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Abstract. Neutron powder diffraction, magnetization and ac susceptibility measurements were
performed on compounds of the series RFe12−xMox (R = Y and Ho,x = 1, 2, 3). The influence of
the Mo content on both structural and magnetic properties is discussed. Comparison with published
data for different Mo concentrations is made. It is found that the effect of Mo substitution for Fe
on structural and magnetic properties can be described by two regimes separated by a critical Mo
content aroundx = 2.

1. Introduction

The Fe-rich ternary compounds RFe12−xMx (R = rare earth and M= Ti, V, Cr, Mo, Si) show
interesting magnetic characteristics for possible permanent magnet applications [1]. These
compounds crystallize in the tetragonal ThMn12-type structure with space groupI4/mmm [2].
The third element M, which is necessary to stabilize the RFe12 structure, has a strong effect on
the magnetic properties, leading to a reduction of the Curie temperature and magnetization.

The R atoms occupy the crystallographic 2a site and the Fe atoms occupy 8i, 8j and 8f
sites. The Mo atom replaces Fe preferentially at the 8i sites [3, 4].

In this work, the structural and magnetic properties of RFe12−xMox (R = Y, Ho; x = 1,
2 and 3) studied by neutron diffraction, ac susceptibility and magnetization are presented. A
comparison with results by other authors for different Mo concentrations is made [5, 6]. The
effect of Mo on the magnetic properties of the different sublattices is discussed.

2. Experimental details

The RFe12−xMox (R = Y, Ho) compounds were prepared by melting the 4N-purity starting
materials in a cold crucible induction furnace under 5N-purity argon atmosphere. In order to
prevent an excessive evaporation of the low melting point element Y (Ho), the binary Fe–Mo
composition was first prepared and then the third element was added. The samples were sealed
in silica tubes filled with pure argon gas and annealed for 10 days at temperatures around 900◦C.
The sample homogeneity was verified using conventional x-ray powder diffraction technique.
The ThMn12-type phase was found to be dominant, with small amounts ofα-Fe present in
some of the samples (always less than 4 wt%).
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Magnetic measurements were performed on non-oriented powder samples using a SQUID
or VSM magnetometer, in the temperature range 5–400 K, under magnetic fields up to 10 T.
Ho oriented powder samples with cylindrical shape were aligned in a field of 1 T and fixed
with epoxy resin. For the ac magnetic susceptibility measurements a field with an amplitude
of 10−4 T and a frequency of 95 Hz was used.

Neutron diffraction experiments were carried out at 6 K and 290 K at the Silóe reactor of
the Centre d’Etudes Nucléaires and at the ILL D2B diffractometer, in Grenoble. A sample of
HoFe10.5Mo1.5 was also measured at 290 K. The nuclear and magnetic structures were refined
using the Rietveld method with the Fullprof program [7].

Figure 1. Experimental (dots) and calculated (lines) neutron diffraction diagrams for the Ho
samples at 6 K. The difference pattern (observed− calculated) is shown in the bottom of each
diagram. The short bars correspond to the nuclear peaks, the iron impurity and the magnetic peaks.
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3. Results and discussion

3.1. Crystal structure

Examples of the neutron diffraction patterns obtained for the Ho samples, together with the
fitted profiles, are shown in figure 1. As expected, all patterns correspond to the tetragonal
ThMn12-type structure, space groupI4/mmm, Z = 2, whereZ is the number of formula
units per cell. The refined structural parameters at room temperature for RFe12−xMox are
summarized in table 1. Good fitting results were obtained with Mo atoms occupying only 8i
sites. Only minor differences were found between the nominal Mo content and the measured
values.

Table 2 presents the average interatomic distances between each iron site and nearest
neighbour iron atoms. Due to the different size of the Fe and Mo atoms (1.27 Å and 1.40 Å,
respectively) a significant variation of the lattice parameters and interatomic distances with
increasing Mo content was expected. However, this variation, although more perceptible in
the〈Fe–Fe〉 distances related to the 8i site, is not as marked as predicted [8].

Table 2. Average interatomic distances between each iron site and other iron nearest neighbours
for (Y, Ho)Fe12−xMox .

〈dist(8f–Fe)〉 〈dist(8j–Fe)〉 〈dist(8i–Fe)〉
Compound (Å) (Å) (Å)

YFe11Mo 2.52 2.58 2.71
YFe10Mo2 2.52 2.60 2.73
YFe9.5Mo2.5 2.52 2.60 2.73
YFe9Mo3 2.53 2.61 2.75

HoFe11Mo 2.50 2.58 2.71
HoFe10Mo2 2.51 2.59 2.72
HoFe9.5Mo2.5 2.52 2.59 2.72
HoFe9Mo3 2.52 2.60 2.75

Figures 2 and 3 illustrate the evolution of the cell parameters and of the cell volume with
the Mo content. Published results on the Y compounds [5, 6] are also plotted in the figures,
for comparison. It is seen that in the range of the studied Mo contents the variation of the cell
parameters with the Mo content is in fact not linear, contradicting what is generally assumed.
Extrapolating tox = 0 thea andc curves of the YFe12−xMox series, the valuesa = 8.48(5) Å
andc = 4.78(3) Å are obtained for YFe12; these values are in good agreement with 8.478 Å
and 4.762 Å extrapolated for YFe12 from the YFe12−xVx series [9].

3.2. Magnetic behaviour

Figures 4 to 10 and table 3 present some selected magnetization results.
Figure 4 shows the thermal behaviour of the magnetization measured under a field of

5.0× 10−3 T for Y and Ho compounds withx = 2,3. Zero-field cooled (ZFC) curves were
recorded after cooling down the samples from 400 K to 10 K in zero applied field. Field
cooled (FC) curves refer to the samples cooled under the measurement field. In both cases the
measurements were performed with increasing temperature. All the studied samples present
distinct ZFC and FC magnetization values. For the Y compounds the highest magnetization
values in the FC curves are obtained at the lowest temperatures, corresponding to the orientation
of the iron moments along the applied field. For the Ho series the highest magnetization value
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Figure 2. Lattice parametersa (solid triangles) andc (solid circles), refined from neutron diffraction
patterns measured at room temperature and plotted as a function of the Mo concentration for Y
and Ho samples. Some values found in the literature [5, 6] are presented for comparison (open
symbols). The lines are guides to the eye.

in the FC curves is reached for temperatures around 100 K. This is related to the ferrimagnetic
coupling between the rare-earth and the iron sublattices, which have different magnetization
thermal behaviours. Forx between 2 and 2.5 there is a compensation of the Ho and Fe sublattice
moments, as the net magnetization changes sign (mn in table 3).

Magnetization was measured as a function of the applied field up to 10 T for all samples.
Figure 5 shows the results for the Ho samples. A ferromagnetic type behaviour with a
superimposed linear dependence at higher fields is found, confirming the previous analysis. In
the case of YFe9Mo3 (figure 6) there is a net decrease of the magnetization for temperatures
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Figure 3. The c/a ratio (solid triangles) and unit cell volume,V (solid circles), refined from
neutron diffraction patterns measured at room temperature and plotted as a function of the Mo
concentration for Y and Ho samples. The lines are guides to the eye.

Figure 4. ZFC/FC (50 Oe) magnetization curves for the (Y, Ho)Fe12−xMox (x = 2, 3) compounds.
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Table 3. Magnetic characteristics at 6 K:µ is the magnetic moment, extracted from neutron
diffraction analysis;mn is the magnetic moment per formula unit calculated from neutron data;
mm is the magnetic moment per formula unit calculated from the spontaneous magnetization and
TC is the Curie temperature obtained from magnetization measurements.

Compound Atom µ (µB) mn (µB fu−1) mm (µB fu−1) TC (K)

Y (2a) —
YFe11Mo Fe (8f) 2.0 (1) 23.0 (9) 19.6 (1) 470 (10)

Fe (8i) 2.4 (1)
Fe (8j) 1.9 (1)

Y (2a) —
YFe10Mo2 Fe (8f) 1.6 (1) 17.4 (9) 12.6 (1) 295 (10)

Fe (8i) 1.9 (3)
Fe (8j) 1.8 (1)

Y (2a) —
YFe9.5Mo2.5 Fe (8f) 0.9 (1) 9.5 (9) 8.5 (1) 290 (10)

Fe (8i) 1.3 (3)
Fe (8j) 1.0 (1)

Y (2a) —
YFe9Mo3 Fe (8f) — — 1.8 (1) 140

Fe (8i) —
Fe (8j) —

Ho (2a) −10.0 (1)
HoFe11Mo Fe (8f) 1.6 (1) 10.7 (9) 9.7 (1) 510 (10)

Fe (8i) 2.1 (1)
Fe (8j) 2.0 (1)

Ho (2a) −10.1 (1)
HoFe10Mo2 Fe (8f) 1.2 (1) 2.9 (9) 3.7 (1) 280 (10)

Fe (8i) 1.7 (2)
Fe (8j) 1.2 (1)

Ho (2a) −9.1 (1)
HoFe9.5Mo2.5 Fe (8f) 0.8 (1) −0.7 (8) 1.4 (1) 230 (10)

Fe (8i) 0.9 (2)
Fe (8j) 0.9 (1)

Ho (2a) −6.4 (1)
HoFe9Mo3 Fe (8f) 0.5 (1) ∼ 0 (1) 2.0 (1) 170 (10)

Fe (8i) 1.1 (1)
Fe (8j) 0.8 (1)

lower than 20 K, only detectable in theM(H) curves. The same behaviour was observed
in YFe9.5Mo2.5 [10]. This loss of magnetization could be explained by a non-collinear
distribution of the iron moment directions at low temperatures. In fact, Lorenzet al [11]
have reported a calculation of the magnetic structure for YFe12−xMox alloys, which predicts
the existence of non-collinear Fe spin configurations. This analysis is based both on competing
ferro- and antiferromagnetic exchange interactions related to variations of the Fe–Fe nearest
neighbour distances with the Mo content, and a local spin anisotropy parametrized in terms
of a spin–orbit contribution to the Hamiltonian interaction. However, our neutron diffraction
experiments were not suitable for checking this Lorenz spin-resolved approach because only
one measurement was performed, at 6 K.
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Figure 5. Magnetization measured as a function of the applied field for the Ho samples.

Figure 6. Magnetization measured as a function of the applied field for YFe9Mo3.

Figure 7 shows the magnetization of HoFe11Mo as a function of applied field forT = 5 K,
both forH parallel and perpendicular to thec axis. The easy direction is thec axis, as
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Figure 7. Magnetization curves of HoFe11Mo oriented sample.

expected from the well known easy axis contribution of the Fe sublattices and the dominant
magnetocrystalline anisotropy term of the Ho site. ForH ⊥ c an anomaly is detected in the
magnetization curve for fields around 1 T. This first order magnetization process (FOMP), also
detectable in the non-oriented samples (x = 1 to 3) for the lowest temperatures, reveals an
intermediate metastable magnetization state with a value of 2.5µB fu−1. The same kind of
behaviour has been observed in other RFe12−xMox compounds when R is magnetic [12], and
has been attributed to a rotation of the magnetic moments under the external field.

From the magnetization curves (figure 7), using the saturation value for the easy axis
direction, the anisotropy constantK1 was determined. Based on the anisotropy energy
Wa = K1 sin2 θ + K2 sin4 θ + K3 sin6 θ , and assuming a smallK3 (10%K1), the value of
K2 was fitted from theM(H) curve forH ⊥ c. In figures 8(a) and (b) the total energy
E (including anisotropy and Zeeman) is plotted as a function of the angleθ between the
net magnetization and thec easy axis for different applied fields. The evolution ofE with
field shows that above 1.5 T the absolute minimum atθ = 16◦ changes to a local minimum,
explaining the marked increase in the net magnetization. From 1.5 to 2 T the magnetization
rotates to about 50 degrees from thec axis. When the applied field is large enough to attain
saturation (H 6 2.5 T) the magnetization exceeds the values found for applied fields along
the easy axis direction. This behaviour can be attributed to a field induced, non-collinear,
arrangement of the Fe and Ho moments, with the Ho moments making an angle of about 67
degrees with thec axis, the Fe moments being almost forced into the basal plane.

In figures 9 and 10 the real part of the ac susceptibility is plotted as a function of temperature
for the different samples, showing a clear maximum in all cases. In general, forx > 2
the temperatures associated with these maxima are different from theTC values obtained
by magnetization. This is due to the fact that magnetization results are the average of the
magnetic moment contributions, while ac magnetic susceptibility is sensitive to the dynamic
behaviour of the magnetic moments. Similar differences in theTC values were observed in
RFe9.5Mo2.5 systems [13]. In that study, the M̈ossbauer spectroscopy results evidenced distinct
magnetic behaviours for the three Fe sites, resulting in broad order/disorder transitions. The ac
susceptibility maxima become broader for compounds withx > 2, corresponding to a broader
distribution of the ordering temperatures, as can be seen in figures 9 and 10. The ordering
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Figure 8. (a) Polar representation of the total energy (anisotropy + Zeeman) calculated for
HoFe11Mo for different applied field intensities. (b) Total energy represented as a function of
the angle between the net magnetization and thec easy axis, for angles between 0◦ and 180◦. This
is part of the diagram plotted in (a).

temperatures obtained from the inflection points in the FC curves and from ac susceptibility
results for the samples withx = 1 are presented in table 3.

Also in the same table, the spontaneous magnetization values (mm), obtained by
extrapolation toH = 0 of the higher field behaviour of the magnetization isotherms recorded at
5 K, are reported. The difference between these values and themn values obtained by neutron
diffraction can be attributed to the negative magnetic contribution of the conduction electrons.
This component, that can not be detected by neutron diffraction, may be associated with the
negative exchange coupling between the 3d electrons and the conduction electrons [14, 15].
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Figure 9. Temperature dependence of the real part of the ac susceptibility of the YFe12−xMox
compounds.

Figure 10. Temperature dependence of the real part of the ac susceptibility of the HoFe12−xMox
compounds.
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Figure 11. The average iron moments at 6 K, plotted as a function of the Mo concentration for the
Y and Ho series. Also plotted are the Ho moments for the Ho series.

Figure 12. Magnetization per iron atom versus average magnetic valence. The solid line is the
generalized Slater–Pauling curve.

The R and Fe magnetic moments deduced from the neutron analysis at 6 K are presented
in table 3. For all samples in both series the relation between the different iron moments is
µ(8i) > µ(8j) > µ(8f), following the trend of the Wigner–Seitz cell volumes for the three
iron sites [16].
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Figure 13. Curie temperature and spontaneous magnetization plotted as a function of the Mo
concentration for the Ho and Y series.

The average iron magnetic moments at 6 K for the Y and Ho series are plotted in figure 11,
as a function of the Mo concentration. The corresponding Ho magnetic moment is also shown
in the same figure. In Y samples with low Mo content, the variation is consistent with the
results obtained from electronic structure calculations [8, 17] and photoemission data for Y
series [18]. These results show that the average iron moment decreases due to the increasing
Mo contribution to the d states near the Fermi level, giving rise to a strong hybridization
of the Fe and Mo d bands. Abovex = 2 a net reduction in the magnetic moments can
be observed. For HoFe9Mo3 the Ho moment is 50% lower than the theoretical value and
for YFe9Mo3 no magnetic contribution to diffraction is observed, meaning that the magnetic
moments are smaller than 0.3µB . This behaviour is most certainly related to a much stronger
overlap between the non-magnetic Mo bands and the 3d Fe band. This is consistent with the
fact, already pointed out in section 3.1, that the increase in Mo content is not followed by a
subsequent cell expansion, in spite of the larger size of the Mo atoms.

The observed behaviour in the variation of the magnetic moment with Mo concentration
does not agree with the linear variation expected from the generalized Slater–Pauling curve
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[19, 20]. According to this model the average iron magnetic moment varies linearly with
the magnetic valence,Zm = 2Nd↑ −Z, whereNd↑ is the contribution of the d band
to the number of valence electrons with spin up andZ is the chemical valence. Figure 12
shows the magnetization per iron atom as a function of the average magnetic valence. It also
shows the predicted generalized Slater–Pauling curve〈µ〉 = 〈Zm〉 + 2Nsp, whereNsp is the
contribution of the s–p bands to the number of valence electrons close to 0.3 atoms/spin [19].
Clearly for YFe12−xMox , the consequence of the Fe–Mo substitution in the average moment
can be described by two regimes with a crossover aroundx = 2. This value corresponds also
to critical changes in the structural properties mentioned above (figure 3). Very significantly
we find the same presence of two regimes in the evolution ofTC andMS with the Mo content,
as shown in figure 13 where results obtained by other authors were also included [5, 6].

4. Conclusions

Mo substitution for iron was studied in RFe12−xMox (R = Y, Ho) compounds and a strong
effect both on structural and magnetic properties was detected. A non-linear dependence of
cell parameters, magnetic moments, spontaneous magnetization and order/disorder transitions
with Mo increase was observed for both series. The results obtained, together with previously
published data, clearly show the existence of a critical Mo concentration forx ≈ 2. This
unexpected behaviour is observed both in the structural and magnetic results and is interpreted
as being due to the strong overlap between the non-magnetic Mo bands and the 3d Fe band,
occurring above that Mo concentration. Although no simple correlation can be established
between both types of property, a band structure calculation will certainly contribute to
understanding the correlation between the dramatic drops ofTC andMs (not supported by
the magnetic valence model) and the change in the crystal structure induced by molybdenum
substitution.
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