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Violation of the rule of parsimony: Mixed local moment and itinerant Fe magnetism in Fe;GeN
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Ternary iron nitrides are of considerable interest due to their diverse magnetic properties. We find, based on
first principles calculations, that the relatively minor structural distortion from the cubic antiperovskite structure
in Fe;GeN, consisting of octahedral rotations, leads to unusual magnetic behavior. In particular, there is a
separation into Fe sites with very different magnetic behaviors, specifically a site with Fe atoms having a stable
local moment and a site where the Fe shows characteristics of much more itinerant behavior. This shows a
remarkable flexibility of the Fe magnetic behavior in these nitrides and points towards the possibility of systems
where minor structural and chemical changes can lead to dramatic changes in magnetic properties. The results
suggest that, analogously to oxide perovskite materials, modulation of magnetic properties via chemical or strain
control of octahedral rotation may be feasible. This may then lead to approaches for tuning magnetism to realize
properties of interest, for example, tuning magnetic transitions to quantum critical regimes or to proximity to

metamagnetic transitions of interest for devices.
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I. INTRODUCTION

Iron nitride compounds and particularly their magnetic
properties have been the subject of considerable interest. This
was stimulated by reports of exceptional magnetic properties
in tetragonal Fe ¢N», including high magnetization in combi-
nation with reasonable coercivity for many applications [1-3].
Related to this, Fe shows a remarkable variety of magnetic
behaviors depending on structure. For example, the ground-
state bec structure of «-Fe is a well-known ferromagnet, while
austenite, a fcc structure, shows much weaker magnetism and
lies higher in energy because of this difference [4,5]. Other
binary Fe-N compounds include Fe;N, which is hexagonal
and ferromagnetic [6], and FesN, which is cubic, with a lat-
tice consisting of Fe on fcc sites and N in octahedral holes.
This compound, despite its fcc Fe sublattice, has a substantial
magnetization of 2.14up/Fe, similar to bce Fe [7,8].

Ternary iron-nitride compounds provide opportunities for
better understanding the relationships between structure and
magnetism in iron-rich phases, but have been relatively less
investigated as compared with the binary phases. Some ex-
amples include GaFe3;N, which is an antiferromagnet [9], and
Fe;RhN, which is an itinerant ferromagnet with a magnetic
moment of 8.3up per formula unit [10]. These compounds
form in the cubic antiperovskite structure, which is the same
as the structure of FesN, with one Fe substituted by another
element. The antiperovskite structure may thus be regarded as
fcc Fe with one quarter of the Fe atoms substituted by another
element to yield a simple cubic lattice and N inserted into Fe
coordinated octahedral holes. Here we show that there can be
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a large sensitivity to structural distortions similar to perovskite
oxides, and in particular that for Fe3GeN octahedral rotation
leads to two very distinct Fe sites from the point of view
of their magnetic behavior. This contradicts the expectation
from the rule of parsimony, which is the principle that a
given element generally has a minimum number of physically
distinct sites or behaviors in a stable compound.

Other Fe-N ternary phases with this antiperovskite struc-
ture include AlFes;N [11] and ferromagnetic ZnFes;N [11,12].
Antiperovskite intermetallics, stoichiometry AFe;N, where A
is a metal or metalloid, normally form in the undistorted
cubic ABOj3 perovskite type structure, space group Pm3m with
A on the perovskite A site (0,0,0), Fe on the perovskite O
site (0, % %), (%, 0, %), (%, % 0), and N on the perovskite B
site (%, % %). The perovskite structure is often described as
consisting of corner-sharing BOg octahedra and A-site cations
in the large interstices between these octahedra. Oxide per-
ovskites most commonly distort from the cubic structure by
rotations and tilts of the BOg octahedra [13]. Antiperovskite
intermetallics are distinct in this regard in that they normally
form in the ideal cubic structure, without distortions.

Iron germanium nitride Fe;GeN is exceptional in this re-
gard. In particular, it has an antiperovskite based tetragonal
structure, which consists of corner-sharing NFeq octahedra
that are alternately rotated along the ¢ axis of a tetragonal
cell, similar to many oxide perovskites (see Fig. 1). Interest-
ingly, while not common among intermetallic antiperovskite
compounds, octahedral rotation and tilts are very important
in modifying the properties of oxide perovskites [14—16].
Scholz and Dronskowski [17] found that the structure of
Fes_Ge;N, changes from a cubic antiperovskite structure to
the distorted tetragonal structure with increasing content of Ge
replacing Fe. Liu and coworkers showed that this transition is

©2022 American Physical Society


https://orcid.org/0000-0001-9373-0237
https://orcid.org/0000-0001-7750-1485
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.024408&domain=pdf&date_stamp=2022-07-12
https://doi.org/10.1103/PhysRevB.106.024408

MARI TSUMURAYA AND DAVID J. SINGH

PHYSICAL REVIEW B 106, 024408 (2022)

R LR Fe2

FIG. 1. Crystal structure of Fe;GeN shown in two views as indi-
cated. The atomic positions are as optimized by energy minimization
using the PBE GGA. Note the alternating rotation of the NFe¢ octa-
hedra around the c axis, as indicated by the schematics for two layers
on the left side of the figure.

continuous as a function of Ge content in Fey_,Ge, N [18].
In any case, Fe;GeN, which shows a net magnetic moment
0.2up—0.3p per Fe with sample dependence, has tetragonal
symmetry at room temperature [17,19]. This structure has
a doubled primitive unit cell containing two formula units,
space group /4 /mcm, number 140.

Previous studies report some unusual physical behavior,
including an unusual critical behavior. This is reported to be
intermediate between the expected short-range Heisenberg-
type behavior and more long-range behavior [20]. In addition,
an anomalous Hall effect is reported [21]. One complication
has been that the compound may form off stoichiometry,
in particular with partial filling of the N sites [17,19]. This
tendency to variable stoichiometry complicates analysis of
the physical properties. Reported experimental lattice param-
eters are a = 5.231 A, ¢ = 7.658 A for GeN sFe; [19], and
a=5.3053 A, ¢ = 7.7632 A for Fe3GeN [20]. The difference
between them is presumably mainly due to the nitrogen stoi-
chiometry.

In any case, octahedral rotations lead to distinct Fe sites,
specifically the three Fe atoms in the formula unit are divided
into two-plane Fe atoms and an apical Fe atom, which may
then behave differently with respect to formation of the elec-
tronic structure. These are the Fel site (Wycoff site, 4a, one
atom per formula unit, two per primitive cell) and the Fe?2 site
(Wycoff site 8h, two atoms per formula unit, four per primitive
cell). Considering the intersecting chains of Fe and N atoms
along the Cartesian directions that are characteristic of the
perovskite structure, the octahedral rotation in Fe;GeN leaves
straight ... Fel-N-Fel-N... chains along the c-axis direction,
while the ...Fe2-N-Fe2-N... chains in the in-plane directions
become bent, specifically with N-Fe-N bond angles that de-
viate from 180°. The calculated octahedral rotation angle for
the PBE GGA at the experimental lattice parameters is 13.24°,
leading to a N-Fe2-N bond angle of 153.52°. Prior theoretical
work has shown that the ferromagnetic moment observed is
a consequence of a ferrimagnetic ordering of the Fel and
Fe2 itinerant moments associated with Fe d states around the
Fermi level [18]. The presence of Fe d dominated electronic
states near the Fermi level and associated magnetism is a
common feature of Fe-based antiperovskite nitrides [22,23].

The purpose of the present work is to investigate the effects of
the structural separation into two distinct Fe sites.

II. COMPUTATIONAL METHODS

The present first principles work was done within density-
functional theory using general potential linearized aug-
mented plane-wave (LAPW) method [24], as implemented
in the WIEN2K code [25]. The reported results were obtained
using LAPW sphere radii of 2.30 Bohr, 1.55 Bohr, and 2.00
Bohr for Ge, N, and Fe, respectively. We tested other choices
of sphere radii and used somewhat smaller sphere radii of 1.85
Bohr for Fe in the determination of the equilibrium lattice
parameters in order to avoid sphere overlaps. The calculations
were done with well-converged, tested choices for the basis
set cutoff and the Brillouin zone sampling. The results shown
were obtained with Brillouin-zone sampling by 16 x 16 x 16
uniform k-point meshes. We did calculations with both the
common Perdew, Burke, and Ernzerhof generalized gradient
approximation (PBE GGA) [26] and with the local density
approximation (LDA) due to the possible sensitivity of results
on magnetism of a Fe-based intermetallic to the particular
functional [5]. The differences may be regarded as an indi-
cation of uncertainty due to the choice of the functional.

The nature of the magnetism was studied using constrained
density-functional theory (DFT) [27]. This allows calculations
of the energy and other properties, for example, contributions
of different sites to the magnetism, as a function of a con-
straint. Here we used the fixed spin moment method [28,29],
where the constraint is on the total spin magnetization of the
unit cell. This constraint is imposed by fixing the difference
between the spin-up and spin-down occupations. This leads to
a difference in Fermi energy between spin-up and spin-down
corresponding to the constraining field [24].

We did calculations at the reported experimental lattice
parameters of a = 5.3053 A, and ¢ = 7.7632 A [20], and also
as a function of lattice parameters. In all cases, we relaxed the
free internal coordinates, specifically the in-plane Fe2 posi-
tion, which is related to the octahedral rotation. For the PBE
functional at the experimental lattice parameters, we obtained
a Fe2 position of (0.691,0.191,0). This corresponds to a larger
rotation than that for the coordinate reported by Boller and
coworkers [19], who obtained (0.73,0.23,0) for samples with a
reported stoichiometry Fe;GeNj s;. The lower rotation in that
report is intermediate between the unrotated cubic structure
of Fe;Ge and our result for stoichiometric Fe;GeN. Interest-
ingly, this trend is also consistent with the trends for oxide
ABOj; perovskite materials. In those oxides, increasing the
B-site size (N here), while keeping the A site fixed, reduces
the perovskite tolerance factor ¢t = (r4 + ro)/ ﬁ(rB +ro),
where r4, rp, and ro are the ionic radii of A, B, and O,
respectively [30].

Reduction of the tolerance factor in normal perovskites
generally leads to stronger octahedral rotation. One may also
rationalize the result of Scholz and Dronskowski in this pic-
ture. They reported that Fe4_,Ge,N, changes from cubic to
tetragonal as x increases [17]. This is by noting that Ge
is smaller than Fe, based on trends in transition-metal ger-
manides, also consistent with a shrinking unit cell volume as
Fe is alloyed with Ge. Thus the tolerance factor is decreased

024408-2



VIOLATION OF THE RULE OF PARSIMONY: MIXED ...

PHYSICAL REVIEW B 106, 024408 (2022)

TABLE I. Ground states from self-consistent field calculations. M., is the total magnetic moment per six Fe atom unit cell. Mg, and Mg,
are the Fel and Fe2 magnetic moments from integration of the spin densities in the LAPW spheres, and are given per atom. Note that spin
density also has small components outside the Fe spheres, which accounts for the difference between the total moment per cell and the sum of
the Fe moments. These are given at the experimental and at the calculated lattice parameters a and ¢ for the LDA and PBE functionals. Note

that the unit cell contains two Fel atoms and four Fe2 atoms.

Functional Experimental lattice parameters Theoretical lattice parameters
Lattice Magnetic moment (up) Lattice Magnetic moment (up)
parameters (A) Moo M Mre parameters (A) Moo M Mre>
PBE a = 5.3053 4.66 1.86 0.31 a=>5.2133 4.47 1.72 0.30
c="17.7632 c=17.7638
LDA a = 5.3053 4.24 1.66 0.29 a=15.1072 3.23 1.07 0.30
c=17.7632 c=17.5312

and the tendency to rotation is increased when the Fe on the A
site is replaced by Ge. Thus while the bonding of these com-
pounds is covalent and metallic [22], and not ionic as in the
oxide perovskites, some of the structural rules, in particular
the role of atomic sizes carry over.

III. RESULTS AND DISCUSSION

We begin with the ground-state properties. Lattice param-
eters and magnetic moments are summarized in Table 1. The
differences between the LDA and PBE results are typical of
DFT calculations. The LDA gives somewhat lower magnetic
moments and magnetization than the PBE, specifically a mag-
netization of 0.71ug vs 0.78up per Fe at the experimental
lattice parameter. It also predicts smaller lattice parameters
than PBE, with an equilibrium cell volume that is 7% smaller.
It may also be noted that the calculated c/a ratios (1.49 for
PBE and 1.47 for LDA) are slightly larger than the experi-
mental value of 1.46. In any case, the magnitude and direction
of the differences in lattice parameters between the LDA and
PBE functionals is typical of the behavior of these functionals
in weakly and moderately correlated metals, including bulk
Fe [31,32]. As mentioned, the experimental magnetization is
sample dependent. However, it is generally somewhat smaller
than our result. For example, a recent experimental study
reported 0.57up per Fe for Geg g7Fes 03Ngs¢ [17]. This may
be a consequence of differences in stoichiometry or DFT
errors. Interestingly, the type of deviation, where the exper-
imental magnetization is smaller than the calculated LDA
magnetization, is characteristic of some itinerant magnetic
systems that are near quantum critical points. In particular,
standard density-functional calculations, as with the LDA or
PBE GGA, do not include renormalization of the magnetiza-
tion due to spin-fluctuations near the critical point [33-35].
It may be of interest to experimentally study Fe;GeN in this
context as well as to perform detailed experimental studies
of the connection between magnetic behavior and nitrogen
stoichiometry.

Turning to the details of the ground-state magnetic be-
havior, one notes that the two inequivalent Fe sites behave
very differently. The magnetization is mainly from the Fel,
apical Fe, site, while the in-plane Fe2 site has a much smaller
moment. As mentioned, the Fe2 site differs from the Fel site
in that it has bent N-Fe-N bonds due to the rotation. The
magnetic moment of each Fel atom almost six times larger

than that of a Fe2 atom. In our calculations, while the Fe2
moment is small, it is aligned ferromagnetically with the Fel
moment.

Figure 2 shows the band structures for majority and minor-
ity spin. These are for the PBE functional at the experimental
lattice parameters. The corresponding density of states (DOS)
is given in Fig. 3. Our calculated DOS is in accord with
the prior calculation of Liu and coworkers [18]. The Fermi
level falls in a dip in the DOS. Fe d states dominate the
DOS between —4 and 2 eV relative to the Fermi level. There
is considerable hybridization evident in the DOS as seen
also in prior work [18], and the projected band structure
presented in the Appendix. As mentioned, the magnetic be-
haviors of the Fel and Fe2 sites are different. The analysis
is somewhat complicated by the hybridization of the Fel and
Fe2 states. Nonetheless, the Fel and Fe2 projections of the
DOS are significantly different from each other. In particular,
the Fe2 d DOS, besides showing smaller exchange splitting,
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FIG. 2. Calculated band structure for majority and minority spin.
The dashed line denotes the Fermi level at 0 eV. Majority-spin bands
are shown in blue and minority-spin bands in red.
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FIG. 3. Total and partial electronic density of states (DOS) plots
shown on a per unit cell, two formula unit, basis. Majority- and
minority-spin DOS are shown above and below zero, respectively.
The Fermi level is at zero energy.

corresponding to the lower moment, appears more narrow, in
particular for the peak that occurs just below the Fermi level.
The density of states at the Fermi level, N(Er) are 3.32 and
2.19 eV~! per six Fe atom unit cell, for majority and minority
spins, respectively. Fat band plots for the region close to the
Fermi energy, showing the Fel and Fe2 d characters, are given
in the Appendix.

Several bands cross the Fermi level, as seen in the band
structure. These lead to large Fermi surfaces in both the ma-
jority and minority spins. It is noteworthy that these bands
are more dispersive in the k, direction, i.e., I"-Z, than in the
in-plane direction. The Fermi surfaces are shown in Fig. 4.
The majority spin shows hole-like rings around the zone edges
and a small electron-like surface around the zone center, in
addition to a large surface. The occupancies of the corre-
sponding three partially filled majority-spin bands are 0.966,
0.319, and 0.045. The minority spin has one large sheet of
Fermi surface, corresponding to a band with an occupancy
of 0.670. The difference between the Fel and Fe2 sites is
also reflected in the Fermi surface. In particular, it is signif-
icantly anisotropic between the k; and the in-plane k, and k,
directions, perpendicular to k,. The large surfaces are flattened
along k,, particularly for the majority spin. This reflects the
higher dispersion of the bands in this direction, leading to the
expectation that the electrical conductivity should be higher in
the c-axis direction, relative to in-plane.

We used constrained density-functional theory, fixed spin
moment calculations to elucidate the nature of the magnetism
[28,29]. These were done both at the experimental lattice
parameter, and under uniform compression and expansion,
for both the PBE and LDA functionals. We relaxed the in-
ternal coordinates of the Fe2 atom for each magnetization
and volume. Figure 5 gives the results of fixed spin moment
calculations for lattice parameters of 98%, 99%, 100%, and
101% of the experimental lattice values [20]. The energies
and magnetization are shown on a per unit cell basis. The en-
ergy minimum for the experimental lattice parameters (curves
marked 100% in comparison with the data in the first set

(=}
| - o

-

o

FIG. 4. Calculated Fermi surfaces for the PBE functional at the
experimental lattice parameters. There are three majority-spin Fermi
surfaces, shown in blue (left), and one minority-spin surface, shown
in red (right). I is at the center of the body-centered tetragonal zone
as shown. Other symmetry points corresponding to the points in the
band structure are as indicated on the minority-spin surface (right).
With respect to the conventional tetragonal zone, Z is along the
k; [0,0,1] direction, while X is along the conventional cell [1,1,0]
direction.

of columns in the table) corresponds to the self-consistent
magnetization shown in Table I, as expected. In addition, there
is a flattening of the energy vs magnetization in the vicinity of
10up per unit cell (*1.7up/Fe). This is with respect to the
expected parabolic increase of the energy with magnetization
and is particularly noticeable for the expanded cell and the
PBE functional. This suggests proximity to a metamagnetic
transition from the ground state to a high magnetization state,
which might be found in high-magnetic-field experiments.
Figure 6 shows the magnetic moment of individual Fel
and Fe2 atoms as a function of unit-cell magnetization in
the fixed spin moment calculations. Although the Fel and
Fe2 atoms are in chemically similar environments with simi-
lar coordination, they show dramatically different behaviors.
The Fe2 moments are approximately linear with constrained
magnetization for both functionals and for the different lattice
parameters. The Fel moments on the other hand, while they
do vary, are much less flexible. This is in the sense that,
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1.5 ¢ 98% PBE
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FIG. 5. Calculated fixed spin moment magnetic energy as a func-
tion of magnetization on a per unit cell basis, using the PBE and
LDA functionals. The energy zero is taken as the energy of a non-
spin-polarized calculation for each set of lattice parameters. The
constrained zero moment per unit cell calculation can have a lower
energy than the non-spin-polarized zero energy, as a consequence of
forming a lower energy state with canceling nonzero moments on the
Fel and Fe2 sites. This is seen at larger lattice parameters (99% and
larger for PBE and 101% for LDA).

particularly for the PBE functional and for the experimental
and expanded lattice parameter, the Fel moments do not show
nearly as strong a dependence on magnetization as the Fe2
site. Thus when the total magnetization is constrained to have
a value different from the equilibrium value the constraint is
accommodated mainly by the Fe?2 site.

Transition-metal magnets are often characterized accord-
ing to the extent to which they show itinerant or local moment
magnetism. The local moment limit has stable moments, and
the magnetic behavior is governed by the interactions between
the directions of these, as in the Heisenberg model, exempli-
fied by many oxides, such as MnO.

The opposite itinerant limit is characterized by moments
whose magnitude is variable and changes for example with
temperature, such as, for example, in the Stoner picture, exem-
plified by fcc Ni. Based on the results in Fig. 6, the magnetic
moment of Fe2 goes up strongly as the fixed spin moment
increases in contrast to the behavior of the Fel, which is
relatively invariant. This means that the Fel atoms behave
as if they have local moments, while the Fe2 atoms show a
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FIG. 6. Fel and Fe2 moment on a per atom basis versus
constrained magnetization per unit cell from fixed spin moment
calculations.

more itinerant nature. Thus, the magnetism of Fe;GeN could
be described as local Fel moments interacting through an
itinerant system comprised by the Fe2 atoms. This result is
robust. We find this differentiation of the Fel and Fe?2 sites,
both with the LDA and PBE functionals, at the experimental
and the calculated lattice parameters and over a range of
volumes around the experimental volume.

This nature could in principle be probed by neutron-
diffraction measurements of the Fel and Fe2 moments as
a function of temperature. While Fe;GeN does not have a
particularly high Curie temperature, it is notable that some
very high Curie temperature materials, particularly Heusler
CoyFeSi (T, ~ 1100 K) show a similar characteristic [36].
In any case, the results show that in spite of their very similar
chemical and coordination environments the magnetic behav-
iors of the two Fe sites in Fe;GeN are very different. This
reflects a sensitive interplay of structure and magnetism in a
Fe compound.

IV. SUMMARY AND CONCLUSIONS

We report a DFT investigation of the ternary iron nitride
compound, Fe;GeN, which has a distorted antiperovskite
structure, in which octahedral rotation leads to two distinct Fe
sites. Remarkably, this also leads to very different magnetic
properties of these Fe atoms. One site, the Fel apical site,
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accounts for most of the magnetization and has a relatively
stable moment. The other site Fe2, which is the in-plane Fe
site, has a moment that is aligned with the Fel moment but is
much smaller and much more flexible than the Fel moment.
The magnetism may then be described as local Fel moments
embedded in an itinerant Fe2 background. This separation
into two sites with very different behavior is an unexpected
deviation from the rule of parsimony, according to which the
different Fe atoms would be expected to behave similarly.

The results suggest that, analogously to oxide perovskite
materials, modulation of magnetic properties via chemical or
strain control of octahedral rotation may be feasible. This
may then lead to approaches for tuning magnetism to realize
properties of interest, for example, tuning magnetic transitions
to quantum critical regimes or to proximity to metamagnetic
transitions of interest for devices. It will be of strong inter-
est to extract rational design principles, analogous to those
in oxides, for understanding and predicting the variation of
structure with chemistry, order, strain and other parameters
for these intermetallic antiperovskite phases.
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APPENDIX

The projected band structures of Feld and Fe2d character
for majority and minority spins near the Fermi energy Er are

Fel Fe2
20 g 201y TN
1.0 ﬁ % > 1.0 i
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w | é Nt w | ™N—
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20 20 PR
z T X P N T Z T X P N T
20 20
N /f N
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FIG. 7. Calculated projected band structures for majority spin
(top) and minority spin (bottom). The dashed line denotes the Fermi
level at O eV. The projections are on a per atom basis.

shown in fat-band representations in Fig. 7. The projections
were onto the corresponding LAPW spheres. As seen, the
bands closest to Er have hybridized Fe d character from the
two sites.

Fe2 makes larger contributions for the majority spin, while
Fel makes larger contributions for the minority spin in the
energy range shown. This may also be noted from the density
of states.
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