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A B S T R A C T

The elastic, magnetic, and structural properties of PrX2 (X=Fe, Mn, Co) alloys, of the cubic Laves structure
(MgCu2), have been evaluated by first-principles density functional theory using both local spin density (LSDA)
and generalized gradient (GGA) approximations. The lattice constant, magnetic moment, density of states, band
structure, bulk modulus and its first pressure derivative are calculated. At zero pressure, the total magnetic
moments of PrFe2, PrCo2, and PrMn2 using GGA are 4.515, 1.05, and 4.79 µB respectively. The bulk moduli
using LSDA are higher than those using GGA approximation. The evaluated Bulk moduli of PrFe2, PrMn2 and
PrCo2 using GGA approximation are 48.1, 42.98, and 72.23 GPa respectively. The lattice constant and magnetic
moment of PrFe2 using GGA approximation are 7.2 Ǻ and 4.51 µB respectively in good agreement with
experimental results.

1. Introduction

PrX2 compounds with X (Fe, Mn, Co), which crystallize in the cubic
laves structure MgCu2 type, are interesting materials because of their
large magnetic moments, high Curie temperatures [1], and anisotropy,
which arise from the rare earth Pr sublattice. In MgCu2, there are eight
formula units per unit cell and the space group is Fd3m as shown in
Fig. 1. Generally, the rare earth intermetallic compounds exist in
several compositions with varied magnetic properties. High magnetic
moment of these compounds is the cause of their importance in many
applications; especially those compounds which have a high magnetos-
triction. RFe2 compounds (R: a rare-earth element) have attracted the
interest of many researchers e.g. Kubaschewski [2], Cannon et al. [3],
and Shimotomai et al. [4]. Kubaschewski and Cannon et al. reported
that PrFe2 cubic phase is formed at high pressure as an equilibrium
phase. They found that the lattice parameter of PrFe2 compound in this
MgCu2 structure is 7.467 Ǻ. Mansey et al. [5] have reported that it is
impossible to form this phase, under their experimental conditions, at
normal atmospheric pressure. An experimental study by Shimotomai
et al. [4] reported on synthesizing the PrFe2 (C15) phase at 55 kbar.
This phase can also be formed by quenching the melt at 7.7 GPa. Tian
et al. [6] using heat treatment at 600 °C, have not observed any PrFe2
phase. Wang et al. [7] have studied the intermetallic phase of SmFe2
and NdFe2. They concluded that SmFe2 phase is stable and that NdFe2
phase does not exist. Some compounds of this rare earth family have
been reported to crystallize in orthorhombic CeCu2-type structure as

PrCu2 [8]. The intermetallic cubic laves (Pr, Nd, Sm, Tb) Co2 have been
studied by Ponkratz et al. [9], who observed using energy dispersive X-
ray diffraction, that there is no structural phase transitions for any one
of these compounds up to 40 GPa,. The pressure effect on the phase
stability was calculated for PrCu2 by Naka et al. [8], who determined
the lattice constant of the orthorhombic PrCu2 as a function of pressure
up to 4 GPa. The rare-earth cobalt intermetallics RCo2, have interesting
magnetic properties as reported in many studies [9–21]. Theoretical
investigation of the electronic structure of the PrCox (x=2, 3 and 5)
compounds has been performed by using the local approximation of
the density functional theory scheme, implemented in the projector-
augmented wave method by Younsi et al. [22]. The electronic structure
of PrCo2 calculated by K. Younsi et al. showed that a charge transfer
took place from Pr to the 3d shell of Co. This results in more stability of
the non-spin polarized state of PrCo2. Younsi et al. [22] however
reported on discrepancies between experimental work of de Jongh
et al. [33] and their work. For example, PrCo2 showed a ferromagnetic
order with Tc=50 K, yet their calculation indicated that its stable phase
is the paramagnetic phase with zero magnetic moment. They, have
related these discrepancies to some limitations in their ab initio work.

In this study, we undertake a first-principles calculation of the
magnetic, structural, and elastic properties of PrFe2, PrMn2, PrCo2
compounds in the MgCu2 phase, which might be stabilized by suitable
experimental conditions. We should emphasize that there are no
references, up to our knowledge, for the elastic properties of PrFe2
and PrMn2. There is no reported theoretical or experimental studies on
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the magnetic moment dependence on pressure for these PrFe2, PrCo2,
and PrMn2 alloys, to compare with.

2. Theory and computation

Our calculation is a first-principles study of elastic, magnetic, and
structural properties of PrX2 compounds with X (Fe, Mn, Co) within
the framework of density functional theory (DFT) [23,24]. The
theoretical values of equilibrium lattice constant, magnetic moment,
bulk modulus and its pressure derivative are calculated from the
electronic structure by the full-potential non orthogonal local-orbital
minimum basis method (FPLO) [25] using both local spin density
(LSDA) [26,27] and the generalized gradient approximations ( GGA)
[28]. The parameters used in the calculation are: the k-mesh subdivi-
sion: 24×24×24, the precision of the density and total energy are
10−6 Å3 and 10−8 Hartree respectively. These compounds crystallize in
the cubic laves phase structure MgCu2 which has 8 Mg atoms and 16
Cu atoms. The Wyckoff positions in this structure are: the Pr atoms
occupy the 8a sites (0, 0, 0) and the X atoms occupy the 16d sites
(0.625, 0.625, 0.625). The space group of this structure is FD3M (#227).
We have used the Vxc-version of Perdew Bruke Ernzerhof 96 for GGA
and Perdew and Zunger method for LSDA. The bulk modulus and its
pressure derivative have been computed using the modified Birch-
Murnghan equation of state [29,30]. We have used Eq. (1) in fitting
volume vs. energy data obtained from our ab-intio calculation:
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Where,V0 is equilibrium volume, E0 is equilibrium energy, B0 is bulk
modulus, and B1is pressure first derivative of B0.

3. Results and discussion

We have performed ab-initio calculation of the lattice constant and
the magnetic properties of PrX2 compounds with X: Fe, Mn, and Co
using the GGA and LSDA approximations. The lattice constants of

PrFe2, PrCo2, and PrMn2 are listed in Table 1. Using GGA approxima-
tion, to predict the lattice constant of PrFe2 is more accurate and closer
to experimental results than LSDA results. Up to our knowledge, there
are no much available results about PrCo2 and PrMn2, because of the
difficulty in stabilizing them experimentally. Many studies showed that
PrFe2 compound cannot be synthesized at ambient pressure due to the
fact that the ionic radius ratio of Pr: Fe in this compound is larger than
the ideal atomic radius ratio for Laves phase compound (1.225) [31].
We have calculated the total magnetic moment of PrFe2, at ambient
pressure using LSDA and GGA approximations to be 1.82 and 4.51 µB
respectively. Li et al. [32] have reported on experimental work on
pseudobinary compounds PrxTb1−xFe2. They reported a magnetic
moment of 4.93 µB per formula unit for PrFe2. L.J. de Jongh el al
[33] have experimentally found out that the saturation moment of
PrCo2 at 4.2 K is 3.9 µB per formula unit, using the magnetization curve
measured in a pulsed-field magnet up to B =30 T.

The bulk moduli and their pressure derivative of these compounds
are listed in Table 2. Energy-optimization curves of PrFe2, PrMn2, and
PrCo2 using LSDA and GGA approximations are showing in Figs. 2–4.
We have calculated the minimum energy of PrFe2, PrMn2, and PrCo2
using GGA approximation to be −23,576.818, −23,119.182, and
−24,059.452 Hartree respectively. We have calculated the total density
of states of PrFe2, PrMn2, and PrCo2 compounds as shown in
Fig. 5(a,b,c). From these data, it is clear that these compounds are
metallic with a high density of states at Ef, especially in the spin-up
channel. Using either LSDA or GGA approximations has no effect on
the metallicity of these compounds, it only affects the value of density
of states at Ef. Now it is important to study the effect of applying high
pressure on the total and partial magnetic moments of these com-
pounds. Below the Fermi level, the transition metal band is completely
filled by accommodating electrons from the rare earth elements
through charge transfer and hybridization. Unoccupied f-levels will
be found above the Fermi level [6]. The additional f-electrons of Pr
atom would be placed in the narrow band state above the forbidden
gap. We concluded that the bulk moduli of these compounds are almost
similar, because of the considerable similarity between density of

Fig. 1. MgCu2 crystal structure.

Table 1
The lattice constants, the total and partial magnetic moments of Pr2X compounds using
both LSDA and GGA approximations.

a (A°) a (A°) m (µB) mt (µB)

LSDA GGA ref LSDA GGA Ref

PrFe2 6.85 7.2 7.46 [32] 1.82tot 4.51tot 4.93 [32]
0.44Pr 1.39Pr

0.60Fe 1.54Fe

PrCo2 6.85 7.15 7.188 [22] 1.15tot 1.05tot 3.75 [33],0.0 [22]
1.89Pr 2.24Pr

−0.38Co −0.59Co

PrMn2 6.9 7.3 – 1.37tot 4.79tot –

0.87Pr 1.46Pr

0.25Mn 1.66Mn

Table 2
The bulk modulus and its first pressure derivative of Pr2X compounds using both LSDA
and GGA approximations.

Bo (GPa) B1

LSDA GGA Ref. LSDA GGA Ref.

PrFe2 82.73 48.1 – 5.84 3.57 –

PrCo2 86.93 72.23 82 [9] 4.95 5.44 3.8 [9]
PrMn2 83.69 42.977 – 4.95 4.24 –
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states. Figs. 6 and 7, display the pressure-dependence of the total and
partial magnetic moments of Pr and Co atoms in PrCo2 using,
respectively the LSDA and GGA approximations. By increasing the
pressure up to nearly 80 GPa (Fig. 6), the total and Pr-atom magnetic
moments decrease, whereas the Co moment decreases, from about
−0.05 µB, to a very small value. At zero pressure, the Pr-atom moment
is higher than the total moment by nearly 0.7 µB and persists to be
higher than the total moment in the whole pressure range. It is clear
that the Pr-atom, by large, is responsible for the magnetic behavior of
this ferrimagnetic compound. Upon applying a pressure > 60 GPa on
PrCo2 (Figs. 6 and 7), the magnetic moment of Co turns to be negligibly
small. Figs. 8 and 9, display the pressure effect on the magnetic
moments of PrFe2 compound. We conclude from these figures, that
PrFe2 is ferromagnetic compound. In both LSDA and GGA approxima-

tions, the total magnetic moment is higher than Pr and Fe atoms
moments. The magnetic moments of Pr and Fe atoms are antiparallel
to each other at pressures higher than about 45 GPa and 25 GPa using
GGA and LSDA approximations respectively. There are two intercept
points between the Pr and Fe atoms moments in these two graphs of
pressure vs. magnetic moments. Such intercepts in the magnetic
moment dependence on pressure have been reported before [34]. We
therefore conclude that PrFe2 has a ferromagnetic order in the pressure
range studied. We assume the cubic Laves structure to be the stable
phase of PrFe2 at ambient pressure in the present study. If we neglect
some special cases, e.g. strongly correlated systems, applying a high
pressure normally increases orbital overlap and may cause band
expansion [35]. Figs. 10 and 11, present the dependence of total and
partial moments of PrMn2 on pressure, using the LSDA and GGA and
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Fig. 2. The minimization energy curve of PrFe2 using LSDA and GGA approximations.
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Fig. 3. The minimization energy curve of PrMn2 using LSDA and GGA approximations.
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Fig. 4. The minimization energy curve of PrCo2 using LSDA and GGA approximations.
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Fig. 5. (a) The DOS of PrMn2 using LSDA approximation. (b) The DOS of PrFe2 using
LSDA approximation. (c) The DOS of PrCo2 using LSDA approximation.
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approximations respectively. From these two figures, we observe the
tendency of the total magnetic moment to decrease upon increasing the
pressure. We have found that the magnetic moment of Pr atom is
antiparallel to both of the total and Mn atom moments in the pressure
range above ~5 and 20 GPa pressure respectively. Below these pres-
sures, the magnetic order of PrFe2 ferromagnetic. Up to our knowledge,
there is no experimental or theoretical data for the effect of pressure on
the magnetic properties of these compounds to compare with...........

4. Conclusions

For PrX2 compounds, which crystallize in the cubic laves structure
MgCu2 with X (Fe, Mn, Co), we have calculated the lattice constant,
magnetic moment, its pressure dependence and bulk modulus using
both of the LSDA and GGA approximations. The total magnetic
moments, at ambient pressure, of PrFe2, PrCo2, and PrMn2, using
the GGA approximation, are: 4.51, 1.05, and 4.79 µB respectively. The
electronic structure, in either approximation, confirms the metallicity
of the compounds studied. The magnetic moment-pressure depen-
dence of the three systems showed different types of magnetic order.
For example a ferrimagnetic coupling is suggested in PrCo2 up to
~60 GPa in both approximations. The other two compounds showed,
however ferri/ferromagnetic order within certain pressure ranges. A

common feature of the magnetic moment-pressure dependence is the
decline of the total moment, of the three compounds, as the pressure
increases.
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