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Abstract

We study the influence of the insertion of a light clement, suchas carbon or hydrogen,
on the structural and magnetic properties of the ProCozcompounds. The characteriza-
tions were performed by powder X-ray diffraction,transmissionelectron microscopy and
thermomagnetic measurements. The X-ray diffraction of these alloys has shown that
the PryCo7C, and ProCorH,, phases adopt a hexagonal type Ce;Niz type structure. The
Rietveld analysis points out a lattice expansion after carbon insertion. Moreover, we
have shown that the insertion of carbon or hydrogen is an effective way to increase the
Curie temperature without changing the nature of the ferromagnetic transition. This
could be due to the strengthening of exchange interactions. Important modifications of
the anisotropy and coercivity of the compounds are observed to depend on the nature of
the inserted clement.

Introduction

The study of magnetic properties of rarc-carth (R) — 3d transition metals (M) inter-
metallic compounds has been a subject of great interest from both scientific and ap-
plications point of view. This interest is explained by the very rich and exceptional
properties of these alloys, which arise from the presence in the same compounds of the
outer well delocalized 3d clectrons and well localized and anisotropic 4f clectronic shell.
This combination of R and M elements can give rise to materials exhibiting high Curie
temperature, given by the strong exchange interaction between 3d electrons of M metals,
and a strong anisotropy provided by the rare carth 4f clectrons [1]. The insertion of a
light element, such as N, H, and C in these intermetallic compounds is of great interest
both in terms of fundamental scale and technology [2, 3]. Indeed, by introducing a light
element, in the crystallographic cell, an improvement of intrinsic magnetic properties was
observed. The insertion of carbon or hydrogen leads to an increase of lattice parameters
of intermetallic compounds. Therefore, the interatomic distances increase and modify
the exchange interactions between atomns that have an impact on increasing the Curie
temperature under the magntovolumic effect. In this paper, we study the effect of the
insertion on light clements (carbon or hydrogen) on the intrinsic and extrinsic propertics
of nanocrystalline PryCor alloys [4].
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Experiment

The carbides PryCo7C, and the hydrides PryCozH,, were prepared by melting in an argon
atmosphere of high purity. The powder mixtures were milled for 5 h in a high energies
ball-mill, which was rolated in two dimensions perpendicular to the horizontal plane.
The rotation speed of the mill was closed to 600 tr/min. After milling, the samples,
wrapped in tantalum foil, were anncaled for 30 min in sealed silica tube under 107°
Torr at different temperatures from 873 K to 1323 K followed by quenching in water.
The carbonation and hydrogenation process carried out respectively by a solid-solid and
solid-gas reaction [5].

The X-ray difraction (XRD) patterns were registered on a Brucker diffractometer
with CuKa radiation. The counting rate was 22 s per scanning step and the step size
was 0.04 °. An internal Si standard was used to measure the unit cell parameter with
an accuracy of £1 x 10~* A, The pattern refinement was performed nsing FULLPROF
computing code based on the Rietveld technique, in the assumption of Thompson-Cox-
Hastings line profile [6, 7]. The goodness-of-fit indicators, Rj; and x2, arc calculated as
usual and described earlier [8]. In order to explore the microstructure of ProCorC, alloys,
transmission clectron microscopy (TEM) studies were used. The observations were made
using a JEOL 2010 FEG microscope operating at 200 kV. A slow scan Camera on a Gatan
Imaging Filter was employed for image recording. The composition of the grains was
analyzed using the EDX system attached to the microscope. Specimens for TEM were
thinned using a Focused Ion Beam (FIB) type FEI Helios 600 Nanolab dual beam.

The Curie temperature 1 were measured on a differential sample magnetometer
MANICS in a field of 1000 Oc. T was determined from the M (H) curve by extrapolating
the linear part of the M (T) curve and finding the temperature value of the intersection
with the extended baseline [9, 10]. The magnetization versus applied field hysteresis
curves M(H) were measured at T = 293 K with a Physical Propertics Measurement
System (PPMS9) Quantum Design and a maximum field of 90 kOe. The MS values
arc obtained by extrapolation to zero ficld of the isothermal magnetization curves. In
order to determine the easy magnetization direction (EMD), the XRD investigations were
performed on powder samples oriented under an external magnetic field. Ficld-oriented
samples were prepared at room temperature by solidifying the mixture of epoxy resin
and the powder specimen in a magnetic field of about 1 T. The same procedure is also
used to prepare field-aligned samples for the magnetic anisotropy measurements.

Results and discussion

Structural studies

The X-ray diffraction of these alloys has shown that the ProCor,C, and ,CorH, phascs
essentially adopt a hexagonal structure type Ce;Niy (P63/mmc space group). The fig-
ure 1 show the diffraction of X-ray refinement of the nanocrystalline ProCo7Cyp 95 and
PryCorzHg a5 compounds. The insertion of carbon and the hydrogen leads to an increase
of the lattice parameters, ¢ being more affected than a. The observed expansion of
PryCo7C, and 2CorH, unit cell is about AV/V = 10 and 7.16 % respectively for z = 1
and 3.75. However, the variation of the ¢/a ratio with C or H content suggests that the
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Figure 1: Rictveld analysis for XRD  Figure 2: Rictveld analysis for XRD
pattern of ProCorCo.as. pattern of ProCorHg o5.

unit cell expansion is anisotropic and more pronounced a long the c-axis.

The crystallographic data obtained by Rietveld refinement of the diffraction of X-rays
were used to calculate the interatomic distances between nearest neighbors. In nanocrys-
talline ProCo;C, and PryCorH,, compounds, we notice a slight change in atomic positions
atoms located on sites 12k and 4f. Indeed, the distance Co(12k)-Co(12k), Co(12k)-
Co(4f) and Co(4f)-Co(4f) taper while other interatomic distances slightly increase or
remain unchanged. The octahedral site 4f is formed by two tetrahedra common base
Co(12k)-Pr(41)-Co(12k)-Pr(4f). Following the insertion of carbon or hydrogen, there is
a relative increase Pr(4f)-Co(12k) distances forming the basis of two tetrahedra joined
together with a significant increase in those for Co(12k)-Co(12k) distances.

Microstructural studies of ProCo,C, compounds

The magnetic properties of materials depend on their microstructure. In this context,
we undertook a study of the morphology of the samples ProCo;C,, by conventional trans-
mission clectron microscopy TEM and high resolution HRTEM. Based on the result of
magnetic measurements, the microstructure of PryCo;C alloys are chosen in order to
study them in details by TEM. For comparison, the parent sample is also included. Fig-
ure 2 shows a micrograph bright field PryCor, ProCorC compounds. The visible aspect
is a granular appearance. The corresponding selected area electron diffraction (SAED)
patterns arc shown in the insert; it exhibits a bright diffraction ring, which is a typical
characteristic of nanocrystalline phase. A distribution of fine grains confused with each
other. Indeed, the rings are continuous and diffused for ProCorC sample, which allows
us to say that the grains are much smaller in this sample (<10-20 nm).

We systematically analyzed the samples by energy dispersive spectroscopy (EDX) in
order to determine the percentages of the elements detected and check that they are well
aligned with the stoichiometry of the samples provided by the X-ray. The result shows
that the powder is composed of 23% at praseodymium, of 87 % at cobalt; the Carbon
can not be detected in these amounts there using this technique. It is also observed the
EDX spectrum (Figure 3) the presence of peaks of oxygen (<1 at %). The presence
of oxygen is due to the oxidation of Pr during the claboration of PryCo;C powder. It
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Figure 3: Bright ficld micrograph, (in insert the sclected arca clectron diffraction) of:
PryCor (left), PraCozC (right) compounds.

should be noted that we have scored overall in good agreement with these compositions

with a 2:7 stoichiometry.

Figure 4: The EDX analysis of ProCo;C powder.

Figure 5: Analysis by X cartography of ProCorCq 95 powder.

Analysis by X cartography thick on a surface of grains of the PryCo;Cqy o5 powder

(Figure 4) illustrates the dissolution of the carbon atoms in the Pr -Co matrix. This
result confirms the formation of a solid solution Pr-Co-C observed by X-ray diffraction.
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Figure 6: The temperature depen- Figure 70 Field dependence of
dence of the magnetization of ProCoz, the magnetic moment of PryCor,
PryCo7Coos and PryCosHszzs com- PraCorzCoas and PraCozHszs com-
pounds. pounds.

Intrinsic magnetic properties

The insertion of carbon or hydrogen in nanocrystalline ProCorz compounds induced a
monotonic increase of the Curie temperature depending on x. It is observed that the
Curice temperature increases almost lincarly with the concentration of carbon or hydro-
gen. An improvement of 23.3% and 15% respectively, compared to the starting com-
pounds. This increase is not significant and can not come from stronger exchange in-
teractions type 4f — 3d which are an order of magnitude lower than 3d — 3d [11], while
the 4f — 4f arc often negligible [12]. It results, in large part, a strengthening of the
exchange interaction 3d — 3d. The insertion of an element such as hydrogen causes the
increase of the interatomic distances of the cobalt atoms, and hence the exchange inter-
actions 3d — 3d. The figure 2 shows the thermal variation of the magnetization of the
nanocrystalline ProCoz, PraCo;C and PraCorHjz 75 compounds.

The magnetization curves of nanocrystalline PryCo;C, and PryCozH, compounds
were measured by an extraction sample magnetometer at room temperature in a magnetic
field ranging from 0 to 90 kOe. An insertion of carbon and hydrogen respectively in the
PryCo;C, and PryCorH, compounds induces a significant increase of the spontaneous
magnetization compared to x = 0, but it does not change the type of their behavior
which remains ferromagnetic. The saturation magnetization Mg, are determined from
magnetization isotherms, according to the approach to saturation law, M(H) = MS +
a/H? [13]. The values of MS and those converted to the magnetic moment per formula
unit. The saturation moment increases from 8.32 to 11.5 and 11.7 pg/fu, respectively
for z¢ =1 and zg, = 3.75.

Extrinsic magnetic properties

To study the cffect of the insert on the cocreivity, we measured the coercive field of cach
of our samples. The figure 8 shows an example, the shape of the hysteresis loops mea-
sured at room temperature for nanocrystalline: PryCorz, PraCo7Coos and ProCorHs 7
samples. The allure of theses loops shows that these compounds are isotropic and con-
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Figure 8: Ficld dependence of the magnetic moment of PryCoz, PryCo;Chas and

PryCozHs 75 compounds.

firms the presence of a single ferromagnetic phase in all samples. The highest coerciv-
ities, measured at room temperature for the ProCo7Co o5 and ProCorHs 75 compounds
are respectively: He = 11.5 kOe and He = 2 kOe. In addition, the corresponding re-
Mp = 37 emu/g and Mp = 45 eum/g, giving a
s strong cxchange interactions between the

manent magnetization are respectively
Mg/Mpy, ratio of about 0.59 > 0.5, sugg
adjacent crystallites. This is in good agreement with the small avreage crystalline size
[14]. The decrease in cocrcivity could be mainly due to the decrease of magnetocrys-
talline anisotropy after the insertion of carbon or hydrogen. The coercive field depends
mainly on the energy of magnetocrystalline anisotropy. Insertion implies a reduction in
the contribution of axial 3d subnet and thercfore a decrease in coercivity as a function

of ingertion rate.

Conclusion

We have shown in this study that it is possible to obtain nanocrystalline PryCo;C,
and PryCozH, compounds by high energy mechanical milling. These compounds were

prepared in two steps:
e A high energy milling, followed by annealing.

e A carbonation and hydrogenation process realized respectively by a solid-solid and
solid-gas reaction.

We have realized the study of the insertion of carbon and hydrogen on the structural
and magnetic propertics of PraCor compounds. The X-ray diffraction of these com-
pounds shows that ProCo;C, and PryCorH, phases adopt essentially a hexagonal struc-
ture (CeaNiz-type). The structural changes induced by the insertion of lightweight cl-
ements are causing significant changes fundamental magnetic properties. However, the
insertion of carbon and hydrogen in the ProCoz unit cell leads to a significant improve-
ment in ¢ respectively 23.3% and 15%. This results in the strengthening of exchange
interactions which become more positive on increasing the Co-Co distance. When the

28



study of magnetic properties of extrinsic and ProCo;C, and PryCozH, compounds, we
noticed a drop in the coercivity in the rate of carbon and hydrogen inserted. This is due
to a change in the anisotropy which is no longer axial after insertion.
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