23),
UCoC, (24), and ThCr,Si; (25). This is dem-
onstrated in Fig. 6, where we show the
crystal structures of these compounds to-
gether with the basic building block of Er;
FeC,4. It can be seen that the structures of
the ternary compounds derive from that
of CaC; through the gradual insertion of
transition metal atoms. We can go from
Ca,04C4 to ErFe[13C4 by inserting one
chain of transition metal atoms on sites ]
which are formed in CaC, by four Ca and
four C atoms (both in distorted tetrahedral
arrangement). The insertion of another
chain results in a square net of transition
metal atoms which we find in U,Co,[,C,.
By adding another transition metal net
we finally arrive at the structure of
Th,Crs¢Siy, i.e., ThCr,Si,. This structure
has not yet been found for carbides, al-
though numerous borides, silicides, phos-
phides, etc., with this structure type have
been reported (26, 27).

With the stepwise insertion of transition
metal atoms into the structure of CaC,, the
C, pairs are increasingly (chemically) re-
duced, which is reflected in the increasing
C-C bond lengths (Table VII). The end
member of this series—a carbide of
ThCr,Si,-type structure with isolated C at-



idealized quarter cell
idealized halt celt rotated 45°
Er,FeC, EryFeC, EryFeC,

real structure

*
™

Si

quarter cell, real structure
cop0,C, ErpFed;C, UpCop o, ThyCr Og S,

CaC, Er,FeC, UCoC» ThCr;Si;

F1G. 6. Crystal structure of Er,FeC, and its relation to the structures of CaC,, UCoC,, and ThCr,Si,.
In the upper left corner the structure of Er,FeC, is shown. Its unit cell is drawn with broken lines.
Unbroken lines indicate two building blocks with equivalent cell volume. The block on the right side is
drawn again in the upper middle in distorted form to acquire the shape of a pseudo-face-centered
pseudotetragonal cell. In the upper right corner, the corresponding pseudo-body-centered cell is
shown. In the lower row this cell of Er,FeC, is shown again, this time with the atomic arrangement of
the real Er,FeC, structure. The CaC, structure can be derived from the ThCr,Si structure through the
formation of vacant transition metal sites ((J). The Er,FeC,- and UCoC,-type structures represent
steps between CaC, and ThCr,Si,.

TABLE VII
Er,FeC, aAND UCoC, As TRANSITIONAL STRUCTURES BETWEEN CaC, aND ThCr,Si,

Observed “‘Ideal”
Real (or Formula with Lewis formula C-C bond C—C bond
hypothetical) Structure vacancies [ and for the distance distance?
composition? type oxidation numbers C atoms (pm) (pm)
CaC, CaC, (Ca*2)(T+2)[(C5 %), |C=(] 119 120
Er,FeC, Er,FeC, (Er-3)(Fe*)05(C5 ), <C:C> 133 134
UCoC; UCoC;, (U 9,(Co~2),10,(C7 ), Ic—C 148 154
(MT.C; ) ThCrSi; (M),(T*3),04(C*)4 clici — (>200)
(MT,C, 1I) ThCr:Si, (M*2),(T+2),04(C; %), Ic—C| — 154

4 So far, no carbides with the ThCr;,Si, structure have been synthesized.
® Bond distances in hydrocarbons with triple, double, and single C—C bonds.

27
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oms—will probably never be synthesized,
because the C atoms would obtain coordi-
nation number 8, which is somewhat too
high for the small carbon atoms. However,
a ThCr,Si>-type carbide with singly bonded
C, pairs seems possible, for instance, in
combinations in which the large electropos-
itive metal is divalent.
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