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a b s t r a c t
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x)Fe17−yCoy powders were prepared by induction melting. Nitrogen (2.9 ± 0.1 atoms per formula

unit) was inserted under a static nitrogen gas atmosphere. The nitrided powders have been investigated
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by 57Fe Mössbauer spectrometry and X-ray diffraction. The analyses show that the samples are composed
of two phases: the nitrided (R1−xR′

x)Fe17−yCoyNz phase and �-Fe. The variations of the Mössbauer hyper-
fine parameters of the nitrided phase are explained both by the lattice expansion and by the presence
of nitrogen. The observed variations do not indicate an influence of the rare-earth on the isomer shift.
Nitrogenation increases the hyperfine field at the Fe sites in agreement with the enhancement of the
itrogenation
össbauer

Curie temperature.

. Introduction

Experimental investigations of nitrided R2Fe17 and
2(Fe1−xCox)17 compounds have shown that their magnetic
roperties can be remarkably improved by the introduction of

nterstitial nitrogen atoms [1–4]. Nitrogenation induces a volume
xpansion of the lattice between 3% and 7%, leading to a large
nhancement of both Curie temperature and magnetization [5,6].
ike their unnitrided counterparts, the R2Fe17Nz compounds crys-
allize in a rhombohedral Th2Zn17 structure for light rare-earths
Pr, Nd, Sm) [5,6], the nitrogen atoms being located predominantly
n the 9e site [7].

Nitrogenation can also induce a change of the magnetocrys-
alline anisotropy. The magnetocrystalline anisotropy of R2Fe17
ompounds depends on the nature of the rare-earth, that is, on the
ymmetry of the 4f charge distribution (a rare-earth atom carries

localised magnetic moment due to 4f electrons). The ˛J sec-
nd order Stevens coefficient characterizes the asphericity of the
f shell [8]. When ˛J > 0 (as for Sm: ˛J

〈
r2
4f

〉
= +40.209 × 10−3a2

0),

he shape of the electronic distribution is prolate, i.e. elongated
long the moment direction. When ˛J < 0 (as for Nd: ˛J

〈
r2
4f

〉
=

7.161 × 10−3a2
0), the 4f electron charge distribution is oblate,

.e. expanded perpendicular to the moment direction. For ˛J = 0,
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which is the case of the Gd3+ ion, the charge density has spherical
symmetry. In R2Fe17 compounds, the Fe sub-lattice anisotropy is
strong. Thus, even if the Sm moment seems to prefer the c-axis, the
Sm2Fe17 compound shows planar anisotropy [3]. Consequently, the
magnetocrystalline anisotropy of Nd2Fe17, Sm2Fe17 and Gd2Fe17
compounds is planar at room temperature. However, while the
anisotropy of Nd2Fe17Nz and Gd2Fe17Nz compounds remain pla-
nar at room temperature, Sm2Fe17Nz presents an uniaxial magnetic
anisotropy [9,10].

With the aim of investigating the influence of nitrogenation
on the iron sub-lattice, we investigated Nd2−xSmxFe17Nz (x = 0, 1,
1.5, 2), NdGdFe17Nz, Nd2Fe16CoNz and Nd1.5Gd0.5Fe16CoNz pow-
ders using Mössbauer spectrometry. The Mössbauer spectra of the
corresponding unnitrided powders have been reported before [11].
The structure of the samples has been investigated by X-ray diffrac-
tion. Magnetic measurements have been previously done on the
same samples to determine Curie temperature and saturation mag-
netization [5,6,12].

2. Experimental

(R1−xR′
x)2Fe17−yCoy compounds were prepared from starting materials of at least
99.9% purity by induction melting. After melting, the polycrystalline specimens were
sealed in silica tubes under argon atmosphere, annealed at 1273 K for 10 days and
then quenched in water. The insertion of nitrogen has been carried out in static
nitrogen gas under a pressure of 15 MPa at 733 K for 24 h. The nitrogen content was
checked by the weight increase in the samples. It was found to be 2.9 ± 0.1 atoms
per formula unit [5,6,12].

dx.doi.org/10.1016/j.jallcom.2010.06.108
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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done for unnitrided (R1−xR′
x)Fe17−yCoy compounds [11].

The Mössbauer spectra of the Sm2Fe17Nz and Sm1.5Nd0.5Fe17Nz

phases were fitted with four sextets corresponding to the 18f, 18h,
ig. 1. Room temperature Mössbauer spectra of the Sm2Fe17Nz , Nd0.5Sm1.5Fe17Nz ,
dSmFe17Nz and Nd2Fe17Nz samples. The contribution of the R2Fe17Nz phase is
isplayed in each spectrum.

X-ray diffraction (XRD) analysis was performed in the angular range 2� = 20–90◦ .
or these experiments a Brucker D8 powder diffractometer with the Co(K�1) radi-
tion (� = 0.1788970 nm) was used.

All the samples were investigated by Mössbauer spectrometry at room temper-
ture, using a conventional spectrometer with a 57Co source in a rhodium matrix.
he isomer shifts ı are relative to metallic iron at room temperature. The hyperfine
eld is denoted B. The errors were obtained from the fitting program [13], being
stimated to ±0.05 mm/s for the isomer shift and ±0.5 T for the hyperfine field.

. Results

The room temperature Mössbauer spectra of the samples are
eported in Figs. 1 and 2. These spectra reveal the presence of two
ontributions: the contribution of the nitrided compound and the
ontribution of �-Fe. The contribution of the nitrided phase is dis-
layed in both figures. The presence of �-Fe is confirmed by XRD
nalysis. For example, the XRD pattern of the Nd2Fe16CoNz sam-
le is presented in Fig. 3. In the pattern, in addition to the peaks of
he nitrided compound, the main peak of the �-Fe and a peak cor-

esponding to Nd-rich phases are clearly observed. These results
how that the nitrogenation process leads to a partial decomposi-
ion of the 2:17 phase into �-Fe and Nd-rich phases. The Mössbauer
elative intensities of these contributions, reported in Table 1, indi-

able 1
össbauer relative intensity of the contributions used to fit the room temperature

pectra of the samples.

Sample Nitrided R2Fe17

phase
�-Fe (Co) Paramagnetic

phase

Sm2Fe17Nz 53 40 7
Nd0.5Sm1.5Fe17Nz 46 54 –
NdSmFe17Nz 59 41 –
Nd2Fe17Nz 52 48 –
NdGdFe17Nz 48 52 –
Nd1.5Gd0.5Fe16CoNz 27 73 –
Nd2Fe16CoNz 81 19 –
Fig. 2. Room temperature Mössbauer spectra of the NdGdFe17Nz (a),
Nd1.5Gd0.5Fe16CoNz (b) and Nd2Fe16CoNz (c) samples. The contribution of the
R2Fe17Nz phase is displayed in each spectrum.

cate that the �-Fe contribution can be important. However, because
the hyperfine parameters of the contribution of �-Fe are well deter-
mined, this contribution can be distinguished from that of the
nitrided phase, allowing an accurate fit of the contribution of the
nitrided phase.

3.1. Fitting procedure

The Mössbauer contribution of the nitrided phase has been fitted
according to both the crystal structure and the magnetocrystalline
anisotropy of the compounds, in agreement with what has been
9d, and 6c Fe sites, in agreement with the fact that the magnetic

Fig. 3. XRD pattern of the Nd2Fe16CoNx sample. The peaks indexed by (©) are the
main peaks of the Nd2Fe16CoN3 phase. The peak indexed by (�) is the main peak of
the �-Fe phase. The peak indexed by (�) corresponds to the Nd-rich phase.
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Table 2
Room temperature isomer shifts (in mm/s) obtained for the contribution of the nitrided phase, for the different samples.

Sample 18f 18h 9d 6c Mean value

Sm2Fe17Nz 0.03 0.08 −0.09 0.17 0.043
Sm2Fe17Nz (after [14]) 0.04 0.12 −0.07 0.16 0.063
Sm2Fe17Nz (after [15]) 0.05 −0.01 −0.09 0.12 0.012
Nd0.5Sm1.5Fe17Nz 0.02 0.06 −0.10 0.12 0.014
NdSmFe17Nz 0.09 0.08 −0.11 0.16 0.060
Nd2Fe17Nz 0.08 0.05 −0.11 0.11 0.077
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Nd2Fe17Nz (after [3]) 0.075 0.100
NdGdFe17Nz 0.08 0.10
Nd1.5Gd0.5Fe16CoNz 0.06 0.09
Nd2Fe16CoNz 0.09 0.09

nisotropy of the corresponding Sm-rich nitrided compounds is
niaxial [9,10]. In addition, as for the unnitrided Sm2Fe17 sam-
le [11], a central paramagnetic component was introduced for
he spectrum of the Sm2Fe17Nz sample to account for the extra
bsorption at the centre of the spectrum. This contribution could
orrespond to an R–Fe–O oxide or to a nanocrystalline R–Fe phase

The Mössbauer spectrum of the NdGdFe17Nz phase was fitted
ith seven sextets, namely: 18f12, 18f6, 18h12, 18h6, 9d6, 9d3 and

c, as for the unnitrided materials [11]. Indeed, the magnetization
emains in the basal plane along the [1 0 0] axis in Nd2Fe17Nx [9].

e assume that this result is also valuable for NdGdFe17Nz.
The Mössbauer spectra of the Nd1.5Gd0.5Fe16CoNz and

d2Fe16CoNz phases were fitted with four sextets corresponding
o the 18f, 18h, 9d, and 6c Fe sites, as for the unnitrided R2Fe16Co
amples, with the same proportions for the different Fe sites [11].

.2. Isomer shift

The isomer shifts of the different Fe sites in the nitrided phase are
isted in Table 2. The values obtained for Sm2Fe17Nz and Nd2Fe17Nz

an be compared with the values obtained from the literature
3,14,15]. A very good agreement is observed.

For all the samples we note that ı(6c) > ı(18h) > ı(18f) > ı(9d).
his order has also been observed in other R2Fe17Nx compounds
3,14–16]. In general, the larger the Wigner–Seitz cell volume
f a site, the larger the isomer shift. So the order would be
(6c)>ı(18h)>ı(9d)>ı(18f) [14]. Structural considerations indicate
hat the interstitial sites large enough to accommodate nitrogen
toms (the pseudooctahedral 9e sites) have only 18f and 18h near
eighbours [3]. Nitrogenation leads to an expansion of the lattice.
n the other hand, nitrogen, which is more electronegative than

ron, tends to increase the isomer shift of neighbouring sites. In

greement with these considerations, the ı values increase upon
itrogenation for all the Fe sites.

To discuss the results, we report in Table 4 the variation of the
somer shift �ı = ınitrided sample − ıunnitrided sample for each Fe site.
he most important variation is obtained for the 18h site, followed

able 3
oom temperature hyperfine fields (in T) obtained for the contribution of the nitrided ph

Sample 18f 18h

Sm2Fe17Nz 33.0 29.1
Sm2Fe17Nz (after [1]) 33.3 29.5
Sm2Fe17Nz (after [14]) 33.7 29.7
Sm2Fe17Nz (after [15]) 33.0 29.0
Nd0.5Sm1.5Fe17Nz 33.1 29.2
NdSmFe17Nz 33.2 29.1
Nd2Fe17Nz 30.2 28.3
Nd2Fe17Nz (after [1]) 31.2 28.7
Nd2Fe17Nz (after [3]) 29.0 31.4
NdGdFe17Nz 31.2 29.4
Nd1.5Gd0.5Fe16CoNz 30.4 28.4
Nd2Fe16CoNz 31.3 28.6
−0.100 0.175 0.064
−0.15 0.19 0.058
−0.06 0.14 0.059
−0.06 0.20 0.074

by the 18f site. The variations obtained for the 9d and 6c sites are
much lower than the others. We assume that the increase of ı(9d)
and ı(6c) is only due to the lattice expansion. The increase of ı(18f)
is attributed to the presence of nitrogen near neighbours only,
because the Wigner–Seitz cell does not vary upon nitrogenation
for this site. The increase of ı(18h) is attributed to both phenom-
ena. This is in agreement with other studies [3,17]. It is worth to
mention that the values obtained for the different sites and for the
different samples do not indicate an influence of the rare-earth, as
for the unnitrided samples [11].

3.3. Hyperfine field

The hyperfine fields of the different Fe sites in the nitrided
phase are listed in Table 3. The values obtained for Sm2Fe17Nz and
Nd2Fe17Nz can be compared with the values obtained from the
literature [1,3,14,15]. A very good agreement is observed.

Compared to the unnitrided samples [11], the hyperfine field
increases for each Fe site in the nitrided compounds. The increase
of the hyperfine field is related to the increase of the Curie temper-
ature. It has been demonstrated that nitrogenation increases the
Curie temperature of these materials by about 400◦ [18]. This is
related to the expansion of the lattice upon nitrogenation, which
enhances the Fe–Fe ferromagnetic coupling. Thus, Tc increases with
the average Fe–Fe distance [19]. For example, Tc increases from
400 K for Sm2Fe17 up to 780 K for Sm2Fe17N3 [20], and the aver-
age hyperfine field increases from 21.55 T for Sm2Fe17 to 33.15 T
for Sm2Fe17N3 (Table 3). For NdGdFe17, nitrogenation increases Tc

from 400 K up to 768 K for NdGdFe17N2.8 [6], and the room tem-
perature magnetization increases from 24.10 �B/fu to 35.08 �B/fu
[6].

For the unnitrided compounds there is a correlation between

the value of the hyperfine field and the number of iron near neigh-
bours for each site. The same correlation is obtained for the nitrided
compounds. Indeed, we observe that B(6c) > B(9d) > B(18f) > B(18h)
for all the samples as in Sm2Fe17Nx [1,14,15]. The observed
sequence of hyperfine field is also in agreement with the sequence

ase, for the different samples.

9d 6c Mean value

37.5 39.3 33.2
37.3 39.0 33.3
37.8 39.4 33.7
36.8 38.9 32.9
36.5 39.1 33.0
36.7 38.9 33.0
32.9 35.8 30.7
34.1 36.9 31.5
35.8 34.3 31.7
32.8 34.8 31.3
34.8 35.0 31.0
34.8 35.1 31.4
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Table 4
Variation of the isomer shift �ı (in mm/s) for each Fe site for the samples investi-
gated. The values obtained for the unnitrided samples are taken from [11].

Sample 18f 18h 9d 6c

Sm2Fe17Nz +0.13 +0.17 +0.10 +0.08
NdSmFe17Nz +0.18 +0.16 +0.07 +0.06
Nd2Fe17Nz +0.15 +0.10 +0.06 +0.00
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Table 6
Room temperature quadrupolar shift ε (in mm/s) for the 6c site, obtained from the
Mössbauer contribution of the nitrided phase in the Nd2−xSmxFe17Nz samples.

x ε

0 −0.07
Nd1.5Gd0.5Fe16CoNz +0.16 +0.17 +0.10 +0.00
Nd2Fe16CoNz +0.18 +0.18 +0.06 +0.12

f magnetic moments calculated for Gd2Fe17N3 [21] and for
2Fe17N3 [22]. In Nd2Fe17N2.6 [3], it has been reported that
(9d) > B(6c) > B(18h) > B(18f).

To discuss these results, we report the relative variation
f the hyperfine field �B/B = (Bnitrided sample − Bunnitrided sample)/
unnitrided sample in Table 5. For all the samples, the largest increase
f �B/B is observed for the 9d Fe site. This result is in agreement
ith calculated electronic and magnetic structures of Nd2Fe17N3

23] and Y2Fe17N3 [22] compounds where it has been found that
he magnetic moment of the 9d Fe atoms is the most enhanced
pon nitrogenation. Indeed all the distances between the 9d site
nd their iron near neighbours increase upon nitrogenation, thus
mproving the ferromagnetic exchange between theses sites and
heir near neighbours. For example, neutron diffraction experi-

ents performed in Y2Fe17Nz compounds revealed at 10 K a strong
nhancement of the magnetic moments of the Fe atoms in the
c sites (�Fe(6c) = 2.23 �B for Y2Fe17 and 2.86 �B for Y2Fe17N3
24,25]), in relation with the fact that Fe atoms in the 6c site are
he farthest ones from the 9e-N atoms. Calculations of the electronic
nd magnetic structures of Nd2Fe17 and Nd2Fe17N3 show that upon
itrogenation, the moments of the nearest neighbours Fe(18f) and
e(18h) are reduced and the moment of the next-nearest neighbour
e(9d) increases [23].

From the values reported in Table 5, one can notice that for each
e site, the value of �B/B increases with the Nd content. This is in
greement with the variation of Tc with the composition: the rela-
ive increase of Tc is lower for Sm2Fe17 than for Nd2Fe17 (400–780 K
pon nitrogenation of Sm2Fe17 [20], compared with 330–743 K
pon nitrogenation of Nd2Fe17 [6]). The same observation can be
ade for the Co-containing samples: the relative increase of Tc is

ower for Nd1.5Gd0.5Fe16Co than for Nd2Fe16Co (504–795 K upon
itrogenation of Nd1.5Gd0.5Fe16Co [12], compared with 441–773 K
pon nitrogenation of Nd2Fe16Co [12]). Thus, as for the unnitrided
amples [11], the variation of the hyperfine field has to be related
o the variation of Tc with the composition.

It is worth mentioning that the relative increase of the hyper-
ne field is lower for the Co-containing samples than for the Co-free
amples (see Table 5). This is attributed to the fact that the Tc of the
o-containing samples is higher than the Tc of the corresponding
o-free samples, thus inducing a lower relative increase of their
yperfine field upon nitrogenation than for the Co-free counter-

arts. For example, the Tc of the Nd2Fe16Co sample increases from
41 K to 773 K upon nitrogenation [12], while that of the Nd2Fe17
ample increases from 330 K to 743 K [6].

able 5
elative variation of the hyperfine field �B/B (in %) for each Fe site for the samples

nvestigated. The values obtained for the unnitrided samples are taken from [11].

Sample 18f 18h 9d 6c

Sm2Fe17Nz 53 46 71 51
NdSmFe17Nz 73 59 85 68
Nd2Fe17Nz 90 78 102 79
Nd1.5Gd0.5Fe16CoNz 13 16 26 12
Nd2Fe16CoNz 31 25 35 25

[

[

1 −0.15
1.5 0.34
2 0.15

3.4. Magnetic anisotropy of Nd2−xSmxFe17Nz compounds

Previous investigations revealed that the magnetocrystalline
anisotropy of Nd2Fe17Nz is planar at room temperature, while
that of Sm2Fe17Nz is uniaxial. The magnetic anisotropy of
Nd2−xSmxFe17Nz compounds can be investigated from the
quadrupolar shift ε of the contribution of Fe atoms in the
6c site. The quadrupolar shift can be expressed as: ε = eQVzz/4
(3 cos2 � − 1 + � sin2 � cos(2	)), where � is the angle between the
magnetic moments and the c-axis and 	 the angle between the pro-
jection of the magnetic moments and the a-axis in the basal plane.
The values reported in Table 6 indicate that the magnetic moments
of iron are in the basal plane for Nd2Fe17Nz and NdSmFe17Nz

(ε < 0 and � = 90◦), and along the c-axis for the Nd0.5Sm1.5Fe17Nz

and Sm2Fe17Nz (ε > 0 and � = 0◦). This indicates that the change in
magnetocrystalline anisotropy of the Nd2−xSmxFe17Nz compounds
occurs between x = 1 and x = 1.5.

4. Conclusion

Nd2−xSmxFe17Nz (x = 0, 1, 1.5, 2), NdGdFe17Nz, Nd2Fe16CoNz

and Nd1.5Gd0.5Fe16CoNz powders were investigated by Mössbauer
spectrometry. The analyses show that the samples are composed of
two phases: the nitrided (R1−xR′

x)Fe17−yCoyNz phase and �-Fe. The
variations of the isomer shifts upon nitrogenation are explained
both by the lattice expansion and by the presence of nitrogen: the
increase observed for the 9d and 6c Fe sites is due to the expansion
of the lattice, the increase observed for the 18f site is only due to the
presence of nitrogen as near neighbour, and the increase observed
for the 18h site is attributed to both effects. These variations do
not indicate an influence of the rare-earth on the isomer shift, in
agreement with the enhancement of the Curie temperature. Com-
pared to the unnitrided phases, nitrogenation induces an increase
of the hyperfine field at the Fe sites that follows the increase of
the Curie temperature. The largest increase is observed for the 9d
Fe site, in agreement with the literature. In Nd2−xSmxFe17Nz com-
pounds, a change in magnetocrystalline anisotropy from the basal
plane towards the c-axis is observed between x = 1 and x = 1.5.
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