
Journal of Magnetism and Magnetic Materials 395 (2015) 234–239
Contents lists available at ScienceDirect
Journal of Magnetism and Magnetic Materials
http://d
0304-88

n Corr
Univers
399, 70

E-m
journal homepage: www.elsevier.com/locate/jmmm
The role of magnetism in the formation of the two-phase miscibility
gap in β Cu–Al–Mn

Fernando Lanzini a,b,n, Alejandro Alés a,b

a Instituto de Física de Materiales Tandil (IFIMAT), Universidad Nacional del Centro de la Provincia de Buenos Aires (UNCPBA), Pinto 399, 7000 Tandil,
Argentina
b Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina
a r t i c l e i n f o

Article history:
Received 2 February 2015
Received in revised form
6 July 2015
Accepted 24 July 2015
Available online 26 July 2015

Keywords:
Heusler alloys
Structural properties
Phase separation
Magnetic properties
DFT calculations
x.doi.org/10.1016/j.jmmm.2015.07.068
53/& 2015 Elsevier B.V. All rights reserved.

esponding author at: Instituto de Física de
idad Nacional del Centro de la Provincia de B
00 Tandil, Argentina.
ail address: flanzini@exa.unicen.edu.ar (F. Lan
a b s t r a c t

A theoretical study of the ground state properties of alloys with compositions along the pseudobinary line
Cu3Al–Cu2AlMn is presented. Cohesive energies, lattice parameters and magnetic moments of the two
limiting compounds and three intermediate compositions are calculated by means of density functional
theory. In order to evaluate the role of magnetism, both the spin-polarized (SP) and the non spin-polarized
(NSP) cases have been considered. It is shown that magnetism plays a central role on the stabilization of
the L21 crystal structure in Cu2AlMn, and in the formation of the miscibility gap in Cu3Al–Cu2AlMn. The
considerable lattice mismatch between the end compounds can be attributed also to magnetic effects.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The ternary Cu–Al–Mn system is a Hume-Rothery compound,
for which the stability of different phases is determined by the
conduction electron to atom ratio, e/a. For e/aE1.5, the alloy
displays a bcc (body centered cubic) based structure. As in other
Cu-based shape memory alloys, the bcc β phase deserves interest
from both the fundamental and applied points of view [1,2].

The experimental phase diagram is characterized by a wide
miscibility gap (Fig. 1) between a DO3 structure with composition
close to Cu3Al, and a L21 phase near the stoichiometric Heusler
composition, Cu2AlMn. These structures are described in Fig. 2.
While Cu3Al does not show magnetic properties, Cu2AlMn exhibits
a transition from a paramagnetic (pm) to a ferromagnetic (fm)
configuration. This transition takes place at a Curie temperature
(TC) ranging from 590 to 641 K [3–6]. The spread of the experi-
mental values for the Curie temperature can be mainly attributed
to variations in the atomic (chemical) ordering [5,7–9] which, in
turns, depends on the thermal history. Magnetic properties are
due to magnetic moments of �4 μB, localized at the Mn sites
[10,11]. The coexistence between a paramagnetic and a ferro-
magnetic structure gives rise to interesting phenomena such as
giant magnetoresistance [12,13] and superparamagnetism [14].
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zini).
Despite the fact that the two phase region is well known to the
experimentalists [15], the fundamental reasons behind such be-
havior are not completely understood. Three possible driving for-
ces of the phase separation have been suggested: lattice mismatch
effects, atomic ordering, and/or magnetic ordering. Marcos et al.
[16] performed model Monte Carlo simulations and showed that,
for certain values of the chemical and magnetic pair interactions,
the interplay between chemical and magnetic ordering tendencies
may give rise to the phase separation between a paramagnetic and
a ferromagnetic ordered phases. In the experimental work of
Kainuma et al. [3] it is suggested, instead, that the main reason for
the formation of the miscibility gap is the lattice mismatch effect,
arising from the considerable difference (�2%) in the lattice
parameters of Cu3Al and Cu2AlMn.

In this work, a first-principles approach to this question is made.
In particular, our main aim is to analyze the extent in which the
magnetic properties influence the relative phase stability. Five or-
dered compounds along the pseudobinary line Cu3Al2Cu2AlMn
(compositions Cu3�xAlMnx) are studied. Equilibrium lattice para-
meters, cohesive energies and magnetic moments are calculated. The
rest of this paper is structured as follows: in Section 2 the metho-
dology used in the calculations is introduced. In Section 3 the results
of our calculations are presented and discussed; this section is sub-
divided into three parts. First, we briefly examine the role played by
the magnetic interactions in determining the stability of the L21
structure in the Heusler compound Cu2AlMn. The structural and
magnetic properties of compounds with compositions Cu3�xAlMnx
are presented in Section 3.2. In the final subsection, the origin of
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Fig. 1. Low temperature phase diagram of bcc Cu–Al–Mn along the pseudobinary
Cu3Al2Cu2AlMn line (e/a¼1.5). Adapted from Ref. [3].
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magnetism is discussed by analyzing the total and projected density
of states (DOS) of the compounds. Finally, in Section 4 we outline the
main conclusions of this work.
2. Methodology

Calculations of the electronic properties were performed using
the PWscf code, distributed with the Quantum Espresso open-
source package [17]. This is an integrated suite of computer codes,
based on density functional theory (DFT) [18], plane waves, and
pseudopotentials. In the present work, the atoms were re-
presented by means of ultrasoft pseudopotentials [19], and the
exchange correlation term by the Perdew–Burke–Erzenhorf [20]
implementation of the Generalized Gradient Approximation.

Prior to the calculations, a careful examination of the energy
convergence respect to different control parameters was
Fig. 2. Bcc lattice and the four interpenetrating fcc sublattices in which it is sub-
divided. In Cu3Al with DO3 structure, Cu atoms occupy sites I–III, and Al the sub-
lattice IV; in L21 Cu2AlMn, the sites III are occupied by Mn atoms.
performed. The energy cut-off for the plane wave expansion was
established in 40 Ry, and for the charge density in 400 Ry. A uni-

form mesh of 10�10�10 k
→

points, automatically generated ac-
cording to a Monkhorst-Pack scheme [21] was employed. The
convergence criteria in the total energy for the self-consistent
calculations was set to 1�10�8 Ry.

Five ordered compounds along the line Cu3�xAlMnx (0rxr1)
were considered. Besides the limiting Cu3Al with DO3 configura-
tion and Cu2AlMn with L21 (and F43m) order, three ordered
compounds with compositions Cu11Al4Mn1, Cu10Al4Mn2 and
Cu9Al4Mn3 were studied. These three intermediate systems, with
16 atoms per unit cell, were constructed starting from DO3 Cu3Al
and replacing, respectively, 1, 2 or 3 Cu atoms in the sublattice III
(Fig. 2) by Mn atoms. The corresponding compositions lie equi-
distantly between Cu3Al and Cu2AlMn. By construction, the ob-
tained compounds can be seen as partially ordered L21; the lack of
perfect order is due to non-stoichiometric compositions.

For each of the studied alloys, a structural optimization varying
the cubic lattice parameter was done. The equilibrium state was
determined by locating the minimum of the energy as a function
of the lattice parameter, fitting the calculated data with a Mur-
naghan equation of state [22]. In order to quantify the effects of
magnetism in the stability of the compounds, the optimization
was performed in both the spin-polarized (SP) and non-spin-po-
larized (NSP) cases. For the SP calculations it has been assumed
that the magnetic moments are due solely to Mn atoms, since, as
we observed in preliminary calculations, and as noted also by
other authors [23,24], magnetic contributions from other atoms
are negligible.
3. Results

3.1. Equilibrium configuration of Cu2AlMn

The Heusler compound Cu2AlMn is the prototypical example of
an L21 crystal [25], and its ferromagnetic behavior is known since
1903 [26]. In this work, in order to determine the relevance of the
magnetic interactions on stabilizing the L21 phase, we analyzed
the energetics of the alloy as a function of the lattice parameter
and the magnetic state. For comparative purposes, we repeated
the calculations for an F43m (Hg2CuTi- type) structure. This is
other simple structure ordered in first and second neighbors, and
has been found to be the ground state configuration in the related
Mn2CuAl alloy [27,28]. Thus, this is a possible competing phase for
the L21 structure. The F43m structure can be defined with the help
of Fig. 2: Cu atoms occupy sublattices I and III, Mn is placed in II,
and Al in IV.

The variation of the electronic energy with the lattice para-
meter in Cu2AlMn is displayed in Fig. 3. Calculations were done for
the L21 and F43m atomic distributions for both the SP and the NSP
cases. It is appreciable from the figure that in the NSP calculations,
the F43m structure is predicted to be energetically favorable over
the L21; the difference between both minima, located at almost
the same lattice parameter, is 1.58 mRy. Inclusion of magnetism
leads to dilatation of the lattice and, interestingly, to an inversion
of the relative stabilities. The well-known ferromagnetic L21 phase
is now correctly predicted as the ground state configuration, with
a difference in energy of 4.8 mRy respect to the F43m structure.

3.2. Cu3�xAlMnx line

The formation energies, equilibrium lattice parameters and mag-
netic moments of five compounds belonging to the pseudobinary
Cu3�xAlMnx line are listed in Table 1, for both SP and NSP calculations.



Fig. 3. Formation energy as a function of the lattice parameter for Cu2AlMn with
atomic configuration L21 (full symbols) and F43m (open symbols). Triangles cor-
respond to spin-polarized (SP), and circles to non spin-polarized (NSP) calcula-
tions. The lines through the data are Murnaghan fits.

Table 1
Equilibrium lattice parameter, formation energies and magnetic moments (per Mn
atom) of five compounds with composition Cu3�xAlMnx.

NSP calculations SP calculations

x Stoichiometry a (u. a.) Eform (mRy) a (u. a.) μ (μB) Eform (mRy)

0 Cu3Al 11.074 �17.1 11.074 – �17.1
0.25 Cu11Al4Mn1 11.015 �12.1 11.123 3.46 �16.5
0.5 Cu10Al4Mn2 11.038 �6.2 11.172 3.60 �16.4
0.75 Cu9Al4Mn3 11.052 �0.3 11.216 3.66 �17.0
1 Cu2AlMn 10.997 þ6.1 11.248 3.63 �18.4

Fig. 5. Equilibrium lattice parameters for alloys along the Cu3Al2Cu2AlMn line.
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The formation energy of a compound CuxAlyMnz is calculated as
the difference of the electronic energy per atom of the compound
and that of the pure elements:

E
xE yE zE

x y z
Cu Al Mn E Cu Al Mn

Cu Al Mn
x y z x y zform ( ) ( )= − ( ) + ( ) + ( )

+ +

with E A( ) the energy per atom of the element A. We have taken as
reference states for pure Cu and Al the bcc non-magnetic struc-
tures with minimum electronic energy, which corresponds, re-
spectively, to lattice parameters aCu¼5.456 a u, and aAl¼6.140 a u.
These values are in agreement with those reported in previous
works using different ab-initio methodologies [29–32]. For pure
Fig. 4. Cohesive energies for compounds along the C
Mn with bcc structure, we have found the ground state to be anti-
ferromagnetic (in particular, the configuration AFM II discussed by
Sliwko et al. [33]) with aMn¼5.51 a u. This value is in the range of
the ones calculated by other authors [34–36].

The formation energies of the structures listed in Table 1 are
plotted against Mn content in Fig. 4a and b for the NSP and SP
calculations, respectively. In the NSP case, the formation energies
of the intermediate compounds lie below the line connecting the
end structures Cu3Al and Cu2AlMn. This means that the inter-
mediate, non-stoichiometric compounds, are predicted to be en-
ergetically favorable over the mixture Cu3AlþCu2AlMn, and thus
are predicted as stable against phase decomposition. This is clearly
contrary to the experimental evidence. On the other hand, in the
SP calculations (Fig. 4b), the formation energies of the inter-
mediate compounds lie above the tie-line connecting the end
points. This indicate that the intermediate, partially ordered
compounds, are unstable against decomposition in the two phase
field, in agreement with the experiment. These results highlight
the fundamental role played by magnetism in the phase
separation.

The calculated lattice parameters are confronted with the ex-
perimental data [3,37] in Fig. 5. The results of the SP DFT calcu-
lations approximately follow a Vegard’s law, in the sense that the
lattice parameter of the alloys increases almost linearly with the
Mn content. The SP results show a good agreement with the ex-
perimental values. On the other hand, the NSP calculations lead to
an underestimation of the lattice constant and a more complicated
u3�xAlMnx line: (a) NSP and (b) SP calculations.



Fig. 6. Total and projected DOS of five compounds with composition Cu3�xAlMnx. (a) Cu3Al; (b) Cu11Al4Mn1; (c) Cu10Al4Mn2; (d) Cu9Al4Mn3; (e) Cu2AlMn.
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variation as a function of the Mn content. The fact that the SP
equilibrium lattice parameters for the alloys containing Mn are
higher than the ones corresponding to the NSP case is related to
the general trend observed in transition metals that the magnetic
states are favored at large volumes, and the non-magnetic states
are favored at low volumes [34]. Experimentally, the lattice para-
meter of L21 Cu2AlMn is about 2% larger than the one of DO3 Cu3Al.
This lattice mismatch has been suggested as one of the driving
forces behind the phase separation [3]; Fig. 5 shows that this
difference in lattice parameters cannot be explained without
considering magnetic effects.
Table 1 also shows that the magnetic moment (per Mn atom)
remains almost unchanged independently of the relative content
of magnetic atoms. This issue will be discussed in the next
Subsection.

3.3. Total and partial density of sates

The total and projected electronic density of states (DOS) for
the five compounds of interest are shown in Fig. 6. In all the cases,
the upper half of the figure represent the majority spin contribu-
tion, and the lower half that of the minority spin states; the
thinner lines are the contributions of d states, and we separate the
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ones coming from Cu atoms in the equivalent sites I and II, and Cu
or Mn atoms in sites III (Fig. 2).

The DOS of DO3 Cu3Al is completely symmetric for the ‘ma-
jority’ and ‘minority’ spin directions, consistently with the absence
of a magnetic moment. The structure is characterized by a double
peak: a narrow peak at �2.5 eV below the Fermi level (anti-
bonding states), and a second, broader peak (bonding states), in
the range from �2.8 to �5 eV. The replacement of one of the CuIII

by Mn (Cu11Al4Mn1 composition) leads to a drastic modification in
the DOS. It is seen that, while the Mn majority-spins join with the
Cu d electrons to form a common valence d band, the minority-
spins are displaced to the conduction band, with a peak in the
region 1–2 eV above the Fermi level. Thus, whereas the Mn ma-
jority-spin states are almost completely occupied, the minority-
spin states are almost completely emptied. This exchange splitting
in the DOS of Mn leads to a net magnetic moment of 3.46 μB (see
Table 1). Increasing further the Mn content (compositions
Cu10Al4Mn2 and Cu9Al4Mn3) leads to quantitative, but not quali-
tative, changes in the DOS. As Cu is replaced by Mn, the anti-
bonding peak in the minority-spin total DOS, which in Cu3Al is
placed well below the Fermi level, gradually decreases in size,
while the Mn peak in the conduction band increases. The magnetic
moment per Mn atom is not substantially modified. The DOS for
Cu2AlMn has been calculated and extensively discussed by other
authors [23,38]. Our results agree with these previous calcula-
tions: Cu 3d states for majority- and minority-spins are located in
the 2–6 eV region of the valence band, and the main contribution
of the Mn 3d majority-spin is around 2 eV in the valence band.
Most of the Mn 3d minority-spin orbital are located within 3 eV
above the Fermi level.

The calculated magnetic moment for the unitary cell of
Cu2AlMn is 3.63 mB. This value is somewhat higher than former
theoretical estimates (3.38 mB[38] and 3.20–3.40 mB[23]) but agrees
well with more recent DFT calculations (3.60 mB in [39], 3.59 mB
[27]). The small discrepancy with these last results can be attrib-
uted to the use of different computational implementations (basis
set for the wave functions, pseudopotentials, control parameters of
the self-consistent calculation). The reported experimental values
of the magnetic moment range between 3.1 and 4.12 mB
[4,7,11,24,40,41]; the spread can be attributed to variations in
experimental conditions, such as the measurement temperature or
small deviations from the stoichiometric composition. For in-
stance, measurements by Feng et al. [42] show that a small Mn
excess leads to a notorious decrement of the magnetic moment.
However, it is interesting to note that the careful extrapolation to
T¼0 K performed by Endo et al. [41] gives μ¼(3.6170.04) μB; our
result lies within this range.
4. Conclusions

In this work, we analyzed the role played by magnetism on the
stability of different compounds with compositions along the
pseudo-binary line Cu3�xAlMnx.

First, we examined the influence of magnetism on the stabili-
zation of the crystalline structure L21 in Cu2AlMn. We have found
that, when the magnetism is not taken into consideration, DFT
calculations predict that the F43m phase is energetically more
stable than the L21 one. When the possibility of magnetism is
included through the use of spin polarized calculations, the trend
is reversed, and the ferromagnetic L21 phase is correctly predicted
as stable. Although this is beyond the purposes of the present
work, it will be interesting to check if this behavior is also ob-
served in other magnetic Heusler compounds.

The phase separation DO3–Cu3AlþL21–Cu2AlMn, observed ex-
perimentally at low temperatures, can be explained in terms of
magnetic effects only. If the possibility of magnetism is excluded,
intermediate compounds with partial order are predicted to be
stable against this phase decomposition. On the other hand, when
the Mn-containing compounds are assumed to be ferromagnetic,
such intermediate compounds are correctly predicted as unstable.

The equilibrium lattice parameters obtained in the SP calcula-
tions increases linearly with the Mn content, in agreement with
experimental determinations. The calculated relative difference in
lattice parameter for the end compounds Cu3Al and Cu2AlMn is
1.86% (the experimental value is �2% [3]). This lattice mismatch
has been suggested to be the main driving force of the phase de-
composition. Here we showed that, in turns, this difference in
lattice parameters has a magnetic origin, since NSP calculations
predict a completely different variation of the lattice parameter
with the Mn content.

The magnetic moments (per magnetic atom) of all the Mn-con-
taining compounds are in the range 3.46–3.66 μB, i. e., it does not
seem to be sensitive to the relative content of Cu and Mn. The analysis
of the total and projected DOS indicates that the mechanism of for-
mation of the magnetic moments is analogous in all the compounds of
interest: the majority-spin d electrons of Mn form a common band
with those of Cu, whereas the minority-spin d Mn states locate above
the Fermi level. The independence of the magnetic moment on the Cu
content is consistent with the more general analysis of Kübler et al.
[38] according to which, in Heusler X2MnY alloys, the main role of X
atoms is the determination of the lattice parameter (see Fig. 5),
whereas the Y atoms provide the p orbitals that mediate the coupling
of the magnetic moments localized at the Mn sites.
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