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Abstract. Using x-ray diffraction, powder neutron diffraction, high-field magnetization
measurement and thermomagnetic analysis, we have studied the structural and magnetic
properties of RFe10V2C0.5 alloys (R= Sm or Y) made by arc melting, in which the carbon was
added using Fe–C alloy. Both samples are found to be nearly single phase with ThMn12-
type structure and with a small amount ofα-Fe phase (less than 4 wt%). The neutron
diffraction of the Y-containing compound indicates that the real composition of the main phase
is Y(Fe9.87V1.90C0.23)C0.27, and that the carbon atoms occupy not only the interstitial 2b site
but also the substitutional 8i site. The Fe moments of the 8i site as well as the 8j site are
found to be reduced in the Y(Fe9.87V1.90C0.23)C0.27 compound compared with its carbon-free
counterpart. The decrease in the Fe moment at the 8j site is due to the surrounding interstitial
carbon atoms, while the decrease in the Fe moment at the 8i site is ascribed to the surrounding
substitutional carbon atoms as nearest neighbours. The high-field magnetization measurements
indicate that the anistropy field of SmFe10V2C0.5 and YFe10V2C0.5 are slightly higher than those
of SmFe10V2 and YFe10V2, respectively. In SmFe10V2C0.5, the magnetization curve in the hard
direction at 4.2 K shows a first-order-magnetization-process (FOMP)-like or quasi-FOMP-like
transition.

1. Introduction

Since the discovery of Sm2Fe17N3 [1] and NdFe11TiN [2, 3] produced by gas–solid
reaction, it has been found that the magnetic properties of ThMn12-type compounds can
be dramatically improved by the introduction of nitrogen or carbon atoms. Therefore many
researchers have investigated the magnetic properties of Nd(Fe,M)12 nitrides (M = Ti, V,
Mo, etc). However, until now, little work has been done on Nd(Fe,M)12 carbides [4–7].
Many studies have reported that nitrogen or carbon atoms occupy only octahedral interstitial
sites: 9e sites in the Th2Zn17-type structure [8], and 2b sites in the ThMn12-type structure
[9–11]. Recently Fujiiet al [12] reported that, in a study of the ThMn12-type nitrides
using neutron diffraction, only half of the 2b sites were occupied by the nitrogen atoms
and suggested the occupation possibility of another site 4d. Huet al [13] also presented
the possibility of another site occupation of carbon atoms in the ThMn12-type carbides. In
this work, R(Fe,V)12C0.5 (R = Sm or Y) alloys are successfully synthesized by arc melting,
and the structure and magnetic properties are studied by means of x-ray diffraction, powder
neutron diffraction, high-field magnetization measurement and thermomagnetic analysis.
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2. Experimental details

RFe10V2C0.5 alloy (R = Sm or Y) were prepared by arc melting, where the carbon was
added using Fe–C alloy containing 5.25 wt% C. The as-cast samples were annealed at
950◦C for 3 weeks and then checked by x-ray diffraction, to be essentially single phase
with the tetragonal ThMn12-type structure.

Neutron diffraction measurement was performed in a powder diffractometer setting at
a heavy-water research reactor. The powder sample was packed in a thin-wall cylindrical
vanadium cell 5.0 × 10−3 m in diameter and 5.0 × 10−2 m high. The diffraction data were
collected at room temperature with the neutron wavelength 1.184× 10−10 m by scanning
from 2θ = 10◦ to 2θ = 80◦ in steps of 0.15◦. The diffraction patterns obtained were analysed
by means of the Rietveld [14] profile technique. For the coherent scattering lengths, we
used the values 0.775× 10−14 m for yttrium, 0.954× 10−14 m for iron, −0.0382× 10−14 m
for vanadium and 0.665× 10−14 m for carbon. An indication of the agreement between the
observed and calculated intensities (both nuclear and magnetic) is given by the reliability
factor Rtotal :

Rtotal =
( ∑

i

S2
i(obs) − c−1

∑
i

S2
i(calc)

)/ ∑
i

S2
i(obs)

whereSi(obs) andSi(calc) are the observed and calculated integrated intensities, to be summed
over all reflections, andc is a scaling factor. Similar expressions are used to obtain the
separateRnucl- andRmagn-values.

The Curie temperatures of these compounds were determined from the thermomagnetic
analysis curves performed from 4 to 673 K. In order to perform high-field magnetization
measurements up to 35 T at 4.2 K, powder samples of cylindrical shape were aligned in a
magnetic field of 1 T, and then the high-field isotherms at 4.2 K were recorded with the
external field parallel and perpendicular to the alignment field. The anistropy fields were
derived from the intersection points of the extrapolated magnetization curves measured
parallel and perpendicular to the aligned direction. The values of saturation magnetization
Ms were derived from the high-field part of the magnetization curves.

3. Results and discussion

X-ray diffraction patterns show that the arc-melted YFe10V2C0.5 and SmFe10V2C0.5 are
nearly single phase with the ThMn12-type structure and with small amounts ofα-Fe phase.
The α-Fe content calculated by the Rietveld analysis is less than 4 wt%. No single-phase
samples could be obtained using arc-melted ingots containing carbon contents higher than
that (C= 0.5) because these alloys exhibit a relatively high volume ofα-Fe. This result
shows the same trend as for the arc-melted 2:17 carbides reported by others [15–17]. The
neutron diffraction diagram for YFe10V2C0.5 obtained at room temperature is shown in
figure 1. The observed diffraction lines are interpreted by nuclear and magnetic coherent
scattering. The diffraction patterns of YFe10V2C0.5 can be indexed in a body-centred
tetragonal cell (space group,I4/mmm), with parametersa = (8.526± 0.004) × 10−10 m
andc = (4.794± 0.003) × 10−10 m. The results of the refinement procedure including the
coordinates of crystallographic sites, the occupations of atoms in these sites and the magnetic
moments are presented in table 1. Powder neutron diffraction has been widely used because
this technique is a particularly powerful tool for locating the light elements, for measuring
accurately the changes in intermetallic distances and for determining the magnetic moment.
The position parameters for Y, Fe and V for YFe10V2C0.5 are very close to those obtained
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Figure 1. Neutron diffraction pattern of YFe10V2C0.5 obtained at room temperature:• ,
measured intensities; ——, the calculated profiles. Positions of possible reflections are marked.

Figure 2. Schematic structural diagram of Y(Fe9.87V1.90C0.23)C0.27.

for YFe10V2 reported by Helmholdtet al [18]. The Fe atoms are found to occupy the 8i, 8j
and 8f sites, whereas the V atoms almost all reside in the 8i site, This is in agreement with
the results of others [19, 20]. Moreover, our result shows that about 10% of the vanadium
atoms reside in the 8f site. The most important result is the position of the carbon atoms.
It was found that the carbon atoms not only occupy the insterstitial 2b site coinciding with
the results reported until now but also enter the substitutional 8i site up to nearly 50% with
respect to the total carbon contained in the alloy. The real composition of the main phase
is Y(Fe9.87V1.90C0.23)C0.27. A schematic structural diagram of Y(Fe9.87V1.90C0.23)C0.27 is
shown in figure 2. In this arc-melted carbide, the total carbon content, which can form a
single phase, is about 0.5 per formula unit.

To discuss the effects of carbon atoms on the magnetic moments at the three non-
equivalent iron sites, the moments at the three sites of Y(Fe9.87V1.90C0.23)C0.27 are compared
with the reported values for YFe10V2 [18] as shown in table 1. The Fe moments of 8j and
8i sites are found to be reduced in the Y(Fe9.87V1.90C0.23)C0.27 compound compared with
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Table 1. Coordinates of sites, occupation of atoms and magnetic moments in different sites of
Y(Fe9.87V1.90C0.23)C0.27. a = (8.526± 0.004) × 10−10 m andc = (4.794± 0.003) × 10−10 m;
Rnucl = 6.29%,Rmagn = 5.79% andRtotal = 5.30%. The values in parentheses are taken from
[18] for YFe10V2.

Coordinates of sites
Number µz

Atom Site x y z of atoms (µB )

Y 2a 0.0000 0.0000 0.0000 2.00 0
Fe 8i 0.3573 0.0000 0.0000 4.07 1.23 (1.70)
V 8i 0.3573 0.0000 0.0000 3.46 0
C 8i 0.3573 0.0000 0.0000 0.47 0
Fe 8j 0.2742 0.5000 0.0000 8.00 1.13 (1.16)
Fe 8f 0.2500 0.2500 0.2500 7.66 2.02 (1.53)
V 8f 0.2500 0.2500 0.2500 0.34 0
C 2b 0.0000 0.0000 0.5000 0.53 0

Table 2. Lattice parameters, unit-cell volumes and Curie temperatures for the RFe10V2C0.5 and
RFe10V2 (R = Sm or Y) compounds.

Lattice parameters (nm)
Volume V

Compounds a c (nm3) 1 Tc (K)

SmFe10V2C0.5 0.857 0.479 0.352 1.1% 612
SmFe10V2 0.854 0.477 0.348 603

YFe10V2C0.5 0.853 0.479 0.349 1.4% 547
YFe10V2 0.849 0.477 0.344 534

Table 3. Magnetic properties for the RFe10V2C0.5 and RFe10V2 (R = Sm or Y) compounds at
4.2 K.

Ms µR µFe µM BA BFOMP

Compounds (µB Fu−1) (µB ) (µB ) (µB ) (T) (T)

Sm(Fe, V)12C0.5 19.25 0.71 1.86 1.54 18 11.0
SmFe10V2 19.2 0.71 1.85 1.54 14 11.0

Y(Fe, V)12C0.5 16.42 0 1.64 1.37 4.5
YFe10V2 15.9 0 1.59 1.3 —

those of its carbon-free compound. Meanwhile, in this carbide the highest value of the Fe
moment is found at the 8f site. This can be explained as follows. The Fe moment is very
sensitive to the local coordination and the nearest-neighbour distance. So it can be well
accepted that the iron moment of the 8j site is reduced because the iron atom in the 8j site
is surrounded by the interstitial carbon atoms, 0.27 per formula unit as nearest neighbours
[21]. For the same reason, it seems reasonable to expect a similar value for the iron moment
in the 8i site, which also shows a lower moment because the iron atom is surrounded by the
substitutional carbon atoms (0.23 per formula unit). Although the high 8f moment cannot
be explained easily, one can assume a moment enhancement due to the location of carbon
atoms presenting in the substitutional 8i site and the interstitial 2b site. The sum of all
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Figure 3. Temperature dependence of magnetization for SmFe10V2C0.5 and YFe10V2C0.5

compounds.

the magnetic moments at room temperature for Y(Fe9.87V1.90C0.23)C0.27 is 14.76µB Fu−1,
taking into account that the magnetic moment derived from the high-field magnetization
measurements on aligned powder samples at 4 K is 16.42µB Fu−1 as shown later in table
3. These values are exceptional, considering the effect of temperature.

The lattice parametersa, c and the unit-cell volumev determined from x-ray diffraction
experiments are listed in table 2, together with the values of the Curie temperature obtained
from a thermomagnetic analysis shown in figure 3. The lattice parametersa and c

of Y(Fe9.87V1.90C0.23)C0.27 are slightly changed, and subsequently the unit cell volume
expansion is found to be 1.4% compared with the carbon-free YFe10V2. This volume
increment of 1.4% found for this arc-melted carbide is slightly lower than that of 1.7%
reported for YFe10V2CX [6] produced by gas–solid reaction using ethane (C2H6) and/or
methane (CH4). Consequently the increase in the Curie temperature is lower in our carbide
also. It is well established that the Curie temperature depends strongly on the Fe–Fe distance
[22]. It is thought that the lower volume expansion originates from the lower occupation
at the 2b sites, i.e. 0.27 carbon atoms per formula unit, which is nearly 50% of the total
amount of carbon contained in Y(Fe9.87V1.90C0.23)C0.27. This implies that the carbon at the
8i site cannot contribute to the volume expansion. Therefore the smaller increase in Fe–Fe
distance results in a smaller increase in the Curie temperature.

Figure 4 shows the high-field magnetization curves measured parallel (full circles) and
perpendicular (full triangles) to the alignment direction at 4.2 K. The magnetic moments,
the values of the anistropy field and the first-order magnetization process (FOMP) derived
from these curves are listed in table 3 together with the previous reported data [23].
The values of the mangnetization for SmFe10V2C0.5 and YFe10V2C0.5 are 19.25µB Fu−1

and 16.42µB Fu−1. Owing to the introduction of carbon atoms, the values of the
magnetization increase insignificantly by 0.05µB Fu−1 and 0.52µB Fu−1 for SmFe10V2C0.5

and YFe10V2C0.5, respectively. This is the same trend as that reported by Gubbenset al
[24] in their study R2Fe17 carbides.

The anistropy fields of SmFe10V2C0.5 and YFe10V2C0.5 are 18 T and 4.5 T, respectively,
which are slightly higher than those of SmFe10V2 and YFe10V2, respectively. It is well
known that in the ThMn12-type compounds, upon the introduction of interstitial atoms into
the 2b site, the sign of the second-order crystal-field coefficientA20 is changed to the
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Figure 4. High-field magnetic isotherms of (a) SmFe10V2C0.5 and (b) YFe10V2C0.5 compounds
at 4.2 K, measured parallel (• ) and perpendicular (N) to the alignment direction.

opposite sign. In the case of ThMn12-type nitrides or carbides containing Sm which have a
positive second-order Stevens coefficient (αj > 0), the anistropy is expected to be changed
towards in-plane anistropy. Nevertheless the anistropy field of SmFe10V2C0.5 prepared in
the present work is higher than that of SmFe10V2. This may be due to the contribution
of the carbon atoms in the 8i site, i.e. the effect of substitutional carbon (8i site) on the
crystalline electric field overrides the contribution of the interstitial carbon (2b site), resulting
in an increase in the anistropy field. In our previous investigation we have already reported
that the boron atoms prefer to occupy the substitutional 8i site [25] in the ThMn12-type
intermetallic and, in another report, boron-containing Sm(Fe, V, B)12 [23] showed higher
anistropy fields than SmFe10V2, when studied by high-field magnetization measurements.
From those results, it can be concluded that the enhancement of the anistropy field found
for Sm(Fe, V, B)12 [23] is caused by the boron atoms which occupy the substitutional 8i
site. Similar to SmFe10V2C0.5, in which the carbon atom has nearly the same covalent-
bond radius as that of the boron atom but much higher than that of nitrogem atoms, the
carbon atom or boron atom can reside in the 8i site. Consequently the anistropy field of
SmFe10V2C0.5 was found to be higher than that of SmFe10V2. In the magnetic isotherm
for SmFe10V2C0.5 as shown in figure 4, a slight upward curvature of the magnetization for
the hard-direction magnetization is found, which may be explained by the assumption of a
FOMP-like or quasi-FOMP-like transition [26].

4. Conclusion

Rare-earth transition-metal carbides with a ThMn12-type structure have been reported by
arc melting. The neutron diffraction study indicates that the carbon atoms occupy not
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only the interstitial 2b site but also the substitutional 8i site. The lattice expansion, Curie
temperature and saturation magnetization at 4 K are found to increase slightly by 1.4%,
10 K and 0.52µB Fu−1, respectively for Y(Fe9.87V1.90C0.23)C0.27 compared with the carbon-
free compound. The anistropy fields of SmFe10V2C0.5 and YFe10V2C0.5 are slightly higher
than those of SmFe10V2 and YFe10V2, respectively. In addition, SmFe10V2C0.5 shows a
FOMP-like or quasi-FOMP-like transition at 4.2 K.
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