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Ordering tendencies and electronic properties in quaternary Heusler derivatives
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The phase stabilities and ordering tendencies in the quaternary full-Heusler alloys NiCoMnAl and NiCoMnGa
have been investigated by in situ neutron diffraction, calorimetry, and magnetization measurements. NiCoMnGa
was found to adopt the L21 structure, with distinct Mn and Ga sublattices but a common Ni-Co sublattice. A
second-order phase transition to the B2 phase with disorder also between Mn and Ga was observed at 1160 K.
In contrast, in NiCoMnAl slow cooling or low-temperature annealing treatments are required to induce incipient
L21 ordering, otherwise the system displays only B2 order. Linked to L21 ordering, a drastic increase in the
magnetic transition temperature was observed in NiCoMnAl, while annealing affected the magnetic behavior
of NiCoMnGa only weakly due to the low degree of quenched-in disorder. First principles calculations were
employed to study the thermodynamics as well as order-dependent electronic properties of both compounds. It
was found that a near half-metallic pseudogap emerges in the minority spin channel only for the completely
ordered Y structure. However, this structure is energetically unstable compared to a tetragonal structure with
alternating layers of Ni and Co, which is predicted to be the low-temperature ground state. The experimental
inaccessibility of the totally ordered structures is explained by kinetic limitations due to the low ordering energies.
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I. INTRODUCTION

A. Motivation and scope

The class of Heusler alloys, with the ternary system
Cu2MnAl as the prototypical representative [1], hosts a variety
of systems displaying intriguing properties [2]. For instance,
the latent structural instability in the magnetic Ni2Mn-based
compounds gives rise to significant magnetic shape memory
[3] and magnetocaloric [4] effects. On the other hand,
they can also display attractive properties that are directly
related to their electronic configuration, with the technique of
spintronics, which relies on the detection and manipulation of
spin currents, as an example. In a magnetic tunnel junction
for instance, the achievable tunneling magnetoresistive effect
and thereby the miniaturization of components depends on the
spin polarization of the conduction electrons in the electrodes
[5]. As a consequence, half-metallic materials, which have a
100% spin polarization due to a band gap at the Fermi level
in one spin channel, are highly sought after and currently the
focus of both theoretical and experimental investigations.

While the first half-metal identified by theoretical calcu-
lations in 1983 by Groot et al. [6] was the half-Heusler
compound NiMnSb of C1b structure, also in full-Heusler
alloys with L21 structure half-metallic properties have been
predicted [7,8] and experimentally observed [9]. Recently, also
a large number of quaternary Heusler derivatives, among them

*pascal.neibecker@frm2.tum.de
†michael.leitner@frm2.tum.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

NiCoMnAl [10] and NiCoMnGa [11], have been suggested by
ab initio calculations to be half-metals in their fully ordered Y
structure [12]. Half-metallic properties in the Ni2−xCoxMnAl
[13] and Ni2−xCoxMnGa [14] systems have additionally
been proposed for the Co-rich side of the respective phase
diagrams on the basis of magnetization measurements via
the generalized Slater-Pauling rule. It is obvious that the
degree of chemical order will have direct consequences for
the half-metallic properties of these systems. However, the
connection between atomic order, segregation, and functional
properties has also been established for the magnetocaloric
and metamagnetic shape memory effects [15–17], ferroic
glasses [18], and the recently reported shell ferromagnetism in
off-stoichiometric Heusler compounds [19].

In assessing the application potential of a given material
following from its electronic structure, theoretical and ex-
perimental investigations have contrasting characteristics: In
ab initio calculations, the distribution of electronic charge is
the fundamental quantity that is considered, which depends in
principle only on the positions of the ions and their atomic
numbers. From this, properties like total energies, magnetic
moments, and forces on the ions are derived, and different
structures can be compared in terms of their total energies.
Chemical disorder can be handled very efficiently in terms
of the coherent potential approximation (see Ref. [20] for
a recent review), which, however, does not provide an easy
way to account for ionic relaxations. Explicit calculations of
disordered structures with randomly distributed atoms in larger
supercells are much more involved and numerically intensive.
Thus, for practical reasons often an ordered configuration is as-
sumed to be representative. On the other hand, in experiments
the appropriate state of order as determines the application
potential can be realized easily, while the determination of
aspects of the electronic structure is often quite hard, which
especially applies for the spin polarization. Thus, it seems
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FIG. 1. Illustration of the ordered structures of NiCoMnZ considered here. Starting with B2 (NiCo)(MnZ), NaCl-type ordering on either
sublattice leads to L21 structure of (NiCo)MnZ or NiCo(MnZ) type, and ordering on both sublattices to the Y structure. Those four structures
have cubic symmetry. Ordering of the Ni and Co atoms in L21 (NiCo)MnZ into alternating columns or planes gives the tetragonal Tc and Tp

structures, respectively.

indicated to combine the respective strengths of experiment
and theory, which is what we set out to do in this paper.
Specifically, in the systems of NiCoMnAl and NiCoMnGa
we study the degrees of equilibrium long-range order and
the associated order/disorder phase transitions by in situ
neutron diffraction and the kinetics of order relaxation during
isothermal annealing by way of its effect on magnetization and
Curie temperature. Further, we perform ab initio calculations
on different ordered and disordered structures to determine the
associated electronic structures as well as ordering energies. As
we will show, these calculations imply that among the realistic
candidates only the hitherto assumed Y ordering displays a
large spin polarization but does not correspond to the actual
ground state. In addition, the associated ordering energies are
small, which explains the experimentally observed stability of
disorder among Ni and Co.

B. States of order in quaternary Heusler derivatives

To facilitate the discussion of the different ordered qua-
ternary structures and their relations later in this paper, we
enumerate here the structures, define the nomenclature, and
summarize the pertinent knowledge on their ternary parent
compounds. Heusler alloys in the strict sense of the word
are ternary systems of composition X2YZ displaying L21

order, which is defined by the space group 225 (Fm3̄m)
with inequivalent occupations of the Wyckoff positions 4a,
4b, and 8c. Typically, X is a late transition metal occupying
preferentially 8c, while an early transition metal Y and a
main-group metal Z occupy the other two sites [2], with
Cu2MnAl as the prototypical representative.

Ni2MnGa conforms to the above definition and displays a
stable L21 phase at intermediate temperatures [21]. Around
1053 K it shows a second-order disordering transition to the
B2 (CsCl) structure [22], corresponding to a mixing of Mn

and Ga, that is, it acquires space group 221 (Pm3̄m) with
Wyckoff position 1a occupied preferentially by Ni, while Mn
and Ga share position 1b. This partial disordering can be
understood by the observation that B2 order, i.e., the distinction
between Ni on the one hand and Mn and Ga on the other
hand, is stabilized by nearest-neighbor interactions on the
common bcc lattice, while the ordering between Mn and Ga
corresponding to full L21 order can only be brought about
by the presumably weaker next-nearest-neighbor interactions.
Indeed, in Ni2MnAl only the B2 state or at the most very
weak L21 order can experimentally be observed [23]. In both
systems the B2 state is stable up to the melting point, that is,
there is no transition to the fully disordered bcc state. In the
Co-based systems, the situation is remarkably similar, with
well-developed L21 order in Co2MnGa and only B2 order in
Co2MnAl [24].

It seems probable, and is indeed corroborated by our exper-
imental observations to be reported below, that the behavior
of the quaternary systems NiCoMnGa and NiCoMnAl can be
traced back to their ternary parent compounds. The most plau-
sible candidates of ordered structures following this reasoning
are illustrated in Fig. 1. Given that both Ni- and Co-based
ternary parents display the B2 structure at high temperatures,
it is natural to assume this to be also the case for NiCoMnZ,
with site 1a shared by Ni and Co and site 1b by Mn and Z.
We will denote this as (NiCo)(MnZ), where the parentheses
denote mixing between the enclosed elements [25].

As temperature is decreased, transitions to states of higher
order can appear. For the Mn-Z sublattice, a NaCl-like ordering
of Mn and Z is most likely by analogy with the ternary parents.
Assuming the same kind of interaction favoring unlike pairs
also between Ni and Co, the realized structures depend on the
relative strengths: For dominating Mn-Z interactions, the B2
phase would transform to an L21 structure of type (NiCo)MnZ,
where Ni and Co are randomly distributed over the 8c sites
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TABLE I. Composition as determined by WDS.

at. % (±0.5%) Ni Co Mn Ga Al

NiCoMnGa 25.6 23.4 26.1 25.0
NiCoMnAl 25.1 25.5 25.7 23.8

and in the converse case to L21 NiCo(MnZ) with Mn and Z on
8c. In either case, the ordering of the other sublattice at some
lower temperature would transform the system to the so-called
Y structure [26,27] of prototype LiMgPdSn [28] with space
group 216 (F4̄3m) and Wyckoff positions 4a, 4b, 4c, and 4d
being occupied by Ni, Co, Mn, and Z, respectively.

However, as the kind of chemical interaction within the
Ni-Co sublattice is as yet unknown, also other possibilities
have to be considered. In principle, there is an unlimited
number of superstructures on the L21 (NiCo)MnZ structure,
corresponding to different Ni/Co orderings. In particular, apart
from the above-mentioned cubic Y structure (with NaCl-type
Ni/Co ordering) there are two other totally ordered structures
with four inequivalent sublattices, making them appear a
priori equally likely to be realized as the Y structure. These
are tetragonal structures characterized by either alternating
columns or planes of Ni and Co atoms, which we denote by
Tc and Tp. Specifically, the Tc structure has space group 131
(P42/mmc), with Ni on Wyckoff position 2e, Co on 2f, Mn
2c, and Z on 2d, while Tp has space group 129 (P4/nmm)
with Ni on 2a and Co on 2b, while Mn and Z reside on two
inequivalent 2c positions, with prototype ZrCuSiAs [29]. Note
that the Ni/Co ordering in these three fully-ordered structures
can equally be understood as alternating planes in different
crystallographic orientations, with Tp corresponding to (1,0,0)
planes, Tc to (1,1,0), and Y to (1,1,1) planes. Finally, of
course the possibility of phase separation into L21 Ni2MnZ
and Co2MnZ has to be considered.

II. MACROSCOPIC PROPERTIES

A. Sample preparation and thermal treatments

Nominally stoichiometric NiCoMnAl and NiCoMnGa al-
loys have been prepared by induction melting and casting of
high-purity elements under argon atmosphere. After casting,
the samples have been subjected to a solution-annealing treat-
ment at 1273 K followed by quenching in room-temperature
water. In this state, the samples have been checked for their
actual composition using wavelength-dispersive x-ray spec-
troscopy (WDS). For each alloy, eight independent positions
have been measured. The average over the retrieved values
are given in Table I, showing satisfactory agreement with the
nominal compositions. Additionally, sample homogeneity was
confirmed by microstructure observation using backscattered
electrons.

In order to track the ordering processes of the alloys
upon low-temperatures isothermal aging, samples have been
annealed at 623 K for different times tann and quenched
in water. Thus, for both systems we consider four states,
corresponding to the as-quenched state and after annealings
for 6 h, 24 h, and 72 h, respectively. Previous results [30]
have proven this low-temperature annealing protocol to be
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FIG. 2. Field-dependent magnetization of NiCoMnAl in different
annealing conditions measured at 293 K and 77 K.

successful for increasing the achievable state of order in
structurally similar alloys of the Ni2MnAl system.

B. Magnetization measurements

Magnetization measurements corresponding to the different
annealing conditions were performed, specifically the Curie
temperatures TC and spontaneous magnetization values MS

have been determined. Temperature-dependent magnetization
measurements were carried out in a TOEI vibrating sample
magnetometer (VSM) applying an external magnetic field of
500 Oe in a temperature range from room temperature to
693 K. The spontaneous magnetization for NiCoMnGa has
been determined with a superconducting quantum interference
device (SQUID) based Quantum Design MPMS system at
6 K employing external magnetic fields up to 7 T. Since for
the ductile NiCoMnAl alloy sample preparation turned out to
have an effect on sample properties, presumably due to intro-
duced mechanical stresses, in this alloy system temperature-
dependent magnetization measurements have been performed
by VSM on samples of larger size in an external field of 1.5 T.

Figure 2 shows field-dependent magnetization curves
[M(H )] of NiCoMnAl in four different annealing conditions
measured at 293 K and 77 K. The spontaneous magnetization
MS has been retrieved via constructing Arrott plots. Addi-
tionally, M(T ) curves of NiCoMnAl in the four annealing
conditions at an external magnetic field of 15 kOe that
were used to extrapolate the 0 K value of the spontaneous
magnetization MS are given in the Supplemental Material [31],
along with the corresponding measurements for NiCoMnGa.
The obtained values are given in Table II. As expected,
the spontaneous magnetization increases with decreasing
measurement temperature. Further, specifically NiCoMnAl
shows a significant increase in MS with annealing from
4.68 μBohr/f.u. in the as-quenched state to 4.89 μBohr/f.u.

after annealing for 72 h. Clearly, at higher measurement
temperatures the difference in MS after annealing is even
larger due to lower magnetic transition temperatures in the
shorter annealed samples. The values obtained for MS are
in good agreement with two previous studies, where MS in
the B2 ordered state was reported as 4.66 μBohr/f.u. [10]
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TABLE II. Magnetic properties of NiCoMnAl and NiCoMnGa
in different annealing conditions. Unless otherwise noted, values
have been measured by VSM, while those indicated by ∗ have been
measured by SQUID and those indicated by † have been extrapolated
from the VSM M(T ) measurements reported in the Supplemental
Material [31].

tann TC (K) MS (μBohr/f.u.)

up down 6 K 293 K

NiCoMnGa 0 h 636.0 633.9 4.47∗ 4.11∗

6 h 635.4 632.3 4.58∗ 4.14∗

24 h 637.1 633.4 4.46∗ 4.18∗

72 h 638.2 632.9 4.53∗ 4.17∗

up down 0 K 77 K 293 K

NiCoMnAl 0 h 572.1 583.3 4.68† 4.61 3.98
6 h 586.8 590.2 4.72† 4.66 4.08
24 h 593.2 593.8 4.75† 4.72 4.15
72 h 602.9 599.2 4.89† 4.86 4.30

and 4.90 μBohr/f.u. [13]. On the other hand, in NiCoMnGa
no convincing increase in MS with annealing is visible, with
the values of MS scattering around 4.15 and 4.50 μBohr/f.u.

at 293 K and 6 K, respectively. These values again show
good agreement to previous studies with MS being stated as
4.67 μBohr/f.u. at a temperature of 5 K [14].

Figure 3 shows the corresponding temperature-dependent
magnetization measurements [M(T )] of NiCoMnGa and
NiCoMnAl under an external field of 500 Oe. In the following
discussion, we define the apparent magnetic transition temper-
ature as the locus of the maximal slope of the M(T ) curves for
consistence with the pertinent previous experimental works
[13], which at small external fields is a good proxy for the
actual Curie temperature. Note that at these small fields, the
absolute values of the low-temperature magnetizations are
affected by demagnetization effects and thus by the specific
shapes of the different samples, which leads particularly for
the brittle NiCoMnGa to unsystematic variations. Further,

the apparently temperature-independent magnetization at low
temperatures is due to the increasing local magnetization being
compensated by decreasing ferromagnetic domain sizes due to
the demagnetizing field and has been observed also by other
groups in related materials [33].

In NiCoMnAl, the magnetic transition temperature in-
creases from 572.1 K to 602.9 K with annealing of the
samples, reflecting a corresponding increase of L21 order. The
specific transition temperatures are given in Table II. This
compares satisfactorily with the value of 570 K determined by
Okubo et al. [13] for samples quenched from the B2 region. An
important point to note is that, in order to probe the high Curie
temperatures in these systems, during the measurements the
sample is subjected to temperatures where the ordering kinetics
become appreciable. Specifically, with ordering kinetics at
623 K on the order of hours, the Curie temperatures below
600 K measured on heating at a rate of 2 K/min can safely be
assumed to correspond to the degree of order imposed by the
isothermal annealing treatments. However, at the maximum
temperature of 683 K the degree of order will relax during the
measurement towards the corresponding equilibrium value,
leading to an increase of order for the as-quenched state
and a decrease when starting from a high degree of order.
This difference between heating and cooling curves is well
discernible.

NiCoMnGa shows a magnetic transition from the ferromag-
netic to the paramagnetic state between 636.0 K and 638.2 K.
Since the degree of L21 order in NiCoMnGa is high in all
annealing conditions, annealing has a much smaller effect on
TC than in NiCoMnAl. The determined transition temperatures
are given in Table II. Apparently, still a small increase of order
with annealing exists in this alloy system. We attribute the
constant offset of about 3.5 K between heating and cooling to
effects of thermal inertia.

C. Differential scanning calorimetry

Differential scanning calorimetry (DSC) has been em-
ployed to analyze both alloys with respect to magnetic
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FIG. 3. Temperature-dependent magnetization of NiCoMnGa and NiCoMnAl in different annealing conditions at an external magnetic
field of 500 Oe. Depicted in red and blue are the heating and cooling curves, while the markers represent the magnetic transition temperatures
determined as given in the text.
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FIG. 4. DSC measurements of annealed NiCoMnGa and
NiCoMnAl. DSC curves have been recorded on heating with a rate
of 10 K/min.

and structural phase transitions on a Netzsch DSC 404 C
Pegasus. All measurements have been performed at a heating
rate of 10 K/min over a temperature range from 300 K to
1273 K. Figure 4 shows DSC results for the NiCoMnGa and
NiCoMnAl alloys that have been subject to solution annealing
at 1273 K, quenching to room temperature, followed by a
low-temperature annealing at 623 K applied with the intention
to adjust a large degree of L21 order. Taking into account
different ordering kinetics, the NiCoMnGa alloy was annealed
for 24 h, while the NiCoMnAl alloy was annealed for 72 h.

Both alloys show a clear magnetic transition from the
ferromagnetic to the paramagnetic state at 592 K and 635 K
for NiCoMnAl and NiCoMnGa, respectively. This is in
good agreement with magnetization measurements (Table II),
justifying our approach of defining the Curie temperatures
via the position of maximal slope in the magnetization
under constant field. NiCoMnGa shows additionally an order-
disorder phase transition at higher temperatures that can be
assigned according to our neutron diffraction measurements
(Sec. III) to the transition from the L21-(NiCo)MnGa to the
B2-(NiCo)(MnGa) structure, which is in accordance with the
behavior of the structurally similar Ni2MnGa compound [22]
and with previous results from Kanomata et al. [14]. The phase
transition temperature was determined as 1151 K, a value in
excellent agreement to the 1152 K reported in Ref. [14]. In
contrast, NiCoMnAl does not show any further apparent peaks
in the calorimetric signal besides the magnetic transition.

III. NEUTRON DIFFRACTION

Neutron diffraction measurements have been performed at
the SPODI [34] high-resolution neutron powder diffractometer
at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching,
Germany. Polycrystalline samples were measured continu-
ously on heating and cooling between room temperature
and 1273 K, employing rates of approximately 2 K/min
and a recording frequency of approximately one pattern per
15 minutes. Measurements have been done using Nb sample
cans and employing a neutron wavelength of 1.54827 Å.
Temperature-dependent lattice constants, peak widths, and

structure factors corresponding to the different degrees of
long-range order have been refined. Additionally, for the
depiction of the waterfall plots, data treatment as described
in Ref. [35] has been applied.

Figure 5 shows waterfall plots of the neutron diffraction
patterns of NiCoMnGa/Al upon heating and cooling on a
logarithmic pseudocolor scale. All reflection families, namely
L21, B2, and A2, are labeled in the figure. Their presence
corresponds to the symmetry breaking into inequivalent
sublattices as discussed in Sec. I, and their strength indicates
the quantitative degree of long-range order. The A2 peaks
are not influenced by any disorder in the system, since here
all lattice sites contribute in phase. The presence of the B2
peak family indicates different average scattering lengths on
the Ni-Co and the Mn-Z sublattices. Finally, L21 peaks are
due to a further symmetry breaking between either the 4a and
4b and/or 4c and 4d sublattices. Note that such a qualitative
reasoning cannot distinguish whether the system has the Y
structure or one of the two possible L21 structures, which can
only be decided by a quantitative analysis (as will be done
below). Similar as for the A2 peak family, the intensity of
the B2 peak family is not influenced by the degree of L21

order.
In the waterfall depiction, the evolution of peak positions

and (in qualitative terms) peak intensities with temperature
can be followed nicely. Initially, the samples correspond
to the state quenched from 1273 K. Already in this state,
NiCoMnGa exhibits L21 order as evidenced by the presence of
the corresponding diffraction peaks. Upon heating, the thermal
expansion of the lattice leads to a gradual shifting of the
peak positions to smaller scattering angles. At approximately
1160 K, a disordering phase transition from the L21 phase
to the B2 phase is observed. This is reversed on cooling at
practically the same temperature, which shows that at these
high temperatures the equilibrium states of order are followed
closely. The observed value of 1160 K is in good agreement
to the 1151 K determined by calorimetry.

In contrast to NiCoMnGa, NiCoMnAl is found to have a
B2 state in the as-quenched condition with no L21 reflections
visible. On cooling, the peaks are slightly narrower than
on heating, indicating the release of internal stresses in the
sample remaining from quenching. Interestingly, upon slowly
cooling the sample down from 1273 K, at approximately
850 K very diffuse maxima appear at the positions where L21

reflections would be expected. Indeed, also during heating
a very faint additional intensity can be discerned in the
corresponding regions as soon as temperatures sufficient to
facilitate a relaxation of order via diffusion are reached.
Arguably, the diffuse intensity observed is the manifestation
of L21 short-range order or incipient L21 long-range order
with very small antiphase domains. Such antiphase domains
have previously been observed in Ni2MnAl0.5Ga0.5 alloys
[36,37], where the phase transition temperature implies or-
dering kinetics on experimentally accessible time scales. The
absence of well-defined L21 order as well as the pronouncedly
lower B2-L21 transition temperature in NiCoMnAl compared
to the NiCoMnGa alloy is consistent with the behavior
observed in the related Ni2MnAl and Ni2MnGa compounds
where transition temperatures of, respectively, 775 K [38] and
1053 K [22] have been reported.
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FIG. 5. Waterfall plots of the temperature-dependent neutron powder diffraction patterns of NiCoMnGa (above) and NiCoMnAl (below) on
heating and cooling with rates of approximately 2 K/min. Before the measurement, samples were solution annealed at 1273 K and quenched
in room temperature water. The unlabelled peaks with pronouncedly lower thermal expansion are due to the Nb sample cans.

While confirming a state of B2 order, in neutron diffrac-
tion no magnetic superstructure peaks are observed. Thus,
in contrast to Ni2MnAl, where Ziebeck and Webster [39]
discovered a helical magnetic structure manifesting itself in
the form of antiferromagnetic superstructure reflections and
satellite peaks at the (200) and (220) reflections, NiCoMnAl
is entirely ferromagnetic even under B2 order. This goes
along with M(H ) measurements (Sec. II) showing prototypical
ferromagnetic properties. In contrast, for Ni2MnAl antiferro-
magnetic properties have been reported [23]. Presumably, the
drastic difference in magnetic structure results from strong
ferromagnetic interactions in the system introduced by Co,
overcoming the antiparallel coupling between neighboring
Mn atoms.

Figure 6 shows the temperature-dependent lattice constants
retrieved from fitting the in situ neutron diffraction data
as well as the corresponding temperature-dependent thermal
expansion coefficients. At 340 K, the lattice constant of
approximately 5.81 Å in as quenched NiCoMnGa is only
slightly larger than the one of NiCoMnAl with approximately
5.80 Å, while the thermal expansion is similar in both alloys
with a value of approximately 2 × 10−5 K−1. In the case
of NiCoMnGa, the heating and cooling curves coincide,
indicating little effect of the applied quenching treatment.
The B2-L21 transition is clearly mirrored in the lattice
constant, with a maximum in the thermal expansion coefficient
below 1160 K, in agreement with the calorimetric transition
temperature and the vanishing of L21 intensities in neutron
diffraction.

In the case of NiCoMnAl, the B2-L21 ordering transition is
neither visible directly in the lattice constant nor in the thermal
expansion coefficient. However, this system displays another
striking effect with the divergence of the lattice constants
on heating and cooling at intermediate temperatures. The
absence of an analogous effect in the determined Nb lattice
constants proves that this deviation is real as opposed to, e.g.,
an error in the determination of the sample temperature. We
interpret it to be due to a superposition of a lattice expansion
due to quenched-in disorder with a lattice contraction due to
a quenched-in vacancy supersaturation. On heating, around
650 K ordering kinetics become active, leading to a relaxation
of the lattice expansion, while only at temperatures above
1100 K vacancies become mobile enough to equilibrate their
concentrations at vacancy sinks such as surfaces or grain
boundaries. Thus, in this interpretation the agreement in the
lattice constants of the slow-cooled and quenched states at low
temperatures is just a coincidence.

Figures 7 show the temperature-dependent structure factors
of NiCoMnGa and NiCoMnAl, i.e., essentially the square root
of the ratio of the B2 and L21 intensities to the A2 peak families
after taking into account Lorentz and Debye-Waller factors
and multiplicities. In the case of NiCoMnGa, the second-order
B2-L21 transition at 1160 K is clearly visible. Additionally,
comparing the theoretical structure factors for different kinds
of disorder as given in the figure to the experimental values
implies the observed L21 intensity to be due to solely Mn/Ga
order as opposed to Y ordering or only Ni/Co ordering. Note
that the reason for the L21 structure factor’s failure to go to
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zero above the transition lies in the residual diffuse intensity
due to short-range order, which contributes to the apparent L21

peak intensities because of their finite experimental widths.

For NiCoMnAl, the diffuse intensity at the L21 positions
was modelled by increased peak widths compared to the A2
and B2 peaks due to finite-length correlations. The structure
factor obtained in this way is indicated in Fig. 7. The different
behavior on heating and cooling implies quenched-in disorder
in the initial state, with a convergence towards the equilibrium
value starting around 600 K in parallel with the decrease in
the lattice constant discussed above. Also on slow cooling,
the determined structure factor stays well below the value
corresponding to full (NiCo)MnAl L21 order, which however
may also be due to the kinetically limited finite correlation
lengths of order.

Interestingly, also the B2 structure factors in NiCoMnAl
and NiCoMnGa are higher on cooling than on heating, while
they decrease only by minute amounts with temperature. We
are confident in these qualitative conclusions even though
quantitative interpretations of the data have to be treated with
qualification, considering the limited number of crystallite
grains fulfilling the Bragg condition that defines the statistical
precision.

Regarding the realized crystal structures, the neutron
diffraction results can be summarized as proving the exclusive
existence of partially disordered cubic phases with B2 at high
temperatures and L21 (NiCo)MnZ at low temperatures, where
the latter is only at the brink between short-range ordering and
small antiphase domains for Z = Al. In contrast, tetragonal
ordering would be expected to lead to peak splittings due to
the symmetry breaking as well as additional superstructure
peaks, with lowest-order reflections comparable in intensity to
the B2 peaks around 2θ = 15◦ and 2θ = 22◦ for Tp and Tc,
respectively, which however are not detectable. On the other
hand, phase separation into Ni- and Co-rich ternary Heusler
phases should lead to a peak splitting on the order of 1%
according to the respective lattice constants [22–24]. Also
for this effect, there is no indication, with the slowly-cooled
samples showing narrower rather than wider peaks.

IV. FIRST-PRINCIPLES CALCULATIONS

1. Computational details

We performed ab initio calculations for the structures pro-
posed in Sec. I B. Specifically, we computed ordering energies
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and electronic densities of states (DOS) by plane-wave density
functional theory as implemented in VASP (Vienna ab initio
simulation package) [40] and magnetic interactions in the
Liechtenstein approach [41] as implemented by Ebert et al.
[42] in their Korringa-Kohn-Rostoker Green’s function code
(SPR-KKR).

In the VASP calculations, the disordered structures were
realized by 432 atom supercells (corresponding to 6 × 6 × 6
bcc cells) with random occupations, taking advantage of
the efficient parallelization in VASP for massively parallel
computer hardware. Here, the wave functions of the valence
electrons are described by a plane wave basis set, with the
projector augmented wave approach taking care of the inter-
action with the core electrons [43]. Exchange and correlation
was treated in the generalized gradient approximation using
the formulation of Perdew, Burke, and Ernzerhof [44]. We
converged unit cell dimensions and atomic positions by a
conjugate gradient scheme until forces and pressures reached
values around 3 meV/Å and 1 kbar, respectively. For the
structural relaxations of the disordered systems, we used a
2 × 2 × 2 Monkhorst-Pack k-mesh with the 432 atom su-
percells in combination with Methfessel-Paxton [45] Fermi
surface smearing (σ = 0.1 eV), while total energies and
densities of states were calculated by the tetrahedron method
with Blöchl corrections [46] using a 4 × 4 × 4 k-mesh. A
17 × 17 × 17 k-mesh was employed for the ordered structures
represented in a cubic 16 atom unit cell. Additional details
on the numerical parameters are given in the Supplemental
Material [31]. In all our calculations we allowed for a
spontaneous spin polarization, always resulting in stable
ferromagnetism.

In the SPR-KKR calculations, the ferromagnetic ground
state was chosen as reference and disorder was treated analyti-
cally in the framework of the coherent potential approximation.
The electronic density of states obtained for the different
disordered structures agreed very well with the results obtained
from the plane wave calculations, which corroborates our
explicit supercell-based description.

2. Formation energies and stable structures

The results of our total-energy calculations are shown in
Fig. 8 and given in Table III. In addition to the quaternary
systems, we also computed the ternary full Heusler systems
for use as reference energies, specifically cubic L21 Co2MnAl,
Ni2MnAl, and Co2MnGa, as well as tetragonal L10 Ni2MnGa,
according to the martensitic transition occurring in the latter
case. The energy differences are always specified with respect
to the four-atom Heusler formula unit in the fully relaxed states.
As expected for isoelectronic systems, the energy differences
of the different phases behave similar in NiCoMnAl and
NiCoMnGa. In both cases, we observe a significant gain in
energy by ordering the main group element Z and Mn. As one
would expect, the B2 phase is among the least favorable ones
in terms of total energy, and thus its observed thermodynamic
stability at high temperatures is due to its large configurational
entropy. The fully disordered bcc phases turned out to be
significantly higher in energy, at 1.00 eV/f.u. for NiCoMnGa
and 1.07 eV/f.u. for NiCoMnAl (both without relaxation) and
are therefore not included in Fig. 8.
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FIG. 8. Comparison of the total energies of the various structures
of ferromagnetic NiCoMnAl and NiCoMnGa obtained from density
functional theory. The inner levels (blue) refer to fully relaxed struc-
tures (positions and lattice constants), whereas in the outer columns
(red) only the lattice constants were relaxed and the ions remain on
the ideal (symmetric) positions with bcc coordination. The energies
are specified relative to a mixture of the ferromagnetic ground state
structures of ternary ferromagnetic Co2MnZ and Ni2MnZ. Thus
negative energies denote structures which are inherently stable against
demixing, whereas the others require to be stabilized by mixing
entropy.

In contrast, the fully ordered Y structure, which has
previously been proposed as a new candidate for a half-
metal, appears significantly more stable, not only against
B2 disorder but also against decomposition into the ternary
phases. However, a surprising result of our calculations is
that NaCl-type ordering of Ni and Co is always disfavored
compared to random disorder: This pertains both to L21

NiCo(MnZ), which is about 20 meV higher in energy than B2
(NiCo)(MnZ), as well as the energetical gain of about 12 meV
when Y NiCoMnZ is disordered to L21 (NiCo)MnZ. Thus,
considering only structural thermodynamics, the Y structure
will not be thermodynamically stable at any temperature, as it
has both higher internal energy as well as lower configurational
entropy compared to L21 (NiCo)MnZ.

However, the partially disordered L21 structure should
not be the ground state. Indeed, in both NiCoMnAl and
NiCoMnGa the two tetragonal structures with a four-atom
unit cell Tp and Tc have lower energies than all structures
considered up to now. Thus, our calculations identify Tp with
the alternation of Ni and Co (1,0,0) planes as the ground
state structure. We are confident that, at least among the
superstructures on the bcc lattice, there should be no structures
with significantly lower energies, as the NaCl-type Mn/Z order
with its large energy gain seems quite stable, while any Ni/Co
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TABLE III. Overview of the DFT results: Lattice constants and cell volumina, total energies of formation relative to the respective ternary
Heusler compounds as discussed in the text, energy gain due to relaxation (resulting from disorder as well as tetragonal distortion), magnetic
moments per formula unit NiCoMnZ, and element-resolved moments for the various relaxed structures. For a better comparison, the lattice
parameters a0 and c0 as well as V0 refer in all cases to the 16-atom cubic cell instead of the respective primitive cell.

a0 c0 V0 Eform �Erelax MS μMn μNi μCo

Structure (Å) (Å) (AA3) (meV/f.u.) (μB/f.u.) (μB/at.)

NiCoMnAl L21 NiCo (MnAl) 5.736 188.7 157 6 4.89 3.24 0.59 1.11
B2 (NiCo)(MnAl) 5.728 187.9 137 12 4.59 3.15 0.46 1.07
Y NiCo MnAl 5.733 188.4 −9 4.93 3.19 0.62 1.19
L21 (NiCo) MnAl 5.723 187.4 −22 5 4.60 3.10 0.51 1.10
Tc 5.662 5.839 187.2 −41 11 4.58 3.10 0.49 1.11
Tp 5.752 5.648 186.9 −64 13 4.43 3.05 0.40 1.11

NiCoMnGa L21 NiCo (MnGa) 5.759 191.0 202 17 4.95 3.27 0.57 1.14
B2 (NiCo)(MnGa) 5.750 190.1 182 26 4.68 3.19 0.45 1.09
Y NiCo MnGa 5.748 189.9 −3 4.97 3.23 0.60 1.18
L21 (NiCo) MnGa 5.738 188.9 −14 6 4.66 3.15 0.49 1.10
Tc 5.671 5.871 188.8 −33 12 4.61 3.14 0.46 1.09
Tp 5.772 5.658 188.5 −57 12 4.48 3.10 0.36 1.10

order different from the three kinds considered here would
need to rely on quite long-range interactions.

We observe that the relaxation procedure yields a consid-
erable energy gain for the disordered structures. An analysis
of the corresponding atomic displacements is given in the
Supplemental Material [31], evidencing an expansion of
〈1,0,0〉-coordinated pairs made up of equal atoms due to
Pauli repulsion as a common characteristic of the relaxations.
Specifically for Mn/Z disorder, the mean bond lengths show an
asymmetry, reflecting the larger size of the Z atom, particularly
in the case for Z = Ga. The relaxation energies of the
disordered structures as given in Table III can be satisfactorily
reproduced by assuming independent contributions of 6 meV
due to Ni/Co disorder, 6 meV due to Mn/Al disorder, and
18 meV due to Mn/Ga disorder, with the prominence of the
latter value again due to the larger size of Ga.

Due to the tetragonal arrangement of the Ni and Co atoms
in Tp and Tc, the cubic symmetry is reduced to tetragonal,
which is reflected also in the lattice parameters. Specifically,
as reported in Table III, c, the lattice constant along the
fourfold tetragonal axis, is 3–4% larger than a for the Tc

structure, while it is about 2% smaller for Tp. Indeed, this
behavior is expected due to the above-reported tendency of
〈1,0,0〉-coordinated equal elements in L21 (NiCo)MnZ to be
pushed apart due to Pauli repulsion, while Ni-Co pairs are
contracted. Further, the Wyckoff positions 2c in space group
129, which are occupied by Mn and Z in the Tp structure, have
an internal degree of freedom z corresponding to a translation
along the tetragonal axis. For NiCoMnAl, the parameters
are zMn = −0.2556 and zAl = 0.2512, and for NiCoMnGa
zMn = −0.2555 and zGa = 0.2511, being practically the same
in both compounds. With Ni in 2a at z = 0 and Co in 2b at
z = 1/2, this means that Mn and Z are slightly shifted away
from the Ni planes. Again, this is mirrored in the increased
bond lengths of 〈1/2,1/2,1/2〉-coordinated Ni-Mn and Ni-Z
pairs compared to Co-Mn and Co-Z pairs under disorder as
given in the Supplemental Material [31]. Thus, with these small
tetragonal distortions and deviations of the internal degrees
of freedom from the ideal values, it is clearly appropriate to

consider also the tetragonal phases as superstructures on the
bcc lattice.

While the tetragonal distortions as mentioned above are
on the order of a few percent, the differences in the unit cell
volumes between the cubic and the tetragonal structures is
much smaller. Indeed, we observe that there is a nearly perfect
monotonic decrease of unit cell volume with internal energy
of the structures: While the volume contraction with Mn/Z
ordering by values of about 0.2% for NiCoMnAl and 0.6%
for NiCoMnGa was expected, and also the bigger effect in the
latter case can be rationalized by the larger Ga atoms, NaCl-
type Ni/Co order, which was already found to be energetically
unfavorable, leads to a lattice expansion by about 0.5% in
both systems. In contrast, the energy gains with Tc and Tp are
reflected in a corresponding volume contraction.

Our theoretical results explain the experimental observa-
tions: As reported above, experimentally NiCoMnGa displays
the B2 phase at high temperatures with a well-defined ordering
transition to the L21 (NiCo)MnGa phase at lower temperatures,
while for NiCoMnAl the transition temperature is reduced and
only barely kinetically accessible. This is reproduced by our
calculations, with L21 (NiCo)MnZ being the lowest-energy
cubic phase, while B2 can be stabilized by entropy, with indeed
a larger energy gain and thus a higher expected transition
temperature for Z = Ga. Ni/Co ordering always increases the
internal energy and decreases configurational entropy, thus L21

NiCo(MnZ) and Y NiCoMnZ are predicted not to be existing.
Also, as the energy cost of disordering B2 to A2 is about
five times larger than the gain of ordering to L21 (NiCo)MnZ,
with the latter happening around 1000 K, we do not expect a
transition to A2 in the stability range of the solid.

On the other hand, also the L21 (NiCo)MnZ phase is only
stabilized by entropy, and thus should transform at some
temperature to Tp. With an argumentation as above, where
the B2-L21 and the L21-Tp transitions have the same entropy
difference, but the latter’s energy difference of 42 meV is about
a factor of 4–5 lower, we predict a transition temperature
around 250 K (see the Supplemental Material [31] for a
more detailed discussion of these issues). As already the
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B2-L21 transition in NiCoMnAl at around 850 K is only barely
progressing, a bulk transition to Tp is therefore not to be
expected on accessible timescales.

Extrapolating the lattice constants measured on cooling
to T = 0 K gives 5.785 Å for NiCoMnGa and 5.773 Å for
NiCoMnAl. The deviation of about 0.05 Å to the calculated
values for L21 (NiCo)MnZ is quite satisfactory, corresponding
to a relative error of 0.9%. Of course, the difference in lattice
constants between the two alloys should be predicted even
much more accurately, giving 0.012 Å to be compared to
the value of 0.011 Å determined experimentally. Further, the
predicted contraction at the B2-L21 transition in NiCoMnGa
of 0.012 Å agrees perfectly with the experimental value
as obtained by integrating the excess thermal expansion
coefficient between 1000 and 1200 K, while in NiCoMnAl
the contraction with ordering is estimated as 0.003 Å by the
differences in the heating and cooling curves evaluated at
600 K and 900 K to be compared with the predicted value of
0.005 Å. This small discrepancy implies that the experimental
lattice constant of NiCoMnAl at low temperatures on cooling
is increased compared to the theoretical predictions, which is
consistent with a reduced degree of L21 long-range order in
NiCoMnAl due to kinetical reasons.

3. Magnetism

From the noninteger values of the total magnetic mo-
ment per formula unit listed in Table III, one can already
conclude that neither of the structures yields the desired
half-metallic properties. For the fully ordered Y structure, our
calculated values for MS are slightly lower than the values
of 5.0 μBohr/f.u. [10] and 5.07 μBohr/f.u. [11] previously re-
ported for NiCoMnAl and NiCoMnGa, and the integer moment
of 5 μB, which follows from the generalized Slater-Pauling rule
MS = Zv − 24 for half-metallic full-Heusler compounds [47]
with Zv = 29 valence electrons per unit cell. The calculated
MS is even smaller for the other structures. Experimentally,
we measured values between 4.47 and 4.58 μBohr/f.u. for
L21 (NiCo)MnGa, while for Z = Al an increase from
4.68 μBohr/f.u. in the as quenched state to 4.89 μBohr/f.u.

after the longest annealing was observed. Thus, it seems that
the dependence of MS on the state of order in the intermediate
states is more complicated than the situation captured by our
calculation of the respective extremes, corresponding to a
decrease from perfect Mn/Z disorder in the B2 case to perfect
order in the L21 case.

The values in Table III imply that the magnetic moment
per formula unit MS depends primarily on the order on the
Ni/Co sublattice, with values around 4.95 μBohr/f.u. for NaCl-
type order, 4.60 μBohr/f.u. for columnar order or disorder,
and 4.45 μBohr/f.u. for planar order. The equilibrium unit cell
volume V0 grows with increasing MS, with an additional lattice
expansion in the cases of Mn/Z disorder.

The induced Ni moments show the largest variation be-
tween the different structures, in absolute and relative numbers.
The Co moments follow the behavior of the Ni moments with
a smaller variation. This is a consequence of the hybridization
of Co and Ni in the minority spin density of states, which
is responsible for the formation of a gaplike feature at EF as
discussed in detail in the next section. The Mn moments appear

well localized with values slightly above 3.1 μBohr/f.u. and
vary only by a tenth of a Bohr magneton.

The ferromagnetic ground state of the compounds arises
from the strong ferromagnetic coupling between nearest-
neighbor Mn-Ni (coupling constant approximately 7 meV)
and, in particular, Mn-Co (coupling constant approximately
11.7 meV) pairs. On the other hand, Mn pairs in 〈1,0,0〉
coordination, which randomly occur in the B2 case, exhibit
large frustrated antiferromagnetic coupling (coupling con-
stant approximately −8 meV). This behavior is well known
from ternary stoichiometric and off-stoichiometric Mn-based
Heusler systems [48–56]. A more detailed account of the
coupling constants for NiCoMnZ is given in the Supplemental
Material [31]. Thus for the low-energy structures, which do
not exhibit Mn pairs with negative coupling constant, we
expect the magnetic ordering temperature TC to be significantly
higher than in the B2 case. This agrees nicely with the
significant increase under annealing observed for NiCoMnAl,
while NiCoMnGa is already L21-ordered in the as quenched
state and thus has still a higher transition temperature.

4. Electronic structure

The shape of the electronic density of states (DOS) of
ternary L21 Heusler compounds of the type X2YZ, including
the appearance of a half-metallic gap, has been explained
convincingly by Galanakis et al. [47,57] in terms of a
molecular orbital picture. First, we consider the formation of
molecular orbitals on the simple cubic sublattice occupied by
atoms of type X. Here, the dxy , dyz, and dzx orbitals hybridize
forming a pair of t2g and t1u molecular orbitals, while the
dx2−y2 and the d3z2−r2 states form eg and eu molecular orbitals.
The molecular orbitals of t2g and eg symmetry can hybridize
with the respective orbitals of the nearest neighbor on the
Y position (in the present case Mn), splitting up in pairs of
bonding and antibonding hybrid orbitals. However, due to their
symmetry, no partner for hybridization is available for the t1u

and eu orbitals, which therefore remain sharp. Accordingly,
these orbitals are dubbed “nonbonding.”

If the band filling is adjusted such that the Fermi level
is located between the t1u and eu states in one spin channel,
the compound can become half-metallic. This is for instance
the case for Co2MnGe with Zv = 29, which has according
to the generalized Slater-Pauling rule MS = 5 μB [47,58]. If
additional valence electrons are made available, also the eu

states may become occupied. This is the case for Ni2MnGa
and Ni2MnAl (Zv = 30), which do not possess half-metallic
properties. Here, the Ni-eu states form a sharp peak just
below the Fermi energy and give rise to a band-Jahn-
Teller mechanism leading to a martensitic transformation
and modulated phases arising from strong electron-phonon
coupling due to nesting features of the Fermi surface [59–64].
Consequently, the magnetic moments of these compounds are
significantly smaller. First principles calculations report values
of 3.97−4.22 μBohr/f.u. [47,65,66] and 4.02−4.22 μBohr/f.u.

[48,65–69] for Ni2MnAl and Ni2MnGa, respectively.
Figure 9 shows the total and element-resolved electronic

densities of states (DOS) of NiCoMnGa for the most relevant
structures, which have the same valence electron concentration
as the half-metal Co2MnGe (NiCoMnAl shows an analogous
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FIG. 9. Spin-polarized electronic density of states (DOS) in
ferromagnetic NiCoMnGa for the distinct ordered structures.

picture and can be found in the Supplemental Material [31]).
Here, the perfectly alternating NaCl-type order of the elements
on the Ni-Co sublattice in the Y structure enforces a complete
hybridization of the Ni and Co states, since the atoms find only
〈1,0,0〉 neighbors of the other species. This becomes apparent
from the pertinent illustration, as essentially the same features
are present in the partial density of states of both elements.
The magnitude of a specific peak may, however, be larger
for one or the other species. This can be understood from
the concept of covalent magnetism [70–72] which has been
applied to Heusler alloys recently [73]. The molecular orbitals
are occupied by each species with a weight scaling inversely
with the energy difference to the constituting atomic levels. In
the minority spin channel, the bonding molecular orbitals are
dominated by Ni states, while the nonbonding t1u states around
−1 eV and the antibonding orbitals above EF are dominated
by the Co states. The nonbonding eu orbitals directly above
EF are equally shared by Co and Ni states.

As expected, with decreasing order the features of the DOS
smear out and become less sharp. Specifically the pseudogap
at the Fermi level in one spin channel, which corresponds to
the near half-metallic behavior suggested first by Entel et al.
[74], and subsequently by Alijani et al. [11], Singh et al. [75],
and Halder et al. [10], is in particular sensitive to ordering on
the Ni-Co sublattice and only encountered for the NaCl-type
ordering of the fully ordered Y and the partially ordered L21

NiCo(MnZ) structures.

In fact, the minority spin gap is not complete. A close
inspection of the band structure (see Supplemental Material
[31]) of Y NiCoMnGa/Al clearly shows several bands crossing
the Fermi level. Since this occurs in the immediate vicinity of
the � point, the weight of the respective states in the Brillouin
zone is small and a gaplike feature appears in the DOS. Thus, in
this configuration the compound should be classified as a half-
semimetal rather than a half-metal. Nearly perfect gaps are
observed if Z is a group IV element with a half-filled sp shell.
In our case, the missing electron of the main group element
has to be compensated by the additional valence electron from
one of the transition metals. These are only available on parts
of the X sites, which can lead to a distribution of sp states
between the sharp t1u and eu states of the transition metals
below and above EF.

In all other structures, the Ni-Co sublattice contains
neighboring pairs of the same element. In this case, the
respective d orbitals can hybridize independently at different
levels. As a consequence, the t1u and eu molecular orbitals
split up. This is best seen in the DOS of the Tp structure. Here,
the Ni-dominated part of the former eu peak moves to below
the Fermi level (where we expect it in Ni2MnGa/Al), which
creates considerable DOS right at EF and fully destroys the
half-metallic character. An analogous argument can be applied
to the cubic L21 (NiCo)MnZ and B2 structures with disorder
on the Ni-Co sublattice. The disorder on the Mn-Z sublattice
in the B2 phase causes only minor changes in the electronic
structure and manifests mainly in a larger band width of the
valence states and the disappearance of a pronounced peak
at −3.2 eV in the minority channel, which originates from
the hybridization between the Ni-Co and Mn-Z sublattice. In
contrast, the distribution of the Ni and Co states near the Fermi
level, which are decisive for the functional properties of this
compound family, is not significantly changed compared to
the L21 case.

V. CONCLUSIONS

Employing in situ neutron diffraction, magnetic measure-
ments, and calorimetry, we studied the ordering tenden-
cies in the quaternary Heusler derivatives NiCoMnAl and
NiCoMnGa. NiCoMnGa was found to display an L21

(NiCo)MnGa structure with strong Mn/Ga order and no to
minor Ni/Co ordering tendencies, where the degree of order
achieved upon slow cooling was higher than in quenched
samples. The B2-L21 second-order phase transition was
observed at 1160 K. NiCoMnAl after quenching was found to
adopt the B2 structure, while on slow cooling from high tem-
peratures broadened L21 reflections were observed to emerge
at temperatures below 850 K in neutron diffractometry. Yet,
kinetics at these temperatures are so slow that the adjustment
of large degrees of L21 order in this compound is kinetically
hindered. Still, low-temperature annealing treatments at 623 K
in samples quenched from 1273 K showed a strong effect
on the magnetic transition temperatures, proving that this
parameter probes sensitively the state of order in the sample.

Density functional theory reproduces the experimentally
observed trends of the order-dependent magnetic behavior
and of the ordering tendencies between the two systems. Our
calculations reveal that the fully ordered Y structure with F43m
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symmetry is thermodynamically not accessible, since the
partially disordered L21 phase is lower in energy. Instead, we
propose as the ground state a tetragonal structure with a planar
arrangement of Ni and Co. This structure is stable against
decomposition into the ternary Heusler compounds, but we
expect the energetic advantage to be too small to compensate
for the larger entropy of the L21 phase at reasonable annealing
conditions. However, the fabrication of this structure by
layered epitaxial growth on appropriately matching substrates,
which favor the slight tetragonal distortion, could be possible.
From the electronic density of states and band structure, we
could conclude that neither of the structures is half-metallic
in the strict definition. This specifically pertains also to the
hypothetical Y structure, which exhibits several bands crossing
the Fermi level close to the � point in the minority spin channel
and is thus a half-semimetal.

Since the first quaternary Heusler derivatives adopting
the Y structure have been proposed to possess half-metallic
properties [76], the interest in these materials has developed
rapidly with numerous publications dealing with the topic
[10–12,74,75,77–91]. Density-functional theory calculations
have been used to identify promising systems among the
NiCo- [10,11,74,75,77–79], NiFe- [11,79,80], and CoFe-
based [12,76,81–91] compounds. However, in most cases the
phase stability of the Y structure is tested, if at all, only against
stacking order variations of this Y structure (see, for instance,
Refs. [76,81]) but rarely against disorder [90] or other states
of order. Simultaneously, experimental investigations as a rule
either point towards disordered structures [10,80,81,84,86]
or, specifically for the case of x-ray diffraction on ordering
between transition metal elements, cannot decide these issues
[11,81,86].

Based on our findings, we conclude that at least in the
NiCo-based, but probably also in the NiFe- and CoFe-based
alloys, the stability of the Y structure is doubtful and, even if
it was thermodynamically stable, might still not be kinetically
accessible in most quaternary Heusler derivatives. Indeed,
preliminary first-principles results show that also for the

NiFeMnGa and CoFeMnGa alloys, the tetragonal Tp order
is lower in energy than the Y structure by 62 meV/f.u and
80 meV/f.u., respectively, comparable to the values reported
here. This underlines that a detailed analysis of phase stabilities
in those systems that have been identified as promising
half-metals, especially with respect to the tetragonal structures
and/or L21 type disorder, is essential in order to evaluate
their actual potential. More generally, the comparatively small
energetical differences between the various possible types of
order along with small disordering energies specifically with
respect to the late transition metal constituents as obtained here
suggest that in these quaternary Heusler derivatives disorder
could be the norm rather than the exception in physical reality.
Thus, our findings imply that for computationally predicting
the potential of a given system for applications, the assumed
ground state has first to be tested against other plausible candi-
dates, and second, that only with a comparatively large energy
gain compared to disordered structures (0.2 eV for the B2-L21

transition in NiCoMnGa as considered here) the ordered phase
can be assumed with some certainty to be actually realizable.

ACKNOWLEDGMENTS

This work was funded by the Deutsche Forschungsgemein-
schaft (DFG) within the Transregional Collaborative Research
Center TRR 80 “From electronic correlations to functionality.”
P.N. acknowledges additional support from the Japan Society
for the Promotion of Science (JSPS) via a short-term doctoral
scholarship for research in Japan. We thank O. Dolotko and A.
Senyshyn of the MLZ for facilitating the neutron diffraction
measurements. SQUID measurements were performed at the
Center for Low Temperature Science, Institute for Materials
Research, Tohoku University. Computing resources for the
supercell calculations were kindly provided by the Center
for Computational Sciences and Simulation (CCSS) at Uni-
versity of Duisburg-Essen on the supercomputer magnitUDE
(DFG Grants No. INST 20876/209-1 FUGG and No. INST
20876/243-1 FUGG).

[1] F. Heusler, in Verhandlungen der Deutschen Physikalischen
Gesellschaft (Fr. Vieweg & Sohn, Braunschweig, 1903), Vol. 5,
p. 219.

[2] T. Graf, C. Felser, and S. S. Parkin, Prog. Solid State Chem. 39,
1 (2011).

[3] A. Sozinov, A. A. Likhachev, N. Lanska, and K. Ullakko, Appl.
Phys. Lett. 80, 1746 (2002).

[4] T. Krenke, E. Duman, M. Acet, E. F. Wassermann, X. Moya, L.
Mañosa, and A. Planes, Nat. Mater. 4, 450 (2005).

[5] M. Jullière, Phys. Lett. A 54, 225 (1975).
[6] R. A. de Groot, F. M. Mueller, P. G. van Engen, and K. H. J.

Buschow, Phys. Rev. Lett. 50, 2024 (1983).
[7] S. Ishida, S. Akazawa, Y. Kubo, and J. Ishida, J. Phys. F: Met.

Phys. 12, 1111 (1982).
[8] S. Fujii, S. Sugimura, Ishida, and S. Asano, J. Phys.: Condens.

Matter 2, 8583 (1990).
[9] M. Jourdan, J. Minár, J. Braun, A. Kronenberg, S. Chadov, B.

Balke, A. Gloskovskii, M. Kolbe, H. J. Elmers, G. Schönhense,
H. Ebert, C. Felser, and M. Kläui, Nat. Commun. 5, 3974 (2014).

[10] M. Halder, M. D. Mukadam, K. G. Suresh, and S. M. Yusuf,
J. Magn. Magn. Mater. 377, 220 (2015).

[11] V. Alijani, J. Winterlik, G. H. Fecher, S. S. Naghavi, and C.
Felser, Phys. Rev. B 83, 184428 (2011).
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