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Abstract

CrossMark

With a view to the design of hard magnets without rare earths we explore the possibility of large
magnetocrystalline anisotropy energies in Heusler compounds that are unstable with respect

to a tetragonal distortion. We consider the Heusler compounds Fe,YZ with Y = (Ni, Co, Pt),

and Co,YZ with Y = (Ni, Fe, Pt) where, in both cases, Z = (Al, Ga, Ge, In, Sn). We find that
for the Co,NiZ, Co,PtZ, and Fe,PtZ families the cubic phase is always, at T = 0, unstable with
respect to a tetragonal distortion, while, in contrast, for the Fe;NiZ and Fe,CoZ families this is
the case for only 2 compounds—Fe,;NiGe and Fe,NiSn. For all compounds in which a tetragonal
distortion occurs we calculate the magnetocrystalline anisotropy energy (MAE) finding
remarkably large values for the Pt containing Heuslers, but also large values for a number of the
other compounds (e.g. Co,NiGa has an MAE of —2.38 MJ m ). The tendency to a tetragonal
distortion we find to be strongly correlated with a high density of states (DOS) at the Fermi level
in the cubic phase. As a corollary to this fact we observe that upon doping compounds for which
the cubic structure is stable such that the Fermi level enters a region of high DOS, a tetragonal
distortion is induced and a correspondingly large value of the MAE is then observed.

Keywords: Heusler compunds, tetragonal distortion, ab initio calculations

(Some figures may appear in colour only in the online journal)

1. Introduction

Underpinning a diverse range of modern technologies, from
computer hard drives to wind turbines, are hard magnets. These
are magnets in which the local moments all preferentially align
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along a certain crystallographic direction, and may be charac-
terized by the energy difference with an unfavorable spatial
direction, known as the magnetocrystalline anisotropy energy
(MAE). Evidently the local moments of such magnets are
very stable and so make excellent permanent magnets, hence
their central role in various technologies [1]. Current produc-
tion of hard magnets relies on alloys of rare earth elements, in
particular neodymium and dysprosium, e.g. the ‘neodymium
magnet’ Nd,Fe 4B. Such alloys, due to the localized nature of
the open shell f~electrons of the rare earths, possess a very large
spin orbit coupling and, as a consequence, very high MAE
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values. However, as the rare earths are both costly and highly
polluting to extract from ore there is a current focus on the
design of hard magnets without rare earths [2-5]. Magnetic
materials having a low crystal symmetry evidently possess a
natural spatial anisotropy, and this in turn can lead to very large
values of the MAE. Such low symmetry magnets therefore offer
a promising design route towards the next generation of hard
magnets. Accurate calculation of the MAE requires sophisti-
cated and computationally expensive first principles calcul-
ations, making difficult the kind of high throughput search that
might be expected to yield interesting high MAE materials.
In this paper we show that for a promising materials class—
the Heusler alloys—the density of the states at the Fermi level
provides a very good indicator of the propensity to distortion,
and therefore of the likelihood of finding a high MAE material
within this class. The use of such material markers for high
MAE can, we believe, significantly alleviate the computation
bottleneck preventing high throughput search.

The Heusler materials have attracted sustained attention due
both to their exceptional magnetic properties as well as a huge
variety of possible compounds that may be experimentally
realized [6, 7]; reviews may be found in [8—11]. These mat-
erials, which consist of 4 inter-penetrating face centred cubic
lattices, often exhibit a symmetry lowering structural transition
to a tetragonal or hexagonal phase [1, 12—15], raising the pos-
sibility of a crystal symmetry lowering induced large MAE.
For Mn rich Heusler alloys this has previously been explored
[13, 16]; here we consider this possibility in the Heusler fami-
lies Fe,YZ with Y = (Ni, Co, Pt), and Co,YZ with Y = (Ni,
Fe, Pt) where, in both cases, Z = (Al, Ga, Ge, In, Sn).

Our principle findings are that (i) the Co,NiZ and Co,PtZ
classes naturally distort to a tetragonal structure with c/a
values in the range 1.3—-1.5; (ii) the Fe rich Heuslers generally
do not distort, with the exceptions of Fe,NiZ where Z = Ge
or Sn and the Fe,PtZ family; (iii) this distortion can induce
a very high MAE—of up to 5 MJ m~? for the Pt containing
Heuslers, comparable to the best known transition metal
magnet L1o-FePt, and of up to 1 MJ m~3 for the Co rich but
Pt free Heuslers. In each case where a distortion occurs the
volume change is found to be very small (a few percent at
most), with the exception of Fe,PtGe in which a 6% increase
of volume occurs upon distortion.

We furthermore find that this tendency to tetragonal dist-
ortion strongly correlates to a rather simple material descriptor,
namely the density of states (DOS) at the Fermi level. A high
DOS favours tetragonal distortion and, on this basis, we con-
sider the possibility of inducing a tetragonal distortion by mod-
erate doping (via a virtual crystal approximation) that shifts the
Fermi energy from a low to a high DOS position. Consistent with
the validity of this material descriptor we find that the Heusler
alloys Co,FeAl and Co,FeSn—in which the Fermi energy lies
far from and close to a high DOS region respectively—all spon-
taneously suffer tetragonal distortion upon doping.

2. Calculation details

For structural relaxation we use the Vienna ab initio simu-
lation package (VASP) [17] with projector augmented wave

Table 1. Structural order of regular and inverse Heusler structures.

4a 4c 4b 4d

(0,0,0) (1/4,1/4,1/4) (1/2,1/2,1/12) (3/4,3/4,3/4)
Regular Z X Y X
Inverse Z Y X X

(PAW) pseudopotentials [18], a plane-wave-basis set energy
cutoff of 400eV, and the Perdew—Burke-Ernzerhof (PBE)
functional [19]. Reciprocal space integration has been per-
formed with a I'-centered Monkhorst—Pack 10 x 10 x 10
mesh. The structural optimization has been converged to a
tolerance of 107> eV, whereas the MAE values were obtained
with a tolerance of 10~7 eV. All calculations are performed
in the presence of spin—orbit coupling term. For the calcul-
ation of the MAE we have also deployed the all-electron full-
potential linearized augmented-plane wave (FP-LAPW) code
Elk [20]. The definition of MAE adopted in this study is the
following:

MAE = E{{o0;— Ejo 1} (1

where E[o; (E[0o 1) represents the total energy with spin ori-
entation in the [100] ([0 0 1]) direction. A positive value of the
MAE therefore indicates that out-of-plane spin configuration
is energetically favourable, whereas a negative one that the
in-plane direction is favourable.

The Heusler structure is described by the X,YZ general
formula, in which the species X and Y are transition metal
elements whereas the Z atom is p-orbital element with metal
character (from III or IV main groups). The crystal structure
consists of four inter-penetrating face centred cubic lattices
and belongs to the 225 (Fm-3m) symmetry group for the
regular Heusler structure, and 216 (F-43m) for the inverse
Heusler; Wyckoff positions of the atoms are presented in
table 1.

3. Structural distortion

We first consider the stability with respect to tetragonal dist-
ortion of the Heusler alloys X,YZ in which the X sub-lattices
are occupied by either Fe or Co, the Y sub-lattice by Fe, Co,
Ni, or Pt, and Z sub-lattice by Al, Ge, Ga, Sn, or In. This rep-
resents 30 materials in total, of which 10 have been previously
experimentally synthesized; for details we refer the reader
to tables Al and A2 of appendix. In figure 1 we present the
DOS at the Fermi energy of each of these Heusler materials
for both the high symmetry cubic phase and, where it exists,
the tetragonal structure. For the Co rich Heuslers Co,NiZ
and Co,PtZ the high symmetry phase is always unstable
with respect to tetragonal distortion while, in contrast, in the
case of the Fe containing Heuslers the cubic phase is gen-
erally stable. There are two exceptions to this latter rule:
Fe,NiGe and Fe;NiSn, and the Fe,PtZ family. For all cases
where the tetragonal phase is stable we find the c/a ratios in
the range 1.3—1.5 with the high end c/a ratios found for the
Fe,YZ Heuslers in which Z is either Ge or Sn (curiously, as
we will see, these are also the Heusler compounds that have
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Figure 1. Calculated total DOS at the Fermi energy for the Heusler compounds Co,NiZ, Co,FeZ, Co,PtZ, Fe,NiZ, Fe,CoZ and Fe,PtZ
where Z = Al, Ge, Ga, Sn, or In. In each case the structure is indicated by the caption; and the tetragonal phase is shown when it is the
lowest energy. Evidently, the instability of the cubic phase strongly correlates to the DOS at the Fermi energy. For almost all cases when
DOS at Fermi level >4.5 states eV~ (indicated by the dashed horizontal line) the cubic phase is unstable; two exceptions to this are

indicated by arrows.

the desired positive MAE). Of the Heuslers in figure 1 that
have been experimentally synthesized only one, Co,NiGa, is
observed in the tetragonal structure, in agreement with our
calculations; all others are found to be cubic, also in agree-
ment with our calculations (with the exception of Fe,NiGe
for which we predict a tetragonal structure, this case will be
discussed in detail below).

For each structure we have also determined whether the
material takes on a regular or inverse occupation of the sub-
lattices. As may be seen in figure 1 most of the structures
are inverse Heusler except for the Co,FeZ family where the
regular cubic structure has a lower ground state energy. This
finding is in a good agreement with an empirical rule first
stated in [10]: when the electronegativity of the Y element is
larger than that of the X element the system prefers the inverse
Heusler structure, with otherwise the regular Heusler structure
realized. There are, however, two deviations from this rule in
our results. We find that Fe,NiGe and Fe,NiSn adopt a tetrag-
onally distorted regular structure, in agreement with previous
theoretical work [21], but in contrast to the inverse structure
expected on the basis of the empirical rule (the electronega-
tivity of Ni is higher than that of Fe).

In [22] experiment reports, in agreement with the semi-
empirical rule, a cubic inverse structure for Fe,NiGe.
Accompanying theoretical calculations [22], however, find
that the energy change due to antisite disorder is always
much smaller than the thermal energy available due to
annealing (which takes place at 650K in the experiment).
The authors of [22] therefore conclude that annealing
will control the state of order for the Fe,NiZ family. The

mismatch between experiment and our results, calculated
for fully ordered structures, therefore likely has its origin in
thermal induced substitutional disorder. It is worth pointing
out that the energy difference between the tetragonally dis-
torted regular structure (our lowest energy structure) and
the inverse cubic structure is 120 meV, i.e. about double
the thermal energy due to annealing. This indicates that the
presence of antisite disorder has a significant impact on the
propensity of this material towards tetragonal disorder and
that, at least for the Fe,NiZ family, the coupling between
disorder and tetragonal distortion is a subject worthy of fur-
ther investigation.

We now consider the electronic origin of the instability of
the cubic phase with respect to a tetragonal distortion. Such
instability of the high symmetry phase has been observed in
many Heusler compounds, in particular the Mn rich Heuslers
[13, 16, 23], and has been attributed to a number of different
mechanisms: a Jahn-Teller effect [23], a ‘band’ JT effect [24],
a nesting induced Fermi surface instability [25], and anoma-
lous phonon modes [26, 27].

In figure 2 we present the total density of states for four
representative examples of the set of Heusler compounds we
investigate. For all four cases (and for all Heuslers we study
in this work) the minority spin channel is not significantly
involved in the mechanism of distortion, having a very low
DOS near the Fermi energy. For the cases (Co,NiAl, Fe,NiGe)
in which the cubic phase is unstable we see a clear redistribu-
tion of spectral weight near the Fermi energy, such that a high
DOS near Ef is lowered by the opening up of a ‘valley’ near Ep
in the tetragonal phase. On the other hand, for the materials in
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Figure 2. Calculated total DOS for Co,NiAl, CoFeAl, Fe;NiGe and Fe,CoGe in cubic and (where it is the lowest energy structure)
the tetragonal phase. The Fermi energy is set to zero and positive (negative) value of the DOS represents the minority (majority) spin

projection.

which the cubic phase is stable the DOS at Ef is already very
low (see the right hand panels of figure 2 for the representative
cases of Co,FeAl and Fe,CoGe). As may be seen in figure 3
for the case of Co,NiAl this redistribution of weight occurs
in all species and momentum channels, but with states of Co
character being the more important. Interestingly, it is seen that
the redistribution occurs particularly in states of e, character.

4. Magnetic moments and magnetocrystalline
anisotropy

In figure 4 we present the total magnetic moment, saturation
magnetization My and MAE for the Co,YZ and Fe,YZ Heusler
families. In all systems the magnetic order is found to be ferro-
magnetic. To a good approximation the values of the saturation
magnetization M; fall into four distinct bands: (i) M, close
to 500 kA m~! for Co,NiZ; (ii) M, close to 900 kA m~' for
Co,FeZ, Fe,NiZ, and Fe,CoZ; (iii) M, close to 450 kA m™!
for Co,PtZ; and (iv) M close to 800 kA m~! for Fe,PtZ. From
the viewpoint of hard magnetic applications a high value of the
saturation magnetization is desired, and from this point of view
the Co,FeZ, Fe,NiZ, Fe,CoZ, and Fe,PtZ compounds are most
interesting. For comparison we recall that the two ‘standard’
hard magnets have saturation magnetizations of 970 kA m™!
for SmCos and 1280 kA m~! for Nd,Fe,4B.

We now turn to a discussion of the MAE values realized
in the cases for which a tetragonal distortion occurs (see also
figure 4). We first note that a positive value of the MAE indi-
cates that the magnetic moments all align with the symmetry
axis of the tetragonally distorted material: this is essential
for hard magnetic applications. When the MAE takes on a
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Figure 3. Majority spin projected and as well as Co- t,, and e,
projected DOS for Co,NiGe; the cubic majority spin DOS is
assigned a positive value, and the tetragonal majority spin DOS

a negative value. The reduction in spectral weight near the Fermi
energy that occurs due to the tetragonal distortion may clearly be
seen. As may be seen from the lower panels, the redistribution of
spectral weight upon tetragonal distortion consists primarily of (i) a
reduction in the e, peak of Co-1 character and (ii) a reduction in the
Co-2 e, peak at the Fermi level. A similar picture is found for other
Co,NiZ compounds as well as the Co,PtZ compounds.

negative value this indicates that the moments are in the plane
perpendicular to this symmetry axis. We have checked the
energy required to rotate spins in-plane finding, as expected, a
very soft energy dependence. This freedom to rotate the spin
structure obviously renders such cases entirely unsuitable for
hard magnetic application. We will therefore focus on those
cases for which the MAE is positive.
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Figure 4. Magnetic moments and MAE for the Heusler compounds Co,NiZ, Co,FeZ, Fe;NiZ, and Fe,CoZ where Z = Al, Ge, Ga, Sn, or
In. Values of the MAE are presented only for tetragonally distorted Heusler compounds; the MAE for the cubic phase is, in comparison,
negligibly small. A positive value of the MAE indicates an out-of-plane easy axis (i.e. the moments are aligned with the distortion

axis), while a negative value an in-plane easy axis (i.e. the moments lie within the plane perpendicular to the distortion direction). For
comparison, the value of MAE for Nd,Fe 4B is 4.4 (MJ m~?), and saturation magnetization is 1280 (kA m™).

Table 2. Calculated material properties of Co,FeAl, Co,FeSn, and their electron doped systems. The most stable structure is shown in the
2nd column. The calculated magnetic moments per formula unit, lattice parameters, a and ¢, and the magnetocrystalline anisotropy energies

for the tetragonal cases are also listed.

Structure . gedle ceale (A MAE (MJ m~)
CoyFeAl Regular cubic 5.08 a=c=>5.69 —
1.5e~doped-Co,FeAl Regular tetragonal 543 a=6.16c = 6.88 —0.94
Co,FeSn Regular cubic 5.66 a=c=>5.64 N
0.3e~doped-Co,FeAl Regular tetragonal 5.41 a=2597c=645 ~1.30

Of the 15 compounds that suffer a tetragonal distortion
only 6 have Eyag > 0. Curiously, these are the compounds for
which the Z element is either Ge or Sn: Co,NiGe, Fe,NiGe,
Fe,NiSn, Co,PtSn, Fe,PtGe, and Fe,PtSn. The values of the
MAE for the Pt free compounds are all, as expected, modest
as compared to the Pt containing compounds. The maximum
positive MAE for Pt free compounds are found in Fe,NiGe
and Fe,NiSn, with an MAE of ~ 1 MJ m~>, while for the Pt
containing compounds we find a much higher MAE of 5.19
MJ m~3 for Fe,PtGe. This value is close to the currently
highest value observed for an MAE in a rare earth free mat-
erial (a value of 7 MJ m~3 for L1,-FePt [28]). The rather high
M value of 516 kA m~! suggests this material might be inter-
esting to further explore in the context of specialist application
as a hard magnet.

5. Distortion control

The previous two sections lead us to conclude that (i) the
propensity to tetragonal distortion strongly correlates with
a high DOS at the Fermi energy in the cubic phase and
(i1) that if a tetragonal distortion occurs, high values of

the MAE are possible. This raises the possibility of, with
a view to engineering a high MAE, inducing such a dist-
ortion by doping.

To this end we consider the two materials presented in
figure 2 in which the Fermi energy lies in the valley between
the two high DOS regions, and dope the cubic phase within the
virtual crystal approximation (VCA). In the case of Co,FeAl
a doping of 1.5 electrons is required to shift the Fermi energy
into the high DOS region, with a more modest 0.3 electrons
required in the case of Co,FeSn. In both cases we find that
upon such doping, the cubic phase becomes unstable with
respect to a tetragonal distortion; structural details may be
found in table 2. A subsequent calculation of the MAE finds
values comparable to those obtained for the naturally tetrago-
nally distorting Heusler compounds. It is also interesting to
note that the mechanism of the distortion appears to be some-
what different from the ‘natural’ cases: while in figure 2 it is
clearly seen that the distortion results in a significant redistri-
bution of spectral weight away from the Fermi energy via the
opening of a ‘repulsion valley’ in figure 5 this effect is seen
to be much weaker. This of course, may be an artifact of the
VCA.
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Figure 5. Calculated DOS of Co,FeAl and Co,FeSn for the cubic phase, the cubic phase with doping of 1.5e and 0.3e respectively, and
the tetragonally distorted phase. In each case the electron doping shifts the Fermi energy to a region of high density of states and drives a
tetragonal distortion of the cubic phase, which is otherwise stable. Positive (negative) value of DOS represents the minority (majority) spin

projection.

6. Conclusion

We have addressed the question of whether we may obtain
large magnetocrystalline anisotropy energies in Heusler com-
pounds that adopt a low symmetry tetragonal structure. To this
end we have investigated the Heusler compounds Fe,YZ with
Y = (Ni, Co, Pt), and Co,YZ with Y = (Ni, Fe, Pt) where, in
both cases, Z = (Al, Ga, Ge, In, Sn). We find that the cubic
phase of 15 of these 30 Heusler compounds is unstable with
respect to tetragonal distortion, in particular for the Co,NiZ,
Co,PtZ, and Fe,PtZ families the cubic phase is always,
at T =0, unstable. In contrast, for the Fe,NiZ and Fe,CoZ
families this is the case for only 2 compounds—Fe,NiGe
and Fe,NiSn. The mechanism behind this distortion involves
a significant redistribution of spectral weight near the Fermi
energy, such that a ‘valley’ in the DOS at the Fermi energy is
opened up in the tetragonal phase leading to a reduction in the
number of states near the Fermi energy. Curiously, we find
that for the compounds we investigate a good rule of thumb
exists that if the DOS at the Fermi level is greater than 4.5
states eV ™!, the cubic phase is unstable.

Of the 15 compounds that suffer tetragonal distortion the
magnetocrystalline anisotropy energies are found to range
in values from —12 MJ m—> (Co,PtAl) to +5.19 MJ m3
(Fe,PtGe). As expected, the values of the MAE for the Pt free
Heuslers are more modest in magnitude, and range in value
from —2.38 MJ m~3 (Co,NiGa) to 1.09 MJ m~3 (Fe,NiSn).

For hard magnet application only positive values of the
magnetocrystalline anisotropy energies, which correspond to
moments aligned with the tetragonal symmetry axis, are inter-
esting. Interestingly, we find that the MAE takes on a positive
value for all cases in which the Z element is either Ge or Sn.

Finally, we have considered the possibility of doping the
Heusler compounds in which the cubic phase is stable in order
to induce a tetragonal distortion. Using the virtual crystal
approximation we find that this is indeed possible, and the
doping induced distortion results in magnetocrystalline aniso-
tropy energies values comparable to those obtained in the
naturally distorting Heusler compounds.

Acknowledgments

YM, GM and S Sharma would like to thank the Heusler
project funded by the MPG.

Appendix. Details of the structural and magnetic
properties of the Heuslers investigated in this work

In this appendix we present structural details of the Heusler
compounds calculated in the manuscript along with exper-
imental structure data where this exists. In table A1 we present
the Heusler compounds Co,NiZ, Co,FeZ, and in table A2 the
compounds Fe,;NiZ, and Fe,CoZ where in each case Z = Al,
Ge, Ga, Sn, or In.
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Table A1. Calculated material properties of Co-family Heusler materials in cubic and tetragonal structures. The most stable structure

in regular Heusler (denoted by ‘reg.’) and inverse Heusler (denoted by ‘inv.’) with cubic or tetragonal (denoted by ‘tet.”) symmetry are
shown in the 2nd column. The calculated total energy and magnetic moments per formula unit, distortion parameter c/a, saturated magnetic
moment M, atom resolved moments, and MAE values are also listed. Note that two X atoms are not equivalent in inverse Heusler with
cubic or tetragonal symmetry. Therefore, two values of atom resolved moments for X elements are listed in inverse Heusler materials.

. M MAE
Structure  Moment(uig) ae, ¢cdc (A) (kAm™") MIm™3) expt.
Co,NiAl inv.tet. 278 (Co=14,12Ni=02) a=520c=6.76 564 —2.11
Co;NiGa inv.tet. 279 (Co=1.6,14Ni=02) a=5.19¢c=6.80 562 —2.38 1S = 2.807,a = 3.669 ¢ = 7.331[29]
CoyNiGe inv.tet. 246 (Co=13,1.0Ni=02) a=5.12¢=697 498 0.86
Co,Niln inv.tet. 299 (Co=1.6,13Ni=02) a=543¢c=7.13 527 —2.22
CooNiSn inv.tet. 258 (Co=14,1.1Ni=02) a=537c=722 458 0
CoyFeAl reg. cubic 5.08 (Co=12,12Fe=28) a=c=5.69 1016 — py = 4.82-5.22,a = ¢ = 5.74 [30, 31]
CoFeGa reg. cubic 5.07 (Co=12,12Fe=28) a=c=5.70 1005 — py = 5.035,a=c=1572732]
Co,FeGe reg. cubic 5.60 (Co=1.4,14Fe=29) a=c=574 1099 — py = 5.54-5.70,a = ¢ = 5.702 [33]
CosFeln  reg. cubic 523 (Co=1.3,13Fe=2.8) a=c=5.64 908 —
CooFeSn  reg. cubic 5.66 (Co=1.4,14Fe=2.9) a=c=5.64 974 —
Co,PtAl inv.tet.  2.84(Co=15,12Pt=0.1) a=536c=7.13 516 —12
Co,PtGa inv.tet. 288 (Co=16,13Pt=0.1) a=536c=721 516 —11.33
CoPtGe inv.tet.  252(Co=15,1.0Pt=0.1) a=532c="731 453 —1.01
CosPtIn  inv.tet.  3.08(Co=16,14Pt=0.1) a=550c =767 493 —6.94
CooPtSn  inv.tet. 259 (Co=1.5,1.1Pt=0.1) a=550c=7.63 416 0.42

Table A2.

Calculated material properties of Fe-family Heusler materials in cubic and tetragonal structures. The most stable structure in
regular Heusler (denoted by ‘reg.’) and inverse Heusler (denoted by ‘inv.”) with cubic or tetragonal (denoted by ‘tet.”) symmetry are shown
in the 2nd column. The calculated total energy and magnetic moments per formula unit, distortion parameter c/a, saturated magnetic
moment M, atom resolved moments, and MAE values are also listed. Note that two X atoms are not equivalent in inverse Heusler with
cubic or tetragonal symmetry. Therefore, two values of atom resolved moments for X elements are listed in inverse Heusler materials.

. M, MAE
Structure  Moment(jig) ae, ¢ede (A) (kAm™") MIm™3) expt.

FeoNiAl inv. cubic 4.86 (Fe =2.6,1.8Ni=0.5) a=c=5.74 954 — ,u;;’t = 4.004.46,a = ¢ = 5.75 [34-36]
Fe;NiGa inv. cubic 4.91 (Fe =2.6,1.9Ni=04) a=c=5.77 955 — B =4.29-4.89, a = c = 5.80 [22, 34]
Fe)NiGe reg.tet.  4.86 (Fe =2.3,23Ni=0.3) a=502c=759 944 1.07 u‘;ﬁ“ =4.20-4.38,a = c = 5.76[22, 34]
Fe;Niln  inv. cubic 522 (Fe =2.7,22Ni=04) a=c=6.07 885 —
Fe,NiSn reg.tet.  5.02 (Fe=24,24Ni=03) a=522c=28.02 853 1.09
FeyCoAl inv. cubic 514 (Fe =2.5,1.6Co=1.0) a=c=15.71 1026 — g =491, a=c=5.766[36]
Fe,CoGa inv. cubic 528 (Fe =2.5,1.8Co=1.1) a=c¢=5.76 1041 — g =5.09,a=c=5.76735]
Fe;,CoGe inv. cubic 513 (Fe =2.7,15Co=1.0) a=c=572 1019 — p = 5.06,a = ¢ = 5.775-5.764 [37]
Fe>Coln inv. cubic 6.18 (Fe =2.7,23Co=1.3) a=c=6.03 1053 —
Fe,CoSn inv. cubic 554 (Fe =2.7,1.9Co=1.1) a=c=5.99 959 —
Fe,PtAl inv. cubic 5.04 (Fe =2.8,2.1Pt=0.2) a=c=597 885 —
Fe,PtGa inv. tet. 506 (Fe=2.7,23Pt=02) a=550c=7.10 873 —5.41
Fe,PtGe reg.tet. 527 (Fe=2.6,26Pt=0.1) a=540c=738 893 5.19
Fe,PtIn - inv. tet. 527 (Fe =2.8,25Pt=0.1) a=5.64c=756 812 —3.57
Fe,PtSn  reg. tet.  5.26 (Fe =2.6,2.6 Pt=0.1) a=5.64c=7.58 802 2.97
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