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Abstract. We report on the clysfal and magnetic structure determination of ThFellC,. 
The positions of the metal atoms correspond to the BaCdn type of stmcture The carbon 
atoms occupy octahedral siter formed by four iron and two thorium atoms. Compounds 
having carbon concentrations z = 1.5 and 2 were found to order magnetically between 
400 and 500 K. Law-temeperature neutron diffraction experiments provide evidence of 
a ferromagnetic s t ~ c t ~ r e  uitb moments oriented perpendicular lo the c axis whereas a t  
room temperature the magnetic moments appear to be aligned parallel to the c axis of 
the tetragonal slructure. 

' 

1. Introduction 

Recently, in the ternary system Th-Fe< a new phase derived from the BaCd,, ype  
was evidenced [l]. This carbon-stabilized type of interstitial alloy is isotypic with the 
manganese-based series LaMnllC,-, [Z] and with the pseudo-ternary RFe,,SiC,,5 
(R Ce, Pr, Nd, Sm) [3]. With thorium, it was found that no Si substitution was 
required to stabilize the BaCd,, type. 

This paper deals with neumon diffraction studies of both the crystal and the 
magnetic structura of ThFe,,C, for z = 1.5 and 2. The magnetic properties [l] are 
discussed in the light of the present results. 

2. Experimental details 

21. Synthesis 

The samples were synthesized using the arc melting technique from elements of at 
least 99.9% purity. After combination of the elements, the samples were wrapped 
into tantalum foils and sealed into evacuated quartz tubes. The ingots were annealed 
at llOODc for about 2 weeks and then water quenched. 

The purity of the samples was checked by x-ray analysis, using a conventional 
diffractometer (Cu K a  radiation) equipped with a graphite back-scattering monochro- 
mator. The compounds were found to be single phase and the diagrams were indexed 
using the BaCd,, type of structure. 
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2.2 Neutron diffraction experiments 

The structural investigations have been carried out using the high-flux powder neu- 
tron diffractometer DN5 of the Siloe reactor at the Centre d'Etudes Nuclbakes de 
Grenoble (CENG). 

' b o  different wavelengths X = 2.478 A and 1.522 8, were used when operating 
at 300 K and 2 K, respectively. The diffraction data were analysed using a modified 
Rietveld program (Fullprof) [4]. Figures l(u) and l(b) represent the diffraction 
patterns of ThFe,,C,,, a t  300 K and ThFe,,C, at 2 K, respectively. 

3. Crystal structure refinements 

The x-ray diffraction patterns of ThFe,,C, have revealed a Baa,,-type phase; hence 
the crystal structure has been refined using the model previously reported for isotypic 
ternaries 1531. Our data confirm that the metal positions correspond to those found 
for the B a a , ,  structure type (table 1, figure 2). The carbon atoms are located 
within the interstitial sites on the axis between two Th atoms and at equal distances 
from four Fe(3) atoms. The refined structure parameters for both ThFe,,C,., and 
ThFe,,C, are reported in table 2 using the notation of [2]. The interatomic dstances 
are listed in table 3. 

Table 1. lattice paramelers and reliability factors from the 'l3FeliCl.s and ThFeLlC2 
structure refinements. 

mFe11c2 2.478 300 10.249(1) 6.649 698 0.73 5.56 436 
ThFeltCZ 1.522 2 10.262(1) 6.65q1) 701 1.03 125 3.63 
ThFellC1,s 2.478 300 lOn03(l) 6.6ll(l) 688 353 5.64 3.53 
ThFellC1.s 1.522 2 io.igqi) 6.59yi) 684 1.28 155 452 

ThFellC1.s 1,522 2 10.174(1) 6.581(1) 681 1.40 9.23 4.00 
?hFellCl,~ 2.478 300 10.191(1) 6.609(1) 686 2.03 981 4.88 

4. Discussion o l  the crystal structure 

In the R,Fe,,C, compounds, the coordination number and the nature of the carbon 
site are the same as reported here for ThFe,,C,. However, in this series, two different 
values correspond to the Fe-C distances. Accordingly the Th-C bond is significantly 
shorter IS]. From preliminary studies of the Th-Fe-C phase diagram [l], it became 
evident that both the Th,Fe,,C, and the ThFe,,C, crystal structures can be stabilized, 
depending on the carbon concentration Refinement of the nominal composition 
Th,Fe,.,C,,, reveals two phases in equilibrium: Th,Fe,,C,,,, and ThFe,,C,,,,. Thus 
the lower limit of the stability of ThFel,C, can be estimated to correspond to about 
x = 1.35. The ThFe,,C, crystal structure can be stabilized for carbon concentrations 
between x = 1.35 and x = 2. The compound richest in iron has the highest maximum 
carbon content 
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Figure 1. (0 )  Neutron powder diffraction pattern of ThFe11C1.s at 300 K. The dots 
and the full c u m  refer to the recorded pattern and the calculated fit, respectively. The 
difference pattern is plotted in the lower par( of the figure on the same scale. The Snt  
and second sets of bars refer to the nuclear and magnetic diffraction lines, respectively, 
of ThFe11Cl.s. The third set refers to m-iron present as an impurity. (b) Neutron 
powder diffraction pattem of ThFellC2 at 2 K. The dots and the full cume refer to the 
recorded pattern and the calculated fit, respectively, The difference pattern is plotted in 
the lower parl of the figure on the same scale. The first and second sets of ban refer 
to the nuclear and magnetic diffraction lines, respectively, of ThFellC2. The third set 
refers to a-iron present as an impurity. 
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Table 2. Refined structuml parameters for ThFejlCz, ThFellCl.~ and ThFcltCl.,~ and 
the magnetic mamenls measured on the Fe sites (the mean magnetic moment per Fe atom 
is refined to be along the c or n axis as indicated), n is the occupancy and BOveratt is 
the overall DebpMller factor. I n  all cas-. Th is located in 4a (z = 0, y = i, z = g) 
with R = 0.125, Fc(1) is located in 4b (z  = 0,y = i, z = $) with n = 0.125, and 
Fe(2) is located in 8d (I = 0, y = 0, I = i) with t2 = 0.25. The notation is taken 
from 121. 

1 

Atom Site z Y I n (m) (PB) 

ThFejlCl 5 (mom temperature; Bove,a~~ = 0.8 A2; along c axis) 

C ac o 0 0 0.173(1) 0 

ThFe11C2 (room temperature; B,,,,,II = 0.8 Az; along c axis) 
Fc(3) 32i 0.128312) 0.0463(2) 0.19350) 1 2.32(9) 
C ac o 0 0 0.723(2) 0 

ThFetlCj,u (room temperature; B.,.,.II = 0.8 A2; along c axis) 

C ac o 0 0 0.161(1) 0 

Fe(3) 32i 0.1276(2) 0.0456(2) 0.19050) 1 m ( a )  

Fe(3) 32i 0.126311) 0.046q1) 0.1911(1) 1 i.za(4) 

ThFcltCl.~ (2 K along o axis) 
Fe(3) 32i 0.1'2743) 0.046W3) 0.1924(66) 1 2.441n . ,  . , . ,  . ,  
C ac o 0 0 0.157(4) 0 

ThFctlCz (2 6 along o axis) 
~ ( 3 )  32i 0.128412) 0.046412) 0.1935(4) I 2.53(6) 
C 8c 0 0 0 0.221(2) 0 

ThFerl C, i< (2 K: alonp. a axis) .. . . .. . . 
Fe(3) 32i o . i m ( i )  0.04ll(l) 0.19460) 1 2.7(3) 
C 8c 0 0 0 0.167(2) 0 

Pearson [6] has pointed out the major role played by the 32i sites occupied by 
Cd(3) atoms in the BaCd,, type of structure. He shows that the unit-cell parameters 
of this structure are weakly dependent on the size of the atoms occupying the Ba 
positions. He attributes this effect to the particularity of the 32i site which has 
three variable position parameters, allowing the atom occupying this site to adjust its 
position according to the size of the atom at the Ba site without significant change 
in the cell dimensions. It is worth noting that the carbon atoms which stabilize this 
BaCd,, structure type for ThFe,, are located at the centres of the four Fe(3) atoms. 
It seems reasonable to assume that it is this very property of the 32i atoms to adjust 
their position without major lattice expansion which makes it possible to take up C 
atoms with only minor expenditures in elastic energy of the lattice, thereby increasing 
the stability due to the additional carbon-metal atom bonds. 

Inspection of the interatomic distances between carbon and the nearest Fe(3) 
atoms in the ThFe,,C, Structurc reveals that the Fe(3)-C bond is about 1.90 .&, 
which is significantly lower than that observed [7, 81 in Fe& (1.988 8, and 2.04 A) 
where the C atoms havc the Same metal coordination. The shorter Fe-C distance 
in ThFe,,C, is probably due to a stronger bond with iron. The Th-C distance ha? 
the values 2.68 8, and 2.69 .& in ThFe,,C,,, and ThFe,,G, respectively. They have 
to be compared with thc Th-C distance of 2.52 8, found for Th,Fe,,C1,z5, being of 
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b 
Figure Z Schemaiic representation of the ThFeltC, remgonal structure (SF g o u p ,  
I4Iamd). The shaded and open circles represent thc lhorium and iron atoms, respffliveiy. 
Thc full circles represent the carbon atoms. The octahedral environment of the carhn 
atom if drawn in the centre of the diagram. 

the same order of magnitude as that encountered for ThC The environment of the 
carbon atom is more symmetrical in ThFe,,C, than in "h,Fe,,C,, since the four 
nearest-neighbour iron a t o m  are located at the same distance to the carbon atom. 
Unlike the Fe-C bonds, the Th-C bonds are larger in the ?hFe,,C,-type phase than 
in the Th,Fe,,C,-type phase. 

The relative stability of the two ternary carbides Th,Fe,C, (0 < I < 1.25) and 
ThFe,,C, (1.35 < z <-2) corresponds to a reverse bondingeffeG the FeCdstances 
decrease from 1.99 and 1.90 A in the former to 1.87 A in the latter whereas the Th- 
C distances increase from 2.52 to 2.68 A. Consequently the %Fe distances within 
the polyhedra around the C atoms decrease somewhat from 275 8, (Th2Fel,C,z 
rhombus) to 2.69 and 2.60 A (ThFe,,C,,, rectangle). 

In the case of ThFe,,C,, the carbon atom has to be taken as an alloying element 
as in the case of Nd,Fe,,C or Nd,Fe,,B. The ThFe,,C, compounds are true ternaries 
since no binary alloy of the type ThFe,, is stable; the C atoms must not be regarded 
as interstitial atoms but they play a major role in the stability of the phase. For the 
carbides of Th,Fe,,, it has been shown that carbon is a real interstitial atom and the 
217 hydrides, carbides or nitrides can be looked upon as pseudo-binary alloys with 
H, C and N as interstitial elements rather than as true ternaries. 

5. Magnetic properties 

The saturation magnetization was measured by means of a quantum design (SQUID) 
magnetometer at 5 K in a field of up to 4400 kA m-, (55 kOe). Magnetization 
measurements performed on non-oriented samples lead to the following values at 
5 E ThFe,,C,,,, 2 6 . 9 ~ ~  per formula unit; ThFe,,C& 2 6 . 1 ~ ~  per formula unit. 
The average iron moments corresponding to these values are (mFe) = 2.45~~ and 
(mFe) = 2.37pB, respectively. 
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Table 3. Relwant bond dislanca in ThFe~lCl,s and ThFellCz refined at 2 and 300 K. 

Bond distance (A) 

Th-4C 
ThqFe(3) 
ThdFe(31 
Th-2Fejl j 
ThAFe(2) 

Fe(3)-2Fe(3) 
Fe(3)-Fc(3) 
Fe(3)-Fe(3) 
Fe(3)-Fe(3) 
Fe(3)-Fe(3) 
Fe(3)-Fc(3) 
Fe(3l-n 
Fe(3FTh 

W)-4W3) 

Fe(Z)-ZFe(l) 

(;4W3) 

Fe(2)-4Fe(3) 

Fe(2)-2Th 

G2Th 

2.68 
3.22 
332 
330 
3.55 

2.68 
2.73 
3.30 

1.88 
2.46 
2.46 
2.51 
2.60 
2.61 
259 
2.70 
2.65 
3.22 
3.32 

246 
246 
2.68 
3.5s 

1.88 
268 

2.68 
3.22 
3.31 
3.31 
3.56 

2.68 
2.74 
3.31 

1.87 
2.46 
2.47 
2.51 
2.60 
2.62 
2.59 
2.69 
2.68 
3.22 
3.31 

2.46 
2.47 
2.68 
3.56 

1.87 
2.68 

~ .I,,~.,I.,_.,. , ,,. 

270 2.69 
3.25 3.25 
3.34 334 
3.33 3.33 
3.58 3.57 

2.70 2.69 
2.75 2.74 
3.33 3.33 

1.90 1.90 
2.47 2.46 
2.47 2.41 
253 2.52 
262 2.62 
2.63 2.61 
2.62 2.61 
2.75 2.15 
2.66 2.63 
3.25 3.25 
3.34 3.34 

2.47 2.46 
241 247 
270 2.69 
3.58 3.58 

1.90 1.90 
270 2.69 

The temperature dependence of magnetization was measured in a low field 
(0.5 kOe) by means of an automatic ( U - T )  recorder based on the Faraday method 
using polycrystalline powder samples. The results of these measuremen6 are shown 
in figure 3. The Curie temperatures are T' = 411 K and 501 K for 2 = 1.5 and 
z = 2, respectively. A kink is obselved on each of the curves at about Tk = 200 K 
and 260 K. Carbon insertion leads to an increase in the Curie temperature but to 
lower Tk-values. Similar kinks have also been observed for the R2Fe,,C series 191 
and ascribed to the spin reorientation phenomena. 

X-ray diffraction measurements have been performed parallel and perpendicular 
to the easy axis on field-aligned powders (fixed with glue). Inspection of the x-ray 
patterns of the aligned samples reveals that at room temperature the Bragg peaks 
with high 1 indices are reinforced where the measurements were performed parallel 
to the easy axis, indicating that the easy-magnetization direction is along the c axis. 

The neutron diffraction experiments performed at room temperature have been 
interpreted by assuming a ferromagnetic alignment of the moments along the c axis 
of the teuagonal structure. The refined values are (mFe) = (1.8 & 0.1)~~ and 



Study of a new ternary carbide: ThFe,,C, 

2o t- 
6373 

f - f t . . . . -! 0 
200 300 400 5130 600 

TemperalUre Ro 

Figure 5. Temperature dependence of magnelizalion of ThFe11Ct.r (+) and ThFellC2 
(A). 

( 2 . 2 k O . l ) ~ ~  for I = 1.5 and 2, respectively. No magnetic moment has been refined 
on the Th site since it is assumed to be tetravalent in intermetallic compounds (despite 
the possibility of a very low induced moment value, less than 0.2pB, which cannot be 
taken into account in neutron powder experiments). 

At 2 K the refinements have been performed assuming a ferromagnetic alignment 
of the moment either along the c axis or within the basal plane. The agreement 
factors obtained in both cases do not differ much. The magnetic moments refined 
parallel to the c axis are found to be equal to ( 3 . 4 1 0 . 1 ) ~ ~  and ( 3 . 0 f O . l ) ~ ~  per iron 
atom. The values obtained for a refinement within the basal plane are (2.53f0.1)pB 
and (2.4 f 0 . 1 ) ~ ~  for ThFe,,C, and ThFe,,C,,,, respectively; the latter values are in 
good agreement with the magnetization measurement performed at 55 kOe. 

NI these results are consistent with the occurrence at Tk of a spin reorientation 
process from a high-temperature easy-axis structure to a low-temperature easy-plane 
structure. 

Assuming that there is no magnetic anisotropy contribution from the thorium 
site, we conclude that carbon insertion plays a significant role in the different terms 
of anisotropy of the iron sites. The main result is the increase in the temperature 
range of the easy-axis behaviour; T, increases and Tk decreases when the carbon 
concentration is increased. Since no significant increase in the mean Fe moment has 
been measured, one has to assume that C insertion significantly increases the Fe-Fe 
exchange interactions from I = 1.5 to 2, leading to a relative increase in T, by 25% 
when going from I = 1.5 to I = 2. 

6. Conclusion 

The crystal and magnetic structures of a new iron-rich ternary compound have been 
determined by means of neutron diffraction. Analysis of the structural results reveals 
that strong FeC bonds (short distances) are found in these ThFe,,C, compounds. 
The carbon atom seems to play a major role in Stdbikhg the BaCd,, phase which 
only exists in a small composition range having between 1.35 and 2 C atoms per 
formula unit. These compounds have to be regarded as true ternaries, The carbon 
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atoms do not give rise to a simple interstitial solution since, to our knowledge, 
the pure ThFe,, phase is not stable. Significant effects of carbon atoms on the 
crystal parameters, as well as on the magnetic moments, have been demonstrated. 
The results of the refinements of the neutron data as well as the results of the 
magnetization measurements led us to propose that a spin reorientation transition 
occurs at around 275 K and around 200 K in ThFe,,C,,, and ThFe,,C,, respectively. 
The easy-magnetization direction is found to be perpendicular to the e axis at low 
temperatures and parallel to the c axis at higher temperatures. In such a series, 
iron fundamental characteristics such as exchange interactions and magnetocrystalline 
anisotropy appear to be very sensitive to the carbon concentration in ThFe,,C,. 
M6ssbauer as well as AC susceptibility experiments are in progress in order to confirm 
the spin reorientation behaviour. 
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