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Abstract 

UFe,&ol was obtained as single-phase polycrystalline material by annealing at 1450 K a polyphasic sample prepared by 
melting the elements. This compound was characterized by single-crystal X-ray diffraction, “Fe Miissbauer spectroscopy and 
magnetization measurements. UFe,&q was found to crystallize in the space group Z4/mmm with cell parameters a =8.4859(3) 
A, c =4.7508(2) A, V=342.103(21) A3, Z=2 and a ThMn,,-type structure that was solved by single-crystal X-ray diffraction 
to a final R=0.0345 (wR=O.O372). The MO atoms are randomly distributed in the 8i positions. Magnetization measurements 
show a ferromagnetic-like behaviour for T<198 K and, in free powder, a saturation magnetization at low temperature of 8.8 
pB per formula unit. Comparison with fixed powder measurements indicates a basal plane type of anisotropy. “Fe Miissbauer 
spectra below T, show a distribution of hypertine fields from 0 to 20 T. This distribution was analysed considering the different 
local configurations around each Fe atom and assuming the Fe site distribution deduced from X-ray data. 
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1. Introduction 

Uranium intermetallic compounds with the ThMn,,- 
type structure (Fig. 1) have recently received consid- 
erable interest [l-4]. The rare earth compounds with 
this type of structure were extensively studied in the 
past and are regarded as having a high potential for 
providing good hard magnetic materials [5,6]. The cor- 
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Fig. 1. Unit cell of ThMn&ype structure. 
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responding uranium compounds, particularly those with 
iron and general formula UFe,M12_x, only more recently 
started to be studied. Among these, UFeloMoz was 
identified as having a ThMn,,-type structure but was 
obtained only as a multiphasic material and poorly 
characterized [7-91. 

As part of a thorough study of the UFe,M,,_, com- 
pounds undertaken in this laboratory, we recently ob- 
tained UFe,J4o, as a monophasic material. In this 
paper we report its study by single-crystal X-ray dif- 
fraction, 57Fe Miissbauer spectroscopy and magneti- 
zation measurements on single-phase samples. 

2. Experimental details 

The samples were prepared by induction melting, in 
a levitation cold crucible, of stoichiometric amounts of 
the constituent elements (99.9 wt.% purity or better) 
under vacuum. The ingots were remelted several times 
in order to ensure perfect homogeneity. Metallographic 
examination of the solidified molten samples with 
UFe,,,Mo, nominal composition revealed an incongruent 
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melting character, Fe-MO and UFe, phases being pres- 
ent in addition to the dominant UFe,,Mo, phase with 
the ThMn,,-type structure. The prepared samples were 
wrapped in tantalum foil, sealed in evacuated quartz 
ampoules and annealed for about 10 days at approx- 
imately 1175 “C, followed by rapid cooling to room 
temperature. This treatment gave a single-phase ma- 
terial of composition UFe,,Mo,, which was confirmed 
by scanning electron microscopy-energy-dispersive spec- 
troscopy (SEM-EDS) analysis, with small amounts of 
metallic iron which tended to be segregated at the 
outer surface. Polycrystalline UFe,,Mo, samples almost 
free from metallic iron were prepared by annealing a 
material with a slightly different nominal composition, 
UFe9.5M01.5. From these samples, single crystals with 

the structure determination are compiled in Table 1. 
Atomic positions, occupation factors and thermal dis- 
placement parameters are presented in Table 2. A 
refinement made with Fe and MO free-occupation fac- 
tors gave essentially the same results, confirming the 
previous constraint of full site occupancy according to 
the ideal formula. 

approximate dimensions of 0.5 x0.5 X 0.5 mm3 were 
isolated and the traces of o-iron removed by magnetic 
separation after grinding. 

A grey metallic-looking single crystal (0.072X 
0.072X0.054 mm3) of UFe,,Mo, was extracted from 
the polycrystalline material, glued on top of a glass 
fibre and transferred to a goniometer head mounted 
on an Enraf-Nonius CAD-4 diffractometer equipped 
with graphite-monochromatized MO Ka radiation 
(A = 0.71073 A). The unit cell parameters were obtained 
by least-squares refinement of the 20 values of 25 
reflections from various regions of the reciprocal space 
in the range 27”~28< 42”. 

Mossbauer absorbers were prepared by crushing 
monophasic polycrystalline material and pressing the 
sample powder (about 5 mg cm-* of natural Fe) into 
a Perspex holder. Mijssbauer measurements were per- 
formed in transmission mode using a conventional 
constant-acceleration spectrometer and a 25 mCi 57Co 
source in an Rh matrix. The velocity scale was calibrated 
using an &-Fe foil at room temperature. Spectra were 
obtained at various temperatures in the range 80-300 
K. Low temperature measurements were performed 
using a nitrogen flow cryostat. The spectra (Fig. 2) 
were fitted to lorentzian peaks using a modified version 
[16] of the non-linear least-squares computer method 
of Stone [17]. Several constraints were used as described 
in the next section. 

Magnetization measurements were performed on po- 
lycrystalline samples (0.065 g) in the temperature range 
5-400 K under fields up to 5 T using a superconducting 
quantum interference device (SQUID) magnetometer 
(MPMS Quantum Design). Both free powder and pow- 
der fixed with solid paraffin were used as samples. 

The data set was collected at room temperature in 
an ~-28 scan mode (Aa= O.SO+ 0.35 tan 0). Two re- 
flections were monitored as intensity and four as ori- 
entation standards at 4 h intervals during the data 
collection; no variation larger than 5% was observed. 
The intensities of the 2103 measured reflections (with 
28< SO’) were corrected for absorption according to 
North et al. [lo] and for Lorentz and polarization 
effects. Equivalent reflections were averaged, resulting 
in 336 unique reflections from which 327 with 12 30(Z) 
were considered significant. 

3. Results and discussion 

The single-crystal X-ray structure confirms previous 
X-ray powder measurements indicating a ThMn,,-type 
structure [7]. Furthermore, the present refinement 
clearly shows that the molybdenum atoms are randomly 
distributed in the 8i positions. Interatomic distances 
and average numbers of nearest neighbours for the 
various positions are listed in Table 3. 

The intensity data were consistent with the space The occupation of the 8i positions by the MO atoms 
group I4/mmm and the ThMn,,-type structure. The was already observed by De Mooij and Buschow [18] 
structure was refined by the programme UPALS [ll]. in the isostructural lanthanide compounds RFe,,Mo, 
Scattering factors for neutral atoms as well as anomalous (R, rare earth). This preferential site occupation was 
dispersion corrections were taken from Ref. [12]. The explained by the authors considering the contribution 
extinction coefficient of a type 1 isotropic secondary of R-MO, R-Fe and Fe-MO bonds to the enthalpy 
extinction correction, according to the Becker and Cop- of formation of the compound. They showed that the 
pens formalism [13,14], was refined together with the R-MO pair interactions make a positive contribution 
scale factor, four isotropic temperature factors, two and the R-Fe and Fe-MO bonds a negative one. A 
position parameters (x for 8j and 8i positions) and three preferential occupation of MO atoms at 8i positions 
occupation factors; the occupation by Fe and MO of minimizes the number of direct R-MO bonds and 
the Sf, 8j and 8i sites was constrained to vary within maximizes the number of Fe-MO and R-Fe bonds, 
the full site occupancy. The least-squares procedure leading to the stabilization of the ThMn,,-type structure. 
easily converged to the solution where all the MO atoms The experimental observation of U,Mo and UIIMoS 
are located in the 8i sites and with final values of compounds [19] indicates that the U-MO bonds make 
R = CIF,,b, -F,,,,~IC~F’~,~ = 0.0345 and wR = 0.0372 (with a negative contribution to the enthalpy of UFe,,Mo, 
w=l@(F)). Crystal data and experimental details of in spite of theoretical predictions of small but positive 
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Table 1 
Crystal data and details of UFe,,Mor structure determination 

Chemical formula 
Formula weight 
Crystal system 
Space group [15] 
a 
C 

V 
z 
D cde 
FCL(MO W 
Approximate crystal dimensions 
Radiation, wavelength 
Monochromator 
Temperature 
0 range 
0-20 scan 
Data set 
Crystal-to-receiving-aperture distance 
Horizontal, vertical aperture 
Total data 
Unique data 
Observed data (1230(Z)) 
Number of refined parameters 
Final agreement factors a 

R = Wtil - ~~I#W’~.I 
wR= [YL(w(IF~~] - I~u,.])Z)IC~~~~]2]“r 
S= WWhl- Pc.klMm -n)l’” 

UFelOMo, 
988.379 g mol-’ 
Tetragonal 
Z4/mmm (No. 139) 
8.4859(3) A 
4.7508(2) A 
342.103(21) A3 
2 
9.594 g cm-3 
48.68 cm’ g-r 
0.07 X 0.07 X 0.05 mm3 
MO Ka, 0.71073 8, 
Graphite 
295 K 
1.5”-40.0” 
Ao-0.80+0.35 tan 0 
-15<h<15, -15<Zc<15, -8<Z<8 
173 mm 
4,4 mm 
2103 
336 
327 
11 

0.0345 
0.0372 
0.878 

‘m, number of observations; n, number of variables. 

Table 2 
Atomic positions (x, y, z), occupation factors (OF) and temperature 
factors (v) estimated in refinement. The temperature factor is 
expressed as T( 0) = exp[ - 8?r*U(sin B/h)*] 

Atom Position I y z OF lJx10* (A*) 

U 2a 0 0 0 1 0.49(l) 
Fe 8f , 1 1 

7 5 ? 1.05(4) 0.35(2) 

MO 8f f 1 I 
7 - 0.05(4) 0.35(2) 

Fe 8i &354(2) + : 1.06(5) 0.46(3) 

MO si 0.2854(2) f 0 - 0.06(5) 0.46(3) 

Fe 8i 0.3564(l) 0 0 0.56(5) 0.42(2) 
MO & 0.3564(l) 0 0 O&(5) 0.42(2) 

formation enthalpies for uranium-molybdenum binary 
compounds [20]. The contribution of the Fe-MO bonds 
to the enthalpy can be neglected since it was exper- 
imentally found to be close to zero [21]. Therefore the 
observed preferential 8i occupation of the molybdenum 
atoms in UFe,&fo, clearly indicates that the negative 
U-Fe contribution to the enthalpy is much higher than 
the U-MO contribution, the present atomic distribution 
maximizing the number of U-Fe interactions. 

The Miissbauer spectra obtained between room tem- 
perature and 200 K show two asymmetrical peaks as 
seen in Fig. 2. These spectra have the same shape as 
those published by Suski et al. [22] for UFe,,,Si, and 
UFe10Si1.7sMo0.ZS at 658 and 588 K respectively, when 

both compounds are in the paramagnetic state. In our 
spectra, which show no sign of the presence of cu-Fe 
impurity, the area of the broader peak is approximately 
50% higher than the area of the other one. This can 
be understood in the light of the iron site distribution 
deduced from our X-ray diffraction results if one as- 
sumes that the contribution to the Miissbauer spectra 
from the Fe atoms in the 8i positions is totally under 
the high velocity peak. The spectra were thus fitted 
assuming three quadrupole doublets. The linewidths r 
as well as the areas of both peaks in each doublet 
were constrained to remain equal. The final estimated 
values for the hyperfine parameters (isomer shifts 6 
and quadrupole splittings A) are given in Table 4. 

At 160 K a broad absorption band at the base of 
the two peaks is already visible (Fig. 2) suggesting the 
presence of magnetically ordered iron atoms, in good 
agreement with the magnetic data which indicate a 
ferromagnetic behaviour for T<198 K (see next). 

At 80 K the spectrum consists of a very broad 
absorption band (Fig. 2) and is very similar to that 
previously published [8] for UFe,&o, at 4.2 K. It can 
be fitted assuming a distribution of magnetic hyperfine 
fields (B,,J from 0 to about 20 T. Very low fields starting 
from 0 T (i.e. a quadrupole doublet) had to be considered 
in this fitting, in contrast with the results published 
for the isostructural rare earth compounds RFe,&fo, 
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Fig 2. “Fe Mdssbauer spectra of UFe,,, Mar obtained at various 
temperatures. 

and RFe,,V, [23,24], in which MO(V) also seems to 
be present only at the 8i sites. Nevertheless, an analysis 
identical to the one proposed by Sinnemann et al. [23] 
for RFe,,Mo, was attempted. 

For simplicity, subspectra with relative intensities 
lower than 3% were not considered and therefore only 
10 subspectra were fitted: nine magnetic splittings and 
one quadrupole doublet (corresponding to B,,=O T). 
The width of the Lorentz quadrupole lines was kept 
fixed at 0.40 mm s-l; the areas of the two peaks of 
the quadrupole doublet were considered equal and the 
intensity ratios within each magnetic splitting (1,/I, and 
1,/I,) were kept the same. In order to be able to fit 
the spectrum, the replacement of an iron nearest neigh- 
bour by MO had to reduce the Bhf of Fe at the 8i sites 
by about 15% and even more in the case of Fe at the 
other sites. Differences in these assumptions and those 
used in the analysis of the RFe,,Mo, spectra [23] arise 
from the fact that for UFe,,Mo,, as already mentioned, 
the absorption is the highest for Doppler velocities 
close to the centre of gravity of the spectrum, in contrast 
with the rare earth compound spectra. The values 
estimated for the average hyperfine parameters (isomer 
shift 8, quadrupole shift E as defined in Ref. [26], 
quadrupole doublet A, magnetic hyperfine field &r) in 
the best fit are given in Table 5. The corresponding 
average Fe moments ii were calculated using a hyperfine 
interaction constant of 14.5 T kB-l 1261. The resulting 

Table 3 
Interatomic distances (d) and average numbers of nearest neighbours (NN) of UFernMos 

According to this method, B,, on an Fe atom depends 
on the type of crystallographic site on which it is located 
and on the number of its nearest neighbours. The 
intensity of each sextet fitted to the spectrum will thus 
be proportional to the probability of the possible nearest- 
neighbour configurations of the Fe atoms. Assuming 
a statistical occupation of the MO atoms exclusively on 
the 8i sites, the probability of finding m nearest MO 
neighbours in a shell of IZ nearest-neighbour 8i atoms 
is given by the binomial distribution function 

PJm) = 
?l! 

m!(n -m)! 
P(l -X)n-m 

where x = 0.5 is the relative atomic fraction of MO atoms 
occupying the 8i sites. The relative intensities of each 
subspectrum calculated from these probabilities are the 
same as those given for RFe,,V, in Ref. [25]. 

NN Atoms d NN Atoms d 

u&J)_ 

Fe(llj)- 

8 Fe(W) 3.227(O) 
8 Fe(W) 2.993(l) 
4 (Fe, Mo)(t?i) 3.024( 1) 

4 Fewl 2.450( 1) 
2 Fe(W) 2.575(2) 
2 (Fe, MO)@) 2.663(2) 
2 (Fe, Mo)W 2.711(2) 
2 UP) 2.993(l) 

Fe@& 

(Fe, MO)@- 

2 Fe(8fl 2.375(O) 
4 Fe(W) 2.450( 1) 
4 (Fe, MO)@) 2594(l) 
2 U(k) 3.227(O) 

4 Fe(8B 2.594( 1) 
2 Fe(gj) 2.663(2) 
2 Fe(Y) 2.711(2) 
1 (Fe, MOW) 2.437(2) 
4 (Fe, Mo)(8i) 2.935( 1) 
1 U(k) 3.024(l) 
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Table 4 
Hyperfine parameters’ estimated from the Mijssbauer spectra of 
UFe,aMe at various temperatures T above 198 K 

T (K) Site S (mm s-‘) A (mm s-‘) I W) 

300 8i -0.10 0.13 20 

si -0.18 0.67 40 

8f - 0.20 0.44 40 

260 &’ -0.10 0.13 20 

si -0.16 0.73 40 

8f -0.16 0.40 40 

240 8i - 0.07 0.14 20 

si - 0.15 0.69 40 

8f -0.15 0.43 40 

200 8i -0.04 0.17 20 

8i - 0.12 0.70 40 

8f -0.14 0.43 40 

’ 8, isomer shift relative to cu-Fe; A, quadrupole splitting; estimated 
standard deviations in 6 and A are 0.01 mm s-’ or less. 

Table 5 
Average hyperfine parameters D of UFe,aMq estimated from Moss- 
bauer spectra at 80 K 

Site 8 (mm s-‘) A (mm s-l) g (mm s-‘) &r (T) fi (& I (%) 

8i 0.031 - 0.067 16.0 1.1 20 

8i -0.041 - 0.088 8.9 0.6 40 

8f - 0.056 0.40 b 0.000 3.1 0.2 40 

n 8, average isomer shift relative to a-Fe; A, quadrupole splitting; 
C, average quadrupole shift; Bhf, average magnetic hyperfine field, 
fi, estimated magnetic moment of the Fe atoms assuming ~=14.5 
T pa-‘; I, relative area kept fixed during fitting, calculated from 
the probability of the possible nearest-neighbour configurations for 
each site; 

b value estimated from the quadrupole doublet corresponding to 
the &=O T component of the distribution. 

curve, shown by the full line plotted on the 80 K 
spectrum of Fig. 2, is in excellent agreement with the 
experimental points. 

In agreement with the results published for UFe,,Si, 
[27] and the rare earth compounds [24], the & value 
at the 8i sites appears to be the largest. Since the total 
intensity of the subspectra and the statistics of the MO 
nearest neighbours are identical for the 8f and 8j sites, 
an assignment of the two sets of lower B, to these 
sites is not possible from the experimental results only. 
The assignments for these two sites in Tables 4 and 
5 were done according to what was found for UFe,,Si, 
[27] and the analogous rare earth compounds [24]. The 
similarity between the quadrupole splitting A estimated 
for the fitted doublet in the 80 K spectrum and that 
estimated for one of the quadrupole doublets fitted to 
the spectra obtained above the Curie temperature 
(7’,= 198 K) seems to confirm that the Fe atoms with 
the lowest Bhb as well as those which remain para- 
magnetic at 80 K, are only present at one of the sites 

8f or 8j. According to previous experimental results 
[24,28-301 and theoretical band calculations [31,32] 
performed for isostructural rare earth compounds, 
j+.(Sj) > pFe(8f), which supports the assumption that 
the paramagnetic atoms are located in the 8f positions. 
The observed average Fe-Fe distances dFeFe are in 
agreement with this picture, following the relation 
&,(8i) > &&8j) > LFe(8fi (Table 3). 

The temperature dependence of the magnetization 
M measured under various magnetic fields, both upon 
warming after zero-field cooling (ZFC) and after cooling 
in the measurement field (FC), is shown in Fig. 3. The 
M(T) dependence shows a ferromagnetic-like behaviour 
with a critical temperature T, of 198 f 2 K, above which 
a Curie-Weiss law with 8= 198(2) K is followed. The 
ZFC and FC curves show an irreversible behaviour for 
temperatures below T,, while the M(H) curves exhibit 
a small hysteresis, easily reaching saturation for the 
lower temperatures. The coercive field at 10 K is less 
than 500 Oe and the remanence is about 1.6 pB per 
formula unit (f.u.). 

The M(H) dependence at various temperatures for 
fields up to 5.5 T is shown in Fig. 4. The linear 
dependence verified in the highest fields, which cor- 
responds to a saturated magnetization (MS) or an ap- 
proximation to saturation, enables one to obtain the 
temperature dependence of the “spontaneous mag- 
netization” MO by linear extrapolation of M(H+O) at 
each temperature. From the dependence MO(T) the 

T(K) 
Fig. 3. Free-powder magnetization M of UFe,,Mq, under various 
magnetic fields as a function of temperature T: full symbols, field 
cooled; open symbols, zero-field cooled. 
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Fig. 4. Free-powder magnetization curves of UFeIOMoZ at various 
temperatures. 

value of 8.8 &f.u. was obtained for the extrapolated 
magnetization M,(T+ 0). 

Magnetization measurements were performed both 
on loose powder free to rotate in the applied field and 
on powder with particles fixed with solid paraffin. The 
magnetization dependence on temperature was identical 
in both cases. In the M(H) curves an expected smaller 
slope was observed for the fixed powder at low fields 
and the magnetization values are lower for the same 
applied fields. In this case the value obtained from the 
high field linear dependence indicates a magnetization 
at T=O of M,(T--+0)=6.6 &f.u. 

The comparison between these two values for the 
free and tied powders (Fig. 5) gives an indication of 
the magnetic anisotropy type for this system. According 
to previous theoretical calculations for a highly ani- 
sotropic magnet [33], our value of M,ti/M,f’ee =0.75 
suggests a basal plane character of the anisotropy similar 
to that for the NdFe,,Mo, isostructural compound [34]. 
An increase in this ratio occurs at the ferromagnetic 
transition temperature, the ratio becoming almost 1.0 
at higher temperatures. These results are consistent 
with the idea that the ferromagnetic transition leads 
to a drastic decrease in the total anisotropy. 

In the absence of neutron diffraction results and 
from the present experimental data alone it is difficult 
to assign the origin of the observed value of 8.8 
&f.u. for the saturation magnetization at low tem- 
perature. This value is significantly smaller than that 
found for YFe,,Mo, (T, = 323 K), for which M,( T= 4.2 
K) = 14.1 pg/f.u. was obtained from magnetization mea- 
surements [35], in good agreement with the value of 
M,(T= 4.2 K) = 14.68 &f.u. [24] derived from M&s- 

0 
b 

b 

0.8 1.2 
H(T) 

Fig. 5. Magnetization curves of UFe,&oZ at 
fixed powder; full symbols, free powder. 

10 K: open symbols, 

bauer spectra assuming B,,= 15.7 T pn-’ [5]. In the 

b b 
0 

1.6 2 

present case, assuming Bhf= 14.5 T pB-‘, Massbauer 
data indicate a value of 5.4 pB/f.u. at 80 K, which 
should be compared with the free-powder saturation 
magnetization of about 7 &f.u. at the same temper- 
ature. This comparison indicates that in addition to 
the Fe atoms remaining paramagnetic at low temper- 
atures, the U atoms can have a non-negligible magnetic 
moment. We expect further experiments will resolve 
this question. 
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