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The title compounds were prepared from the elemental com-
ponents by arc-melting and subsequent annealing. While
Gd3Ru2C5 and Tb3Ru2C5 are present in the as-cast samples, the
others are formed during the annealing process. The magnetic
properties of the four compounds R3Ru2C5 (R 5 Gd+Ho) were
investigated with a SQUID magnetometer. They show very soft
ferromagnetism. The highest Curie temperature was observed
for the gadolinium compound with TC 5 84(1) K. Electrical con-
ductivity measurements for Tb3Ru2C5 indicate metallic behavior.
The crystal structure of these isotypic compounds has been
determined from single-crystal X-ray data of Gd3Ru2C5: P63/m,
Z 5 4, a 5 1147.0(1) pm, c 5 504.7(1) pm, R 5 0.052 for 500
F values and 43 variable parameters. Structure re5nements of
another crystal of the gadolinium compound with a slightly
di4erent composition and of the terbium compound gave similar
results. In all three structure re5nements a ruthenium position on
the hexagonal axis had to be re5ned with split occupancy. The
adjacent lanthanoid positions re6ect this disorder. The re5ne-
ment of the occupancy parameters of the three data sets resulted
in the compositions Gd3Ru1.851(1)C4.86(2), Gd3Ru1.862(2)C4.97(3), and
Tb3Ru1.776(4)C4.95(1). The structure contains C2 pairs and isolated
carbon atoms. The C+C distances in the three re5nements vary
between 133(1) and 142(3) pm, close to the typical double-bond
distance of 134 pm. The structure contains trigonal polyanionic
clusters of the composition Ru3C10, and in addition there are
ruthenium atoms which have no carbon neighbors. Chemical
bonding in these compounds is brie6y discussed on the basis of
the 18- and 8-electron rules. ( 2001 Academic Press

INTRODUCTION

A large number of ternary carbides of the rare earth
elements with transition metals have been synthesized in
recent years. With ruthenium as transition metal compo-
Additional crystallographic data may be obtained from the Fachinfor-
mationsentrum Karlsruhe, D-76344 Eggenstein}Leopoldshafen, Germany,
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nent the perovskite (CaTiO
3
)-type carbides ScRu

3
C (1) and

CeRu
3
C

1~x
(2, 3) are known for some time. More recently,

the isotypic series RRu
3
C (R"Dy}Lu) has been reported

(4). In these carbides the carbon atoms are isolated from
each other and occupy octahedral voids formed by the
ruthenium atoms. Carbon pairs were found in the structures
of Sc

3
RuC

4
(5), R

3.67
RuC

6
(R"La}Nd, Sm, Gd) (6, 7), and

GdRuC
2

(8). The carbides R
7
Ru

2
C

11
(R"Dy}Tm) (9), and

R
10

Ru
10

C
19

(R"Y, Gd}Lu) (10) have isolated carbon
atoms as well as carbon pairs. Here we report on a new
series of carbides R

3
Ru

2
C

5
, again with isolated carbon

atoms and carbon pairs. A preliminary account about the
crystal structure of these compounds has been given at
a conference (11).

SAMPLE PREPARATION AND LATTICE CONSTANTS

The samples were prepared by arc-melting of the elemen-
tal components. Starting materials were large pieces of the
rare earth metals (all with nominal purity '99.9%). Filings
of these were prepared under dry (Na) para$n oil. The latter
was removed by dry hexane. The "lings were stored under
vacuum and only brie#y exposed to air prior to the reac-
tions. The ruthenium was purchased in the form of powder
('99.9%) and graphite in the form of #akes ('99.5%).
Cold-pressed pellets (&0.5 g) of the elemental components
were reacted in an arc-melting furnace under an argon
atmosphere, which was further puri"ed by repeatedly
melting a titanium button prior to the reactions. The sample
buttons were melted two or three times and turned around
between the melting operations to enhance their homoge-
neity. Material losses were of the order of 2}3%. The
compact samples were wrapped in tantalum foil, sealed in
evacuated silica tubes, and annealed for 14 days at 10003C.
They were then quenched in ice water.

The single-crystals of Gd
3
Ru

2
C

5
and Tb

3
Ru

2
C

5
used for

the X-ray investigations were obtained by annealing arc-
melted samples in a water-cooled silica tube in a high-
frequency furnace slightly below the melting temperature
for 2 h, followed by annealing for 14 days at 10003C. The
0022-4596/01 $35.00
Copyright ( 2001 by Academic Press

All rights of reproduction in any form reserved.



TABLE 1
Lattice Constants of Hexagonal Carbides with Gd3Ru2C5-Type Structure

Compound
Sample composition

(at.%)
Annealing
temp. (3C)

a
(pm)

c
(pm) c/a

<
(nm3)

Y
3
Ru

2
C

5
35 :20 :45 1000 1138.4(3) 498.9(1) 0.4382 0.5599

Gd
3
Ru

2
C

5
35 :20 :45 900 1148.5(3) 506.5(1) 0.4410 0.5786

Gd
3
Ru

2
C

5
37 :13 :50 1000 1147.3(4) 502.4(2) 0.4379 0.5727

Gd
3
Ru

2
C

5
40 :10 :50 1000 1135.7(2) 498.0(1) 0.4385 0.5563

Tb
3
Ru

2
C

5
35 :20 :45 900 1143.4(5) 503.4(1) 0.4403 0.5699

Tb
3
Ru

2
C

5
39 :11 :50 1000 1131.4(2) 494.7(1) 0.4372 0.5484

Dy
3
Ru

2
C

5
35 :20 :45 1000 1139.6(3) 500.7(1) 0.4394 0.5632

Ho
3
Ru

2
C

5
35 :20 :45 1000 1136.5(2) 498.4(1) 0.4385 0.5575

Er
3
Ru

2
C

5
35 :20 :45 1000 1133.8(4) 495.3(2) 0.4368 0.5514
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latter annealing was intended to obtain well ordered sam-
ples, however, as revealed by the X-ray investigations with-
out success. The two single-crystals of Gd

3
Ru

2
C

5
were

selected from two samples, both with the same nominal
composition of Gd :Ru :C"35 :20 : 45. The single-crystal of
Tb

3
Ru

2
C

5
was isolated from a sample with the composition

Tb:Ru:C"39 :11 :50. Energy-dispersive X-ray analyses in
a scanning microscope did not reveal any impurity elements
heavier than sodium within the detection limits of ca 2 at.%.

The samples were characterized by their Guinier powder
patterns using monochromated CuKa

1
radiation and a-

quartz (a"491.30 pm and c"540.46 pm) as an internal
standard. All samples contained minor amounts of the La-
ves phases RRu

2
. Indices for the new carbides R

3
Ru

2
C

5
could be assigned on the basis of the hexagonal cell found
by the single-crystal investigation of Gd

3
Ru

2
C

5
. The identi-

"cation of the di!raction lines was facilitated by intensity
calculations (12) using the positional parameters of the
structure determinations. The lattice constants listed in
FIG. 1. Cell volumes of the carbides R
3
Ru

2
C

5
with R"Y, Gd}Er. The

compounds have homogeneity ranges. Therefore, the lattice constants
depend on the compositions of the samples. The overall sample composi-
tions are given in atomic ratios R :Ru:C.
Table 1 were obtained by least-squares "ts. For several
compounds lattice constants were determined from samples
with di!erent overall compositions, resulting in di!ering
lattice constants and cell volumes. The latter are shown in
Fig. 1.

PROPERTIES

The compact samples have a dark gray color with some
luster, like elemental silicon. The powders are black and
stable on air for long periods of time.

Magnetic Susceptibilities

The magnetic properties of powder samples of the four
compounds R

3
Ru

2
C

5
(R"Gd}Ho) were investigated with

a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS) in the temper-
ature range between 2 and 300 K with magnetic #ux densi-
ties up to 5.5 T. About 30 mg of each sample was put in
a thin-walled silica tube (inner diameter 2 mm). The samples
were held in place by compression with a cotton plug. In
general, the samples were cooled in zero "eld and the mag-
netic susceptibilities were recorded continuously on heating.
To check for ferromagnetic impurities the samples were
investigated at 300 K with various magnetic #ux densities.
Only the sample of the yttrium compound had a strong "eld
dependence at that temperature, indicating a ferromagnetic
impurity. For that reason this sample was not investigated
any further. The results for the other samples are shown in
Fig. 2.

The reciprocal susceptibilities of the four compounds
R

3
Ru

2
C

5
(R"Gd}Ho) show Curie}Weiss behavior (left-

hand side of Fig. 2). From the linear portions of the recipro-
cal susceptibility plots above 150 K, recorded with a mag-
netic #ux density of 3 T, we obtained paramagnetic Curie
temperatures (Weiss constants #) between 71$3 K for
Gd

3
Ru

2
C

5
and 5$3 K for Ho

3
Ru

2
C

5
. The corresponding

experimentally determined e!ective magnetic moments,



FIG. 2. Reciprocal susceptibilities and magnetization curves of the ferromagnetic carbides R
3
Ru

2
C

5
(R"Gd}Ho). The reciprocal susceptibilities of

the main plots were recorded with a magnetic #ux density of 3 T, for the insets with 0.1 T. The magnetization curves were all recorded at a temperature of
2K. The insets show the magnetization behavior at low magnetic #ux densities B.
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calculated from the relation k
%91

"2.83 [(s/3) (¹!#)]1@2
(4p]10~6)~1@2 are generally in good agreement with the
theoretical moments k

%&&
for the free R3` ions (Table 2). The

only exception is the dysprosium compound, where the
experimentally determined magnetic moment of
k
%91

"11.35(3) k
B

is slightly higher than the theoretical one
of k

%&&
"10.65 k

B
. This di!erence might be ascribed to an

unknown impurity with a high content of dysprosium.
The positive values of the Weiss constants indicate fer-
romagnetic order. This was con"rmed by the magnetization
measurements carried out at 2 K, shown in the right-hand
diagrams of Fig. 2. The Curie temperatures¹

C
vary between

84$1 K for Gd
3
Ru

2
C

5
and 12$1 K for Ho

3
Ru

2
C

5
(Table 2). They were determined by &&kink-point'' measure-
ments (not shown). For this purpose each sample was
cooled in a weak magnetic "eld (0.002 T) to low



TABLE 2
Magnetic Data of the Ferromagnetic Carbides

R3Ru2C5 (R 5 Gd+Ho)a

Compound
k
%91

(k
B
/R3`)

k
%&&

(k
B
/R3`)

#
(K)

¹
C

(K)
kexp(sm)

(k
B
/R3`)

k
#!-#(4.)

(k
B
/R3`)

Gd
3
Ru

2
C

5
7.94(5) 7.94 71(3) 84(1) 5.91(3) 7.00

Tb
3
Ru

2
C

5
9.74(5) 9.72 47(5) 78(1) 4.60(3) 9.00

Dy
3
Ru

2
C

5
11.35(3) 10.65 38(3) 22(1) 7.15(3) 10.00

Ho
3
Ru

2
C

5
10.78(5) 10.61 5(3) 12(1) 5.88(3) 10.00

aThe experimentally determined e!ective moments, k
%91

, obtained from
the slopes of the 1/s vs ¹ plots, are compared with the corresponding
theoretical moments, calculated from the relation k

%&&
"g[J (J#1)]1@2.

The highest magnetic moments k
%91(4.)

of the magnetization curves ob-
served at 5.5 T are listed together with the theoretical saturation magneti-
zations obtained from the equation k

#!-#(4.)
"g ) J. The Weiss constants

# and the Curie temperatures ¹
C

are also given.

FIG. 3. Electrical resistivity of Tb
3
Ru

2
C

5
as a function of temperature.

The discontinuity in the plot at 80 K corresponds to the Curie temperature.
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temperatures, and the turning point of the thus obtained
magnetic susceptibility curve was determined by calculating
its derivative. This turning point was considered as the
Curie temperature. The magnetization curves for the four
carbides R

3
Ru

2
C

5
(R"Gd}Ho) show only small hysteresis

loops, indicating very soft ferromagnetism. For the hol-
mium compound the hysteresis is very small because it was
recorded (at 2 K) only 10 K lower than the Curie temper-
ature of ¹

C
"12 K. The hysteresis of Gd

3
Ru

2
C

5
is even

smaller, practically not visible, and this apparently has to do
with the half-"lled f shell of Gd3`. Such exceptional mag-
netic behavior is frequently observed for gadolinium com-
pounds (13}16). In none of the magnetization curves were
we able to reach the saturation magnetization at $5.5 T,
TABL
Crystal Data for Gd3R

Compound Gd
3
Ru

2
C

5
(I)

Space group P6
3
/m

a (pm) 1147.0(1)
c (pm) 504.7(1)
< (nm3) 0.5750
Pearson symbol hP50}11.2
Formula units/cell (Z) 4
Composition Gd

3
Ru

1.851(1)
C

4.86(2)
Formula mass 717.2
Calculated density (g/cm3) 8.28
Crystal dimensions (km3) 5]5]40
h/2h Scans up to 2h 69.93
Range in h, k, l 0}18, $18, 0}8
Total No. of re#ections 3379
Unique re#ections 923
Internal residual (on F2) 0.090
Re#ections with I

0
'2p (I

0
) 500

No. of variables 43
R (No. of F) 0.052 (500)
R

8
(No. of F2) 0.070 (923)

Largest di!. peak/hole (e/A_ 3) 3.15/!3.56
the highest magnetic #ux density attainable with our SQUID
magnetometer. This can be seen from the shapes of the
magnetization curves as well as from the values of the experi-
mental &&saturation''magnetizations k

%91(4.)
, which amount to

84, 51, 72, and 59% of the theoretically attainable saturation
magnetizations k

#!-#(4.)
for the compounds R

3
Ru

2
C

5
with

R"Gd, Tb, Dy, and Ho, respectively (Table 2).

Electrical Conductivity

Using Tb
3
Ru

2
C

5
as an example, we have determined the

electrical conductivity behavior of these carbides. A poly-
E 3
u2C5 and Tb3Ru2C5

Gd
3
Ru

2
C

5
(II) Tb

3
Ru

2
C

5

P6
3
/m P6

3
/m

1145.0(2) 1130.4(2)
502.0(1) 494.6(1)
0.5699 0.5473
hP50}10.7 hP50-11.1
4 4
Gd

3
Ru

1.862(2)
C

4.97(3)
Tb

3
Ru

1.776(4)
C

4.95(1)
719.6 715.7
8.39 8.69
22]22]66 33]33]88
65.93 63.83
$17, $17, $7 $16, $16, !1(l(6
8512 3851
785 645
0.107 0.137
490 420
43 43
0.028 (490) 0.065 (420)
0.060 (785) 0.088 (645)
3.93/!4.12 4.18/!4.98



TABLE 4
Atomic Parameters of Gd3Ru2C5 and Tb3Ru2C5

a

Atom P6
3
/m Occupancy x y z ;

Gd
3
Ru

1.851(1)
C

4.86(2)
(I)

Gd1a 6h 0.753(1) 0.2597(1) 0.2599(1) 1
4

87(1)
Gd1b 6h 0.247(1) 0.2182(2) 0.2200(2) 1

4
31(6)

Gd2 6h 1 0.5070(1) 0.1233(1) 1
4

90(1)
Ru1 6h 1 0.2056(1) 0.5028(1) 1

4
89(1)

Ru2 4e 0.351(1) 0 0 0.0654(2) 94(5)
C1 6h 1 0.0686(6) 0.3218(7) 1

4
72(3)

C2 6h 1 0.2074(9) 0.0188(8) 1
4

75(5)
C3 6h 1 0.1199(6) 0.6116(7) 1

4
67(7)

C4 4f 0.36(2) 1
3

2
3

0.0014(6) 75(4)

Gd
3
Ru

1.862(2)
C

4.97(3)
(II)

Gd1a 6h 0.738(1) 0.2638(2) 0.2634(2) 1
4

83(1)
Gd1b 6h 0.262(1) 0.2240(2) 0.2225(2) 1

4
91(4)

Gd2 6h 1 0.1279(1) 0.5071(1) 1
4

45(1)
Ru1 6h 1 0.5065(2) 0.2031(2) 1

4
25(1)

Ru2 4e 0.362(2) 0 0 0.0628(5) 66(6)
C1 6h 1 0.3244(8) 0.0687(8) 1

4
75(5)

C2 6h 1 0.0176(9) 0.2091(9) 1
4

70(2)
C3 6h 1 0.6115(9) 0.1213(9) 1

4
78(8)

C4 4f 0.47(3) 1
3

2
3

0.0036(9) 69(6)

Tb
3
Ru

1.776(4)
C

4.95(1)
Tb1a 6h 0.743(2) 0.2694(1) 0.2689(1) 1

4
60(3)

Tb1b 6h 0.257(2) 0.2245(3) 0.2225(3) 1
4

79(8)
Tb2 6h 1 0.1417(1) 0.5094(1) 1

4
75(2)

Ru1 6h 1 0.5112(1) 0.1956(1) 1
4

68(3)
Ru2 4e 0.276(4) 0 0 0.0634(8) 14(8)
C1 6h 1 0.330(2) 0.070(2) 1

4
78(3)

C2 6h 1 0.018(2) 0.217(2) 1
4

72(6)
C3 6h 1 0.602(3) 0.115(3) 1

4
77(9)

C4 4f 0.45(1) 1
3

2
3

0.009(9) 70(8)

aTwo sets of data obtained from two crystals (I and II) of two di!erent
samples of Gd

3
Ru

2
C

5
were re"ned. The atomic positions were standard-

ized by the program STRUCTURE TIDY (22). The rightmost column
contains the isotropic displacement parameters; (pm2) of the carbon and
the equivalent isotropic ; values of the anisotropic displacement para-
meters of the metal atoms.
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crystalline compact fragment (with a diameter of approxi-
mately 0.5 mm) of an annealed arc-melted button was inves-
tigated with a four-probe technique as described earlier
(17}20). Due to the di$culty in estimating the sizes of the
contacted areas the absolute values of the resistivities are
correct only within a factor of $2. The relative resistivities
at di!erent temperatures, however, are much more reliable.
The electrical resistivity of Tb

3
Ru

2
C

5
increases from 4 K to

room temperature (Fig. 3), thus indicating metallic behav-
ior. The discontinuity in the resistivity curve observed
at 80 K corresponds to the Curie temperature which had
been found at 78$1 K by the magnetic susceptibility
measurements.

STRUCTURE DETERMINATION AND REFINEMENTS

The structure determination was carried out at "rst with
a single-crystal of the gadolinium compound (I). The re"ne-
ment of this structure resulted in some split and disordered
positions, and for that reason another crystal (II) of this
compound, and in addition a crystal of the terbium com-
pound, were used for structure re"nements, all with very
similar results.

Single-crystals were isolated from crushed samples pre-
pared by arc-melting and further annealing as described
above. They were selected on the basis of Laue and pre-
cession diagrams. Intensity data were collected for three
single-crystals on a four-circle di!ractometer (Enraf Nonius,
CAD4) with graphite-monochromated MoKa radiation
and a scintillation counter with a pulse-height discrimina-
tor. The scans were along h with background counts at both
ends of each scan. Empirical absorption corrections were
made on the basis of psi-scans. Further details of the data
collections are summarized in Table 3.

The data sets showed the low hexagonal Laue symmetry
6/m and the structures were eventually all re"ned in the
centrosymmetric space group P6

3
/m (No. 176). The posi-

tions of most metal atoms were obtained from a Patterson
synthesis and the other atoms were located by di!erence
Fourier computations. For the "nal structure re"nements
a full-matrix least-squares program was used (21) with
atomic scattering factors, corrected for anomalous disper-
sion, as provided by the program. The weighting scheme
accounted for the counting statistics, and a parameter cor-
recting for isotropic secondary extinction was optimized as
a least-squares variable.

There were some di$culties in the re"nements of the
atomic positions on the threefold axes. The 4f position 1

3
, 2
3
,

z with z&0 has an octahedral environment of 3R2#3Ru1.
In view of this coordination it is suited only for carbon
atoms (the C4 atoms), and the re"nements of the occupancy
parameters showed that at most only every other of the
face-sharing R

3
Ru

3
octahedra contains a carbon atom. The

4e position 0, 0, z shows a much higher scattering power. It
is surrounded by R atoms, and the interatomic distances are
so short that only ruthenium atoms (Ru2) are suited for this
site. The re"nement of the occupancy parameters for this
site resulted in occupancies close to 1/3 for the two crystals
of Gd

3
Ru

2
C

5
and the crystal of Tb

3
Ru

2
C

5
(Table 4). This

partial occupancy of the Ru2 site makes it possible to
rationalize the split R1 positions (R1a and R1b) which were
re"ned with constrained occupancies. It was possible to
re"ne thermal parameters together with variable occu-
pancies in all cases including the C4 positions.

We have also re"ned the occupancy values of the other
atomic sites, again together with variable displacement
parameters, while the scale factor was "xed. The resulting
occupancy parameters for the crystal Gd

3
Ru

2
C

5
(I) were as

follows: Gd2, 100.9(3); Ru1, 99.2(5); C1, 103(5); C2, 98(5); and



TABLE 5
Interatomic Distances in the Structures of R3Ru2C5 (R 5 Gd, Tb)a

Gd
3
Ru

2
C

5
(I) Tb

3
Ru

2
C

5
Gd

3
Ru

2
C

5
(I) Tb

3
Ru

2
C

5

R1a: 1C3 242.1(9) 242(2) Ru1: 1C1 187.7(7) 182(2)
1C2 255.0(8) 250(3) 1C3 189.4(9) 189(1)
1C1 262.5(8) 261(2) 1C3 209(1) 204(2)
2C2 262.8(2) 258.6(6) 2C4 211(3) 209(3)
2C1 263.2(2) 259.9(6) 2Ru1 296.2(1) 288.6(2)
1C2 284.3(8) 296(3) 1R1a 319.4(1) 319.4(2)
2Ru2 314.5(2) 314.1(2) 2R2 319.7(1) 313.3(1)
1Ru1 319.4(1) 319.4(2) 2R2 325.6(1) 315.4(1)
2Ru2 339.6(2) 341.5(2) 1R2 327.1(1) 331.1(2)
2R2 351.2(1) 341.4(1) 1R1b 331.9(2) 336.6(3)
1R2 357.3(1) 362.7(2) 2R1a 362.1(1) 356.6(1)
2Ru1 362.1(1) 356.6(1) 2R1b 386.3(2) 385.2(3)
2R1b 374.0(2) 370.4(3) Ru2: 3C2 [249.1(5) 247(2)]
2R1b 376.5(2) 375.6(2) 2Ru2 252.4(1) 247.3(1)
1R2 388.4(1) 379.2(5) 3R1b 276.1(3) 274.3(4)
4R1a 390.7(1) 390.1(1) 3C2 [278.6(5) 281(1)]

R1b: 1C2 227.6(8) 222(3) 3R1b 301.7(3) 296.3(4)
1C1 251.3(7) 248(2) 3R1a 314.5(2) 314.1(2)
1C2 252.3(9) 253(3) 1Ru2 316.0(5) 319.9(8)
2C2 253.9(1) 248.9(3) 3R1a 339.6(2) 341.5(2)
2C1 273.3(3) 272.1(7) C1: 1C2 132.6(9) 142(3)
2Ru2 276.1(3) 274.3(4) 1Ru1 187.7(7) 182(2)
1C3 283.2(9) 284(2) 1R1b 251.3(7) 248(2)
2Ru2 301.7(3) 296.3(4) 1R2 260.5(7) 263(2)
1Ru1 331.9(2) 336.6(3) 1R1a 262.5(8) 261(2)
4R1b 356.1(2) 351.2(3) 2R1a 263.2(2) 259.9(6)
2R1a 374.0(2) 370.4(3) 2R1b 273.3(3) 272.1(7)
2R1a 376.5(2) 375.6(2) C2: 1C1 132.6(9) 142(3)
2R2 380.9(2) 372.7(3) 1R1b 227.6(8) 222(3)
2Ru1 386.3(2) 385.2(3) 2Ru2 [249.1(5) 247(2)]
1R2 [402.5(3) 402.3(4)] 1R1b 252.3(9) 253(3)

R2: 2C4 246(1) 244(3) 2R1b 253.9(1) 248.9(3)
2C3 252.4(1) 252(2) 1R1a 255.0(8) 250(3)
1C1 260.5(7) 263(2) 2R1a 262.8(2) 258.6(6)
1C3 278(1) 276(2) 2Ru2 [278.6(5) 281(1)]
1C2 299.3(6) 298(2) 1R1a 284.3(8) 296(3)
2Ru1 319.7(1) 313.3(1) 1R2 299.3(6) 298(2)
2Ru1 325.6(1) 315.4(1) C3: 1Ru1 189.4(9) 189(1)
1Ru1 327.1(1) 331.1(2) 1Ru1 209(1) 204(2)
2R1a 351.2(1) 341.4(1) 1R1a 242.1(9) 242(2)
1R1a 357.3(1) 362.7(2) 2R2 252.4(1) 252(2)
2R2 367.8(1) 367.0(2) 1R2 278(1) 276(2)
2R1b 380.9(2) 372.7(3) 1R1b 283.2(9) 284(2)
2R2 383.5(1) 386.5(2) C4: 3Ru1 211(3) 209(3)
1R1a 388.4(1) 379.2(5) 3R2 246(1) 244(3)
1R1b [402.5(3) 402.3(4)]

aAll distances shorter than 440 pm (R}R, R}Ru), 320 pm (R}C, Ru}C), 200 pm (C}C) are listed. Neighbors with distances listed in brackets are not
shown in Fig. 5. The R1a, R1b, Ru2, and the C4 positions have occupancies of approximately only 3

4
, 1
4
, 1
3
, and 1

2
, respectively. These occupancies have to be

accounted for in counting the number of near neighbors. Thus, for instance, an average Gd1 atom (Gd1a and Gd1b) has only four thirds of a Ru2
neighbor. Similarly, a Ru1 atom has on average approximately only one C4 neighbor.
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C3, 93(5). For the crystal II of Gd
3
Ru

2
C

5
these occupancy

values varied between 94(3) for C3 and 103(3) for C1. For
Tb

3
Ru

2
C

5
they varied between 92(6) for C3 and 100.9(3) for

Tb2. Thus, within three standard deviations these positions
were found to be fully occupied and we have used the ideal
occupancy parameters for these positions in all "nal least-
squares runs. The atomic parameters for the three structure
re"nements and the interatomic distances for one (the more
accurate) data set of Gd

3
Ru

2
C

5
as well as the interatomic

distances of Tb
3
Ru

2
C

5
are listed in the Tables 4 and 5.



FIG. 4. Crystal structure of the hexagonal gadolinium ruthenium carbide Gd
3
Ru

2
C

5
. Two equivalent atomic layers at z"1

4
and 3

4
can be discerned.

The lines connecting the atoms do not necessarily represent chemical bonds. Bonding within and between the layers is of approximately equal strength.
The split positions Gd1a/Gd1b are shown only in the layers at the right-hand side of the "gure.

FIG. 5. Near-neighbor environments in the structure of Gd
3
Ru

2
C

5
.

The site symmetries are indicated in parentheses. For the split Gd1a/Gd1b
position the coordination for both positions is shown. However, only the
central atom Gd1a is drawn. The Gd1b position is located in front of the
Gd1a position; it has the shorter distances to the Ru2 atoms.
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DISCUSSION

The six ternary carbides R
3
Ru

2
C

5
(R"Y, Gd}Er) cry-

stallize with a new structure type which we have re"ned for
three data sets. The two data sets of the gadolinium com-
pound were collected from two crystals isolated from two
di!erent samples both with the overall composition
Gd:Ru :C"35 :20 : 45. It can be seen from the somewhat
di!ering cell volumes (Fig. 1) that the compounds have
noticeable homogeneity ranges. Since the two crystals of
Gd

3
Ru

2
C

5
were taken from samples with the same overall

composition, it is not surprising that the occupancy para-
meters of those atomic positions, which are not fully occu-
pied, are similar. In contrast, the crystal of Tb

3
Ru

2
C

5
was

isolated from a sample with considerable lower ruthenium
content (Tb :Ru:C"39 :11 :50). It has a lower occupancy
for the Ru2 position (27.6% vs 35.1 and 36.2% for the two
re"nements of the gadolinium compound), and it also has
a smaller cell volume than that observed for the terbium
compound in the sample of the overall composition
35 :20 : 45 (Fig. 1). Hence, the variation in the cell volumes
can be ascribed to the variable occupancy of the Ru2 posi-
tion. The cell volume of the yttrium compound "ts in
between those of the dysprosium and holmium compounds,
as is frequently observed for carbides of the rare earth
elements (23).

The structure was "rst determined for the crystal I of
Gd

3
Ru

2
C

5
. This is also the structure determination with the

highest accuracy (i.e., the lowest standard deviations of the
atomic parameters), in spite of its relatively high R values.
For these reasons we will in the following discussion



FIG. 6. Atomic environments of the Ru2 atoms. The Ru2 atoms are situated on the hexagonal axis 0, 0, z with split positions and a total observed
occupancy of approximately 1

3
. Occupied positions are indicated by "lled circles. The dotted circles on the left-hand side of the "gure indicate the atomic

positions of the Gd1a and Gd1b atoms as viewed in a projection along the hexagonal axis. Two di!erent occupation patterns (idealized models for the
atomic order) are shown. On the left-hand side, the ratio of occupied to unoccupied Ru positions is 4 :8, on the right-hand side it is 6 :10. The Gd1a and
Gd1b occupancies are such that too-short Gd}Ru distances are avoided. The ratio of occupied Gd1a: Gd1b positions is 12 :6 on the left-hand side; on the
right-hand side it is 18: 6 per resulting translation period (3c on the left-hand side and 4c on the right-hand side). The observed ratio of occupied Gd1a:
Gd1b positions is approximately 75%:25%. The occupation pattern shown on the left-hand side avoids short Ru}Ru distances, that shown on the
right-hand side leads to linear Ru

3
clusters. The latter occupation pattern is favored by the occupancies found for the Gd1a/Gd1b positions as well as by

structure}chemical arguments.
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describe the structure for this compound and quote distan-
ces as obtained for crystal I.

In the Gd
3
Ru

2
C

5
type structure most atoms are located

on two equivalent mirror planes at z"1
4

and 3
4

which are
outlined in Fig. 4. The only exceptions are the atoms situ-
ated on the threefold axes: the C4 and Ru2 positions, both
are located close to z"0 and 1

2
, and both have partial

occupancies. The structure contains several partially occu-
pied atomic sites, all on or near the hexagonal 6

3
and 61 axes.

This complicates the discussion of the near-neighbor co-
ordinations. Nevertheless, it is possible to rationalize these
environments.

The Gd1 atoms occupy a site close to the split positions of
the Ru2 atoms, and for that reason the Gd1 atoms also
occupy split positions, designated Gd1a and Gd1b, which
are 49 pm apart. The Gd1a position has a much higher
occupancy (75.3%) than the Gd1b position. The occupancy
of both sites together was found to be very close to 100%
during the structure re"nements, and it was constrained to
this ideal value in the "nal re"nement cycles. In Fig. 5 we
show the near-neighbor environments of this Gd1a/Gd1b
position. It has 8 carbon neighbors in an irregular arrange-
ment. Six of these carbon neighbors are (C1}C2) pairs of
which both carbon atoms are direct neighbors of the central
Gd1 atom, i.e., a side-on coordination. The Gd}C distances
cover the range from 242 to 284 pm for Gd1a; for Gd1b this
range extends from 228 to 283 pm. Each Gd1 atom (Gd1a as
well as Gd1b) also has three Ru1 neighbors at distances
between 319.4 and 386.3 pm. Of these, certainly the shorter
ones should be considered as bonding distances in view of
the fact that the sum of the metallic radii (for coordination
number CN"12) of gadolinium (r"180.1 pm) and ruthe-
nium (r"133.9 pm), as calculated by us from the data
compiled by Donohue (24) amounts to 314 pm. In addition,
Table 5 lists for each Gd1 atom four Ru2 neighbors at
distances between 276.1 and 363.1 pm. Since only one-third
of the Ru2 positions are occupied, each Gd1 atom obtains
on average only 4

3
Ru2 neighbors, and the short Gd1b}Ru2

interactions of 276.1 pm do not need to occur. Furthermore,
the Gd1 atoms have gadolinium neighbors at distances
almost continuously covering the range from 351.2 to 402.5
pm. These also should be counted as bonding interactions,



FIG. 7. The structure of Gd
3
Ru

2
C

5
as compared to the structures of Gd

3
Mn

2
C

6
and La

3.67
FeC

6
. Most atoms of these hexagonal structures (all with

the same space group P6
3
/m) are situated at z"1

4
(thin) and 3

4
(thick lines). The origins of the unit cells are marked by crosses. The transition metal carbon

polyanions of the three structures are outlined.
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considering that the Gd}Gd distances in the hexagonal
close-packed structure of elemental gadolinium amount to
357.1 and 363.3 pm.

The Gd2 atoms have six carbon neighbors; of the two C4
neighbors listed in Table 5, only one has to be counted, since
the occupancy of the C4 position is approximately 1

2
. These

six carbon neighbors of the Gd2 atoms are at an average
distance of 264.9 pm, slightly larger than the average distan-
ces of 262.0 and 258.6 pm of the Gd1a and Gd1b atoms to
their eight carbon neighbors. If the Gd atoms were forming
bonds only to carbon atoms, we would expect the average
Gd}C distances to be larger for the atoms with the higher
coordination numbers. Since this is not the case, we com-
pare the other neighbors of the gadolinium atoms. Indeed,
as pointed out above, the Gd1a and Gd1b atoms have on
average only approximately four ruthenium neighbors. In
contrast, the Gd2 atoms have "ve Ru neighbors at an
average distance of only 323.5 pm. Thus, in counting both
the carbon and the ruthenium neighbors, and considering
the bond strengths, the Gd1 and Gd2 atoms have compara-
ble coordinations. In addition, like the Gd1 atoms, the Gd2
atoms form Gd}Gd bonds at distances comparable to those
of the Gd1 atoms.
The Ru1 atoms have four carbon neighbors (only approx-
imately one of the two neighboring C4 positions is occu-
pied) at distances between 187.7 and 211 pm. All of these
carbon neighbors are strongly bonded in view of the sum
of the metallic radius (CN 12) of a ruthenium atom and
the single-bond radius of the carbon atom: 134 pm#

77 pm"211 pm. In addition, the Ru1 atoms have two Ru1
neighbors at a bonding distance of 296 pm. Together with
the C1, C3, and C4 atoms, the Ru1 atoms form a trigonal
Ru

3
C

10
cluster, which we discuss below.

In contrast, the Ru2 atoms have no carbon neighbors.
They occupy a split position on the hexagonal 6

3
axis which

is surrounded only by the Gd1a and Gd1b atoms. In
Fig. 6 we show two di!erent occupation patterns for these
positions aiming for the observed occupancies of the
Gd1a (&75%), Gd1b (&25%), and the Ru2 positions
(&35%) as well as avoiding impossibly short interatomic
distances. The main di!erence between the two patterns can
be seen in the Ru2}Ru2 distances. These alternate between
316 and 439 pm in the model shown on the left-hand side of
Fig. 6. Thus, in this model there are no strongly bonding
Ru2}Ru2 interactions. In the model shown on the right-
hand side, the Ru2 atoms form linear Ru

3
clusters with



FIG. 8. The polyanionic Ru
3
C

10
cluster in the structure of Gd

3
Ru

2
C

5
.

All atoms of this trigonal cluster are coplanar with the exception of the C4
atom, which is located statistically at a distance of 126 pm above or below
that plane. Single-digit numbers correspond to the atom designations.
Interatomic distances (pm) are given in the upper part of the drawing. In
the lower part a possible valence electron distribution is shown, using the
Lewis formalism where each continuous line represents two electrons;
dashed lines represent one electron. Electrons shown as lone pairs at the
carbon atoms form bonds with the gadolinium atoms. With this valence
electron distribution the carbon and ruthenium atoms have electron counts
of 8 and 18, respectively. The resulting formal charge of this complex is
!13.
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rather short Ru2}Ru2 distances of 252.4 pm. We favor the
latter model, because it allows a higher electron count for
the Ru2 atoms. The magic number of 18 electrons per Ru2
atom can be reached only if the Ru2}Ru2 interactions are
formally counted as triple or quadruple bonds as is further
discussed below. This model with a Gd1a/Gd1b site occu-
pancy of 18 :6 is also favored by the ratio of the observed site
occupancies of 75 : 25%, in contrast to the other model with
a theoretical Gd1a/Gd1b occupancy of 12 :6.

Of the carbon atoms the C1 and C2 atoms form pairs
with a C1}C2 distance of 132.6(9) pm, quite close to the
typical double-bond distance of 134 pm in ole"ns. These
pairs are situated in octahedra formed by four Gd1, one
Gd2, and one Ru1 atom (Fig. 5). The C3 and C4 atoms have
octahedral metal coordinations of 4 Gd #2 Ru and 3 Gd
#3 Ru, respectively.

The structure of Gd
3
Ru

2
C

5
shows some similarity

with the structures of Gd
3
Mn

2
C

6
(25) and La

3.67
FeC

6
(6).

The three structures are compared in Fig. 7, where
their transition metal carbon polyanions are emphasized.
They all crystallize in the same space group (P6

3
/m), have

similar metal-to-carbon ratios of 5 : 6, 4.67 : 6, and 5 :5, and
contain C

2
pairs. However, the structure of Gd

3
Ru

2
C

5
contains, in addition to the C

2
pairs, also isolated carbon

atoms, and its cell content (Z) is twice as large as that of the
others.

Frequently, chemical bonding in ternary rare earth
transition metal carbides can be rationalized with simple
concepts using the Lewis notation and aiming for electron
counts of 18 and 8 for the transition metal and carbon
atoms, respectively (7, 8, 10, 15, 23, 25, 26). This is to some
extent also possible for Gd

3
Ru

2
C

5
, although the partially

occupied sites complicate this account. For simplicity, we
assume somewhat idealized occupancies of 3

4
, 1
4
, 1
3
, and 1

2
for

the sites of Gd1a, Gd1b, Ru2, and C4, respectively. These
correspond to the composition Gd

3
Ru

1.83
C

5
, which is very

close to the compositions Gd
3
Ru

1.851(1)
C

4.86(2)
and

Gd
3
Ru

1.862(2)
C

4.97(3)
resulting from the two structure re-

"nements. In Fig. 8 we show the trigonal Ru
3
C

10
cluster

which is surrounded only by gadolinium atoms. It is com-
pletely planar with the exception of the C4 atom which is
situated above or below the Ru

3
triangle. In the lower part

of Fig. 8 we show a valence electron distribution using the
Lewis formalism, where each line represents two electrons;
a dashed line represents one electron. It can be seen that the
ruthenium and carbon atoms obtain electron counts of 18
and 8, respectively. That means that they utilize all available
valance orbitals for chemical bonding. This cluster obtains
a formal charge of !13. The electrons shown as lone pairs
at the carbon atoms are forming bonds with the gadolinium
atoms. If we count the electrons forming Ru}C bonds at the
carbon atoms we can represent the Ru

3
C

10
cluster with the

formula M(Ru15`)
3
[(C1}C2)4~]

3
(C34~)

3
C44~N13~ where

the superscripts are oxidation numbers.
The Ru2 atoms have no carbon neighbors. They are
distributed on a fourfold site with an occupancy of approx-
imately 1

3
. They can reach electron counts of 18 only by

forming linear Ru
3

clusters as shown on the right-hand side
of Fig. 9, where these clusters obtain formal charges of
!18 and !14, respectively. The resulting formulas for the
whole compound are [Gd

54
]153`M[(Ru2

3
)18~]

2
N36~

M[(Ru1
3
C

10
)13~]

9
N117~, and [Gd

54
]`145M[(Ru2

3
)14~]

2
N28~

M[(Ru1
3
C

10
)13~]

9
N117~, respectively, or (Gd

3
)8.5`

(Ru2
0.33

)2~[(Ru1
3
C

10
)
0.5

]6.5~, and (Gd
3
)̀ 8.06(Ru2

0.33
)1.56~

[(Ru1
3
C

10
)
0.5

]6.5~. Thus, on average, each gadolinium



FIG. 9. Possible valence electron distributions in the linear Ru
3

cluster
of the Ru2 atoms in Gd

3
Ru

2
C

5
. This cluster is surrounded only by

gadolinium atoms. The electrons forming Gd}Ru2 bonds are all counted at
the Ru2 atoms. Thus, the cluster obtains large negative formal charges of
!18 or !14, respectively, as shown on the right-hand side. In both valence
electron distributions the Ru2 atoms obtain electron counts of
18. The valence electron distribution with the formal charge of !14 is
favored, because it allows for Gd}Gd bonding, as is discussed in the text.
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atom retains only 0.17 or 0.31 electrons, respectively, for
Gd}Gd bonding. We have discussed above that the Gd}Gd
bonding cannot be neglected. For this reason we prefer the
electron count of !14 for the Ru2

3
cluster. Certainly, this

electron counting can only be a crude approximation; how-
ever, it allows to rationalize the observed interatomic dis-
tances, and it may serve as a take-o! point for more
elaborate bonding models.
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