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We investigate grain boundaries (GBs) in the cubic inverse Heusler phase Fe,CoGa by means of first-
principles calculations based on density functional theory. Besides the energetic stability, the analysis focuses
on the magnetic properties of a set of 16 GB structures in this intermetallic phase. We determine the integrated
excess magnetization across the GB and analyze it in terms of the projected local magnetic moments of the
atoms and their local Voronoi volumes. The results are systematically compared to those of corresponding GBs
in body-centered-cubic (bcc) Fe. The studied GBs in Fe,CoGa may have a considerably increased magnetization
at the GB, up to more than twice as much as in bec Fe, depending on the GB type, while geometrical quantities
such as GB widening or local GB excess volume distributions are similar for both phases. We explain this
difference by the higher flexibility of the ternary Fe,CoGa phase in compensating the disturbance of a crystal
defect by structural relaxation. The GB structures therefore have a lower energy accompanied by increased local

magnetic moments of the Co and half of the Fe atoms within a distance of a few A around the GB plane.

DOI: 10.1103/PhysRevB.108.024415

I. INTRODUCTION

The search for new hard magnetic compounds recently
revealed several promising routes. Low rare-earth content
intermetallic phases such as the ThMnj, crystal structure
have attracted renewed experimental and theoretical interest
[1-8]. Moreover, completely rare-earth-free Heusler phases
are promising candidates for which high Curie temperatures
[9], magnetization, and energy products (BH).x have been
achieved [10].

Several iron-rich Heusler phases with high magnetic mo-
ments such as Fe,CoGa or Fe,CoAl have been identified
theoretically [11,12]. Unfortunately, the majority of Heusler
phases with a high magnetic moment crystallize in the regular
or inverse cubic Heusler structure with vanishing magne-
tocrystalline anisotropy [13]. However, a substantial intrinsic
crystalline anisotropy with a defined easy axis is needed for
a good hard magnetic material. One idea to overcome this
limitation is to deform the cubic phase into a tetragonal, trig-
onal, or hexagonal form [14]. Various authors have predicted
tetragonally distorted regular or inverse Heusler phases with
high magnetocrystalline anisotropy by systematic screenings
using density functional theory (DFT) [15-17]. Apart from
considering the influence of doping on different sublattice
sites, the incorporation of additional light interstitial elements
was also studied as a means to stabilize a tetragonal crystal
structure [18,19]. For thin films, epitaxially induced mechan-
ical strain is a possible way to increase the crystallographic
and magnetocrystalline anisotropy [20].
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Another cause of breaking the cubic symmetry is the pres-
ence of extended defects such as grain boundaries (GBs). The
smaller the grain size in a polycrystalline microstructure, the
more relevant the GBs become. The proportion of atoms at
GBs can reach double-digit percentages in nanocrystalline
materials [21,22]. Nanoparticles of Co,FeGa were already
successfully synthesized by Basit et al. [23] and a slight mag-
netic hardening compared to the polycrystalline bulk material
was reported.

Following this idea, we study GBs in the ferromagnetic
Heusler alloy Fe,CoGa in this paper. We have chosen this
compound as it has a magnetic moment of about 5.3 up per
formula unit, which is one of the highest of all regular and
inverse Heusler phases studied so far [11,12,15-17,24]. How-
ever, as the price of Co and Ga has increased in recent times,
it will likely not be a low-cost replacement of state-of-the-art
rare-earth-containing magnets. Yet it can serve as a model
system for testing and studying a possible magnetic hardening
effect through grain boundaries. Therefore, we investigate the
influence of several types of Fe;CoGa GBs on the mechanical
and magnetic properties by means of atomistic simulations
based on DFT. This study comprises 16 stable GBs in the in-
verse Heusler phase Fe,CoGa for which we have determined
the grain-boundary energy y, the work of separation Wi,
the local magnetic moments, and their respective accumulated
change across the boundary region. For comparison, seven
GBs in pure body-centered-cubic (bcc) Fe have been analyzed
too. Similarities as well as differences between the two mate-
rial systems are described and discussed. The understanding
gained by this study points out possibilities for a directed
improvement of the desired physical properties. Furthermore,
the information about the magnetic moment distribution and
the intergrain interactions may be useful for micromagnetic
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FIG. 1. Crystal structure of Fe,CoGa in the regular (left) and
inverse (right) full Heusler structure. Iron atoms are drawn in light
and dark red, which distinguishes between the two Fe sublattices of
the inverse Heusler structure, while Co and Ga atoms are drawn in
orange and blue, respectively.

calculations using finite-element methods that provide insight
into the demagnetization processes of nanocrystalline ferro-
magnetic materials [25].

Although our study is restricted to low-energy grain bound-
aries with short periodicity due to the computational costs
in DFT simulations, the results are of a wider significance.
The properties of long period (“general”) grain boundaries
can be well understood by “the structural unit model” de-
veloped by Sutton and Vitek [26-29]. The short period grain
boundaries contain the basic building blocks of all low-energy
grain boundaries. This approach is frequently implied in state-
of-the-art modeling and the understanding of the properties
of GBs on the atomistic level. For example, many authors
have successfully and extensively studied and explained the
segregation of solute elements at GBs in various metals (e.g.,
see Refs. [30,31] and references therein).

The manuscript is organized as follows: Section II presents
the atomistic structure models and we define the energetic and
magnetic quantities used to characterize the different GBs.
Section III reports the results on the structural, energetic, and
magnetic properties of the GBs. A detailed discussion of the
distribution of local magnetic moments in the vicinity of the
GB planes is presented. Section IV summarizes our findings.

II. THEORETICAL APPROACH

A. The inverse Heusler phase Fe,CoGa

As a reference and starting point for the investigation of
grain boundaries, the conventional cubic unit cells of the full
regular and inverse Heusler phases of Fe,CoGa are shown
in Fig. 1. Both crystal structures consist of four nested face-
centered-cubic (fcc) sublattices based at (0,0,0), (%, }1’ }1),
(4 hoand (2

In the regular full Heusler phase (space group no. 225,
Fm3m), the Fe atoms are placed at Wyckoff positions 8c,
whereas the Co and Ga atoms occupy Wyckoff positions 4a
(0,0,0) and 4b (%, % %), respectively.

For the inverse Heusler phase (space group no. 216,
F43m), two inequivalent Fe fcc sublattices are located at (%,
2. 2)and (3, 3, 3) (labeled Fe'” and Fe® in the following)
and Co and Ga atoms occupy the sublattices based at (0, 0, 0)
and (%, %, %), respectively. Here, the corresponding Wyckoff
positions are 4d (Fe'"), 4b (Fe?), 4a (Co), and 4c (Ga). The
different atomic neighborhood relationships for the Fe!) and

TABLE I. Overview of the atomic neighborhood relationships in
the inverse Heusler Fe,CoGa crystal. The nearest neighbors are at a
distance of (/3 /4)ay,, while the second and third shell of atoms are
atap /2 and ayy / V2, respectively. The different atomic environments
result in different magnetic moments for the two iron sublattices.

Atom Nearest neighbors 2. Shell 3. Shell /LB
Fe® 4Fe® +4 Co 6 Ga 12 Fe®™ 2.60
Fe® 4FeV +4Ga 6 Co 12 Fe® 1.86
Co 4FeV +4Ga 6 Fe® 12 Co 1.09
Ga 4Fe® +4 Co 6 Fe™ 12 Ga —0.13

Fe® atoms have a strong influence on the local magnetic
moments of the atoms, as summarized in Table 1.

In the case of Fe,CoGa, the inverse Heusler phase is ener-
getically preferred compared to the regular Heusler structure
[24]. Note that a substitution by Fe on all the lattice sites
results in the genuine bce structure of pure iron.

B. GB models in inverse Heusler Fe,CoGa

For our study, we have chosen four types of symmetric
tilt grain boundaries (STGBs), namely, X3 (111)[110], X3
(112)[110], 5 (210)[001], and X5 (310)[001], as represen-
tatives of typical low-energy tilt GBs in the inverse Heusler
Fe,CoGa. Note that for simplicity of notation, the tilt axis
[110] for X3 and [001] for 5 will be omitted in the following.

For each GB type, we have constructed supercell models as
visualized in Fig. 2 and compiled in Table II. In all structure
models, we refer to the axis perpendicular to the GB plane as
the z axis, while the x and y axes span the GB plane. The tilt
axis of the GB is along the y axis.

Several relative lateral translations of the two grains paral-
lel to the GB plane were considered and structurally optimized
for each GB type (see Table II for an overview). For the X3
(111) and X5 (210) GB types, different permutations of the
sequence of atomic layers are possible which result in inequiv-
alent GB configurations. After the structural relaxation, only
a few nonequivalent low-energy configurations remained for
each GB type, which were then further analyzed in detail.

For the structural optimization of the GB structure models,
the GB area was always kept fixed according to the lattice
parameters of the bulk structure. The supercell dimension per-
pendicular to the interface was varied systematically in steps
of 0.1 A. For every separation of the two grains, a structural
relaxation of the atom positions was carried out. The optimal
geometry and grain separation were extracted by fitting the
obtained relationship of total energy versus lateral dimension.
The GB excess widening is thus obtained as

CGB — Cbulk
Sgp = —n—ulk s (1)

where cgp and cpyk are the optimized supercell dimensions in
the z direction of the GB structure model and the correspond-
ing bulk structure, respectively.

C. GB structures in bee Fe

We considered seven structural models of GBs in bcec Fe
(cf. Table II and Fig. 3). Note that due to the higher symmetry
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FIG. 2. Supercell models of the four prototypes of GBs studied in this work. For clarity, the mirror symmetric configuration (zero lateral
translation) is shown in the upper part of the figure, with the z axis being perpendicular to the GB plane. The positions of the nearest-neighbor
atoms are shown for selected atoms by the drawn bonds. The atomic configurations of the GB planes are shown in the lower part of the figure.
Gray spheres mark the position of the atoms of the neighboring atom layers. All the indicated lattice directions refer to the bulk crystal of the

cubic inverse Heusler phase.

in pure bec Fe, the respective supercell models can be reduced
in size compared to the models for the inverse Heusler phase
Fe,CoGa.

For both the X3 (112) and the ¥5 (210), we constructed
two realizations, namely, GBs of mirror and isosceles type
[32]. In the isosceles structure, the two grains are translated
perpendicular to the tilt axis and parallel to the GB plane
so that the interatomic bonds across the GB plane form a
pattern of isosceles triangles. For the X5 (310), there exists
a mirror-symmetric form (see, e.g., Ref. [33]) X£5(310)u;
and a X5(310); which includes a lateral translation in the

TABLE II. Geometric characteristics of the pristine supercell
models for GBs in inverse Heusler Fe,CoGa and in bcc Fe. Listed
are the number of atoms, N, in the supercell model, the supercell
dimension L{” perpendicular to the GB plane (for zero excess widen-
ing), and the GB area A. The last two columns list the number 7,
of possible nonequivalent GB planes (terminations) and the number
Nyans Of considered relative rigid-body translations in the xy plane of
the two crystal blocks forming the GB.

Compound GB Ny Lio) [Ao] A [A°2] Mierm HAirans
Fe,CoGa ¥3(111) 48 39.70 14.22 4 6
Fe,CoGa  ¥3(112) 96 2808 4022 1 12
Fe,CoGa ¥5(210) 80 25.63 36.72 2 8
Fe,CoGa ¥5@310) 80 18.12 51.93 1 12
bee Fe ¥3(111) 24 19.63 13.90 1 1
bee Fe ¥3(112) 24 27.75 9.83 1 2
bce Fe ¥5(210) 40 26.10 17.95 1 2
bce Fe ¥5(310) 40 36.73 12.69 1 2

y direction along the tilt axis between the two grains corre-
sponding to a glide reflection [34]. Finally, the ¥3 (111) is
mirror symmetric.
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FIG. 3. Supercell models of GBs in bcc Fe. The GB planes are
given by symmetry planes and are indicated by dotted lines.
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D. Energetic characterization of grains boundaries

For each GB, we computed the characteristic energetic
properties: grain-boundary energy ygp, surface energy ogut,
and work of separation, Ws.,. These quantities are obtained
from total energy differences,

EcB — Epuik
YGB = T, 2)
Egg — 2F;
Wiep = ¥, 3)
Ers — Epu/2
s = L @)

where Egg is the total energy of the GB supercell, Epyy is
the total energy of the supercell of the perfect single crystal
structure of the same size, and A is the area of the GB plane.
Egs is the total energy of the supercell of half size, where
the upper grain has been removed from the GB supercell and
replaced by vacuum. Note that the three quantities ygg, Osurt,
and W, are related by

Wsep + ¥6B — 205wt = 0. (5)

When separating the two grains forming the X3 (111) or X5
(210) GBs in the inverse Heusler structure, two nonequivalent
surfaces are created. In theses cases, oy, represents their
mean value.

E. Magnetic characterization of grain boundaries

We monitor the change of magnetic moment due to the
presence of a GB by

Mg — My
— 68  Thulk 6

where Mg and My, are the total magnetic moments of the
GB supercell and of the corresponding bulk supercell, respec-
tively. The absolute change AM = Mgg — My of the total
magnetic moment due to the presence of the GB is typically
of the order of a few Bohr magnetons up.

For a subset of the GB models, namely, the £3 (112) and
35 (210) GBs of the inverse Heusler phase, several supercell
models contain two chemically inequivalent GBs. In princi-
ple, this would require separate analyses of the changes in
the magnetic moments for the two GBs within the supercell.
However, both results are found to be very similar and, for
simplicity, we will always list and discuss the mean values of
&y for these cases.

While the energetic quantities converge rather quickly
with increasing supercell dimension perpendicular to the GB,
a convergence of the magnetic moments of the individual
atoms in the intermediate bulklike region requires substan-
tially larger cells. For example, the supercell models of a £3
(112) GB with 48 atoms in the inverse Heusler phase have
essentially one “bulk” layer of atoms in the center between the
two GBs, with atoms having local magnetic moments com-
parable to the bulk values. On the other hand, for the larger
supercells with 96 atoms, there is a region of approximately
six “bulk” layers for which the magnetic moments correspond
well to the values obtained for the single crystal.

Apart from the excess magnetization per GB area &y
at structural equilibrium, we analyze the sensitivity of this

quantity with respect to an applied elastic strain in the z
direction, i.e., perpendicular to the GB plane. We therefore
evaluate

0 1 oM,
&n ( o Man @

_ 1. . 9 Mpuix
de.  2A ac ke )

where the derivatives dM /dc are obtained from linear fits to
the data obtained for small variations in the ¢ lattice parameter
around its equilibrium value.

F. Computational setup

All DFT calculations were carried out using the projec-
tor augmented-wave (PAW) method [35] as implemented in
the VASP code [36,37]. The Perdew-Burke-Ernzerhof gener-
alized gradient approximation (PBE-GGA) [38] was used for
the exchange-correlation functional, and PAW pseudopoten-
tials with 14, 9, and 3 valence electrons were used for Fe
(3p®3d74s"), Co (3d® 4s'), and Ga(4s>3p'), respectively. All
calculations were performed with spin polarization and with
a plane-wave cutoff energy of 600 eV. The Brillouin-zone
integrals were sampled by 8 x 8 x 8 Monkhorst-Pack k-point
grids for the 16-atom unit cells, and a Gaussian broadening
of 0.05 eV. Accordingly, the specific k-point grids for the
various Fe,CoGa and bcc Fe supercell models containing GBs
or surfaces were adjusted to approximately the same k-point
density. Interatomic forces were relaxed using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm.

III. RESULTS
A. Bulk phases

We have calculated the equilibrium cohesive, structural,
and magnetic properties of the Fe,CoGa regular and inverse
Heusler phases. Our results are summarized in Table III and
are in good agreement with reported values of experimental
and other theoretical work. The inverse Fe,CoGa Heusler
phase has its energetic minimum for the cubic case (c¢/a = 1)
and its formation energy is 0.40 eV /f.u. lower than that of the
regular Fe,CoGa Heusler phase.

B. Stable low-energy GB structures in Fe,CoGa

For the 33 (111) GB, only one of all the initially different
translation states is found to be stable, namely, the mirror-
symmetric configuration with zero lateral translation. There
are four possible realizations that differ by the atom species
populating the mirror plane, which we accordingly denote by
3 (111)x with X = Fe®, Fe®, Co, or Ga.

For the ¥3 (112) GB, altogether four stable low-energy
configurations were found after relaxation. Apart from the
mirror-symmetric configuration ¥3 (112)y,;; (with zero lat-
eral translation), three further low-energy GBs were identified
with translation dx = 0.25, 0.5, and 0.75 (given in fractions
of the extension in the x direction), which we label X3
(112)4,. All these supercell models contain two chemically
nonequivalent GBs, which is unavoidable for the considered
crystal structure. All GB properties are thus averages over the
respective two GBs within the structure model. However, from
the respective surface energies, one can see that the chemical
termination has very little influence on the absolute values.
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TABLE III. Equilibrium lattice constants ay,, and magnetic moments p for Fe,CoGa in the regular and inverse Heusler phase and for bee
iron. The comparison of our results with experimentally measured values as well as with other theoretical work shows a good agreement.

Structure Property This work Other DFT Expt.

Regular Fe,CoGa e (A) 5.762 5.774 [24]
n(up/fu.) 6.09 6.08 [24]

Inverse Fe,CoGa a (A) 5.731 5.736 [24], 5.727 [12] 5.71 [39]
u (up/fu) 5.42 5.29 [24],5.27 [12]

bee Fe QA (A) 2.833 2.84 [40] 2.866 [41]
w (us/f.u) 2.19 2.2 [40] 2.2 [42]

The £5 (210) GB type provides a rich set of possible GB
configurations. Starting from the mirror-symmetric configu-
ration, we have analyzed all 4 x 2 combinations of lateral
translations dx = 0, 0.1, 0.5, 0.6 and dy = 0, 0.25. Moreover,
for each GB configuration, there are two possible choices of
defining the GB plane, namely, the two terminations Fe® /Co
and Fe'! /Ga. A total of four stable low-energy configurations
were determined by structural optimization. For one of these
configurations, labeled X5 (210)y,;, the GB is a true mirror
plane, while for a second one, the atom positions to both sides
of the GB are close to mirror symmetry, but the atom types
differ. We label this pseudomirror GB model X5 (210)psmir-
Furthermore, we found a X5 (210);, of isosceles type and,
finally, a X5 (210)mix with GBs of mixed type.

For the ¥5 (310) GB, the structural optimization yields
four stable low-energy configurations. Apart from the mirror-
symmetric configuration, they have relative lateral translation
of the two grains along the tilt axis by dy = 0.25, 0.5, and
0.75 (given in fractions of the supercell extension in the y
direction). We label them by X5 (310)y; and X5 (310)4y,
respectively.

C. Energetic properties of GBs

Our results for the GB energy ygp, work of separation
Weep, and surface energy oy of low-energy GBs in Fe;CoGa
are plotted and compared to the respective values of GBs in
the bce Fe in Fig. 4. The numerical values are compiled in
Table IV.

The formation of a GB is always connected with a cost
in energy. The different realizations of the ¥3 (112) GB in
Fe,CoGa clearly have the lowest GB energies which are about
25-35% of the energies of the other GBs. This is under-
standable from the fact that the atomic arrangement at the
GB interface of X3 (112) is very similar to the perfect bulk
structure.

Interestingly, our values for the ygg of X3 (111), X5 (210),
and X5 (310) in the inverse Heusler phase are considerably
lower than in bee Fe, which means that they are relatively
more likely to form. The reason for the higher ygg values
in bcc Fe may lie in the lower ability to compensate for
the local structural perturbations at the GBs. In the inverse
Heusler phase, the three chemical elements provide a higher
variability, which enables more stable structural units at the
GB.

The energies of the considered surfaces in Fe,CoGa are
also systematically lower by ~0.5J/m? that those of the

respective bcc Fe surfaces. In both systems, ogy,s varies
only weakly between the different surface orientations (111),
(112), (210), and (310), which indicates the efficient elec-
tronic screening of the two metals.

The work of separation shows an opposite behavior com-
pared to ygg: The most stable X3 (112) GBs (with the lowest
vcB value) yield the largest Wee,. This directly follows from
Eq. (5) in combination with the almost constant oy,s. For
GBs in bee Fe, W, is increased by 0.5-1 J/m? compared to
F,CoGQGa, as a consequence of the systematically larger surface
energies.

Our results confirm the widespread heuristic relation that
the GB energy ygp generally is about 1/2 to 2/3 of the surface
energy values ogys [50]. As can be seen from the values
in Table IV, this correlation holds except for the X3 (112)
GBs. This is due to their significantly lower ygp values of
the X3 (112) while their surface formation energies oy, are
comparable to those of the other GB types.

We find an overall good agreement of our computed GB
energies in bcc Fe compared to other theoretical DFT studies
reported in the literature (see last column in Table IV). Only
for the £5 (210);50 GB in bee Fe, our ygp value is about 15%
smaller than reported by Wachowiez et al. [48]. This may be
connected to the lower plane-wave cutoff (350 eV) taken by
the authors. Test calculations with a lower plane-wave cutoff
and k mesh yield higher ygp values.

5 T T T T ™5
- [FeCoGal Q\ becFe] |
4 11 -4
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G\%\@__a |
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FIG. 4. GB energy ygs, work of separation W, and surface
energy oy,s of low-energy GBs in the inverse Heusler Fe,CoGa (left
panel) and in bec Fe (right panel). The lines connect the lowest-
energy values of each GB type and serve as a guide for the eye.
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TABLE IV. Geometric, energetic, and magnetic characteristics of the model GBs in inverse Heusler Fe,CoGa and bcc Fe. Listed are
the grain-boundary energy ygg, work of separation Wy, surface energy oy, GB excess magnetization &y, the strain derivative of the latter
0&y/0€,, and the GB excess widening dgg. For comparison, the last column lists ygp values of bcc Fe GBs obtained in DFT studies by other

authors.
YGB Weep Osurf 3% afTM dgB vap (Literature)
GB J/m?)  Q/m*) /m*) yop/ows (up/nm®)  (up/A?) (A (J/m?)
Fe,CoGa X3 (112) 0.35 3.92 2.13 0.16 5.13 0.52 0.149
23 (112)0.5 0.33 3.93 2.13 0.16 5.12 0.64 0.136
23 (112)p5 0.32 3.95 2.13 0.15 4.95 0.59 0.131
¥3 (112)9.75 0.34 3.93 2.13 0.16 6.44 0.66 0.145
23 (111)gm 0.97 3.69 2.33 0.42 6.61 1.59 0.300
23 (111)ge 1.26 3.24 2.25 0.56 8.37 1.13 0.338
23 (111)co 1.19 3.45 2.32 0.51 8.70 1.61 0.245
23 (111)g, 0.96 3.48 2.22 0.43 7.38 1.28 0.296
25 (310)mir 1.18 3.08 2.13 0.55 7.13 0.32 0.440
25 (310)9.25 1.18 3.08 2.13 0.55 7.25 0.11 0.443
25 (310)o5 1.05 3.21 2.13 0.49 6.98 0.11 0.431
¥5(310)55  1.18  3.08  2.13 0.55 7.23 0.14  0.442
5 Q210)m 107 315 211 051 8.88 012 0.398
%5 (210)psmir  1.08 3.14 2.11 0.51 10.06 0.19 0.423
25 (210)is0 1.12 3.10 2.11 0.53 8.73 0.16 0.438
25 (210)mix 1.16 3.06 2.11 0.55 9.64 0.14 0.430
bec-Fe B3 (112)y: 045 483  2.64 0.17 4.71 049  0.123 0.34 [43], 0.43 [44], 0.47 [45,46]
¥3 (112)i, 042 486 264 0.16 5.33 056  0.117 0.45 [47]
X3 (111) 1.60 3.90 2.75 0.58 3.70 1.50 0.306 1.52 [43], 1.57 [48], 1.61 [45]
%5 (310)mir 1.58 3.64 2.61 0.60 3.44 1.38 0.315 1.53 [46], 1.55 [49], 1.57 [47], 1.63 [33]
25 (310)g; 1.54 3.68 2.61 0.59 2.49 0.76 0.313
25 (210)mir 1.62 3.58 2.60 0.62 8.37 0.91 0.368
25 (210)is0 1.70 3.50 2.60 0.65 12.52 0.95 0.411 1.64 [47], 2.00 [48]
D. GB excess magnetization &, (@) Ll Jo Fe,CoGa S () 2 o Fe,CoGa
A GB affects the total magnetization of the considered | [© becfe 1 © beefe
structure model. We quantify this change by the excess mag- __lor 87 < L5r o 7
netization &y, as defined in Eq. (6). For all the systems we Y27 5 g > o
investigated, the integrated total magnetic moment always . 8 ° 1 = 4 © i
increases due to the presence of a GB, as can be seen from 27 o © 8 T 8
the &), values compiled in Table IV and visualized in Fig. 5(a). WF o b :PE I g ¢
The sensitivity of the magnetization with respect to strain (and 4; g 1 Tosp 7
thereby a change in local volume), expressed by the derivative | AR e
&)1/ €., is plotted in Fig. 5(b). N R oL , 8
In comparison, the smallest increase in magnetization for a = 3 &g a = 5 &
the inverse Heusler phase GBs is found for the £3 (112), - - = © s T = 2
which in addition is very similar to the &, of the respective (©) SIS SIS
bce Fe GBs. Moreover, the sensitivity to strain of this GB F > ]
type is almost identical for both phases. This originates in the &2 10+ » -
structural similarity and the comparably small deviation from E L ' ______ ,"'_:, “““ ]
bulk structures of the X3 (112) GBs. iﬁ 5 :A;;;‘Ax """"""""" ¢ _
For the other three GB types, there are substantial dif- Nt on ,
ferences between Fe,CoGa and bcc Fe. The X3 (111) GBs 0 ‘ ! ‘ ! ‘ ! ‘
in the inverse Heusler phase have a wide range of &, = 0.1 02 5 0'3[ A 04 0.5
GB

6.6-8.7 ug /nm?, depending on the chemical elements at and
adjacent to the GB plane. This enhancement is considerably
larger than the &, = 3.7 ug/nm? observed for the 3 (111)
GB in bcc Fe. However, the sensitivity to strain is rather
similar for both phases and among the largest values within
the set of studied GB structures.

FIG. 5. (a) Integrated GB excess magnetization &, and (b) its
sensitivity to a strain €, applied perpendicular to the GB, for low-
energy GBs in inverse Heusler Fe,CoGa (red circles) and in bcc
Fe (blue diamond symbols). (c) Correlation between &, and the GB
widening dgg.
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For the X5 (310) GB, the difference in &), between the two
phases is even larger. Here, in the inverse Heusler phase, the
atomic planes parallel to the GB contain all four elements,
which leads to a high flexibility under structural relaxation.
As a consequence, the &y, values are found to be very similar
for the four considered GB models and more than twice as
large as the &), in bcc Fe. This increase in magnetization
can mainly be attributed to increased local magnetic moments
of Co and Fe® atoms at the GB, as will be shown below.
Also, the X5 (210) GBs have a considerable spread in &y
for both phases. This GB type results in the highest &, of
the four types considered in this study. The X5(210);, in
bce Fe has the overall largest GB excess magnetization. We
discuss the origin thereof, especially in comparison with the
mirror-symmetric GB, in Sec. III E. Interestingly, both the X5
(210) and X5 (310) GBs in the inverse Heusler phase are
comparably insensitive to strain, i.e., small changes of the GB
excess widening dgg. In comparison, the respective GBs in
bce Fe have considerably larger 0§y, /d¢€, values; cf. Fig. 5(b).

In Fig. 5(c), we plot the excess magnetization &y, as a
function of the excess widening §gg. Although there is a slight
average trend to an increase of &y with increasing dgp, no
obvious correlation can be stated. There is a large scatter of
the data within a given GB type, which reflects the importance
of the local atomic neighborhood in the vicinity of the GB
plane on the local atomic magnetic moments and therefore on
the the total magnetization. This aspect will be investigated in
detail in the following section.

E. Local magnetic moments

An increase of the local magnetization at the GB is often
attributed to an increased local volume [33,45,48], which can
be quantified, e.g., by a Voronoi cell volume for each atom.
However, in bce Fe, the number of next neighbors and the
respective bond lengths can vary and influence the absolute
values of the local moment too. Figure 6(a) displays the dis-
tribution of local magnetic moments [, that we got for the
bee Fe GBs and their correlation with the Voronoi volume Vi
of the atoms. For comparison, the solid line marks the result
for an isotropic variation of volume for a bulk single crystal
and the vertical dashed line indicates the equilibrium volume.
Most of the atoms have a magnetic moment and a Voronoi
volume close to the bulk values. Some atoms, especially those
directly at the GB plane, may have a significantly increased
WUae up to 2.8 up and a 20% larger Voronoi volume.

In the inverse Fe,CoGa Heusler phase, a fourth aspect,
namely, the chemical variation of the neighborhood, strongly
influences the local magnetic moments of Fe and Co. The
effect is already very pronounced in the bulk phase where the
atoms Fe™ and Fe® have exactly the same Voronoi volume,
but strongly deviating moments ptp,; = 2.60 py and ppn =
1.86 ug; cf. Table I. For the Fe'!), the ferromagnetic coupling
is promoted by the ferromagnetic next-neighbors Co at a
distance of 2.48 A, and the locally increased valence charge
leads to an enhancement of Fe moments (see Slater-Pauling
curve [51,52]). The nonmagnetic Ga atoms lie at the distance
of 2.86 A to the Fe") atoms. For the Fe® atoms, the positions
of the Co and Ga are exchanged and thus the nonmagnetic
Ga atoms take four of the eight next-neighbor positions. Thus
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FIG. 6. Local magnetization u, as a function of Voronoi volume
Vi for all magnetic atoms in the studied GBs of (a) bcc Fe and (b) the
inverse Heusler phase. Vertical dashed lines indicate the volume per
atom of the equilibrium bulk structure. The local magnetic moments
in the bulk phase as a function of volume are shown as black lines
for comparison.

it is conceivable that pr,» = 1.86 uy is even below the usual
2.2 uy of the bee Fe single crystal.[42]

In Fig. 6(b), we show the distribution of local magnetic
moments and Voronoi volumes that we get for the magnetic
elements in the inverse Heusler GBs. Also here we observe
large fluctuations in V, for atoms situated at or near a GB
plane. Moreover, we see the strong dependence on the local
atomic environment in the spread of data points lying in be-
tween the two limiting cases for p, of Fe» and Fe® in the
bulk single crystal, as illustrated by the solid lines. Co atoms
at or close to the GB plane as well may have an increased
volume compared to the bulk equilibrium and a ¢ that, on
average, is larger by 0.2y, than expected when straining a
bulk crystal to obtain the corresponding increase in V. Note
that most Co and Fe" atoms with a reduced V,, compared to
their equilibrium value also have a considerably increased 4.
This is caused by the modified atomic neighborhood of those
atoms at the GB.

In order to analyze our GB models in more detail, we
evaluate the spatial distribution of local magnetic moments
and Voronoi volumes in the vicinity of the GB plane. In the
following, we discuss the results for the cases of X3(111),
23(112)mir, 25(310)mir, and X5(210) i, Which are shown in
Figs. 7-10, respectively. In all four figures, we compare the
results for the inverse Heusler GB with the corresponding one
for bce Fe. Local magnetic moments in the top panels and
Voronoi volume in the lower panels are plotted as a function
of absolute distance (in A) of the respective atom from the GB
plane, which is set to z = 0 in all cases.
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FeaCoGa: X3 (111)co
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FIG. 7. Local magnetization (top) and Voronoi volume (bottom)
for atoms in the X3 (111) GB of the inverse Heusler Fe,CoGa (left)
and compared to bec Fe (right).

The X3 (111) GB shows a correlated oscillatory distance
dependence of V,, within a range of approximately &4 A from
the GB plane for both the inverse Heusler Fe,CoGa and bec Fe
GBs (cf. Fig. 7). The magnitude of the volume modulation is
very similar in both cases. As the £3 (111) structure consists
of a stacking of monoatomic (111) lattice planes (cf. Fig. 2),
the essential degree of freedom in structural relaxation is a
change in layer spacing, with a maximum excess widening
at the GB plane. The local magnetic moments also follow
oscillatory behavior which is directly correlated with the mod-
ulation in V. This is clearly visible for the Fe atoms near
the GB in bcc Fe. The increase/decrease of . for atoms
in the inverse Heusler phase GB is directly coupled to the
increase/decrease of V.. One major difference is observed be-
tween the two cases: Contrary to the inverse Heusler phase, for
bee Fe the oscillatory behavior averages out to a large extent,
and the integrated change in magnetization is comparably low;
cf. Fig. 5.

The situation is different for the X3 (112) GB, shown in
Fig. 8. Here there are no oscillations; instead a peaklike mod-
ulation around the GB plane is observed for V,; and 4. Note
that the magnitude of modulation as well as the affected region
around the GB is reduced compared to the X3 (111), but is
similar for both phases. This is reflected in similar values
for the integrated change in magnetization, &y ~ Sug/nm?.
However, while for bcc Fe there is a one-to-one correspon-
dence between V, and y, the local magnetic moments in
the inverse Heusler phase Fe,CoGa now strongly depend on
the atomic elements in their modified local atomic environ-
ments. This can be seen for the central three Fe!!) atoms that
have rather different volumes of 12.53 A3 and 11.96 A3, but
almost the same py 2 2.6 uy as in the bulk region. The three
central Fe® atoms have as well an almost identical increase
in ., but different volumes. For the Fe® atom at z = 0,
the first-neighbor shell is deteriorated and one of the original
four Fe'" atoms is replaced by a nonmagnetic Ga atom. The
situation is reversed for the other two Fe® atoms, which can
achieve the same moment enhancement with lower volume by
having more Fe atoms in their first-neighbor shell. Due to the

FeaCoGa: X3 (112)mir
3 7\ T T ]
L 5[eeeese st

bee Fe: 33 (112)mir
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FIG. 8. Local magnetization (top) and Voronoi volume (bottom)
for atoms in the mirror-symmetric X3 (112),,; GB of the inverse
Heusler Fe,CoGa (left) and compared to bee Fe (right).

presence of the GB plane, they have, in total, five neighboring
Fe atoms.

As a third case, we discuss the X5 (310) which shows
larger structural variations at the GB plane. Again, there is
a peaklike increase of local volumes at the GB for both con-
sidered phases (cf. Fig. 9). However, in the case of bcc Fe, the
local magnetic moment oscillates with a dominant maximum
of approximately 2.6 u, for the atoms lying on the GB plane.
The effect on the local magnetic moments is more pronounced
and extended on a larger length scale in the inverse Heusler
Fe,CoGa GB. This can again be traced back to the change
in distance and element species of neighboring atoms. As a
consequence, the integrated change in magnetization &, for
this GB type is considerably lower in bee Fe than in the inverse
Heusler Fe,CoGa (cf. Fig. 5).

The X5 (210) has the overall largest excess magnetization
of all the GB types considered in this work (see Fig. 10). For
Fe,CoGa, mainly the Co and Fe'® atoms on the GB plane are

FeaCoGa: X5 (310)mir  bee Fe: 35 (310)mir

3T i L 1
LsfeeeesFeeees] ]
= (mEm_____| ____ sl m| [ ]
3. [ b - —
1.5 -4 L i
1+ 4 F 2.
! ‘ ‘ ! ‘ ‘ ‘ ‘
143 ‘ z Te pat] T 1 T | T 14
1351 m Fe® - —
L - ™ Cz [ j
e Br A 2G| [ 7
'_"51257 F 3 © 4 - _|
> L ] u 4 L ]
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1151 - ] =
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-5 0 5 8 6 4 -2 0 2 4 6 8
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FIG. 9. Local magnetization (top) and Voronoi volume (bottom)
for atoms in the mirror-symmetric £5 (310),,;; GB of the inverse
Heusler Fe,CoGa (left) and compared to bee Fe (right).
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FexCoGa:
55 (210)mir

bece Fe:
35 (210)mir 25 (210)is0 ,

I T T I
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=
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z[A] z[A] z[A]

FIG. 10. Local magnetization (top) and Voronoi volume (bot-
tom) for atoms in the mirror-symmetric X5 (210),,;; GB of the inverse
Heusler Fe,CoGa (left) and in bcc Fe (middle). The right panels
show the results for the £5 (210);,, in bee Fe for comparison.

responsible for this elevated magnetization. Interestingly, the
Fe'! atoms in the neighboring atomic planes do not contribute
to this increase, although they have a substantially enlarged
Vat. The largest &), value is found for the X5 (210)y,;, in bee
Fe (right panel in Fig. 10). Here the geometric configuration
does not lead to the oscillations in V, and 1, observed for the
other GBs in bcc Fe. Instead we find a broad double peak at
the GB in both quantities, which is the origin for the observed
extra-large excess magnetization. This effect is not seen in
the GBs of isosceles type in the inverse Heusler phase (cf.
Table IV). Here again, the ternary alloy Fe,CoGa provides
higher flexibility to react to the structural perturbation of the
GB.

(a) £5 (310) mir (b)  35(310), 55

°° °O

aSUUNEaY.

(c) %5 (310) 0.5 (d)

?
V

sors i Sere HM
Hm S

FIG. 11. Atomic structure of the relaxed Fe,CoGa X5 (310) GB
models: (a) mirror-symmetric configuration and models with relative
lateral translation along the tilt axis (b) dy = 0.25, (¢) dy = 0.5, and
(d) dy = 0.75. The dashed line indicates the GB plane and the solid
lines highlight the characteristic structural motives.

(a) X5 (210) mir

o
o
°Q
00
08
%o
%o

2
Fe® Fe® Ga

FIG. 12. Atomic structure of the relaxed Fe,CoGa X5 (210)
Gb models: (a) mirror-symmetric, (b) pseudo-mirror-symmetric,
and (c) isosceles-type configurations. The dashed line indicates the
GB plane and the solid lines highlight the characteristic structural
motives.

IV. SUMMARY AND CONCLUSIONS

We have presented a DFT study of the energetic and mag-
netic properties of grain boundaries in the inverse Heusler
phase Fe,CoGa and compared the results to corresponding
GBs in bee Fe. The studied GBs in the inverse Fe,CoGa
phase all have comparably lower formation energies than the
respective ones in bcc Fe. However, the surface formation
energies and the work of separation are rather similar for
both phases. For all the considered structures, we find that
the presence of GBs leads to a systematic enhancement of
the local magnetic moments in the GB region and thereby
to a positive integrated excess magnetization. The fact that
Fe,CoGa contains nonmagnetic Ga and thus 25% of the atoms
are not profiting from a volume increase in the GB region
is compensated by Co and Fe® atoms, which are mainly
responsible for the gain in magnetic moment at the GBs.

The GBs of the X3 (112) type are, by far, the most stable
GBs in both material systems and very similar in terms of
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their geometric, energetic, and magnetic properties. For the
other GB types studied, namely, the ¥3 (111), 5 (210), and
35 (310), pronounced differences in energetic and magnetic
properties are observed. The respective GBs in Fe,CoGa lead
to a considerable increase of magnetization at the GB, up
to more than twice as much as in bec Fe, depending on the
GB type, while geometrical quantities such as GB excess
widening or local volume distributions are similar for both
phases. We have analyzed this difference in terms of the
distribution of magnetic moments and volumes of the atoms in
the vicinity of the GB. We find that the ternary Fe,CoGa phase
yields a higher flexibility in compensating the disturbance of
crystal defects by structural relaxation. Thereby, it forms GB
structures of lower energy accompanied by increased local
magnetic moments of the Co and Fe® atoms within a distance
of a few A around the GB plane.
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APPENDIX

The analysis presented above focuses on the energetic and
magnetic properties of the studied GBs. For completeness,
here we briefly summarize the features of the atomic struc-

tures of the relaxed Fe,CoGa GB models as compared to the
symmetric models shown in Fig. 2.

For the X3 (111), the structural relaxation only affects
the spacing of the atomic layers parallel to the GB plane.
This variation is directly reflected in the variation of Voronoi
volume as plotted in Fig. 7. Even smaller deviations from the
initial structure are found for the ¥3 (112). Here, the relaxed
atomic positions are very close to those of the ideal ones, as
shown in Fig. 2, apart from the GB excess widening dgg, listed
in Table IV. Consequently, the magnitude of modulation in
Voronoi volume as well as the affected region around the GB
is even reduced compared to the X3 (111) (cf. Fig. 8).

For the four studied ¥5 (310) models, the relaxed atomic
coordinates also deviate only slightly from the corresponding
positions in the bcc-Fe model within the planes parallel to
the GB; however, there is some modulation in the z direction
close to the GB plane, as illustrated in Fig. 11. All four studied
structures show the characteristic structural kite motive at the
GB with small variations in bond angles.

The largest structural rearrangements during structural re-
laxation are found for the X5 (210). This may already be
expected from an accurate inspection of the respective sym-
metric structure shown in Fig. 2, which contains some atoms
close to the GB which are very close to each other. Figure 12
shows the relaxed GB structures, where the GB plane is indi-
cated by the dashed line. The solid lines are plotted as a guide
for the eye to highlight the structural differences between the
three shown structures. The X5 (210),,;; contains a true mirror
plane, while for the pseudo-mirror GB model X5 (210)psmir,
the atom positions to both sides of the GB are close to mirror
symmetry, but the atom types differ. Finally, £5 (210);5, is of
isosceles type.
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