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a  b  s  t  r  a  c  t

Using  high-energy  ball  milling,  nanostructured  Pr2Co7 powders  can  be obtained  from  their  arc-melted
bulk  alloys.  The  structure  and  the  microstructure  properties  were  studied  by X-ray  diffraction  and  trans-
mission  electron  microscopy.  The  crystallization,  phase  components  and  magnetic  properties  of  these
alloys  were  investigated  systematically.  Structural  and  magnetic  measurements  reveal  different  phases
for specific  annealing  temperature  ranges.  For  samples  annealed  at Ta =  1023  K,  the  main  phase  is  hexag-
onal  of  the  Ce2Ni7 type  structure  whereas  at Ta =  1323  K,  the  main  one  is  rhombohedral  of the  Gd2Co7

type  structure.  The  autocoherent  diffraction  domain  size  derived  from  Rietveld  analysis,  varying  between
6 and  40  nm,  are  confirmed  by transmission  electron  microscopy.  The  coercivity  increases  with anneal-
ing  temperature  reaching  a maximum  for Ta =  1073  K,  the  highest  value  is  equal  to 18  kOe  at  293  K and
23  kOe  at  10  K. This  coercivity  is  attributed  to  the  high  magnetocrystalline  anisotropy  of  the  Pr2Co7 phase
eywords:
are-earth intermetallics
agnetic properties
echanical alloying and milling
iffraction
agnetic applications

and  its  optimized  nanoscale  grain  size.  The  remanence  ratio  Mr/Mmax is  equal  to  0.64.  Thermomagnetic
measurements  indicate  that  the  intermetallic  Curie  temperature  (TC)  is  about  600  K  for  hexagonal  phase
and 580  K  for rhombohedral  one.  These  properties  are  suitable  for  permanent  magnet  applications.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Since last decades, a growing demand from users for magnetic
lloys based on rare earth and transition metal for potential applica-
ions has emerged. The synthesis of such alloys can lead to powerful

agnetic materials characterized by a high Curie temperature and
igh anisotropy constants [1–4]. Indeed, the combination of high
agnetization at room temperature of ferromagnetic transition
etals with high magnetic anisotropy is needed to compete with

urrently marketed SmCo5 and NdFeB alloys [5,6].
Emphasis is now shifting toward nanoscale world, opening the

ay to improve microstructure required for permanent magnet
nd magnetic recording applications. Among the processes able
o lead to optimized assemblies, the techniques of melt spinning
7] and high-energy milling, with subsequent annealing [8,9], are

uitable to obtain nanocrystalline phases.

In the search for new phases presenting high magnetocrys-
alline anisotropy, we have investigated the nanocrystalline Pr2Co7

∗ Corresponding author.
E-mail address: bessais@glvt-cnrs.fr (L. Bessais).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.069
intermetallics. They exhibit an excellent magnetic properties as
Curie temperature TC, the magnetocrystalline anisotropy HA, and
an important saturation magnetization MS [10,11].  In addition, to
intrinsic magnetic properties, it is necessary to optimize the extrin-
sic properties (magnetization remanence and coercive field).

In the present work, the structural characteristics of high-
energy ball-milled and subsequently annealed Pr2Co7 alloys, i.e.,
unit-cell parameters and atom positions are reported with Curie
temperature measurements. Furthermore, we have optimized the
microstructure of those compounds upon appropriate heat treat-
ment in order to obtain a high coercivity.

2. Experiment

Polycrystalline Pr2Co7 alloys were prepared by high-energy ball milling. An
excess of praseodymium powder was used in order to maintain an overpressure
of Pr on the sample. After milling during 5 h, with ball to powder ratio of 15/1 under
high  purity Ar atmosphere, the powders, wrapped in tantalum foil, were annealed for
30 min  in sealed silica tube under 10−6 Torr at different temperatures (from 873 K
to  1323 K). X-ray diffraction (XRD) patterns were carried out on a Bruker diffrac-

tometer with Cu K˛ radiation. The counting rate was 22 s per scanning step and
the  step size was  0.04◦ . An internal Si standard (NBS, SRM 640) was used to mea-
sure the unit cell parameters with an accuracy of ±1 × 10−4 Å. The XRD data was
refined using Rietveld method [12,13] as implemented in the FullProf [14–16] com-
puter code, with the assumption of a peak line profile of Thompson–Cox–Hastings

dx.doi.org/10.1016/j.jallcom.2011.12.069
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:bessais@glvt-cnrs.fr
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from Rietveld fit are given in Table 1. These values of structural
parameters are in agreement with the results obtained previously
[22,21]. The autocoherent diffraction domain size derived from
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llowing multiple phase refinement of each of the coexisting phases [15,17,18].  The
goodness-of-fit” indicators RB and �2 are calculated as follows:

B =
∑

K
|IK (o) − IK (c)|
∑

K
IK (o)

K(o) is the observed Bragg intensity and IK(c) is the calculated one.

2 = Rwp

Rexp
; Rexp = [

(N − P + C)∑
K

wK (IK (o))2
]1/2; Rwp = [

∑
K

wK (IK (o) − IK (c))2

∑
K

wK (IK (o))2
]1/2

here N is the number of measured points in the diagram, P the number of refined
arameters and C the number of constraints.

The full-width-at-half-maximum of the Gaussian HG and Lorentzian HL compo-
ent  of the profile function is given by:

2
G = utan2� + v tan � + w

L = � tan � + �

cos �

 leads to the auto-coherent domain size by means of the Scherrer formula
�(nm)  = 180 × 2�Cu(nm)/�2�). The u, v, w are the adjustable parameters which char-
cterize the contribution of the diffractometer. The various structural parameters:
tomic positions, Debye–Waller factor, occupancy parameter s, cell parameters and
he u and � profile parameters were least-square fitted.

Microstructure observations were made with a JEOL 2010F transmission elec-
ron  microscope operating at 200 kV and equipped with a field emission gun.

The Curie temperature (TC) was measured on a differential sample magnetome-
er  MANICS in a field of 1000 Oe with around 5–10 mg  sample sealed under vacuum
n  silica tube in order to prevent oxidation under heating. TC was  determined from
he M–T curve by extrapolating the linear part of the M–T  curve and finding the
emperature value of the intersection with the extended baseline [19,20].

Magnetic hysteresis M–H measurement was performed using a Physical Prop-
rties Measurement System (PPMS9) Quantum Design, at T = 10 K and 293 K with
he field up to 90 kOe.

. Results and discussion

.1. Structure analysis

The Pr2Co7 compound was found to crystallize in two  polymor-
hic forms. The low temperature phase of the hexagonal Ce2Ni7
ype structure (P63/mmc space group), and the high temperature
hase of the rhombohedral Gd2Co7 type structure (R3m space
roup) [21], These phases can be obtained by stacking the hexago-
al structural blocks for PrCo5 (CaCu5 type structure) and the cubic
locks PrCo2 (MgCu2 type structure) along the common hexagonal
xis according to the scheme:

2PrCo5 + 2PrCo2 ⇒ 2Pr2Co7 (Ce2Ni7, P63/mmc).
3PrCo5 − Co + Pr ⇒ 2Pr2Co7 (Gd2Co7, R3m).
The unit cell for the hexagonal structure contains two equivalent

rystallographic sites for Pr at 4f and five Co at 12k,  6h, 4f, 4e and
a. However, the unit cell for the rhombohedral structure contains
wo equivalent crystallographic sites for Pr at 6c and five Co at 6c,
e, 3b and 18h  (Fig. 1).

Fig. 2 presents, the Rietveld analysis result of XRD pattern of
r2Co7 samples annealed at 1023 K, 1073 K and 1323 K. The result
f the structure refinement performed for the sample annealed
t 1023 K shows the presence of a main phase with the hexago-
al structure. The lattice parameters are a = 5.068 Åand c = 24.463 Å.
his result suggests that the Pr2Co7 structure is isotypic with the
rystal structure of Ce2Ni7. With increasing the annealing temper-
ture from 1023 K to 1323 K, the rhombohedral phase increases
hile the hexagonal one decreases. However, we  note minor quan-

ities of the oxide phases appearing due to selective oxidation of Pr
PrO, PrO2, Pr2O3). For the sample annealed at 1323 K, the structure

efinement shows the presence of a main phase with the rhom-
ohedral Pr2Co7 alloys. The lattice parameters are a = 5.068 Åand

 = 36.549 Å. A comparison with X-ray diffraction diagrams of the
r2Co7 compound showed that Pr2Co7 and Gd2Co7 are isotypic.
Fig. 1. Crystal structures of Pr2Co7 compounds: at left the hexagonal-type structure
(P63/mmc space group) and at right the rhombohedral-type structure (R3m space
group).

The lattice parameters, the atomic positions, R and �2 factors
30 35 40 45 50 55 60 65 70 75 80

Angle( 2θ)

Fig. 2. Rietveld analysis for X-ray diffraction patterns of Pr2Co7 compounds
annealed at 1023 K, 1073 K and 1323 K for 30 min.
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clude that the easy magnetization is along the c-axis (Fig. 6). The
Fig. 3. HRTEM images showing the nanocrystalline aspect o

ietveld analysis is � = 6 nm at 1023 K and � = 40 nm at 1323 K
hese results are corroborated with high resolution transmission
lectron microscopy (HRTEM).

Fig. 3 shows HRTEM micrographies of the Pr2Co7 compound cor-
esponding to the sample annealed at 1073 K. The average grain
ize is about 6 nm.  This result agrees well with the average grains
ize found by using the Scherrer’s formula (Rietveld analysis). In
nset we show a selected area electron diffraction of the Pr2Co7
ompound. One can see a system of concentric rings confirming
he polycrystalline aspect of samples: distribution of fine grains
isoriented relatively to each other.

.2. Intrinsic magnetic properties

The Curie temperature, also called the magnetic ordering tem-
erature is a direct measure of the exchange interaction, which is
he origin of ferromagnetism. This interaction depends markedly on
he interatomic distance. Generally, the Curie temperature in rare-
arth transition-metal intermetallic compounds is governed by
hree kinds of exchange interactions, namely, the 3d–3d exchange
nteraction (JCo–Co) between the magnetic moments of the Co sub-

attice, 4f–4f exchange interaction (JPr–Pr) between the magnetic

oments within the Pr sublattice, and the intersublattice 3d–4f
xchange interaction(JPr–Co) [23]. The interactions between the
are earth spins 4f–4f are assumed to be weak and negligible in

able 1
 and c cell parameters, grain size �,  RB and �2 factors from Rietveld fit for Pr2Co7.

Ta 1023 K Ta 1323 K
Space group P63/mmc Space group R3m

a (Å) 5.068(3) a (Å) 5.068(4)
c  (Å) 24.463(2) c (Å) 36.549(6)
c/a  4.826 c/a 7.211
V(Å)3 528.63 V(Å)3 813.16
�2 3.82 �2 3.74
RB 3.72 RB 6.95
x{12k}Co 0.166 z{18h}Co 0.111
y{12k}Co 0.332 z{6c}Pr 0.055
z{12k}Co 0.085 z{6c}Pr 0.149
x{6h} Co 0.164 z{6c}Co 0.280
y{4f}Pr 0.329 z{6c}Co 0.377
z{4f}Pr 0.517 – –
z{4f}Pr 0.672 – –
z{4e}Co 0.167 – –
�  (nm) 6 � (nm) 40
TC(K) 600 TC 580
o7, inset: corresponding selected area electron diffraction.

comparison with the other two  types of interactions [24]. The ther-
mal  variation of magnetization is plotted in Fig. 4 for the two
samples.

This indicates that Pr2Co7 phases are ferromagnetic with Curie
temperature of 600 K for the hexagonal phase and 580 K for rhom-
bohedral one. This high Curie temperature in Pr2Co7 compounds is
due to the predominance of the interactions Co–Co.

The magnetization curves M − H obtained at 293 K is repre-
sented in Fig. 5 for Pr2Co7. It shows that at 293 K the saturation
is not reached, which gives evidence for a magnetocrystalline
anisotropy among the highest known in those kinds of systems.
The saturation magnetization MS was deduced using the satura-
tion approach law M(H) = MS + a/H2. The saturation magnetization
is found equal to 67 emu/g, corresponding to 8.32 	B/u.f. The
remanent magnetization Mr is equal to 42.7 emu/g, which gives
a remanence ratio Mr/Mmax = 0.64. Mr/Mmax > 0.50, which suggests
magnetic exchange interactions between adjacent crystallites in
these nanostructured powders [25,26].

The diffraction pattern obtained for a sample of Pr2Co7 ori-
ented magnetic field at room temperature shows that anisotropy
enhances the diffraction peaks of type (0 0 l). This allows us to con-
indexation of peaks was  made by comparison with the spectrum of
Pr2Co7 compound without applying magnetic field.

300 40 0 50 0 60 0 70 0 80 0 900

M
 (

ar
b.
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ts
)

Pr
2
Co 7

 (R3m) 

T
c
 = 580 K

Pr
2
Co 7

 (P6 3
/mmc) 

T
c
 = 600 K

Tempe rature (K)

Fig. 4. Thermomagnetization curves of Pr2Co7 compounds.
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Fig. 5. Magnetization curves of Pr2Co7 obtained after high-energy milling and
annealed at 1073 K for 30 min, measured at 293 K.
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Fig. 6. XRD patterns of oriented powder of Pr2Co7.

.3. Extrinsic magnetic properties

In order to study the extrinsic properties, we have optimized
he Pr2Co7 microstructure, which can lead us to the best coercivity.
e have therefore used, for this compound, several annealing at
ifferent temperatures.

Fig. 7 shows the hysteresis loop at 293 K, as an example, for the
ample annealed at 1073 K.
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ig. 7. Hysteresis loop of Pr2Co7 annealing at 1073 K for 30 min, measured at 293 K.
Fig. 8. Magnetic properties: Hc, Mr (a) and (BH)max (b) as a function of annealing
temperature in Pr2Co7.

Fig. 8(a) shows the evolution of the coercivity and the remanent
magnetization as a function of annealing temperature. The effect
of annealing temperature (Ta) on coercivity is well demonstrated.
The coercivity increases with increasing annealing temperature up
to 18 kOe (Ta = 1073 K). The small coercivity for an annealing tem-
perature of 973 K might be due to an unfavorable microstructure;
probably due to the small grain size and many defaults. Further-
more, it is well established that the coercivity decreases with
increasing grain size i.e. with increasing annealing temperature,
which is the reason of the small Hc value for Ta = 1323 K. More-
over, for the annealing temperature Ta = 1073 K, we  have obtained
Hc = 18 kOe, Mr = 42.2 emu/g and (BH)max = 9.6 MGOe (Fig. 8(b))
measured at room temperature, and Hc = 23 kOe, Mr = 50 emu/g and
(BH)max = 17.6 MGOe at T = 10 K.

The high magnetic properties observed in these nanostructured
Pr2Co7 intermetallic alloys might have their origin in their rela-
tively high uniaxial magnetocrystalline anisotropy field and in the
homogeneous nanostructure developed by mechanical milling pro-
cess and subsequent annealing.

4. Conclusion

The Pr Co intermetallic compounds crystallize in two polymor-
2 7
phic forms a hexagonal phase of the Ce2Ni7 type structure and a
rhombohedral on of the Gd2Co7 type structure. Highly anisotropic
uniaxial ferromagnet is obtained with the easy magnetization
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irection parallel to the c-axis. No saturation reached at room tem-
erature for applied field of 90 kOe.

Thermomagnetic measurements of Pr2Co7 intermetallic show a
urie temperature (TC) about 600 K for Pr2Co7 hexagonal phase and
80 K for the rhombohedral one. Furthermore, we show that Pr2Co7
xhibits a high coercivity of about 18 kOe at room temperature
nd 23 kOe at 10 K. The best (BH)max value is obtained on sam-
les annealed at a temperature ranged between 1073 K and 1173 K.
hese interesting intrinsic and extrinsic properties of Pr2Co7 are
uitable for permanent magnet applications.
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