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Abstract: In the following work, DFT calculations were utilized as means to primarily determine
an estimate of the bulk modulus and equilibrium volume of γ-Fe4N and to investigate the collapse
of γ-Fe4N magnetism. The P2/m phase is also investigated as an alleged phase which stems from
the soft modes of γ-Fe4N, which highlight possible atomic rearrangement and higher tendency to
converge into a less symmetric phase. The estimate of bulk modulus is found to be in plausible
agreement with other estimates. The collapse of γ-Fe4N magnetism is predicted to occur within
215-217.5 GPa. This prediction is further corroborated by the bond length analyses where an
anomaly was observed within a pressure window of 212-217 GPa.
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I. INTRODUCTION

The γ-Fe4N is one of iron nitrogen compounds which is
reputable for its high spin polarization ratio in proximity
of the Fermi level rendering it an excellent ferromagnetic
material [1]. In this crystal, the magnetic moment of the
corner iron atoms was found to remain unchanged while
the magnetic moment of the face-center iron atoms was
found to suffer a discontinuity as the lattice parameter
of γ-Fe4N is varied. This variation was thought to have
originated from changes occurring in the 3d orbitals. The
lack of phonon studies triggered [1] to study the phonon
stability of γ-Fe4N and elaborate on the effect of pres-
surizing the γ-Fe4N on the magnetic properties and the
collapse of magnetism. This is precisely what we have ac-
complished here. Using another simulation package, we
were able to predict the effect of pressure on the deterio-
ration of magnetism of γ-Fe4N and its terminal collapse
around a critical pressure. In addition, we were able to
fit an equation of state exploiting the energy vs. volume
relation in order to get an estimate of the bulk modulus
and equilibrium volume.

II. CONVERGENCE TESTING

Density functional theory periodic computations were
conducted using Quantum Espresso version 6.2 [2, 3]. In
the Quantum Espresso suite of codes, core-valence elec-
trons are accounted for based on the pseudo-potential
and plane-wave basis set approach. All calculations
implemented the generalized gradient approximation
(GGA) of the exchange-correlation potential from the
Pedrew, Burke, and Erzenhof functional (PBE) for Fe
and N [4, 5]. The original structure of the γ-Fe4N was
retrieved from materialsproject (mp-535). All concerned
relaxations were performed utilizing the BFGS algorithm
[6]. All structures (initial and relaxed) were analysed via
XCrySDen [7] and VESTA. The pseudo-potentials found
for both elements are provided with recommended values
for the cut-off energy. These values supplement the first

step of the convergence testing protocol by taking the
common maxima from both pseudo-potentials for both
elements. In the first step, we fix the values for cut-
off energy, vary the Monkhurst-Pack k-grids size [8], and
inspect variation in hydrostatic pressure (given by the
scf.out in Kbar) as shown in Figure 1(a). A 3x3x3 al-
ready seems to be adequate, however, in order to stay in
line with the work of [1], a 10x10x10 was chosen to be
mesh size. In the second step of the convergence test-
ing, as seen in Figure 1(b), the mesh size was fixed, the
values of the cut-off energy were varied, and the hydro-
static pressure was monitored. An ecutwfc/ecutrho of
64/320 (Ry/Ry) was found reasonably plausible. In the
last step of the convergence testing, as depicted from Fig-
ure 1(c), the aforementioned values of the cut-off energy
were fixed, mesh size was varied, and hydrostatic pres-
sure was monitored. Surprisingly, a mesh of 3x3x3 was
found to approach convergence quite hastily, however, in
order to stay in line with the work of [1], a 10x10x10 was
chosen to be mesh size. Therefore, the following conver-
gence parameters were recursively chosen for all calcula-
tions throughout this work: ecutwfc = 64 Ry, ecutrho =
320 Ry, and k-mesh of 10x10x10. Mention must be made
here of the significance of involvement of spin polariza-
tion as γ-Fe4N is ferromagnetic.

III. ENERGY VS. VOLUME CURVE FOR γ-Fe4N

A common procedure followed to determine vital me-
chanical properties of materials, such as: bulk modulus
and equilibrium volume, involves incrementally varying
unit cell size and monitoring the overall energy while
maintaining fractional atomic coordinates. A summary is
provided in Table 1 which depicts how the lattice param-
eter variation by defined increments, given as multiples
of ∆, influences variation in exercised hydrostatic pres-
sure. Inevitably, this variation in size of the unit cell
is accompanied by variation in total energy of the unit
cell, as depicted in Figure 2. In addition to the static
calculations (referred to as “scf” in Figure 2), variable-
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FIG. 1. Convergence testing workflow: (a) hydrostatic pres-
sure dependence on k-mesh size while using recommended val-
ues for cut-off energy, (b) hydrostatic pressure dependence on
cut-off energy values while holding k-mesh size constant, and
(c) hydrostatic pressure dependence on k-mesh size while us-
ing values for cut-off energy found in (b) to be computation-
ally feasible.

cell relaxation calculations (vc-relax) were carried out to
vary the lattice parameter of the unit cell and to en-
able the specification of values for hydrostatic pressure
using the command “press” in the block “&CELL”. In
Figure 2, the static (scf) and relaxation (vc-relax) data
points are color-labeled. At pressures of 10 GPa, 30 GPa,
and 40 GPa, the unit cell size decreases by 6.8%, 14.5%,

TABLE I. Lattice parameter variation impact on hydrostatic
pressure.

Lattice parameter, a [Å]a V [Å3] Pw.avg. [GPa]
a-3∆ 3.675 49.633 15.098
a-2∆ 3.715 51.272 10.429
a-∆ 3.755 52.946 6.105
a 3.795 54.656 -0.007
a+∆ 3.835 56.402 -5.311
a+2∆ 3.875 58.186 -10.316
a+3∆ 3.915 60.006 -14.414

a where ∆ is equivalent to 0.04 Å

and 16.8%, respectively. A 7.3% decrease in volume was
found by [1] at a pressure of 10 GPa. The data points
found in Figure 2 can be fit using the Birch-Murnaghan
equation of state (EoS) and the bulk modulus and equi-
librium volume can be estimated. The static calculations
EoS fit is not as reliable as the EoS fit of the vc-relax cal-
culations. The estimated values of bulk modulus found
in Figure 2 are similar to those reported by [9]; 164 GPa.
However, the bulk modulus is found to be 193 GPa on
materialsproject, file mp-535.

FIG. 2. Static scf and vc-relax calculation summary of energy
vs. volume.

In Table 2, a summary is provided to compare the lat-
tice parameter, atomic positions, and magnetic moment
of the unit cell constituents at 0 GPa and 10 GPa. As
observed from the table, there exists a plausible match
between VASP [1] and Quantum Espresso (this work)
calculated values. The unit cell of γ-Fe4N, presented in
Figure 3(a), is cubic and comprises of six iron atoms at
face centers (Fe1), eight iron atoms at the corners (Fe2),
and a nitrogen atom in the body center position (N). As
per the phonon investigations of [1], another phase was
anticipated and the unit cell of the new phase (P2/m) is
presented in Figure 3(b). One way to understand the

atomic rearrangements occurring from the original
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TABLE II. Summary of crystal structures, lattice parameters, atomic positions, and magnetic moments of γ-Fe4N at 0 and 10
GPa. aValues obtained by [1], bValues obtained using k mesh 3x3x3, and cValues obtained using k mesh 10x10x10.

Crystal structure Lattice parameter(s) (Å) Atomic position Magnetic moment (µB)

Pm3m a = 3.795 (3.795a) Fe1: 3c (0.5, 0.0, 0.5) Fe1: 2.1627b, 2.1718c (2.336a)
0 GPa Fe2: 1a (0.0, 0.0, 0.0) Fe2: 2.9304b, 2.9875c (2.951a)

N: 1b (0.5, 0.5, 0.5) N: 0.0926b, 0.0445c (0.026a)
Tot: 9.86b, 9.96c (9.983a)

Pm3m a = 3.70809c (3.70463a) Fe1: 3c (0.5, 0.0, 0.5) Fe1: 1.6155b, 1.7509c (1.746a)
10 GPa Fe2: 1a (0.0, 0.0, 0.0) Fe2: 2.9731b, 2.9645c (2.935a)

N: 1b (0.5, 0.5, 0.5) N: -0.0089b, 0.0164c (-0.007a)
Tot: 8.06b, 8.57c (8.164a)

phase of γ-Fe4N, which is the Pm3m, is schematically
presented in Figure 3(c). The Pm3m unit cell is firstly
expanded three times in the lateral dimensions. Two pe-
riodic green (110) planes and two periodic green (110)
planes specify boundaries of the P2/m unit cell. Lastly,
a single nitrogen atom is kicked out of the unit cell.

FIG. 3. (a) The Pm3m unit cell of γ-Fe4N (nitrogen and
iron atoms are labeled in blue and magenta, respectively),
(b) the P2/m unit cell of the deformed phase of γ-Fe4N, and
(c) schematic representation of a proposed methodology to
derive the P2/m from the Pm3m.

Figure 4 shows the energy vs. volume relation of both
crystal systems. The comparison is valid since the com-
mon dependent variable is now provided per atom. The
P2/m is seen to be more stable than the Pm3m. It is
therefore anticipated that nature will have a preference
towards the P2/m phase over the Pm3m one. There is
some uncertainty in this conclusion. Tasks 3 and 4 per-
haps have not been fully comprehended.

FIG. 4. Energy vs. volume plot depicting variation of unit
cell size effect on total energy. Data points at pressures of 10
GPa. 30 GPa, and 40 GPa are those of vc-relax calculations.

IV. COLLAPSE OF MAGNETISM

Since γ-Fe4N is ferromagnetic, a useful and straight-
forward protocol to inspect magnetism collapse is to con-
trol hydrostatic pressure and monitor changes in mag-
netic moment of atomic constituents of γ-Fe4N unit cell.
Figure 6 depicts the total magnetic moment and mag-
netic moments of Fe1, Fe2, and N of the unit cell in
units bohr magneton (µB). The magnetic moments of
all the symmetrically inequivalent positions are found
to decrease gradually as the pressure exercised on the
unit cell increases. The magnetic moments change dras-
tically between pressures 215 GPa and 217.5 GPa. The
inset provided in Figure 6 enlarges the segment of the
curves where a magnetic collapse is mostly prevalent.
Within this drastic collapse of magnetism lies a criti-
cal pressure, “which I failed to identify accurately as all
vc-relax calculations within 215-220 GPa were only con-
verging after two vc-relax’s, i.e. I supply the output data
from vc-relax1 into vc-relax2.” The most notable differ-
ence/similarity from/to the results obtained by [1], con-
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cerning the deterioration of γ-Fe4N magnetism, can be
summarized in the following:

• In this work, Fe2 (corner iron) magnetic moment
is found to be bigger than that of Fe1 (face-center
iron) between 0 GPa and critical pressure. In the
work of [1], the Fe1 (corner iron) magnetic moment
is found to be bigger than that of Fe2 (face-center
iron) up to 100 GPa. Between 100 GPa and critical
pressure, the magnetic moment of Fe2 is marginally
greater than that of Fe1.

• In this work, the extreme drop in the magnetic mo-
ment of Fe1 observed at pressures below 40 GPa,
followed by a linear-like drop in the magnetic mo-
ment henceforth up to the critical pressure, beauti-
fully resembles the respective behavior reported by
[1].

Iron has an electronic configuration of [Ar] 4s2 3d6.
The partially occupied d orbitals of iron is the reason for
iron magnetism and iron catalytic activity [10]. There-
fore, the magnetism expressed by Fe1 and Fe2 in the unit
cell of γ-Fe4N stems from their 3d orbital solely.

FIG. 5. The contribution of the symmetrically inequivalent
atoms to the magnetic character of the γ-Fe4N unit cell at
various pressures. Inset depicts the collapse of magnetism,
i.e. where all magnetic moments attain a value of zero.

Another useful and pretty straightforward procedure
to inspect magnetism collapse is to control hydrostatic
pressure and monitor changes in bond lengths of the γ-
Fe4N unit cell. Figure 5(a) depicts the unit cell of γ-Fe4N
and the distances separating the atoms constituting that
unit cell (written in red-coded text). The three translu-
cent triangles guide the derivation of the bond length
formula. For example, the length of the Fe1-Fe2 bond
is equivalent to the length of hypotenuse of the isosceles
yellow triangle (equal sides are a/2 long). The length of
the Fe1-N bond is equivalent to half the lattice parameter
of the cubic unit cell of γ-Fe4N. The length of the Fe2-N

FIG. 6. Energy vs. bond length dependecy on pressure. (a)
The unit cell of γ-Fe4N with red-labeled text highlighted the
different bonds existent in the unit cell. Translucent right tri-
angles can be used as guide for the eye to elucidate derivation
of bond length formula. (b) The variation of all bond lengths
as function of pressure. A jump is observed around the criti-
cal pressure. (c) Relative bond length variation with respect
to unpressurized γ-Fe4N unit cell.

bond is equivalent to the length of hypotenuse of the blue
triangle (one side in a/2 long and the other side is the hy-
potenuse of the isosceles green triangle - and thus equal to
Fe1-Fe2 in length - whose equivalent sides are a/2 long).
In Figure 5(b), the bond lengths have been measured as
function of pressure exerted on the unit cell of γ-Fe4N. All
bond lengths (BLs) are found to decrease gently as the
pressure increases. However, within 212-217 GPa there
exists a jump in the values of BLs. Much to our surprise,
this region coincides with the aforementioned 215-217.5
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GPa where a critical pressure is suspected to cause a
collapse of magnetism in γ-Fe4N. Prolonged relaxations
were required as well within this window of pressure. Col-
lectively with Figure 5(c) the following observations can
be noted: (1) Fe1-N is the shortest bond within γ-Fe4N
and its relative decrease with respect to non-pressurized
unit cell (BLP -BL0)Fe1−N is the slowest among all BLs.
(2) Fe2-N is the longest bond within γ-Fe4N and its rel-
ative decrease with respect to non-pressurized unit cell
(BLP -BL0)Fe2−N is the fastest among all BLs. (3) Fe1-
Fe2 bond length lies between that of Fe1-N and Fe2-N
and its relative decrease with respect to non-pressurized
unit cell (BLP -BL0)Fe1−Fe2 is the fastest among all BLs.
It can be ultimately concluded that the body-centered
nitrogen atom has an effect on Fe2 atoms (corner iron)
stronger than that on Fe1 ones (face center iron). This
BL analysis is in accord with that of [1] with the excep-
tion of the BL jump within 212-217 GPa where a collapse
of magnetism is mostly anticipated.

V. CONCLUSION

To this end, the excellent ferromagnet of γ-Fe4N is ana-
lyzed in terms of pressure studies. A convergence testing
procedure was implemented at an early stage to deduce
precise and affordable working computational parame-
ters. Through using static and relaxation calculations
and fitting equation of state, we were able to predict the
bulk modulus and equilibrium volume of γ-Fe4N: 170.6
GPa and 54.89 Å3, respectively. The P2/m phase was
also fit using an equation of state and is found to be more
stable than the Pm3m phase. Pressurizing the unit cell
of the Pm3m γ-Fe4N helped uncover the deterioration
of magnetism in γ-Fe4N as all magnetic moments were
found to decrease as pressure increases. The collapse of
magnetism is when the magnetic moments attain a value
of zero. The pressure window of magnetism collapse, 215-
217.5 GPa, is corroborated by the bond length analysis.
In a similar pressure window, 212-217 GPa, an anomaly

was observed where bond lengths skyrocket back to un-
pressurized bond lengths.
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