Gd,0sC,, a soft ferromagnet with a surprisingly high Curie temperature and other
rare-earth osmium and rhenium carbides with Pr,ReC, type structure
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The six new carbides Ln,OsC, (Ln=Y, Gd-Er) have been prepared by arc-melting cold-pressed pellets of the elemental
components with subsequent annealing. They crystallize in the orthorhombic Pr,ReC, structure (Pnma, Z =4), which was refined
from powder diffractometer data of Tb,OsC,. Chemical bonding in these carbides is discussed. The magnetic susceptibilities of the
compounds Ln,0sC, (Ln=Y, Gd and Tb) have been investigated with a SQUID magnetometer between 2 and 400 K with
magnetic flux densities up to 5.5 T. The magnetic susceptibility of Y,OsC, is low and almost temperature independent, suggesting
Pauli paramagnetism. Gd,0sC, and Tb,0sC, are ferromagnetic with the relatively high Curie temperatures of 320+ 5 and

210+ 5 K, respectively. The gadolinium compound has the rather low coercivity of 23.8+0.4 A cm ™! at room temperature and
31.840.8 A cm ™! at 5 K. The magnetic properties of the corresponding rhenium carbides Ln,ReC, (Ln= Ce, Pr, Nd, Gd, Tm)
were also determined, thus completing the magnetic characterization of the rhenium series. The cerium atoms in Ce,ReC, show
mixed-valence behaviour. Antiferromagnetic order was observed for the moments of the rare-earth atoms in Pr,ReC,,
Ty=32+2K; Nd,ReC,, Ty=42+2 K; Gd,ReC,, Ty=100+5 K and Tm,ReC,, Ty=5+3 K.

The series of isotypic rare earth rhenium carbides with the
compositions Ln,ReC, (Ln=Y, Ce-Nd, Sm, Gd-Tm, Lu) was
reported some time ago.! The crystal structure of these com-
pounds was determined first from Guinier powder data of
Pr,ReC, and Y,ReC,, and confirmed by a single-crystal struc-
ture refinement from X-ray data of Er,ReC,.! The preparation
of the ytterbium compound was communicated only recently.?
The magnetic properties of these compounds were investigated
by magnetic susceptibility measurements and by neutron
diffraction. The rhenium atoms do not carry magnetic
moments. The moments of the terbium, dysprosium, holmium
and erbium atoms show antiferromagnetic order, all with Néel
temperatures of <100 K.>* Yb,ReC, follows the Curie-Weiss
law with no magnetic order above 2 K.2

In the present paper we report for the first time carbides of
this structure type with osmium as the transition metal compo-
nent. In contrast to the antiferromagnetism observed for the
rhenium compounds, we found ferromagnetic order of the
rare-earth moments in Gd,OsC, and Tb,0OsC,. We also report
on the magnetic properties of those rhenium compounds which
have not been investigated before.

Experimental

Starting materials for the preparation of the ternary carbides
were ingots of the rare-earth metals and powders of rhenium
(H. C. Starck) and osmium (Degussa), all with nominal purities
>99.9%. Graphite was purchased in the form of flakes (Alpha,
>99.5%, 20 mesh). Filings of the rare-earth metals were
prepared under dried (Na) paraffin oil, which was washed
away by dry hexane prior to the sample preparation. Adhering
iron particles were removed with a magnet. The filings were
stored under argon and were only briefly exposed to air prior
to the reactions. The more reactive rare-earth elements, includ-
ing gadolinium, were used in the form of small pieces.

The samples were prepared by arc-melting of small
(300-400 mg), cold-pressed pellets of the elemental compo-
nents with the ideal composition in an argon (>99.996%)
atmosphere. A titanium button was repeatedly melted prior to
the reactions to further purify the argon. The samples were
melted from both sides to enhance their homogeneity. They
were then wrapped in tantalum foil and annealed in evacuated
silica tubes for 30 days at 900 °C. Energy dispersive X-ray

fluorescence analyses of the samples did not show any impurity
elements heavier than sodium (detectability limit approxi-
mately 1 atom%).

Guinier powder diagrams of the samples were recorded with
Cu-Ko, radiation and o-quartz (a=491.30, ¢=540.46 pm) as
an internal standard. The crystal structure of Tb,OsC, was
refined by the Rietveld method from powder diffractometer
data (STOE, Stadi P), recorded with Ge(111)-monochromated
Cu-Ko, radiation, a flat, rotating sample in the transmission
mode and a linear position-sensitive detector. The refinement
was carried out with the program FULLPROF.® As starting
positional parameters those obtained for Pr,ReC, were used.!
A total of 22 variable parameters was refined: the scale factor,
ten atomic position parameters, three isotropic displacement
parameters, the three cell parameters, the zero-point and four
profile fitting parameters. Because of the low scattering power
of the carbon atoms their displacement parameters oscillated
with large standard deviations and we assumed they should
be similar to those found for the other atoms of Tb,OsC, and
also similar to those of Er,ReC,.! Hence, they were not allowed
to vary during the last least-squares refinement cycles.

The magnetic susceptibilities of polycrystalline samples were
measured in the temperature range between 2 and 400 K with
magnetic flux densities up to 5.5 T using a SQUID magne-
tometer (Quantum Design, MPMS). The samples were cooled
in zero field and the susceptibilities were recorded continuously
on heating.

Results and Discussion

The osmium containing compounds are reported here for the
first time. They were already observed in the arc-melted,
quenched samples. Nevertheless, the ingots were annealed to
enhance their homogeneity.

Compact samples are stable in air for long periods of time.
They have a light grey colour with metallic lustre; the powders
are dark grey. The lattice constants of the carbides (Table 1)
were obtained by least-squares fits of the Guinier powder data.
The plot of the cell volumes of the carbides Ln,ReC, and
Ln,OsC, (Fig. 1) shows the expected lanthanoid contraction.

Crystal structure of Th,O0sC,

The structure refinement of Tb,0OsC, from the diffractometer
powder data resulted in a conventional residual of Rp=0.081
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Table 1 Lattice constants of carbides with the orthorhombic Pr,ReC,
structure®

compound a/pm b/pm ¢/pm V/nm3
Y,0sC, 645.0(1) 508.96(8) 978.0(1) 0.3211
Gd,0sC, 646.34(8) 517.82(5) 988.6(1) 0.3309
Tb,0sC, 643.82(8) 512.62(7) 981.0(1) 0.3238
Dy,0sC, 642.4(2) 509.7(1) 975.3(2) 0.3193
Ho,0sC, 641.28(5) 506.88(5) 971.37(8) 0.3157
Er,0sC, 640.45(4) 503.41(5) 966.68(8) 0.3117

“Standard deviations in the values of the last listed digits are given in
parentheses throughout the paper.
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Fig. 2 Rietveld refinement plots for Tb,OsC,. The data were recorded
with Cu-Ko, radiation. The top profile shows the observed counts
(dots) superimposed with the trace of the calculated pattern. The
calculated positions of the Bragg reflections and the difference profile
are also shown.

for the 190 independent structure factors with 22 variable
parameters. The quality of the refinement may be judged by
comparing the profile with the difference profile (Fig. 2). The
resulting atomic parameters and the interatomic distances are
listed in Tables 2 and 3. A projection of the structure is shown
in Fig. 3.

The structure refinement of Tb,OsC, confirms that this
compound is isotypic with Pr,ReC, and Er,ReC,, although
the positional parameters of Tb,0OsC, resulting from the
powder refinement are not as accurate as the parameters
obtained from the earlier structure determination of Er,ReC,
from single-crystal data.

The crystal structure of Er,ReC, has already been discussed.
The terbium atoms are slightly larger than the erbium atoms,
and osmium is slightly smaller than rhenium. The interatomic
distances of Tb,0OsC, and Er,ReC, reflect these differences,
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Table 2 Atomic parameters of Tb,0sC,

atom Pnma X y z B
Tb(1) 4c 0.8129(4) 1/4 0.0512(2) 0.66(7)
Tb(2) 4c 0.4744(4) 1/4 0.7823(3) 0.48(7)
Os 4c 0.2745(3) 1/4 0.1363(2) 0.22(5)
C(1) 4c 0.029(7) 1/4 0.255(4) 0.5¢
C(2) 4c 0.689(6) 1/4 0.546(4) 0.5¢

“The isotropic displacement parameters B (x 10* pm?) of the C(1) and
C(2) positions were not refined.

Table 3 Interatomic distances in the structure of Tb,OsC,*

Th(1): 1c(1) 243.6 Os: 1C(2) 187.1
2C(2) 256.4 1c(1) 195.5
1C(2) 260.2 1c(1) 196.3
1c(1) 263.7 1Th(1) 307.6
10s 307.6 1Th(1) 308.7
10s 308.7 2Tb(2) 3134
20s 320.5 2Tb(1) 320.5
1Tb(2) 3422 2Tb(2) 334.5
1Tb(2) 3433 1Tb(1) 356.5
2Tb(2) 355.8 1Th(2) 370.4
10s 356.5 20s 391.6
2Tb(1) 365.8 c(1y: 10s 195.5
2Tb(2) 368.6 10s 196.3

Th(2): 1C(2) 249.3 1Tb(1) 243.6
2C(1) 257.7 2Tb(2) 257.7
1C(2) 269.9 1Tbh(1) 263.7
20s 313.4 C(2): 10s 187.1
2Tb(2) 328.1 1Th(2) 2493
20s 334.5 2Tb(1) 256.4
1Tb(1) 3422 1Tb(1) 260.2
1Th(1) 3433 1Th(2) 269.9
2Tb(1) 355.8
2Tb(1) 368.6
10s 370.4

“All distances <400 pm (Tb—Tb, Tb—Os, Tb—C, Os—Os, Os—C)
and 300 pm (C—C) are listed. Standard deviations are all <0.4 pm
for the metal-metal and <4 pm for the metal-carbon distances.
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Fig. 3 The crystal structure of Tb,0sC,. In the left-hand part of the
drawing the one-dimensionally infinite, branched osmium-carbon
polyanion is emphasized.

inspite of the relatively large standard deviations in the po-
sitional parameters of the carbon atoms. Thus, the average
Tb(1)—C and Tb(2)—C distances of 256.1 and 258.7 pm are
larger than the corresponding Er—C distances of 251.4 and
253.6 pm, and the average Os—C distance of 193.0 pm is
smaller than the average Re—C distance of 197.6 pm.

Chemical bonding

It has been argued before, that the electron count for the
rhenium atoms in Er,ReC, is compatible with the 18-electron
rule! and the same can be assumed for the osmium atoms in
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Tb,0sC,. As is discussed below, and in agreement with this
assumption, in both compounds the transition metal atoms do
not carry magnetic moments.

An earlier extended Hiickel calculation for the rhenium-—
carbon polyanion of Er,ReC, had indicated that the highest
occupied electronic states of the polyanion are antibonding.®
Since the occupation of antibonding states tends to destabilize
a compound, it had been suggested that the Pr,ReC, type
carbides are stabilized by electron acceptors like hydrogen or
small amounts of impurities on interstitial sites.® The hydrogen
content, however, can be ruled out, since the compounds,
including the presently reported ternary osmium carbides, were
prepared by arc-melting, and hydrides decompose at high
temperatures. Also the structure refinements of the isotypic
compounds Tb,ReC, and Er,ReC, from neutron diffraction
data had shown that no significant amounts of impurity atoms
could be present on interstitial sites.> Furthermore, when a
compound is stabilized by impurities one usually does not
obtain single-phase products unless enough of the ‘impurity’
is added intentionally. Actually, the cell volume of Ce,ReC,
(Fig. 1) indicates that the rhenium—carbon polyanion in the
Pr,ReC, type carbides of the trivalent lanthanoids is elec-
tronically unsaturated, since the cell volume of the cerium
compound deviates from the smooth function of the other
Ln,ReC, carbides, thus indicating that the cerium atoms are
at least partially tetravalent in this compound. The electron
count of the presently reported isotypic osmium compounds
is also higher than that of the ternary rhenium carbides. All
this indicates that the electrons at the Fermi level of Er,ReC,
do not occupy antibonding states.

For the extended Hiickel calculation it had been assumed
that the valence electrons of the lanthanoid atoms are com-
pletely transferred to the transition-metal-carbon polyanion.
This assumption would exclude any bonding lanthanoid—lan-
thanoid interactions. We have argued earlier that these inter-
actions should not be neglected.® This is now further supported
by the relatively short Tb—Tb distances of 328.1, 342.2, 343.3
and 355.8 pm in Tb,0sC,, which are all shorter than the
average Tb—Tb distance of 356.6 pm calculated from the
lattice constants of the hexagonal close-packed modification
of elemental terbium.” In this context it is of interest that the
two shortest Tb—Tb distances of 328.1 and 3422 pm in
Tb,0sC, are shorter than the two shortest Er—Er distances of
331.4 and 344.5 pm in Er,ReC,, even though the cell volume
of Tb,0sC, (0.3238 nm?®) is larger than the cell volume of
Er,ReC, (0.3188 nm?). Thus, the higher electron count of the
osmium compound enhances the bonding character of the
Ln—Ln interactions. We have not been successful in preparing
the osmium containing carbides with the early electropositive
rare-earth elements (Ce, Pr, Nd), which could be obtained
with rhenium as the transition-metal component (Fig. 1). This
may be rationalized similarly: the large, electropositive lan-
thanoids would transfer a larger proportion of their valence
electrons to the transition-metal-carbon polyanion, and these
can be better accommodated in the rhenium compounds with
the lower overall electron count.

Magnetic properties

Some magnetic properties of the Pr,ReC, type carbides have
already been reported.®* These investigations have shown that
the rhenium atoms do not carry magnetic moments. This is
also the case for the osmium atoms, as is demonstrated by
Y,0sC,, where the yttrium atoms are not expected to carry
magnetic moments. The magnetic susceptibility of this com-
pound (Fig. 4) is essentially constant between 100 and 300 K,
suggesting Pauli paramagnetism. The upturn of the magnetic
susceptibility at lower temperature can be ascribed to paramag-
netic impurities or to paramagnetic surface states. Nevertheless,
we have also fitted these data to the modified Curie-Weiss law

o107 m3 mol™
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Fig. 4 The magnetic susceptibility of Y,0sC, as a function of tempera-
ture, measured at a magnetic field strength of 1 T

2=1xo+C/(T—0). The magnetic moment calculated from the
resulting Curie constant according to ,uexp=2.83\/C Ug=
0.18(4) g is very low, much smaller than the value of 1.73 ug
expected for one unpaired spin per formula unit. Hence, Pauli
paramagnetism seems to be the correct assignment for this
compound. The temperature independent value of the suscepti-
bility obtained from the fit y,=35.2(1)x107° m*® mol~ ! is
comparable to the Pauli paramagnetism of metals, e.g. for
elemental palladium a susceptibility of y =6.9 x 10~° m* mol ~*
has been reported.®

The temperature dependences of the reciprocal susceptibilit-
ies of Gd,0sC, and Tb,0sC, (Fig. 5) follow the Curie—Weiss
law above 350 and 250 K, respectively. The positive Weiss
constants of @=316+5 K for Gd,0sC, and ®=169 +5 K for
Tb,0sC, indicate ferromagnetism. This was confirmed by the
magnetization isotherms recorded at 5 K (Fig. 5). It can be
seen that the hysteresis of the gadolinium compound is rather
low with a coercivity of H-=31.8+0.8 Acm ™! and a reman-
ence of ur =0.078+0.002 15 at 5 K. At 300 K the correspond-
ing values are H-=23.84+0.4 A cm ! and pig =0.056 + 0.002 .
Thus, this compound is a rather soft ferromagnet, however,
not quite as soft as technically used soft magnets, e.g. electrical
steel or amorphous iron alloys with coercivities® varying
between 10 and 0.01 Acm™'. The Curie temperatures of
Gd,0sC, and Tb,0sC, were determined as the turning points
of the magnetization vs. temperature curves (not shown): Te.=
320+5 and 210+5 K, respectively. These values are rather
high, considering that elemental gadolinium has a Curie tem-
perature of To=292.7 K and elemental terbium orders antifer-
romagnetically at a Néel temperature of Ty =230.2 K.!° At the
highest magnetic flux densities accessible with our SQUID
magnetometer the ‘saturation’ magnetizations of both com-
pounds attain a value of fiey,sm)=12.240.2 up per formula
unit, ie. floxpem=0.110.1 u5/Ln**. This value compares
rather well with the theoretical values calculated from the
relation  fegieem)=8J 1 (Table 4), considering that it was
obtained from powder samples with random orientation of the
easy axes of magnetization. The paramagnetic moments calcu-
lated from the slope of the 1/y vs. T plots at high temperatures
Are  fUep=63103 pp/Gd*>"  and o, =9.4£0.1 pg/TH*,
respectively. These values are somewhat lower than the theor-
etical ones of =794 ty/Gd** and per=9.72 uy/TH3*
because the reciprocal susceptibilities of these compounds
could not be measured at temperatures high enough to attain
perfect linearity of the 1/y vs. T plots; this is especially true for
the gadolinium compound with the relatively high Curie
temperature.

The magnetic properties of the corresponding rhenium com-
pounds Ln,ReC, (Ln=Y, Tb, Dy, Ho, Er, Yb and Lu) have
already been reported.?™* Here we communicate the results for
the remaining compounds with Ln=Ce, Pr, Nd, Gd and Tm.
Table 5 gives a summary for all rhenium compounds.
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Fig. 5 Temperature dependence of the reciprocal susceptibilities and magnetization values of the ferromagnetic compounds Gd,OsC, (left) and
Tb,0sC, (right) measured at a magnetic field strength of 0.01 T. The hysteresis loops of both compounds recorded at a temperature of 5 K are
also shown.

Table 4 Magnetic properties of the carbides Ln,OsC, (Ln=Y, Gd, Tb)*

.uexp/Ln?’ * ﬂeff/Ln?’ * .uexp (sm)/Ln3 * .ucalc(sm)/Ln?’ *
compound magnetic property (ug) (ug) O/K Tc/K (1g) (ug)
Y,0sC, Pauli paramagnetic 0 0 — — — —
Gd,0sC, ferromagnetic 6.3+0.3 7.94 31645 32045 6.14+0.1 7.0
Tb,0sC, ferromagnetic 9.4+0.1 9.72 169+5 210+5 6.1+0.1 9.0

“The experimentally determined effective paramagnetic moments fi.,, obtained from fie,=2.83 [(yegs/2) (T— )] uy are compared with the
theoretical values pr=g[J (J+1)]"* ug. The highest magnetic moments fie.p,m) reached in the magnetically ordered range (at 5K) of the
powder samples are given together with the theoretical values fieem) for the Ln* ions, where figeem =87 us. The Weiss constants © and
the Curie temperatures T¢. are also listed.

Table 5 Magnetic properties of the carbides Ln,ReC,*

.uexp/Ln3 * ﬂeff/Ln?’ * H exp (sm)/Ln3 * ucalc(sm)/Ln3 *

compound magnetic property (ug) (ug) O/K Tn/K (1g) (T/K) (1g) ref.
Y,ReC, Pauli paramagnetic — 0 — — — — 0 3
Ce,ReC, mixed valent (1.2+0.1)° 2.54 (—=8+1yY — — — 2.14 this work
Pr,ReC, metamagnetic 33402 3.58 442 3242 0.33 30 32 this work
Nd,ReC, metamagnetic 34402 3.62 1342 4242 0.33 37 3.27 this work
Gd,ReC, antiferromagnetic 74402 7.94 60+5 100+5 — — 7.0 this work
Tb,ReC, metamagnetic 9.740.2 9.72 67+3 96+2 4.4 70 9.0 3
Dy,ReC, metamagnetic 10.3+0.2 10.63 4343 5841 5.1 5 10.0 4
Ho,ReC, metamagnetic 104+0.2 10.60 2143 3041 6.1 5 10.0 4
Er,ReC, metamagnetic 9.6+0.2 9.58 2243 18+1 5.4 5 9.0 3
Tm,ReC, metamagnetic 72402 7.57 —5+2 543 2.3 2 7.0 this work
Yb,ReC, paramagnetic 4.5+0.1 4.54 —22+1 <2 — — 4.0 2
Lu,ReC, Pauli paramagnetic — 0 — — — — 0 3

“Listed are the Néel temperatures Ty and the highest magnetic moments fe,, m) per Ln®* ion reached for the metamagnetic compounds at the
indicated temperatures with a magnetic flux density of 5.5 T. For comments concerning the headings of the other columns see Table 4. * See text.

The temperature dependences of the reciprocal suceptibilities
of these latter carbides are plotted in Fig. 6. All compounds
contained at least minor amounts of ferromagnetic impurities,
as revealed by the field dependence of the susceptibility values.
However, for the compounds with Ln=Pr—Tm the impurity
content was so low that the susceptibility values obtained at
3 and 5 T were practically the same, and therefore the values
recorded at 5 T were used for the evaluations. Only in the case
of Ce,ReC, did we extrapolate to infinite magnetic field
strengths. It can be seen that the temperature dependence of
the reciprocal susceptibilities is linear above 150 K for all
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compounds suggesting Curie-Weiss behaviour. The magnetic
moments f,,/Ln** calculated from the slopes of these plots
are in good agreement with the theoretically expected effective
moments fi;/Ln3" calculated from the relation p.p=g[J
(J+1)]"? pg (Table 5).

The only exception is the cerium compound. The calculation
of the reciprocal susceptibility data of this compound according
to the Curie—Weiss law resulted in a moment of p =
1.2+0.1 g per cerium atom. This value is much lower than
the theoretical value pop=2.54 yy for a Ce** atom, thus
indicating a mixed or intermediate valence Ce3*/4* for the
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Fig. 6 Temperature dependence of the reciprocal susceptibilities of the
carbides Ln,ReC, (Ln=Ce, Pr, Nd, Gd, Tm from top to bottom)
measured at different magnetic field strengths. For the cerium com-
pound the reciprocal susceptibility values shown were obtained by
extrapolation to infinite external magnetic flux densities.

cerium atoms in Ce,ReC,, since a Ce*" ion should not carry
a magnetic moment. At least partial tetravalent character can
also be expected for the cerium atoms in Ce,ReC, from the
cell volume plot of the rhenium compounds (Fig. 1), as already
discussed above. Since Ce,ReC, is a mixed- or intermediate-
valence compound the evaluation of the magnetic susceptibility
data according to the Curie-Weiss law is not entirely correct;'!
however, since our sample of Ce,ReC, contained a relatively
large amount of a ferromagnetic impurity, we did not evaluate
these data further.

At lower temperatures the 1/x vs. T plots of the compounds
Ln,ReC, (Ln=Pr, Nd, Gd and Tm) indicate antiferromagnetic
order. The Néel temperatures of these compounds vary between
Tx=5+3 K for the thulium compound and Ty=100+5 K for
the gadolinium compound (Table 5). Magnetization measure-
ments for Gd,ReC, below the Néel temperature showed a
linear dependence of the magnetic moment with the external
applied magnetic field, as is typical for a regular antiferromag-
net. The magnetization isotherms of the other three compounds
showed field dependences with weak transitions from the
antiferromagnetic to the ferromagnetic states with increasing
field strengths, as is typical for metamagnets.
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