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Abstract

In this work we report a magnetic and structural study
of NdyjgFer6_.NipBg (x = 0, 2.5, 5, 7.5 and 10) alloys.
This system was investigated by means of x-ray diffraction,
Mossbauer spectrometry, and magnetization. The samples
were melted in an arc furnace and then annealed during
three days at 1000 °C. The results show the majority
formation of the hard NdoFe;4B tetragonal phase with
lattice parameters a = 8.810 A and ¢ = 12.210 A; these
parameters do not vary substantially with the addition of
Ni. Mossbauer results show a ferromagnetic contribution
with six sites of iron associated to the NdoFe 4B phase and
a paramagnetic contribution as a doublet attributed to the
Nd; 1Fe4B4 phase. The hysteresis cycles show that all the
samples present a hard magnetic behavior, and the addition
of Ni decreases this property.
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Resumen

En este trabajo reportamos las propiedades magnéticas
y estructurales de las aleaciones NdjgFe7g_,NiyBg (z=0,
2.5, 5, 7.5 y 10). Este sistema fue investigado por medio
de difraccion de rayos-x, espectrometria Mossbauer y
magnetizacién. Las muestras fueron fundidas en un horno
a arco y luego recocidas a 1000 °C durante tres dias. Los
resultados muestran la formaciéon mayoritaria de la fase
tetragonal dura NdoFeq4B con pardmetros de red a=8.810 A
y ¢=12.210 A; estos pardmetros no varfan sustancialmente
al agregar Ni. Los resultados Mossbauer muestran una
contribucién ferromagnética constituida por seis sitios de
hierro asociados a la fase NdsFeyB y una contribucién
paramagnética en forma de doblete atribuida a la fase
Nd; 1Fe4By. Los ciclos de histéresis muestran que todas las
muestras presentan un comportamiento magnético duro, y
al agregar Ni esta propiedad disminuye.

Palabras clave: Magnetismo, espectrometria Mo&ssbauer, imanes
permanentes de NdsFe 4B, materiales magnéticos.

Introduction

Many researchers have been very attracted for permanent magnets
development since the discovery of the NdyFe 4B compound in 1984
[1]. Nanocomposite hard magnetic materials consist of a mixture
of magnetically hard phase, like NdsFe;4B, and soft phases, like
a-Fe or FeyB, with nanometric size, and they show a big increase
of the remanence due the exchange interaction between these two
phases [2]. The nanocomposite hard magnetic compound name
was proposed by Kneller and Hawig [3]. The magnets based on
the NdyFe 4B are obtained by different preparation methods like
magnetron sputtering [4, [5], melt-spinning [0, [7], mean beam
epitaxy (MBE) [8], inductive melting followed by melt-spinning
[9] and annealing [10], sintering [11, 12], and mechanical alloying
[13H15]. The development of the current permanent magnets has
involved a great effort to obtain an improvement in its magnetic
properties, for example, substituting the Fe by magnetic or
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no-magnetic elements like Co, Ni, Mn, Ru and Al, or also by the
substitution of Nd by rare earths such as Dy and Tb [16-18].

The nanocomposite permanent magnets are interesting because
they exhibit unusual properties, experimentally detected [19, 20]
and theoretically modeled [21H23], such as: remanence relation
(Mr/Ms) larger than 0.5, coercive field values (Hc) between 2 and 4
kOe, and a maximum energy product (BH)y.x given by 14 MGOe
[24]. The previous properties are sensible to the type of elements
which form the hard material [25H30] as well as the soft material
[25], 3], to the grain size of the hard material [I8] 26, 27, 32H34],
and the different techniques which had been used in the materials
preparation [4H15]. Previously, some studies reported that powders
of NdFeB present a majority phase of NdsFe 4B, which shows a
ferromagnetic behavior joined with another minority paramagnetic
phase of Nd; ;Fe,By [35].

The purpose of present study is to replace Fe by Ni atoms in
alloys with stoichiometry given by NdjgFers_,Ni,Bg (=0, 2.5,
5.0, 7.5 and 10), and to investigate the Ni effect in the structural
and magnetic properties of the system. In this work we report
the experimental results obtained by x-rays diffraction (XRD),
Méssbauer spectrometry (MS), and magnetization techniques.

Experimental

Samples with nominal compositions NdigFezs_,Ni,Bg (z=0, 2.5,
5.0, 7.5 and 10) were prepared by arc-melting under argon
atmosphere. The purity of the Nd, Fe, Ni, and B elements
were bigger than 99.9%. After melting the samples, they were
encapsulated in evacuated quartz tubes and annealed for three days
at 1000 °C. The samples were characterized by X-ray diffraction
(XRD) using the Cu-Ka radiation and the patterns were refined by
using the MAUD program [36]. The Mossbauer spectra were taken
on a conventional spectrometer with a °’Co/Rh source of 25 mCi,
and the spectra were fitted by using the MOSFIT program [37]. All
the studies were realized at room temperature.
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Results and discussion
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FIGURE 1. X-ray diffraction patterns of the NdigFer6—NiyBs (x = 0, 5.0 and
10) samples.

The XRD analysis was carried out for all prepared NdgFezs_,Ni,Bg
(x=0, 2.5, 5.0, 7.5, and 10) alloys, and some typical patterns with
their corresponding refinements are shown in Fig. [Ta. All the
samples present principally the peaks of the Nd,Fe4B tetragonal
phase (space group P42/mmm), and also the peaks of another
minority phase (less than 2%) associated to the Nd; ;Fe By phase
(Fig. [1p).

Rietveld analysis permit to calculated structural parameters such
as lattice parameters and the crystallite size (¢). These structural
parameters are listed in Table [II The lattice parameters a and
¢ of the NdyFe 4B phase remain approximately constant with the
variation of the nickel concentration, meaning that Ni atoms do not
induce a significant change on the structure of this phase. This can
be attributed to the similar atomic size of the Ni and Fe atoms.
The mean crystallite size varies between 50 and 60 nm without any
tendency. These obtained values show the nanostructured character
of the samples.
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FIGURE 2. Mdssbauer spectra of the NdijgFers—NipBs (x = 0, 5, and 10)
samples.

Fig. shows the °"Fe Mossbauer spectra collected at room
temperature of NdjgFers_,Ni,Bg (z=0, 5.0 and 10) samples. All
spectra were best fitted with seven sub-spectra, one paramagnetic
component (doublet) associated to the Nd; ;Fe By phase [35] and
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X | % of phase (a£0.005) A (c£0.005) A (¢£5) nm
0.0 0.889 8.814 12.215 58.8
2.5 0.894 8.813 12.212 53.9
5.0 0.885 8.803 12.196 50.0
7.5 0.887 8.803 12.197 60.2
10.0 |  0.889 8.807 12.198 49.7

TABLE 1. Structural parameters of NdygFer6— NigBs (x = 0, 2.5, 5.0, 7.5 and
10) samples.
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FIGURE 3. Behavior with the Ni concentration of a) the hyperfine magnetic
field of the different sites of iron, and b) of the mean hyperfine field of the
NdygFerg—y Niy Bs alloys.

six sextets with hyperfine parameters, which correspond to the six
non-equivalent Fe sites (16k1, 16k2, 8j1, 8j2, 4c, and 4e) associated
to the NdyFe4B hard magnetic phase [I8, 34, 38]. In all samples
the hard NdyFe4B phase has a spectral area bigger than 90 %.
Fig. shows the behavior of the hyperfine magnetic field as a
function of the Ni content for each one of the iron sites of the
hard phase. All they slowly decrease with the Ni concentration
increase up to 7.5 %, and then they present a small increase
between 7.5 and 10 at. % Ni. The behavior of the mean hyperfine
magnetic field, as a function of Ni content, is shown in Fig. Bp.
This behavior is similar to that shown by the ferromagnetic sites,
however the decrease up to 7.5 at. % Ni and the increase after this
concentration are more accentuated.

In Fig. is shown the obtained isomer shift values versus Ni
content, for the different ferromagnetic sites of the hard phase. It
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FIGURE 4. Isomer shift as a function of the Ni for the sites a) 16k1 and 16k2,
b) 81 and 852, ¢) 4c and 4e.

can be noted that the isomer shift values of the different Fe sites of
the NdsFe4B structure increase with the nickel concentrations up
to 2.5 at. % Ni and then tends to remains constant thereafter. This
is true for all the sites except the 8j2 one. These results indicate
that nickel atoms replace mainly iron atoms in the majority of
the sites, for the low nickel concentrations, and the effect of this
substitution is an increase of the 3d electron density of the Fe
atoms, which repeal the s electrons at the Fe nucleus decreasing
in this way its density and then increasing isomer shift. For the 8;2
site it is possible that it must be enriched by Fe atoms explained
in this way why its isomer shift decreases. Figure [5| shows the
obtained hysteresis cycles of all the samples. It can be noted that
the samples present cycles which saturated until an applied field of
15000 kOe (1.5 T) and this indicate that the Nd;,Fe;B, phase
do not contribute appreciably with its paramagnetic character.
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FIGURE 5. Hysteresis cycles of the NdigFers—NizBs (v = 0, 2.5, 5.0, 7.5,
and 10) samples.

The obtained values of the saturation magnetization vary from
130 to 105 emu/g and that of the coercive fields vary from 1.1
to 0.7 kOe when Ni content changes from 0 to 10 at. %. These
results and that of the mean hyperfine field vs Ni concentration
permit us to conclude that the samples behave as a magnetically
hard magnet but the Ni presence inside them decreases this hard
magnetic behavior.

Conclusions

It has been shown that the NdigFez_,Ni,Bg alloys (with x=0, 2.5,
5.0, 7.5 and 10) consist of hard magnetic NdyFe;4B phase and a
paramagnetic Nd; ;Fe B4 phase. The substitution of Fe by Ni in
the Nd;gFe;sBs phase does not change its crystallographic structure
but decreases the magnetic and hyperfine properties.
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