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High-temperature high-pressure treatment of y'-Fe4N at 1600K and 15 GPa in a two-step multi-anvil
module integrated in a uniaxial press leads to a phase transition concomitant to a re-crystallization of the
nitride material in a hexagonal e-type arrangement. Single crystals of e-FesNggs() with a =4.6828(2)A,
c=4.3705(2) A, V=83.000(6) A3, Z=2) were obtained. A structural model of iron atoms in the motif of a
hexagonal close packing with occupation of octahedral voids by nitrogen exhibiting long-range order was
constructed and refined on the basis of X-ray diffraction data revealing a nitrogen deficiency x=0.05(2).
Two likely structural order models of nitrogen in the space groups P312 (R(F)=0.024, wR(F2) = 0.030) and
P6322 (R(F)=0.021, wR(F?) = 0.023) are discussed. By means of density-functional electronic-structure
calculations a pressure-induced phase transition is predicted for Fe4;N from Pm3m to P312 at about 6 GPa
at 0K, which also offers an interpretation for the reaction mechanism on the basis of the experimental

data.
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1. Introduction

v'-FesN is the iron-richest stable phase in the binary system
iron—-nitrogen. This and other binary iron nitride phases such as e-
Fe3Nand {-Fe;N have particularimpact as hard, corrosion and wear
resistant surface layers of iron and steel workpieces. Not surpris-
ingly, a large number of scientific research projects are devoted to
the determination of the mechanical properties of iron nitrides and
their dependence on both the nitrogen content and properties like
microstructure or chemical composition of the initial steel mate-
rial. However, all previous investigations were carried out on either
microcrystalline powders of nitridated pure iron or hard microcrys-
talline layers of steel workpieces. High-pressure investigations on
binary iron nitrides are rare at best. Fig. 1 shows a representation of
the generally accepted phase diagram Fe-N [1,2]. Next to solution
phases of nitrogen in Fe it contains the nitrides y’-Fe4N, e-FesN
and (-Fe;N. y'-Fe4N and {-Fe;N exhibit only narrow homogene-
ity ranges, whereas e-FesN covers a large range of compositions at
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higher temperatures. It should be noted that the depicted phase
diagram is a non-equilibrium diagram, i.e., at elevated tempera-
tures, nitrogen loss and thus changes in the composition occur, as
the equilibrium nitrogen pressure above the nitride phase is usually
not reached under normal conditions.

Fory'-Fe4Nin earlier in situ high-pressure X-ray diffraction stud-
ies performed on a two-phase sample consisting of y'-Fe4N and
e-Fe3Nq4y, it was observed that the diffraction intensities vanish
near 30 GPa [3]. The authors interpreted this observation as either
due to the occurrence of a phase transition or a pressure-induced
disorder in the crystal structure. However, they noted that a tran-
sition to an e-type crystal structure would not be obvious, since
the reflections were covered by the second initial phase. An in situ
X-ray magnetic circular dichroism study of y'-Fe4N up to 11 GPa
[4] and two in situ MdBbauer spectroscopy investigations [5,6] up
to 12 GPa all revealed a pressure-induced demagnetization which
also may indicate a phase transition. However, no structural change
was observed up to 8 GPa in energy-dispersive X-ray diffraction
experiments [4].

Here we present, for the first time, a successful crystal growth of
a pure binary iron nitride. Starting with y’-Fe4N we have obtained
single crystals of e-Fe3N as a result of a phase-transition reaction
followed by crystallization at high pressures.
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Fig. 1. Phase diagram of the binary system Fe-N according to literature [1,2].

2. Experimental
2.1. Precursor preparation and characterization

Pure microcrystalline y'-Fe4N was prepared from the reaction of iron powder
(99.9%, Johnson Matthey/Alfa) in a mixture of flowing NH3 (99.98%, 30 sccm) and H,
(99.999%, 30 sccm) at 793 K (sccm = gas volume flow per minute in cm? at standard
conditions).

Chemical analyses with regard to nitrogen and hydrogen were performed using
the carrier gas hot-extraction technique on a LECO analyzer TCH-600. All values are
averages of at least three independent measurements. Chemical analysis of the start-
ing material results in the composition of Fe4Ng g95(5). Hydrogen analysis resulted in
a concentration below the detection limit of 0.008% for the selected sample weights.

2.2. Exsitu high-pressure crystal growth and characterization

High-pressure conditions are realized using a hydraulic uniaxial press, and
force redistribution in order to achieve quasi-hydrostatic conditions is accomplished
by a Walker-type module (two-stage assembly with a central octahedral pressure
chamber) and MgO/Cr,03 octahedra with an edge length of 14 or 18 mm. Elevated
temperatures are accomplished by resistive heating of graphite tubes encapsulating
the sample crucible machined from hexagonal BN. Pressure and temperature cali-
bration is completed before the experiments by analyzing the resistance changes
of bismuth and lead [7] and measuring set-ups equipped with a thermocouple,
respectively.

A typical high-pressure synthesis of bulk single-crystalline material requires
pressure increase within 5 h to 15(2) GPa, holding at the maximal pressure for typi-
cally 5 h followed by decompression within 10 h. At the maximum pressure samples
were heated at 1600(200)K for 5min. Heated samples are quenched to ambient
temperature by disconnecting the heating current before pressure release. Products
were grayish-black compact cylindrical ingots. Larger crystalline, irregularly shaped
particles with typical edge-length of 20 wm exhibit a grayish-black metallic lus-
ter. Data collection was performed after selecting the best of five tested crystals by
means of a Rigaku R-axis spider diffractometer equipped with a rotating anode (Ag
Ka radiation) and an imaging plate detector.

3. Theoretical methods

The ab initio calculations were based on the plane
wave/pseudopotential strategy using the computer program
VASP (Vienna Ab-Initio Simulation Package) [8,9] employing the
generalized gradient approximation (GGA) of PBE type [10] and the
projected-augmented wave (PAW) method [11]. For comparison,
selected calculations were repeated using ultra-soft pseudopo-
tentials of Vanderbilt type [12]. A cut-off energy of 500eV and a
dense net of k-points was chosen to find the optimum structure
lying lowest in energy. For a correct simulation of Fe4N in space
group P312 the supercell approach was used. To do so, a unit
cell of e-FesN was doubled both in x and y directions and two
nitrogen atoms were carefully removed such as to yield the correct
composition but conserve the P312 symmetry. It seems that
this structural model bears similarities with the original model
depicted by Jack [13] despite the fact that the exact symmetry
of Jack’s model has not been specified in detail. All cells were
allowed to change in volume and shape, and all atomic positions
were allowed to relax, too. Because of the small energy differences
the convergence criterion of the electronic-structure calculation
was set to 0.01 meV. After finding the cell lowest in energy for
each structure, the volume was changed somewhat around the
equilibrium volume. The bulk modules were obtained by fitting a
Murnaghan-type equation of state to the energy-volume data.

4. Results and discussion

Treatment of y'-Fe4N at p=15(2) GPa and T=1600(200) K repro-
ducibly converts the microcrystalline powder into a compact
well-crystallized material in a concomitant phase transition and
pressure-induced crystallization to Fe3Ng o5(2). No second phase is
observed. The observed increase in nitrogen-to-iron ratio might
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Fig. 2. Comparison of the ideal structure for e-FesN (middle) in space group P6322 with the models for the real structure of the e-phase including nitrogen site disorder
and deviation from the ideal composition e-Fe3N;.y. The parameter x represents the deviation from the ideal composition and y (or y; +y,, respectively) gives the nitrogen
transfer from site 2c in the idealized structure model to the additionally occupied octahedral voids.
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Table 1 Table 3

Crystal structure data of e-FesNg g5(2) for refinements in space group P312 and P6322. Crystal structure parameters for £-Fe3Ng o5(2) for refinements in space group P6322.
Space group refined composition P312 Fe3Ngg4(2) P6522 FesNo o702 Atom Site X y z S.O.F. Ueq (A%)
a(A) 4.6828(2) Fe 6g 0.33762(3) 0 0 1 0.00669(5)
c(A) 4.3705(2) N(1) 2c 1/3 2/3 1/4 0.860(9) 0.0064(4)
V(A%) 83.000(6) N(2) 2b 0 0 1/4 0.107(9) 0.010(3)?

z 2 a . -

Desea (gcm™3) 7231 7245 Refined with isotropic displacement parameter.

(Ag K) (mm-1) 13.04 13.04

;(l?lorgr)]é? 169.2 @@ ;63'85 In contrast to the well-known binary iron nitrides y’-Fe4N and -
2max () 700 Fe;N the e-phase exhibits an extremel.y broad homogeneity range
Reflections measured 1629 in the sense of e-Fe3N;.y (compare with phase diagram shown in
Reflections unique 505 255 Fig. 1) [18]. Nitrogen atoms exhibit long-range occupational order
Rine Do QI in octahedral holes of the motif of a hexagonal close packing of
Param. refined 20 12 . leadine t tall hi it cell enl db 3 3 %1
R(F) (Fo > 40(Fo)) 0.0157 00158 iron leading to a crystallographic unit cell enlarged by V3 x ¢ X
R(F), wR(F?) (all reflections) 0.0243, 0.0298 0.0206, 0.0234 when compared to the simple hcp unit cell. As discussed earlier, the
GoF (F?) 1.084 1.283 two most likely order mechanisms should be described in P6322 or
Apmax (e A3) 0.72 0.59 P312[13,16]. Fig. 2 visualizes the most important structural features
Flack parameter 0.59(9) 0.4(1)

be due to formation of a small amount of elemental iron or a
nitrogen poor phase located at the grain boundaries or due to
nitrogen depletion in the boron nitride crucible material and is
currently under investigation. This is the first report on a prepara-
tion of single crystals of a pure binary iron nitride, only one report
on preparation of strongly Ni-doped crystals of y'-Fe4N can be
found in literature [14,15]. X-ray powder and single crystal diffrac-
tion revealed the product to be single phase with a hexagonal
unit cell and belonging to the e-type homogeneity range of the
phase diagram generally called e-Fe3N. The unit-cell determination
from single-crystal X-ray diffraction (hexagonal, a=4.6828(2)A,
c=4.3705(2) A compared to a=4.7160 A, c=4.3859 A for e-Fe3N 1o
[16]) already indicated a composition close to the ideal composi-
tion FesN. The phase transition from cubic y’-Fe4N to hexagonal
e-FesN is indicated in the phase diagram for elevated tempera-
tures above 950K, however, considering the thermal instability
of iron nitrides against decomposition at such temperatures we
interpret the external pressure as necessary for the crystalliza-
tion of e-FesN to prevent nitrogen loss. It was earlier observed
in a neutron powder-diffraction study that e-Fe3Nj., (x=0, 0.10,
0.22) suffers from increasing nitrogen disorder up to temperatures
of about 700 K, while the samples started to decompose at tempera-
tures above 750 K [16,17]. The respective decomposition of y'-Fe4N
is expected at somewhat higher temperatures.

v'-Fe4N is known to crystallize in an inverse perovskite struc-
ture, i.e., a cubic close packing of Fe with N occupying 1/4 of the
octahedral holes in an ordered manner, such that the cubic symme-
try is conserved and a framework of all vertex-sharing octahedra
NFeg/, results [18]. The packing of Fe is realized by two crystallo-
graphically different Fe sites, one at the vertices of those octahedra,
the second one exclusively coordinated by twelve Fe. The crystal
structure of e-Fe3N is based on the motif of a hexagonal close pack-
ing of iron with nitrogen in octahedral holes. Therefore, we have to
expect the phase transition to proceed in a reconstructive manner
rather than in a displacement way.

Table 2

Crystal structure parameters for e-FesNg g52) for refinements in space group P312.
Atom  Site x y z S.O.F Ueq (A2)

Fe 6l 0.99394(4) 0.33251(7) 0.24999(3) 1 0.00674(4)
N(1) la 0 0 0 0.87(1) 0.0055(5)
N(2) 1d 1/3 2/3 1/2 0.82(1) 0.0063(5)
N(3) 1f 2/3 1/3 1/2 0.19(1) 0.010(2)*

2 Refined with isotropic displacement parameter.

which will be discussed below.

A hypothetical crystal structure of e-FesN (corresponding to
Fe3Nq., with x=0) with an ordered arrangement of nitrogen atoms
is compatible with space group P6322: All nitrogen atoms occupy
Woyckoff position 2c leading to a three-dimensional framework of
exclusively vertex-sharing octahedra Fegj, N. Additional octahedral
voids within the hexagonal close packing of iron are located at the
Woyckoff positions 2b and 2d; both are unoccupied in this idealized
structural model. Occupation of the site 2d would connect the octa-
hedra centered by nitrogen atoms at position 2c in direction [00 1]
by sharing faces. Therefore, it is unlikely that these are occupied due
to a short distance of ¢/2 and thus a pronounced Coulomb repul-
sion if nitrogen is viewed as negatively charged. This also holds for
a real-structure exhibiting partial disorder of nitrogen on further
octahedral holes of the close packing of iron.

The structure refinements based on X-ray diffraction data of
the crystals obtained by the high-temperature-high pressure
treatment lead to the composition &-Fe3Nggs(;). Thus, for a real
structure model we have to consider occupation of the 2c site
below unity due to the composition Fe3N;_. Additionally, due
to some entropy-driven nitrogen transfer from 2c to further
octahedral voids, we have to expect some N most likely in 2b. This
might proceed within two likely models: In space group P6322,
an occupation of 2b sites leads to additional rods of face-sharing
octahedra along [00 1] which are linked to the octahedra of the
2c position by common edges. An alternative arrangement in
space group P312 prevents from face-sharing within the rods.
The occupancy of positions due to nitrogen transfer from site 2¢
must be small because of the nitrogen deficiency compared to
the ideal composition FesN. Close inspection of the diffraction
data give no evidence for reflections of the class 00! with odd
I, indicating P6522 as correct choice rather than P312. However,
due to small site occupation these reflections are expected to be

Table 4
Selected bond distances (A) for e-Fe3Ny.y for refinements in space group P312 and
P6522 with estimated standard deviations in parentheses.

P312 d(Fe —N)/A
Fe(1)
_N(1) 1.9139(2)
-N(2) 1.9187(2)
-N(3) 1.8838(1)
P6322 d(Fe —N)/A
Fe(1)
-N(1) 1.9165(1)
_N(2) 1.8835(1)
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Table 5

Relative theoretical formation enthalpies, relative volumes, bulk moduli By and their derivatives B (at Vo) of Fe4N; the first experimental parameter for By is given in Ref. [3]

whereas the second one is given in [17].

FesN AH (kJ/mol) Viel (A3) Bo (GPa)! By (GPa)! Bo (GPa)? B (GPa)? By (GPa)exp
Pm3m 0.0 0 165 4.59 166 3.64 155(3)/196
P312 10.5 -2.233 166 4.24 168 4.20

Elements 204

The first entries for the bulk moduli and their derivatives (superscript 1) refer to the PAW-PBE-GGA approach whereas the second (superscript 2) refer to the US-GGA-PP

methodology.

extremely weak also in P312. Occupation of additional octahedral
voids in both models result in occupation factors close to zero
and extremely large displacement parameters. Tables 1-3 gather
technical and crystallographic data and present refinement results
in both space groups. For the observed occupation of additional
octahedral voids in these rods of about 10% is expected to result in
only minute correlations leading to extremely small ranges of local
order compatible with the P312 symmetry. The absolute structure
resulting from the refinements for both space groups taken into
account is considered too poor to warrant publication since the
Flack parameter is unstable [20]. Selected distances Fe-N are given
in Table 4 and fall in the range of other iron nitride phases.

A quantum-theoretical analysis was performed on Fe4N in the
space groups Pm3m and P312 (Table 5) as well as on £-Fe3N in
space group P312. As depicted in Fig. 3, it is fairly obvious that

-416 |
S-Fe4N
-417 0O
S .
L 418} e
w _..--g
419k pgeT
e-FesN + Fe
-42.0 1 L - .
31 31.5 32 32.5 33
V (cm3/mol)

Fig. 3. Energy-volume diagram for the system e-FesN +Fe, e-Fe4N and y'-Fe4N at
absolute zero temperature as calculated by density-functional theory.
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Fig.4. Enthalpy-difference-pressure diagram for Fe4N at absolute zero temperature
as c_alculated by density-functional theory. While the zero line refers to the cubic
Pm3m phase, the upper line refers to the hexagonal P312 polymorph.

cubic y'-Fe4N in Pm3m should spontaneously transform into &-
Fe3N and metallic iron but this reaction has never been observed so
far. Because such a phase transition will rather proceed in a recon-
structive manner (see discussion above), one may safely expect a
rather large activation barrier for it. Instead, we focus on an alter-
native reaction path via the energetically higher-lying hexagonal
e-FeyN (see also Fig. 3). As depicted in the figure, e-Fe4N in P312 is
less stable by AE=10.5k]/mol compared to Pm3m — like Fe4N (i.e.
v'-Fe4N), and the latter phase is exothermic with respect to the
elements (although the formation enthalpy is theoretically slightly
overestimated: —20.4k]/mol in Pm3m at 0K but experimentally
—11.1 kJ/mol at standard conditions [ 19]). Because of the differences
in volume for both Fe4N phases, however, a phase transition from
cubic Pm3m into hexagonal P312 is predicted (Fig. 4) at about 6 GPa
at 0K, which is in reasonable agreement with the experimental val-
ues (15(2) GPa at 1600(200)K), given that the electronic-structure
calculations are for zero temperature. After having arrived in the
hexagonal symmetry, the phase transition from hexagonal e-Fe4N
into likewise hexagonal e-FesN may take place by segregation of
pure iron because it is an exothermic reaction (AE= — 18.8 kj/mol,
see also Fig. 3); in addition, the activation barrier for this reaction
is small enough to let the reaction proceed.

5. Conclusions

For the first time we succeeded in the growth of pure binary iron
nitride single crystals. In a high-pressure high-temperature phase
transition from y'-Fe4N we were able to crystallize e-Fe3Nggs(2).
This technique is in principle applicable for growing e-FesN phases
of different composition. Inspection of the phase diagram and
electronic-structure calculations reveal that the phase transition
can be driven by temperature or pressure. Further investigations of
the phase relations are presently in progress, and we are currently
exploiting the technique aiming to gain to a deeper understanding
of the order-disorder models of nitrogen in iron nitrides and the
mechanical properties of single-crystalline materials.
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