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The influence of Zn substitution on the structural, magnetic, and electronic properties and lattice vibrations
of ferromagnetic Fe,CoGa,_,Zn, alloys in the conventional X,YZ and inverse (XY)XZ Heusler structures is
investigated, by means of ab initio and Monte Carlo calculations, which predict strong ferromagnetic coupling
and high Curie temperatures between 770 and 925 K. In the Ga-rich systems the inverse Heusler structure is
energetically favored but no indication for a structural instability is found in contrast to Fe-Co-Ga-Zn alloys in
the conventional Heusler structure. The origin of the remarkably strong preference of the cubic (c/a=1)
inverse phase is believed to originate from the bcc-like environment of the two inequivalent Fe atoms and their
stronger hybridization with the Co states compared to the conventional structure. In the quaternary compounds,
Fe,CoGa;_,Zn,, substitution of Ga by Zn reduces the energetic preference of the inverse structure caused by
weakening of the Co-Fe hybridization. Simultaneously, Zn leads to higher magnetic moments and Curie
temperatures because of localization effects. In addition, since Zn weakens the miscibility of the alloys, we
propose that the composition of Fe,CoGa;_,Zn, alloys has to be carefully chosen in order to yield an inter-
esting future ferromagnetic shape-memory alloy system.
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I. INTRODUCTION

Smart materials as, for instance, ferromagnetic shape-
memory alloys (FSMAs) are subject of intensive research
because of their potential use for actuator and sensor appli-
cations. Prototype Ni,MnGa, although showing a large strain
effect of 10% in a magnetic field of less than 1 T,! is not
perfectly suitable for magnetomechanical devices since the
martensitic transition occurs at a too low temperature (with
martensite start temperature M¢=~200 K for the near-
stoichiometric samples and M¢=~350 K for the technologi-
cally relevant NissMn3;Ga,;) and because the material is
rather brittle. Thus, higher Mg has only been achieved for
off-stoichiometric samples by substituting, for example, Mn
for Ga. This has the disadvantage of lowering the Curie tem-
perature T and the magnetic shape-memory effect (MSME)
because of antiferromagnetic correlations induced by the ad-
ditional Mn atoms. Therefore, new material combinations
with improved elastic properties and higher Curie and mar-
tensite transformation temperatures are required. So far, sev-
eral new candidates for FSMAs have been proposed, includ-
ing the Ni-Mn-(Al,Ga,In,Sn,Sb) series,>* Co-Ni-(Al,Ga),*!!
Ni-Fe-Al,'? and Cu-Mn-(Al,Ga).!>!4

Here, we propose to start from well-known binary cubic
alloy systems which already show martensitic tendencies.
Our aim is to predict ferromagnetic X,YZ Heusler alloys with
improved properties in which X and Y are transition-metal
elements of the binary systems and Z=Ga or Zn is the ele-
ment which introduces (s,p)-valence electrons and helps to
stabilize the Heusler structure. The element Zn can substitute
Al, Ga, and Sn in the X,YZ Heusler compounds. Promising
binary systems are, e.g., Fe;Ga,'>™'7 CosFe,'® CoGa,"
CoZn,**2! FeZn,?2? and FeGa.?>?* Up to now zinc was not
considered very often, partially because of its too high vapor
pressure. But Zn is known to be beneficial for alloying in
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ternary, nonmagnetic Ni- or Cu-based shape-memory alloys
such as Cu-Zn-Al>-2" Furthermore, FeZn alloys with a Zn
concentration of 20—40 % show a huge magnetostriction??
as, for example, Fe;Ga.'®

In off-stoichiometric Ni-Mn-Ga alloys the martensite start
temperature Mg shows a linear dependence on the valence-
electron concentration per atom, e/a. Mg may considerably
be enhanced by increasing the e/a ratio.”® Detailed investi-
gations of the electronic density of states (DOS) show that
providing additional valence electrons, for example, by re-
placing Ga by Mn in Ni,MnGa, shifts the Fermi level Ep to
higher energies away from the pseudogaplike region in the
minority-spin channel in a rigid bandlike manner.?

Although in detail the change in chemical bonding and
magnetic properties with e/a is more complicated, this
shows that e/a may be considered as the parameter which
governs Mg and the magnetic correlations. Therefore, sys-
tems with a different e/a ratio than stoichiometric Ni,MnGa
(e/a=17.5) may be considered as promising candidates with
higher martensitic transformation temperatures. Unfortu-
nately, for the Ni-Mn-Ga system it is difficult to increase
simultaneously the Curie temperature 7 because excess Mn
atoms may occupy the Ga sites leading to nearest-neighbor
Mn-Mn atoms which interact antiferromagnetically.?

The prediction of systems having higher Mg and 7= which
are not based on Ni-Mn becomes hampered by the fact that
different distributions of atoms on the lattice sites which can
be conceived as four interpenetrating fcc lattices may result
in new phases having lower energies as it is the case for the
so-called inverse Heusler structure of Fe,CoGa shown in
Fig. 1(b).

A remarkable combinatorial study of 810 conventional
and inverse Heusler alloys on the basis of first-principles
total-energy calculations was performed by GilleBen and
Dronskowski**3! in which the thermochemical stability of
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(a) X,YZ (b) (XY)XZ

FIG. 1. (Color online) (a) The cubic unit cell of Fe,CoGa in the
conventional Heusler structure (denoted by X,YZ) in which iron
atoms Fe, and Feg (light spheres) occupy the X sites and Co (dark
spheres) and Ga atoms (medium gray spheres) share one cubic sub-
lattice and occupy Y and Z sites, respectively. (b) Inverse Heusler
[denoted by (XY)XZ] structure in which the Co and one Fe atom
exchange their sites. One of the two X sites is now occupied by Co.
The interchanged Fe atom is marked as Fec. The remaining half of
the Fe atoms stays at their original sites.

the conventional X,YZ structure is compared with the related
inverse (XY)XZ Heusler structure. The brackets in (XY)XZ
indicate that the atoms X and Y now occupy the X, lattice
sites while X and Z occupy the Y- and Z-lattice sites of the
conventional X,YZ structure. They find 27 stable inverse
phases. Despite this large effort, their calculations do not
include material combinations being of interest for future
FSMAs or combinations which we discuss in this paper,
where Zn partially substitutes the element Z. Furthermore
they do not provide Curie temperatures, mixing energies, and
phonon-dispersion relations, which are of primary interest
for FSMA.

In order to fill this gap it is worthwhile to consider new
combinations of X, Y, and Z elements avoiding the elements
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Ni (leading to brittle Heusler alloys) and Mn (causing anti-
ferromagnetic correlations). We limit the discussion to two
ternary stoichiometric systems, Fe,CoGa and Fe,CoZn, and
related nonstoichiometric quaternary Fe,CoGa,_,Zn, alloys.
In order to deal with aspects of structural stability of the
conventional versus the inverse structure, we consider also
mixing energies and phonon-dispersion relations of both type
of structures of Fe,CoGa and Fe,CoZn compounds and
Fe,CoGa,;_,Zn, alloys.

Early Mossbauer studies of Co,FeGa and Fe,CoGa re-
vealed atomic-site preferences showing that Co,FeGa has a
well-ordered, conventional Heusler structure, while in
Fe,CoGa the Co atoms occupy one of the two fcc Fe
sublattices,>> compare Fig. 1(b). Concerning the structural
ordering a general trend was observed, transition-metal at-
oms to the left of Fe prefer to occupy the Y site while those
on the right of Fe preferentially go to the X sublattice.?* In
order to account for these site preferences and resulting
structures, we have considered the two different types of
Heusler structures shown in Fig. 1. The conventional Heusler
structure X,YZ and the inverse Heusler structure (XY)XZ. In
the latter case the X atoms become nearest neighbors.

We use density-functional theory for the investigation of
their structural, magnetic, electronic, and dynamical charac-
teristics. For the structural investigation including the calcu-
lation of the force constants and for the evaluation of mixing
energies we employed the Vienna ab initio simulation pack-
age (VASP).3* For the calculation of magnetic-exchange pa-
rameters we used the spin-polarized Korringa-Kohn-
Rostoker (KKR) code by Hubert Ebert from LMU
Munich.3*3% The Curie temperatures were evaluated by in-
serting the magnetic-exchange parameters into the Heisen-
berg model and performing Monte Carlo simulations.

As was pointed out before, numerous studies in search for
better suited magnetic shape-memory materials with im-

TABLE I. Calculated equilibrium parameters of cubic and tetragonal ternary Fe,CoGa and Fe,CoZn and quaternary Fe,CoGa,_,Zn,
systems in the conventional X,YZ and in the inverse (XY)XZ Heusler structure. Valence-electron concentration e/a, structural stability,
equilibrium lattice constant a for the cubic (c/a=1) phase, local and absolute energy minima at different tetragonal distortions c/a, total
magnetic moment M per formula unit and Curie temperature 7 in kelvin of the ¢/a>1 phases, energy difference in the X,YZ structure
between the cubic phase at ¢/a=1 and the absolute energy minimum at ¢/a>1, AE,,,, and energy difference between the conventional X,YZ
and inverse (XY)XZ ordered structure, AE, ., in milli-electron-volt per atom. “/” means no second minimum in the E(c/a) curve. The
calculation shows that the equilibrium volume of the cubic phase, Vozas, does practically not change when the system undergoes a

tetragonal distortion (c/a # 1), i.e., azczag.

a M

System ela Structure (AO) cla (up/fu.) Tc AE,, AE e Enix
Conventional

Fe,CoGa 7 Stable in L1 5.774 0.88 1.46 6.08 770 55 44 -463
Fe,CoGay 7521 25 6.9375 Stable in L1 5.779 0.91 1.44 6.22 802 53.5 31 -333
Fe,CoGay 1570 75 68125  StableinLl, 5780 09 142 6.51 896 49 6 -721
Fe,CoZn 6.75 Unstable 5.782 0.92 1.40 6.64 925 47 -9 51
Inverse

(FeCo)FeGa 7 Stable at c/a=1 5.736 1.0 / 5.29 780 / -642
(FeCo)FeGay1sZng,s 69375  Stable at c/a=1 5744 1.0 / 5.58 768 / —458
(FeCo)FeGay1sZngss  6.8125  Stable at c/a=1 5748 1.0 / 5.58 830 / -328
(FeCo)FeZn 6.75 Unstable 5.750 1.0 1.36 5.95 850 -11 135

214421-2



COMPETING STRUCTURAL ORDERING TENDENCIES IN...

L1111
VAVATA'A A'A'I’A‘IA'A'AVAVIE‘, 4

M (ng/f.u.)

52 B I I I I I I I I I I I I I I I ]
T T T T T T T T T T T T T T T
@} < Fe,CoGa i
\0 O FeCaGay, .7n, .
400 [\ 2y 00~ O\Q A Fe,C0Gag ,Zng 5 |
A O FeCoZn |

E-E, (meV/f.u.)

08 09 10 11 12 13 14 15
Tetragonal distortion c/a

FIG. 2. (Color online) Total energy E—E, (lower panel) with
respect to the energy of the cubic inverse structure for each alloy
system and total magnetic moment M per f.u. (upper panel) of
Fe,CoGa (diamonds), Fe,CoGay 7570 25 (circles),
Fe,CoZn 75Gay »5 (triangles), and Fe,CoZn (squares) for both crys-
tal structure types as a function of the tetragonal distortion, c/a.
Open and filled symbols distinguish between the conventional and
inverse Heusler structures, respectively. The conventional Heusler
structures are characterized by two energy minima while the inverse
structures show only one energy minimum in the cubic state (c¢/a
=1). With increasing Zn concentration the energy of the conven-
tional Heusler structure is considerably lowered approaching the
energy curve of the corresponding inverse structure while the mag-
netic moments increase.

proved properties can be found in the literature. But little is
known about Fe,CoGa apart from the calculation of the total
energy as a function of volume3® and ¢/a ratio®” and the hint
of possible unstable L2 structure in Ref. 30. Material com-
binations including the element Zn have been investigated
only very rarely so far. This work is a systematic first-
principles study of this alloy series.

II. METHOD
Computational details

The self-consistent calculations of the structure, magne-
tism as well as the evaluation of force constants were carried
out with the density-functional theory method as imple-
mented in VASP using a plane-wave basis set and the projec-
tor augmented wave (PAW) method.>**® The exchange-
correlation potential is used in the functional form of Perdew,
Burke and Ernzerhof.3*#° The PAW potentials include the
following valence electrons: Fe: 3p®3d’4s!, Co: 3d%4s!, Ga:
3d'"%4s524p"', and Zn: 3d'%4s*. All plane waves with energies
below the cut-off energy of 366.5 eV are included in the
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basis set. The integration over the Brillouin zone was carried
out by means of the tetrahedron method with Blochel correc-
tions and a I'-centered 13° grid. For the calculation of mixing
energies we increased the number of k points to 19°. The
electronic self-consistency iteration cycle is aborted when
the energy difference between two subsequent energies is
less than 1077 eV.

In a separate calculation, we have determined the
magnetic-exchange interaction parameters, J;;, by using the
Munich spin-polarized relativistic KKR (SPR-KKR) package,
version 3.6 with 250 k points and 30 energy points.>**> From
these J;; the Curie temperature is determined by means of
Monte Carlo simulations of a classical Heisenberg model
using the Metropolis algorithm. Periodic boundary condi-
tions were used for system sizes up to 24° unit cells for a
representative case. It turned out that a temperature step of
10 K, 100 Monte Carlo measurements per temperature step,
and ten Monte Carlo sweeps in between two measurements
were enough to obtain sufficiently smooth magnetization
curves.

II1. AB INITIO RESULTS
A. Structure optimization

From the results of total-energy calculations as a function
of the lattice constant we determined for all systems the
equilibrium lattice constants and magnetic moments which
have been listed in Table I. For Fe,CoGa experimental and
theoretical data are available from literature’*3%#! which is
in good agreement with our calculations. A first check to
assess the adequacy of the material for future FSMA appli-
cations is obtained from the variation in the energy landscape
under a tetragonal distortion. During the continuous change
in the ¢/a ratio along the Bain path,*>*3 the crystalline lattice
transforms from the ideal L2, lattice (c/a=1) to the fcc-type
closed-packed structure (c/az\s“a). For the case that the ma-
terial shows a tendency to undergo a martensitic transforma-
tion, usually two energy minima appear in the E(c/a) curves,
one near ¢c/a=1 and a second one at ¢/a> 1. Since the mar-
tensitic phase is the low-temperature phase, it may be asso-
ciated with one of the energy minima observed in the ab
initio calculations. The energy difference between the two
local-energy minima is roughly proportional to the martensi-
tic transformation temperature. In Fig. 2, the total energy
with respect to the energy minimum of the cubic inverse
phase for each system and the corresponding total magnetic
moment, M, of all investigated Fe,CoGa;_,Zn, alloys are
plotted as a function of the tetragonal distortion c/a.

We first discuss the ternary compounds Fe,CoGa and
Fe,CoZn. It is obvious from Fig. 2 that for Fe-Co-Ga the
inverse Heusler structure with only one energy minimum in
the cubic state is the stable low-temperature phase. Thus, a
martensitic transformation is not likely to occur for the in-
verse structure. This agrees well with the ab initio results of
GilleBen and Dronskowski*® and the experimental findings
of Jaggi et al.*? In contrast to the inverse Heusler structure,
the conventional Heusler structure, which lies higher in en-
ergy, shows the characteristic two energy minima of a struc-
turally unstable system. The energy difference between the
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TABLE II. Element-specific (in ug/atom) and total magnetic moment (in ug/f.u.) of the conventional
and inverse Heusler structures for ¢/a=1. The magnetic moments do not change much when the cell is
tetragonally distorted (c/a # 1). For comparison, the corresponding magnetic moments for the inverse cubic

structures are added.

System M (Fe,) M (Fec) M(Co) M(Ga) M(Zn) M
Conventional

Fe,CoGa 2.24 / 1.76 -0.08 / 6.15
Fe,CoGay 75Zn 55 2.33 / 1.77 -0.08 -0.05 6.36
Fe,CoGay »57Zn 75 2.45 / 1.76 -0.08 -0.05 6.60
Fe,CoZn 2.50 / 1.74 / -0.05 6.68
Inverse

(FeCo)FeGa 1.79 2.59 1.08 -0.09 / 5.36
(FeCo)FeGag 7571 25 2.0 2.57 1.18 -0.10 -0.07 5.65
(FeCo)FeGag 75Zng 75 2.23 2.54 1.29 -0.11 -0.072 5.98
(FeCo)FeZn 2.30 2.52 1.32 / -0.08 6.06

two minima is AE_.,,=55 meV/atom (cf. Table I), which is
almost four times larger than the energy difference of the
prototypical ~ compound  Ni,MnGa  where AE,,
=6 meV/atom is found. Therefore, we may tentatively as-
sociate a higher martensitic transformation temperature with
the ternary compounds Fe,CoGa and Fe,CoZn.

The compound Fe,CoZn has one valence electron less
than Fe,CoGa. Interestingly, for Fe,CoZn, the hierarchy of
the two ordering types (conventional and inverse) has re-
versed (cf. Fig. 2). The conventional Heusler structure,
which possesses two energy minima at ¢/a<<1 and c/a>1,
is now the lowest energy phase at c/a=1.40. But for the
cubic phase (c¢/a=1) the inverse Heusler structure is still
energetically preferred. Due to the competition of structures
and due to the fact that during the experimental preparation
procedure the specimens are cooled down from a disordered,
cubic fcc structure (A1), it is not clear which of these two
structures will evolve or whether eventually a completely
disordered alloy may result. Also decomposition into a mix-
ture of conventional and inverse structures is conceivable
and the resulting energy landscape may still bear signatures
of martensitic instabilities. This is especially interesting in
the case of Fe,CoZn, for which the absolute energy mini-
mum at c¢/a=1 of the inverse Heusler structure lies only 9
meV/atom (36 meV/f.u.) higher in energy than the absolute
energy minimum of the conventional Heusler structure at
c/a=1.40. To remember, this energy is on the order of
AE_.,=6 meV/atom of prototypical Ni,MnGa. Therefore,
any compositional changes including the influence of disor-
der may be important for the Fe-Co-Ga-Zn alloys and may
drive the inverse alloys toward martensitically unstable sys-
tems, a prerequisite to observe the MSME. Experimental and
theoretical work along these lines is in progress.

B. Magnetic moments and Curie temperatures

The upper panel in Fig. 2 shows that the conventional
Fe,CoGa and Fe,CoZn compounds and corresponding sub-
stitutional alloys have larger or similar magnetic moments

compared with the inverse systems, see Tables I and II. In
conventional Fe,CoGa each Fe has four Co nearest neigh-
bors (nn) and four Ga nn while each Co has eight Fe nn. This
yields 2.24 up for Fe and 1.76 ug for Co. Zinc instead of
Ga leads to a slightly enhanced Fe moment (2.50 up)
whereas Co remains unaffected (1.74 ug).

For the inverse structure we have two inequivalent Fe
atoms. Fe, has four Fe and four Ga nn whereas Fec has four
Fe nn and four Co nn. This particular environment of Fe at
the bce-sublattice cube center and four Fe nn and four Co nn
at the cube edges corresponds to the same environment as
one of the Fe atoms in Fe;Co (Ref. 18) and seems to favor
the inverse over the conventional Heusler structure. For (Fe-
Co)FeZn this leads to 2.30 ug for Fe, and 2.52 ug for Fec
and 1.32 up for Co (Co has four Fe nn and four Zn nn
which explains the rather low moment of Co in the inverse
structure). The enhanced magnetic moments of Fe, and Fec
compared with the bulk value is similar to behavior of the
spin moments of both Fe in Fe;Co.'® Since for the inverse
structure the covalent interaction between Fe nn and Co nn is
strong in each spin channel, it bears features of covalent
magnetism as in FeCo,'® which finally lowers the total en-
ergy of the inverse structure compared with the conventional
one. This is detailed below in the discussion of the electronic
structure.

Figure 2 also shows that in the inverse (XY)XZ structure
the total moments follow the overall trend found in the en-
ergy profile and show a well-defined minimum for the cubic
state. Comparing conventional Fe,CoGa and Fe,CoZn we
may tentatively conclude that the reduced occupation of the
minority-spin channel of Fe,CoZn (Zn has one valence elec-
tron less than Ga) gives rise to the enhanced total moment of
the Zn-based compounds. It is clear from the present inves-
tigation that Fe favors a bce-like environment in Fe,CoGa
and Fe,CoZn as it is the case for other magnetic Heusler
alloys with two inequivalent Fe as in Fe;Co (Ref. 18) and
Fe;Si.** However, only in the inverse structures the strong
ferromagnetic nearest-neighbor Fec-Fe, and Fe--Co interac-
tions can evolve (cf. Fig. 3).
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FIG. 3. (Color online) Magnetic-exchange parameters J;; as a
function of the distance d between the atoms in units of the equi-
librium lattice constant a; for the cubic cases (c/a=1) and in units
of a for the tetragonal structures for (a) L2; Fe,CoGa (c/a=1), (b)
L1y Fe,CoGa (c/a=1.46), (c) inverse F43m (FeCo)FeGa (c/a
=1), (d) L2, Fe;,CoZn (c/a=1), (e) L1y Fe,CoZn (c/a=1.40), and
(f) inverse F43m (FeCo)FeZn (c/a=1). The distance is given with
respect to the first atom in the figure legend. For the Fe,-Fe, inter-
action (x,y=A,B,C) there is always an Fe, atom at the origin, for
the Co-Co interactions a Co-atom occupies the origin. Squares
(blue) mark the interaction between two Co atoms, stars (green)
define the Fe,-Fe, interactions, filled rightward triangles (magenta)
belong to the Fe,-Feg interactions, and open circles (black) mark
the interactions between Fe, and Co. Open upward triangles (ma-
genta) indicate the Fec-Fec interaction, filled diamonds (indigo)
show the Fec-Co interactions, and downward triangles (orange) the
Fec-Fe, interactions. The strongest interactions are ferromagnetic
and appear between Fe atoms and Fe and Co atoms.

As mentioned before, for future exploitation of the
MSME the materials should possess Curie temperatures
which are considerably higher than room temperature in or-
der to guarantee operation of devices and actuators at el-
evated temperatures. In order to check this requirement for
the materials discussed in this paper, we have calculated the
magnetic-exchange parameters and the resulting Curie tem-
peratures which are shown in Fig. 3 and Table I for the
respective cases of Fe,CoGa and Fe,CoZn. In the upper pan-
els the magnetic coupling constants are given for the conven-
tional and in the lower panel for the inverse structures. The
magnetic-exchange coupling constants show strong ferro-
magnetic coupling of Fe,-Co and Fe,-Feg pairs of atoms in
the conventional and between Fec and Co atoms and Fec and
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Fe, atoms in the inverse structure. This results in rather high
Curie temperatures between 770 and 925 K (cf. Table I). In
the tetragonally distorted conventional Heusler structure also
slight antiferromagnetic tendencies appear regarding the
Fe,-Fegp interactions, which show up at distances of one lat-
tice constant. The highest Curie temperature of 925 K is
found for the conventional Fe,CoZn compound. This en-
hancement of about 150 K compared to T-=770 K of the
conventional Fe,CoGa compound is caused by the increased
Fe,-Fe, coupling and goes hand in hand with the enhance-
ment of the total magnetic moment of Fe,CoZn.

The foregoing discussion shows that, when replacing Ga
by Zn, the Curie temperature can be increased. Therefore,
coalloying of Zn may be beneficial for future FSMA in order
to achieve higher operation temperatures. The origin of the
enhanced magnetic moment in the Zn-based compounds will
be discussed in Sec. IIT F.

C. Mixing energies

In order to gain information about the structural stability
and decomposition tendencies of the compounds, we have
determined the mixing energies. The mixing energy can be
easily obtained by subtracting from the ground-state energy
of the alloy system the total sum of the bulk energy of ma-
terial component i weighted by its concentration c;

Emix=Eallay_ E ¢;Ej. (1)
i

Negative mixing energies indicate that the alloys are stable
against spinodal decomposition into their elemental constitu-
ents. This does not imply stability against compounds arising
from various combinations of the constituents (which are too
numerous to consider systematically) but provides meaning-
ful trends with respect to changes in composition. For all
investigated alloys, except for stoichiometric Fe,CoZn, the
mixing energies are negative (cf. Table I). With increasing
Zn concentration in quaternary Fe,CoGa;_,Zn, systems the
mixing energy increases. The positive mixing energy of stoi-
chiometric Fe,CoZn and simultaneous presence of a marten-
sitic instability is essentially caused by zinc and bears resem-
blances to the spinodal and martensitic regions in the ternary
phase diagram of the nonferrous Cu-Zn-Al Heusler alloy
system.45

D. Quaternary alloy systems Fe,CoGa, 75Zn, 5 and
Fe,CoGay 25Zny 75

We have shown that the ternary compound Fe,CoGa pro-
vides high Curie temperatures but the low-temperature phase
is the inverse structure which is not martensitic. In the re-
lated alloy series the replacement of Ga by Zn has led to
enhanced Curie temperatures, reduced the energetic prefer-
ence of the inverse Heusler structure and the miscibility. In
order to find an alloy with optimized material properties and
to clarify the effect of Zn on the structural stability, we
present the systematic investigation of trends associated with
successive addition of Zn in the quaternary system
Fe,CoGa,_,Zn,.

214421-5



DANNENBERG et al.

Fe,CoZn
—_— T T T T T —_
E  Of Fe,Cozn, ,.Ga, , " 40 E
o - 1 8
S - >
> 200 Fe,CoGa, . .Zn, 20 g
S B | =
= _400|- Fe,CoGa] .
x i i 3
w I I 4-20 UJO
600 ——————————
i 154 §
900 — S
1 ®
3 i 152>
~ 850+ i q)
chane i 150 E
- ©
800 : {48 ,°
750 L 46

1 Il Il Il Il
6.75 6.8 6.85 6.9 6.95 7
Valence electron concentration e/a

FIG. 4. (Color online) The influence of addition of Zn to
Fe,CoGa in the conventional tetragonally distorted Heusler struc-
ture (L1,) on the Curie temperature T (left axis, lower panel), the
energy difference between the cubic phase at ¢/a=1 and the abso-
lute energy minimum at ¢/a> 1, AE,,, (right axis, lower panel), the
mixing energy, E;, (left axis, upper panel), and the energy differ-
ence between the absolute energy minima of the conventional and
the inverse phases, Eg., (right axis, upper panel), as a function of
the valence-electron concentration e/a. All functional behavior de-
pends linearly on e/a.

The effect of addition of zinc on the energy landscape and
on the total magnetic moment when passing from Fe,CoGa
and Fe,CoGa,_,Zn, to Fe,CoZn can be discussed on the ba-
sis of Fig. 2. Two remarkable modifications are observed.
First, Zn reduces considerably the energetic preference of the
inverse cubic structure in favor of the tetragonally distorted
conventional structure. In the ternary compound Fe,CoGa
the energy difference between the absolute energy minima of
inverse structure and conventional structures, AFE 4
amounts to 44 meV/atom. This difference reduces to 31
meV/atom for Fe,CoGaj;5Zng,5 and to 6 meV/atom in
Fe,CoZn, 75Ga »5. Finally, for Fe,CoZn this energy differ-
ence reverses its sign yielding —9 meV/atom. This trend
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emphasizes that now the tetragonal conventional Heusler
structure is the energetically preferred phase (cf. Table I and
Fig. 4). Nonetheless, considering the cubic case (c/a=1) we
find that the inverse structure is still favored for all compo-
sitions. Another observation is important. The substitution of
Zn for Ga does not significantly modify the energy profile of
E(c/a) of the conventional Heusler systems, contrary to the
inverse structures for which the tendency of a second-energy
minimum at ¢/a>1 becomes significantly more pronounced
as more Zn is added. This implies that the inverse structures
become elastically softer, which influences the magnetostric-
tive coefficient Ajog;] of the cubic phase of the Heusler al-
loys. Regarding the effect of softer elastic behavior when
substituting Zn for Ga in Fe,CoGa we note that this is in
good agreement with results obtained by Wu and
co-workers'> who found that the magnetostrictive coefficient
Ajoo1] of Feg;5Ga,, 5 can be further enhanced by the substi-
tution of Zn for Ga. The softening of the inverse structure
with increasing amount of zinc is also reflected in the pho-
non dispersions, see Fig. 5. The frequencies of the lowest
acoustical branch of (FeCo)FeZn are significantly lower
compared with (FeCo)FeGa along the [110] direction. As for
the ternary compounds Fe,CoGa and Fe,CoZn, we find
strong ferromagnetic coupling in the Fe,CoGa,_,Zn, alloys
and the Curie temperatures are high, 7-=768 K for
F62COG30_75ZI10_25 and TC=830 K for Fe2COGa0_25Ga0.75 (Cf
Table I). The mixing energies remain, despite the addition of
Zn, negative for both ordering types (conventional and in-
verse).

In Fig. 4 we summarize the influence of the stepwise ad-
dition of Zn to L1, Fe,CoGa on the Curie temperature, the
energy difference between the cubic phase at c/a=1 and the
energy minimum at ¢/a>1, AE_,,, the mixing energy, E, ;.
and on the energy difference between favorable structures of
conventional and inverse phases, AE, 4. The Curie tempera-
ture increases almost linearly with increasing Zn content (de-
creasing e/a ratio), simultaneously, AE,, decreases only
slightly. These are desirable results in order to enhance the
operation temperatures of future FSMA. The mixing energy
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FIG. 5. (Color) Phonon-dispersion relations of the inverse cubic Heusler compounds (FeCo)FeGa (left) and (FeCo)FeZn (right). For the
inverse structure involving zinc, a tendency for phonon softening is observed regarding the TA, mode in [110] direction but no imaginary
phonons are apparent, contrary to the conventional cubic systems Fe,Co(Ga,Zn) (not shown). For the latter compounds the negative
curvature of E(c/a) at c/a=1 causes instabilities in the [110]-TA, phonon branch.
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shows a perfect linear increase with decreasing e/a ratio
while AE ., decreases steadily which establishes the stabi-
lization of the conventional Heusler structure with increasing
amount of Zn. The remarkably linear dependence of all func-
tional properties on the valence-electron concentration e/a
hints toward the possibility of discussing the results in a rigid
bandlike picture. This will be used in Sec. III F to obtain
further qualitative understanding, in particular, of the role of
covalent magnetism in favor of the inverse structures. To
summarize, successive substitution of Zn for Ga in Fe,CoGa
is beneficial for enhancing the Curie temperature and for the
stabilization of the conventional Heusler structure while si-
multaneously the martensite transformation temperature,
which is proportional to AE,,, can be kept high. Although
the fabrication of Zn-rich Fe,CoGa;_,Zn, samples with
slightly negative mixing energies will be demanding, we
think that the system has promising properties which make it
worthwhile for systematic experimental investigation. From
the theoretical point of view, further investigation of the role
of disorder in Fe,CoZn,5Ga, 5 is necessary to establish the
relation between flat energy profiles and high Curie and mar-
tensite transformation temperatures.

E. Lattice dynamics

In the prototype FSMA Ni,MnGa a softening of the
[110]-TA, phonon branch can be observed experimentally as
well as theoretically and is often considered as a precursor
phenomenon of the premartensitic or martensitic transforma-
tion, although, in general, it is not a mandatory precondition
for the occurrence of a martensitic transformation. In order to
clarify whether phonon softening also appears in
Fe,Co(Ga,Zn,Cu), the full phonon spectra of Fe,CoGa,
Fe,CoZn, and, in addition, Fe,CoCu (discussed in Sec. III H)
have been calculated for the conventional as well as for the
inverse Heusler structures. The phonon dispersion curves
were calculated using the PHON code of Dario Alfée which
makes use of the so-called direct approach,*® where the force
constants needed to achieve the dynamical matrix were ob-
tained from supercell calculations using 108 atoms (3* primi-
tive cells). According to the symmetry of the primitive cell,
atoms were individually displaced from their ideal positions
by 0.02 A and the resulting forces were calculated using a
23 Monkhorst grid as a k mesh. The dispersions were calcu-
lated for the conventional and the inverse structures. Because
of negative curvatures of the total energies upon tetragonal
distortions in the vicinity of c¢/a=1 in case of conventional
structures, imaginary dispersions are obtained for the lattice
vibrations in [110] direction. These dispersions are not
shown here. Instead, we show in Fig. 5 the computed
phonon-dispersion relations of the inverse cubic structures
for the ternary systems (FeCo)FeGa and (FeCo)FeZn along
the [110] direction. The most remarkable difference between
(FeCo)FeGa and (FeCo)FeZn is the frequency of the lowest
acoustic branch that can be found at the X point. While the
position of the other branches does not differ much between
the two materials, a significant decrease of the frequency at
the zone boundary can be observed for (FeCo)FeZn. For (Fe-
Co)FeCu (not shown here) imaginary frequencies can be ob-
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served along the [110] direction at a wave vector rather simi-
lar to the vector where the phonon softening in Ni,MnGa
appears. As imaginary frequencies do not appear in other
regions of the Brillouin zone and since the position of the
involved branch near the zone boundary and also the fre-
quencies of the other branches do not change significantly,
the imaginary frequencies along the [110] direction could
indeed be an indication of an anomalous temperature depen-
dence of phonon softening in (FeCo)FeCu in the vicinity of a
martensitic instability.

The fact that the frequencies of the acoustic branches de-
crease with decreasing valence-electron concentration e/a is
in contrast to findings for other material classes such as
Ni,MnZ, Ni,CoZ, or Co,MnZ as it has been shown that the
nearest-neighbor force constants decrease linearly with in-
creasing e/a ratio for these Heusler compounds.*’

F. Electronic structure

We have shown in Sec. III D that in all investigated com-
pounds Fe,CoGa, Fe,CoZn and structures with mixture of
Ga and Zn, the inverse structure is always more stable than
the conventional Heusler phase at ¢/a=1. For the Fe,CoGa
and the Fe,CoGa,_,Zn, systems, the inverse structure is even
more favorable than the tetragonally distorted conventional
Heusler phase. Remarkable is the linear reduction in the en-
ergy difference between the conventional and the inverse
Heusler structure, AE, 4., With increasing Zn content in
Fe,CoGa,_,Zn,. Hence, addition of zinc stabilizes the tetrag-
onal conventional phases. This raises several questions: (i)
what causes the instability of the cubic conventional L2,
structure and what is the origin of the tetragonal distortion?
(ii) When Zn is substitutionally replacing Ga, what causes
the reduction in the energetic preference of the cubic inverse
structure in favor of the tetragonally distorted conventional
one? (iii) What is the reason for the high stability of cubic
inverse structure and why are all conventional
Fe,CoGa,_,Zn, structures martensitic and the inverse ones
not? (iv) When increasing the Zn content in inverse
(FeCo)FeGa,_,Zn, alloys, what causes the trend for a second
minimum in the E(c/a) curves [filled triangles and squares in
Fig. 2]? (v) Also the enhanced magnetic moments with in-
creasing zinc content need to be understood.

In order to clarify these issues, we have calculated band
structures and the electronic density of states of conventional
and inverse structures. (i) Some explanations can be obtained
from the literature, the combinatorial study of inverse and
conventional Heusler alloys by GilleBen and Dronskowski*’
shows that the transformation from the conventional to the
inverse structure occurs most easily whenever the atoms
have similar (or identical) sizes (this holds for Fe and Co in
the present study). In their analysis of chemical bonding in
Fe,CuGa, using the crystal-orbital Hamilton population
concept®® in the framework of the all-electron scalar-
relativistic linear muffin-tin orbital method, they could show
that the driving force for adopting the inverse Heusler phase,
for example, in Fe,CuGa results from strengthening of nn
Fe-Fe and Cu-Ga bonds. This happens because the nn dis-
tance of Fe-Fe and Cu-Ga is drastically reduced compared
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FIG. 6. (Color online) The two figures on the left show the total and element-specific DOS of the cubic L2, phases of (a) Fe,CoGa and
(b) Fe,CoZn while the two figures on the right show the corresponding total and element-specific DOS of the tetragonal L1, phases of (c)
Fe,CoGa and (d) Fe,CoZn. The high peak at the Fermi level in the spin-down channel in case of Fe,CoGa is of Co e, origin and mainly
responsible for the instability of the ordered conventional phase and may also favor the tetragonal distortion (band-Jahn-Teller effect) thereby
lowering the energy of the L1, phase with respect to the L2, phase. For Fe,CoZn a peak of mainly Fe e, and Fe t,, lies right below Ef (as
in case of L2, Ni,MnGa) which in this case is responsible for the instability. Note that for the L1, phase of both compounds the gaplike
region of the cubic phase below Ep is now filled with states of Co and Fe. The thicker solid (black) lines show the total DOS, thinner (blue)
lines belong to Fe (for L1, this is the sum of contributions from the two inequivalent atoms Fe, and Fec), dashed (red) lines mark the Co
states, dashed-dotted (green) lines represent Ga and Zn (maroon), respectively. For better visibility the DOS of Ga and Zn is enhanced by a

factor of 5.

with their corresponding distances in the conventional struc-
ture, where they are only next-nearest neighbors. However,
regarding tetragonal distortions, the conventional structure of
Fe,CuGa, when distorted, is even lower in energy than the
inverse cubic structure. This has been explained by the ob-
servation that Fe-Ga and Fe-Cu bonds which became weaker
in the inverse cubic structure due to the loss of nearest-
neighbor coordination, regain strength while the short Fe-Fe
and Cu-Ga bonds of the inverse structure are preserved.
GilleBen and Dronskowski found that, in general, Heusler
compounds with a valence-electron concentration e/a
<7.25 prefer the inverse cubic atomic arrangement while for
those with an e/a ratio larger than 7.25 the tetragonal (in-
verse or conventional) arrangement of atoms is most favor-
able. Their results confirm the general trend of our findings
since for all Fe,CoGa,_,/Zn, alloys e/a<7.25 holds for
which the inverse structure is most favorable at ¢/a=1 while

for the Fe,Co(Cu,Ag,Au) compounds discussed in Sec.
IITH e/a>7.25 holds and the energetically favorable struc-
ture is tetragonal. The only exception is Fe,CoZn with e/a
=6.75. But note that Fe,CoZn has a positive mixing energy
and is unstable with respect to spinodal decomposition.
Information about the electronic structure can be gained
from the electronic density of states shown in Figs. 6—8. In
Fig. 6 we present the total and element specific DOS for the
cubic and the tetragonal phases of conventional and in Fig. 7
of inverse cubic structures, respectively. In addition, we
show the e, and t,, contributions of Fe and Co in Fig. 8. A
similar analysis has been done for the Ga-Zn-mixed phases
where the DOS interpolates smoothly between the pure
cases, Fe,CoGa (e/a=7.0) and Fe,CoZn (e/a=6.75). These
figures are not shown here. Figures 6(a) and 6(b) shows the
energetically unfavorable L2, structures and the correspond-
ing energetically preferred L1, structures in Figs. 6(c) and
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FIG. 7. (Color online) The DOS of the inverse structures for the cubic case for (a) (FeCo)FeGa and (b) (FeCo)FeZn. The individual
contributions of both inequivalent Fe are shown in blue and violet. There are two pseudogap structures below (-0.8 eV) and above (0.5 eV)
the Fermi level. The DOS of the minority-spin appears rather compressed and the peak structure at Eg has disappeared compared with the

conventional case.

6(d). In this context one has to note that zinc has no p elec-
tron and thus one valence electron less than gallium.

For all L2, phases the DOS of the minority spins at the
Fermi level is quite high, especially for Fe,CoGa [cf. Fig.
6(a)], where a sharp peak consisting of mainly Co and Fe
states appears right at E similar to the case of the prototypi-
cal compound Ni,MnGa. This is a hint that the system may
undergo a structural transformation which leads to a region
of small width of reduced DOS around Ey. The redistribution
of spin-up and spin-down electrons may then lower the en-
ergy of the tetragonal structure with respect to the cubic
structure which was discussed previously in terms of the
band-Jahn-Teller effect for Ni,MnGa.* In case of Fe,CoGa,
this redistribution is most clearly visible, the peak structure
at Ep and further states below and above Ep develop a mul-
tivalley structure of reduced Fe and Co DOS in the tetrago-
nal phases. As for the prototypical compound Ni,MnGa, the
peak of high DOS at Ey in the cubic phase is then shifted
above Er with much lower spectral weight in the tetragonal
phase. Thus, the martensitic transformation in Fe,CoGa and
Ni,MnGa has the same origin.

The e, and ,, decomposed states in Fig. 8 show more
clearly the states which are responsible for the instability of
the conventional cubic phase. Figure 8(a) shows that Co e,
states contribute most of the spectral weight to the sharp
peak at Ey in Fe,CoGa which therefore is responsible for
energy lowering by the band-Jahn-Teller effect upon a small
tetragonal distortion. This explains the stability of the L1,
phase relative to the cubic phase of Fe,CoGa. Regarding the
Fe,CoGa,_,Zn, systems the stability of the L1, phase has the
same physical origin.

Another aspect concerns the occurrence of a pronounced
pseudogap, for Ni,MnGa we find this gaplike structure be-
low Ep (just below the high DOS peak with Ni e, spectral
weight) whereas for the cubic phases of Fe,CoGa and
Fe,CoZn we observe two pseudogaps, one at 0.7 eV below
Er and another one at 1.5 eV above Eyp. In Ni,MnGa this
near-semiconducting gap or pseudogap is caused by the
missing hybridization of ¢, and e, states of Ni with #,, and

e, states of Mn due to the different symmetries of the crystal
fields of octahedrally coordinated Ni (in our case Fe) and
tetrahedrally coordinated Mn (in our case Co). See also the
discussion in Ref. 50 regarding the origin of the half metal-
licity of the full-Heusler alloys. This kind of gap structure is
filled up with Co and Fe states in the tetragonal L1, phases
of Fe,CoGa and also Fe,CoZn.

(ii) Another interesting effect is observed in the L1, struc-
ture when substituting Zn for Ga. With increasing Zn con-
centration the Co minority-spin DOS at Eg of predominant-
ely antibonding e, and 1,, states is gradually reduced until
finally Ey is pinned in a valley for L1yFe,CoZn. This is
responsible for the approximately linear decrease in AE 4.,
with decreasing e/a (increasing Zn concentration) (cf. Figs.
2 and 4). The hybridization of the Fe d and Co d states with
sp states of Ga and Zn also leads to peak structures which
are here only mentioned (the Zn d band lies 7.5 eV below Eg
and does not effect the Fe-Co hybridization too much). Part
of the conduction-electron s states of zinc strongly hybridize
with Co d and Fe d states giving rise to the peak structures at
about —4.1, —3.8, and —1.8 eV in the majority-spin DOS and
at 0.3 eV in the minority-spin DOS.

Thus, we can conclude that the enhanced stability of the
tetragonally distorted L1, phase compared to the cubic in-
verse phase for the Zn-rich alloys can be explained by stron-
ger Co-Zn and Fe-Zn interactions due to stronger hybridiza-
tion with zinc s. This is in good agreement with the results of
Gilleen and Dronskowski who found that in the tetragonal
L1, phase of the conventional structure the Fe-Z bonds re-
gain strength.

(iii) We still need to understand the preference of the cu-
bic phase of the inverse structure (c¢/a=1) over the conven-
tional structure and the absence of any sign of structural
instability. In this context it is helpful again to compare the
DOS of conventional and inverse structures at c/a=1 in
Figs. 6(a), 6(b), and 7. Interestingly, for the inverse cubic
structures the pseudogap structure in the minority-spin chan-
nel (at about —0.8 eV for Fe,CoGa) is much more pro-
nounced and a second pseudogap at energies above Eg
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FIG. 8. (Color online) The e, and 7,, decomposed DOS of conventional (a) Fe,CoGa and (b) Fe,CoZn showing the peak structure near
the Fermi level which is responsible for the martensitic instability in both systems. The peak structure is less pronounced in case of Fe,CoZn.
Note also the extra spectral weight of Fe at energies above Er and the extra spectral weight of Co at 2 eV below Ep in the minority-spin states
which bears features of covalent magnetism as in CoFe, see Ref. 18. Figs. 8(c) and 8(d) show the e, and t,, decomposed DOS of the
corresponding inverse Heusler compounds. The peak structure at Eg has vanished and the DOS is rather different compared with the

conventional structures.

evolves [at about 0.5 eV for (FeCo)FeGa]. A pseudogap in
the minority-spin channel appears also for other inverse
structures such as (FeCo)FeSi and (CoFe)CoSi.>' The in-
verse structures show stronger hybridization of Co and Fe
states due to the fact that in the inverse phase one Fe is
interchanged with Co, see Fig. 1 so that now both, Fe and Co
atoms, are subject to the same crystal field of tetrahedral
symmetry which splits their d orbitals only into #,, and e,
symmetries and no longer into #,, and f;, and e, and e,
symmetries as in the case of the crystal field of octahedral
symmetry which acts on the Fe atom in the conventional
structure. Due to symmetry reasons the hybridization is for-
bidden between antibonding states with u symmetry and
bonding states with g symmetry.’® Note, however, that this
complex hybridization scenario does not lead to specifically
low DOS at Ef. for the inverse structures compared with the
conventional ones. Furthermore, the DOS of the tetragonal
inverse structures (not shown here) reveals that (as for the
tetragonal conventional phases), the bump in the majority-
spin-channel above Ep which causes a bit of Fermi-surface
nesting for the spin-up electrons (not shown here) is dis-
solved and pseudogaps are filled with states although the
inverse structures do not show a second-energy minimum at

c¢/a>1. This implies that the inspection of the DOS alone is
insufficient to explain the stability of the inverse structures at
cla=1.

Therefore, we have checked the coordination and nearest-
neighbor relations in conventional and inverse atomic ar-
rangements. In the inverse phase two different types of Fe
exist, Fe, and Fec (cf. Fig. 1). Fec is tetrahedrally coordi-
nated by four nn Fe, and four nn Co while Fe, possesses Ga
instead of Co as nearest neighbors. However, in the conven-
tional cubic phase Fe atoms are only next-nearest neighbors
with octahedral coordination and build an unfavorable
simple cubic Fe sublattice if one neglects for a moment Y
and Z atoms in the unit cell. In the conventional cubic L2,
structure, the nn of Fe are four Ga and four Co atoms. Thus,
only in the cubic inverse structure Fe- can adopt a bce-like
environment of transition-metal atom neighborhood. This is
the reason for the remarkable energetic preference of the
inverse cubic structure in case of Fe-Co-Ga alloys. This ten-
dency of Fe to prefer a bee-like environment is also found in
the studies of Co-Fe-Si alloys by Herper.’! The authors ob-
served that (FeCo)FeSi prefers an inverse atomic arrange-
ment while Co,FeSi is stable in the conventional L2, phase.
This originates from the fact that Co atoms, in contrast to Fe
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atoms, prefer a more close-packed, fcc (or hep) neighbor-
hood and agrees well with the experimental study of Fe-
Co-Ga alloys by Jaggi et al.,>? and the ab initio investigation
of Fe-Cu-Ga alloys by GilleBen and Dronskowski.** One is
tempted to consider other transition-metal-rich Heusler al-
loys (with transition metals right to Fe in the periodic table)
and check whether similar trends can be observed. For ex-
ample, the stability of inverse and conventional structures of
Ni,MnGa (Ref. 52) and Co,NiGa.>® For Ni,MnGa the situa-
tion is opposite compared with Fe,CoGa, i.e., the conven-
tional structure is energetically clearly preferred at 7=0 K
which confirms our assumption. Furthermore, in off-
stoichiometric Ni-Mn-Ga alloys, nn Ni-Mn pairs are ener-
getically preferred, although, the situation is more complex
because of the change from ferromagnetic to antiferromag-
netic order. Regarding Co,NiGa, we encounter a competition
of different ordering mechanisms because both, Ni and Co
atoms, prefer a fcc-like crystal structure in their elemental
phase. And indeed, this is reflected in the calculations. In-
verse and conventional cubic phase are almost degenerate
and may thus lead to an inherent preference for disordered
arrangements.

This favorable atomic arrangement found for Fe and Co
atoms in the cubic inverse structure implies that there is no
need for the material to undergo a structural transition to a
tetragonal distorted phase.

(iv) When Zn is replacing Ga the strong Fe-Co hybridiza-
tion in the inverse structure is weakened and the stability of
the cubic inverse structure is reduced enhancing the tendency
for a second-energy minimum at ¢/a>1. The origin is the
competing hybridization of Zn s electrons with Co d and
Fe d electrons as already discussed above in the framework
of the increasing stability of the L1, phase for the Zn-rich
alloys. Thus, the almost linear reduction in AE,4., when Zn
is substitutionally replacing Ga has the same origin as the
enhanced tendency for a martensitic instability in the Zn-
based inverse systems.

(v) Again, one has to bear in mind that Zn has one valence
electron less than Ga. Because of the strong hybridization of
Fe d and Co d with Zn s states, the effect of lower e/a when
replacing Ga by Zn, leads to a shift of the whole minority-
spin DOS upward in energy while significant features as,
e.g., the peak at —2 eV and the peak at Er remain almost
unchanged for Fe,CoZn. As a consequence the total mag-
netic moment increases.

G. Covalent magnetism

Figure 9(a) shows the actual DOS of L2, Fe,CoGa ob-
tained by self-consistent ab initio calculation of the majority-
spin DOS and in Fig. 9(c) of the minority-spin DOS in com-
parison with the Stoner-type minority-spin DOS in Fig. 9(b)
obtained by a rigid-band shift of the inverted spin-up states
under maintenance of the total magnetic moment. It is
clearly visible in Fig. 9(a) that in the majority-spin DOS Fe
and Co have more or less the same spectral weight per atom
and do not differ too drastically from each other (note that
the DOS of Fe in Fig. 9 is twice of that of Co because there
are two Fe per formula unit). The majority-spin DOS also
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FIG. 9. (Color online) (a) Majority-spin density of states of L2,
Fe,CoGa as obtained by self-consistent ab initio calculations show-
ing that the DOS per atom of Fe and Co are very similar. (b)
Minority-spin DOS of the rigid band picture of the Stoner model in
case of L2, Fe,CoGa compared with (c) the actual minority-spin
DOS of L2; Fe,CoGa. The influence of covalent interaction (hy-
bridization) in the minority-spin channel in case of (c) is clearly
different from the rigid-bandlike picture in (b) and is the cause of
covalent magnetism similar to the case of FeCo discussed in Ref.
18. We have, however, to keep in mind that the different crystal
fields acting on Fe (octahedral) and on Co (tetrahedral) have also
influence on the detailed shape of the minority-spin DOS of L2
Fe,CoGa.

bears resemblance to the majority-spin DOS of bce Fe and
bce FeCo by showing a clear subdivision of the DOS in the
majority-spin channel into bonding, nonbonding, and anti-
boding regions, which has been discussed in detail by
Schwarz et al.'® Also shown is the different minority-spin
DOS of Fe,CoGa. The strong covalent interaction in both
spin channels just as in case of FeCo (Ref. 18) is clearly
visible. As in FeCo, this leads to large additional DOS of Fe
at E>Ey and large additional spectral weight of Co at
—2 eV in the minority-spin DOS of Fe,CoGa, compare the
highlighted regions in Fig. 9(c). Similarly, we can discuss the
importance of covalent magnetism for the inverse structures.
Comparing the spin-down DOS of conventional and inverse
systems, the impression is that covalent magnetism helps to
stabilize (FeCo)FeGa.

In order to gain further insight into systematic trends con-
cerning the electronic properties of Heusler alloys we have
plotted the total spin moments per formula unit as a function
of the total number of valence electrons (Z) in Fig. 10 which
shows an enlarged part of the original full Slater-Pauling
curve for the 3d metals and binary alloys.’* The reversal
from increasing to decreasing inclination occurring in the
results for Fe;_,Co, can be correlated with the change ob-
served when the majority-spin channel is completely occu-
pied and the minority-spin channel becomes filled up. We
compare our calculated spin moments for the Fe-Co-Ga-Zn
systems (highlighted in red for the Ga-based and orange for
the Zn-based compounds) with results for the half-metallic
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FIG. 10. (Color) Calculated spin moments per f.u. (highlighted in red for Ga-based and orange for Zn-based alloys) for the cubic
conventional (open symbols) and the cubic inverse structures (filled symbols) as a function of the total number of valence electrons per f.u.
Z in comparison to data found in literature. Please note that Z is always given for the Heusler structure, thus Z of Co in bce structure is here
4X9=36. The half-metallic Heusler alloys (open, black diamonds) and our Fe-Co-Ga-Zn systems follow linear increasing functions
indicating a fixed number of minority-spin states or reflecting an increasing percentage of Fe atoms in the compound, respectively. The linear
decreasing slopes of the Ni-Mn-(Ga,Sn,Sb) systems originate from a constant number of majority spins or from increasing antiferromagnetic
tendencies with increasing Mn concentration. The data of the stoichiometric Fe,Co(Ga,Zn) systems are perfectly in line with the results for
Ni-Mn-Ga. This and the overall linear character of the spin moments imply that despite hybridization effects the magnetic moments possess

localized character.

Heuslers found in literature®® and other ab initio data for
Ni-Mn-Z (Z=Ga,Al,In,Ge,Si),* Co-Ni-Ga, Ni-Co-Z (Z
=Al,Ga,Ge,Sb),* and Fe,_,Co,.'" The linear increasing
function with increasing valence-electron number (Z), M
=Z-24, of the half-metallic Heuslers originates from the fill-
ing of the majority-spin channel under a constant number of
minority-spin states due to the pinning of the Fermi level in
the half-metallic minority-spin gap. That the total moment
follows this simple rule results from the fact that in total one
has 12 occupied minority-spin states, one with s, three with
p, and eight with d character. For details see the paper by
Galanakis et al.>® A linear decreasing slope, as found, e.g.,
for the Ni-Mn,,,(Ga,In,Sn,Sn),_, systems, hints toward a
fixed number of majority spins (and corresponding filling of
the minority-spin channel) or an increasing amount of anti-
ferromagnetic tendencies with increasing Mn content in the
Mn-based compounds, respectively. Our results meet the
simple function M=34-Z which hints toward 34 occupied
majority-spin states per unit cell if we apply the hybridiza-
tion picture drawn by Galanakis et al.

For the Fe-Co-based Heuslers we explain the increasing
slope with an increasing percentage of ferromagnetic Fe re-

placing diamagnetic Ga in the compound. Extraordinarily
high magnetic moments can be found for the Fe,CoZ Heu-
slers (up to M=7.5 ug/f.u. for Fe;CoAu) for which the Fe
moment is significantly higher than in the elemental bcc bulk
Fe phase. Variation in the Z element from Ga over Zn to Cu,
Ag, and Au (decreasing Z) steadily enhances the total mag-
netic moment. Thus, one may suggest that in Z elements with
an unfilled d shell the Z d electrons hybridize with the X d
and Y d electrons and therefore the spin moments localized
on Fe and Co atoms are enhanced. This scenario already
starts with Zn as Z element showing that the hybridization of
Zn s electrons with X d and Y d electrons leads to an emp-
tying of the minority-spin channel as discussed in Sec. III F.
Extrapolation of the linear increasing functions with slightly
different slopes which are found for the inverse and conven-
tional Fe,CoGa and Fe,CoZn systems coincide at a valence-
electron number of approximately Z=30.5 which correspond
to a composition of Fe, sCoGay 5. This nicely reflects the fact
that a distinction in between inverse and conventional Heu-
sler structure is no longer meaningful for the case that the
cubic (Y, Z) sublattice of the Heusler structure is less than
half occupied with the Z element.
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The ab initio results for Ni-Mn-(Ga,Sn,Sb) obey linear
functions with different slopes which emerge from the fact
that all Ni-Mn-Z curves finally coincide at antiferromagnetic
NiMn. Thus, Z element sp-electrons hybridize with X d and
Y d electrons and cause a reduction in the total moment with
increasing Z by filling of the minority-spin channel. The re-
sults for Ni,Co(Ga,Ge,Sb) seem to establish this observa-
tion as the spin moments slightly decrease with increasing Z
as seen for Ni,Mn(Ga, Ge, Sb). Interestingly, the investigated
stoichiometric Fe,CoZ alloys are perfectly in line with the
Ni-Mn-Ga results indicating that the depletion of the
minority-spin channel with decreasing valence-electron num-
ber continues independent of the group of Heuslers consid-
ered.

In general, we find a set of linear increasing and linear
decreasing functions which connect the magnetic spin mo-
ments of various families of Heusler alloys. This implies that
despite hybridization effects the overall character of the mag-
netic moments in Heusler alloys is of localized nature.

H. Inverse martensites

The stability of the cubic inverse structures and the ab-
sence of a tetragonally distorted phase in (FeCo)FeGa,_,Zn,
systems make these systems inadequate for magnetic shape-
memory purposes. So far, only few FSMAs are known which
show a martensitic transformation in the inverse structure.
But as (FeCo)FeZn already shows pronounced tendencies for
a second-energy minimum at ¢/a ratios larger than one, we
have done calculations for Fe-Co-based systems with slightly
different composition or different Z components, in order to
force these systems to undergo a martensitic instability (cf.
Fig. 11). We succeeded by using rather unusual Z elements
such as Cu, Ag, and Au (results for Fe,CoAg or Fe,CoAu are
not shown because qualitatively the same behavior is found)
or by a further enhancement of the Zn content in the Fe-
Co-Zn compound (Fe; 75CoZn, ,5). Remarkable is the occur-
rence of a local-energy minimum at ¢/a<<1 as soon as an
absolute energy minimum at ¢/a>>1 could be induced. This
is an important observation because the modulated phases
which are relevant for the magnetic shape-memory effect are
found at c¢/a ratios smaller than one.

Although all of these systems possess a positive mixing
energy we believe that this study shows that it is possible to
find an inverse martensite with high Curie and martensite
transformation temperatures relevant for magnetic shape-
mMemory purposes.

IV. CONCLUSION

The Curie temperatures of all investigated systems,
F32COGa, F32COGao'7szn0_25, Fe2COGao_2szn0_75, and
Fe,CoZn, are remarkably high compared with prototype
Ni,MnGa FSMA (T-=365 K). The successive substitution
of Ga by Zn in the quaternary system Fe,CoGa,_,Zn, helps
to reduce the energetic preference of the inverse cubic Heu-
sler structure in favor of the tetragonally distorted conven-
tional structure and increases 7. However, this is achieved
at the expense of structural stability. In Fe,CoZn, 75Ga, »5 the
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FIG. 11. (Color online) Total energy of a few previously uncon-
sidered alloys relative to the energy of the respective cubic inverse
phase. As in Fig. 2, open and filled symbols distinguish between
conventional and inverse structures, respectively. For comparison
the corresponding curves of all alloys discussed above in the in-
verse structure and of L2, Fe,CoGa (from Fig. 2) are shown by
gray symbols. In addition, results for two representative alloys,
Fe;Co4Zn;s (black squares) and Fe,CoCu (red, rightward triangles)
are also shown. For the latter two systems, clear martensitic tenden-
cies are observed.

absolute energy minima of cubic inverse and conventional
tetragonal Heusler structures are almost degenerate which
would support coexisting inverse and conventional structures
in disordered alloys. Therefore, we expect that
Fe,CoZn;_,Ga, alloys are promising candidates which show
the magnetic shape-memory effect.

This competition of conventional and inverse Heusler
structures is rather intriguing. We have found that one impor-
tant reason for the energetic preference of the inverse struc-
tures at ¢c/a=1 with respect to the conventional structure at
the same c¢/a in Ga-rich Fe,CoZn;_,Ga, alloys is the differ-
ent atomic environment of Fe. In the inverse phase Fec is in
a bee-like atomic neighborhood with Fe, and Co as nearest
neighbors. In the unfavorable conventional phase, the hy-
bridization of Fe and Co is partially suppressed by the dif-
ferent symmetries of Fe d and Co d orbitals (e, e, and t,,,
t5,) which results from the effect of different crystal fields
acting on the octahedrally coordinated Fe and tetrahedrally
coordinated Co. On the other hand, aspects of covalent mag-
netism give rise to enhanced hybridization effects in both
spin channels of Fe,CoGa as discussed above.

One important statement that emerges is that the X atoms
which prefer a fcc close-packed crystal structure will stabi-
lize the conventional X,YZ Heusler structure as Ni in
Ni,MnGa or Co in Co,FeGa. This is in contrast to X atoms
with an elemental bce-crystal structure which is responsible
for the instability of the conventional structure and stabilizes
the inverse Heusler structure like Fe in (FeCo)FeGa and in
(FeCo)FeSi.

By the use of rather extraordinary Z elements such as Cu,
Ag, or Au or by further enhancement of the Zn content we
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could induce a martensitic instability also in the inverse Fe-
Co-based Heuslers. Thus, although the latter alloys have a
positive mixing energy we may tentatively conclude that it is
possible to find exceptional FSMAs with high Curie tem-
perature relevant for the magnetic shape-memory effect
which show the martensitic transformation in the inverse
structure.

With respect to magnetism, we compare the behavior of
Fe,CoGa and (FeCo)FeGa with the magnetic structure of
another Heusler or Zintl phase, Fe;Co or Fe,FeCo, which
also has two inequivalent Fe atoms and shows spin-
dependent hybridization of Fe-Co d states (covalent magne-
tism).

Slater Pauling behavior could be established for all inves-
tigated Fe-Co-based Heusler alloys and is confirmed by other

PHYSICAL REVIEW B 82, 214421 (2010)

ab initio and experimental data found in literature. The linear
increasing or decreasing slope of the spin moments of all
Heusler alloys considered implies that despite hybridization
effects the overall character of the magnetic moments is of
localized nature.
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