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Abstract. Improvements of the two-step reaction sequence starting
from y-Fe,O3 enabled us to synthesize o''-Fe¢N, in single phase ac-
cording to the applied diffraction methods. Simultaneous Rietveld re-
finements were carried out on powder X-ray and neutron diffraction
data. Scanning electron microscopy images of the in situ formed o-Fe
and a'’-Fe;¢N, indicate the formation of pores during reduction and
ammonolysis reaction, respectively, resulting in a sponge-like mor-
phology of the a'’-Fe¢N, particles and simultaneously a large surface
area facilitating a complete reaction at comparably low temperatures

of 125 °C. The large surface area is susceptible to the sorption of impu-
rities and indeed chemical analysis reveals significant oxygen and
hydrogen contamination of the sample. From EDX measurements in
combination with the results of chemical analysis a sorption of humid-
ity to the surface seems to be more likely to explain this contamination
than an incorporation of oxygen into the bulk of the sample. Magne-
tization measurements on the bulk sample of o'’'-Fe;¢N, did not reveal
any indication for the presence of a proposed giant magnetic effect.

Introduction

Since a noticeable enhanced magnetic moment and satura-
tion magnetization were observed by Kim and Takahashi in
1972 on thin films of a'’-Fe;¢N,,!'! exceeding those of ele-
mental iron and iron-cobalt alloys,! large efforts to produce
single phase samples of a'’-Fe N, in form of thin films, nano-
scale particles as well as bulk material were put forward by
the scientific community. A survey on the different approaches
was given previously in literature.”>*! The experimental work
was supported by various theoretical methods, because gen-
erally excepted theoretical models fail to explain the reported
large saturation magnetization.”! Related to the fact that single
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phase samples of a'’-Fe 4N, are difficult to obtain due to its
metastability,®’ the magnetic properties of a’’-Fe;¢N, still re-
main unclear. The best samples of bulk o'’-Fe (N, reported
so far contained 90.7 wt%!”! and 93(2) wt %! of o’-Fe (N,
respectively, next to elemental iron. Additionally, the pro-
duction of single phase nanoparticles of o'’-Fe;¢N, according
to MoBbauer spectroscopy measurements was presented.!8!

The crystal structure of a'’-Fe 4N, was reported for the first
time by Jack in 1951.1°1 Typically, the crystal structure is de-
scribed as a tetragonal distorted 2 X 2 X 2 superstructure of ele-
mental a-Fe (bcc) in the space group I4/mmm with lattice pa-
rameters a = 572 pm and ¢ = 629 pm. The tetragonal distortion
is induced by the occupation of interstitial sites with nitrogen
resulting in three crystallographic different iron sites: Fe(1) at
4e, Fe(2) at 4d and Fe(3) at 8k, while nitrogen is situated at
the 2b site (cf. Figure 1). Occupation of all such voids by nitro-
gen in a disordered manner leads to the crystal structure of o’'-
FegN (nitrogen martensite) lacking the crystallographic super-
structure with respect to elemental iron. In previous in situ
powder neutron diffraction experiments on o.'’-Fe;¢N, with in-
creasing temperature a decomposition of a'’-Fe;¢N, into o'-
FegN, v'-FeyN, and iron was observed. The formation of o'-
FegN was detected above 236 °C by a significant change in
the c/a ratio of o'’-Fe ¢N,.[*!

In this study, we report the single phase synthesis of bulk
a''-Fe ¢N, according to powder X-ray diffraction (PXRD) and
neutron diffraction (ND) data. The magnetic properties and the
morphology of the sample were investigated using measure-
ments of the magnetization at different temperatures and scan-
ning electron microscopy (SEM), respectively.
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Fe(1)

Figure 1. Section of the crystal structure of o'’-Fe ¢N,. The gray lines
indicate the relation to the bcc substructure of elemental iron. The
black lines represent the size of the tetragonal unit cell of o''-Fe;¢No.

Results and Discussion

Synthesis

Via optimization of our previously reported synthesis route
based on the reduction of y-Fe,O; in flowing hydrogen fol-
lowed by nitridation with ammonia to form bulk o''-Fe 4N,
the phase content of a''-Fe;¢N, was increased from
93(2) wt %! to single phase (see below). In 2010 Yamanaka
et al. correlated the achieved amounts of a'’-Fe (N, to residual
humidity in the reaction zone.['°! Based on this finding, we
have optimized the reaction conditions attributing a reduction
of humidity in the reaction zone. This was achieved by a pro-
longed heating segment of 12 h at 125 °C in flowing hydrogen,
which is well above the boiling point of water. Additionally,
hydrogen can act as reduction agent and therefore remove
eventually formed iron oxides at the surface of the iron par-
ticles. Sorption of water vapor resulting from the reduction
process of the initial iron(IIl) oxide during cooling could cause
an oxygen containing surface layer and, thus, hamper an effec-
tive nitridation of in situ formed iron powder by ammonia due
to the low reaction temperature (7 = 125 °C) applied. How-
ever, in the previously described reaction programs either no
or only a short purging step was used.*!°!

Evaluation of Diffraction Data

According to the collected PXRD and ND data the achieved
sample of a'’-Fe¢N, is single phase with all reflections com-
pletely described by the applied structure model (Figure 2). It
should be noted that a broad particle size distribution (see be-
low) together with a complex microstructure in terms of shape
and strain is reflected in the reflection profiles resulting in a
significantly structured background at higher diffraction angles
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Figure 2. Rietveld refinements of the crystal structure of o'’-Fe ¢N,.
The observed (black circles), calculated (light gray line) and difference
(gray line, observed—calculated) ND data (4 = 153.78(8) pm) (a) and
PXRD data (/1 = 70.93 pm) (b). The Bragg positions of a''-Fe 4N, are
indicated by the vertical black bars. Unknown scattering contribution
is marked with *.

and unexpected scattering contributions particularly in ND
data. The crystallographic details achieved by simultaneous
Rietveld refinements of ND and PXRD data are summarized
in Table 1. Furthermore the ND data were described suffi-
ciently solely by a nuclear structure model excluding any kind
of magnetic contribution. This fact may surprise in the view
of the large magnetic moments located on the three different
iron atoms calculated by DFT method (VASP): 2.21(1) pg on
Fe(1), 2.87(1) ug on Fe(2) and 2.43(3) ug on Fe(3)!"! (Fig-
ure 1) with ferromagnetic ordering (see below) and an extrapo-
lated Curie temperature of 813 K.['!l In a very recent study a
sample of o'’'-Fe cN, nanoparticles (approx. 100 nm in size)
containing minor impurities of elemental iron, y’'-Fe,N and
iron(IIT) oxide was examined with polarized neutron diffrac-
tion at 170 K in an external magnetic field of 5 T. By using
the difference in intensity applying a parallel or antiparallel
orientation of the polarized neutrons towards the external mag-
netic field the nuclear scattering contribution is eliminated and
only the ferromagnetic fraction is retained. A significant mag-
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netic scattering was only observed for the (202) and (220) re-
flections. The obtained magnetic moments are drastically re-
duced compared the values resulting from the above mentioned
calculations [1.4(2) ug on Fe(l), 2.6(3) ug on Fe(2) and
1.8(2) ug on Fe(3)].['?! Refinements of our ND data including
a ferromagnetic structure model with all moments aligned to
the ¢ axis resulted in insignificant improvements of the resid-
ual parameters. In accordance to the polarized neutron diffrac-
tion data discussed above, a noticeable contribution of mag-
netic scattering was observed only for the (202) and (220) re-
flections. Due to the small magnetic contribution to the pattern
the resulting magnetic moments are highly erroneous (see Fig-
ure S1, Supporting Information). A close inspection of the ob-
served isotropic displacement parameters (Table 1) also indi-
cates a strong influence of the ferromagnetic contribution for
the iron atoms: (i) Compared to the displacement parameter
of nitrogen these are markedly enlarged [B;,,(N) =
0.19(9) X 10* pm? vs. B, (Fe) = 1.1(1)-1.5(1) X 10* pm?]. (ii)
The Fe(2) atoms with the highest magnetic moment exhibit the
highest B;, values. In the above described polarized neutron
diffraction study remarkably large B;,, values for the iron
atoms were observed as well.l'?! According to theoretical and

experimental studies!”-'?! the magnetic moment of Fe(2) is re- z 7

markably increased compared to elemental iron, due to an ex- =

pansion of the distorted bcc iron subcell in combination with =

the exclusive coordination of this site by solely further iron 2 .

atoms. Therefore, the observed results are in full agreement Fe Fe i 4;-"'

with the proposed magnetic structure of a'’'-Fe ¢N,. 5

Table 1. Results of simultaneous Rietveld refinements of the crystal | \J/ X ____. —— /\ A g

structure of o'’-Fe 4N, from ND. [4 = 153.78(8) pm] and PXRD (4 = A o 615"' "7!0 J5 " g =

70.93 pm) data measured at ambient temperature. =
ElkeV =

Parameter ND PXRD E

a /pm 567.7(3) Figure 3. SEM image of an a'’'-Fe 4N, particle (a) and EDX measure-

¢ lpm 625.3(3) meqts (b). The first measurement (gray) was takc.::n at the.edge of the

V /106 pm? 201.5(2) parqcle (reg.lon 1) and the second one (black) in the middle of the

x[Fe(1)] 0.2109(7) particle (region 2).

B,,,[Fe(1)] /10* pm? 1.14(9)

g”f’gzgg ﬂgj gﬁj }?gié) hydrogen content of the sample, more than 30% of the de-

B.(N) /10* pm? 0.19(9) tected oxygen impurity can be attributed to a sorption of hu-

R, 1% 6.41 9.06 midity to the surface. Further support for this hypothesis was

Ry 1% 8.01 11.6 gathered by energy dispersive X-ray analysis (EDX). Two

Rerage /% 18.8 242 measurements were carried out on the same particle (Figure 3):

Composition Analysis

Chemical analysis on the nitrogen and oxygen content of
o'’-Fe gN, resulted in w(N) = 3.07 £0.01 wt% and w(O)
1.2+0.5 wt%. Additionally, a hydrogen content of w(H)
0.027 =0.002 wt % was detected. For a composition of a'’-
Fe ¢N, a nitrogen content of 3.04 wt % is expected, which is
in excellent agreement with the experimentally observed
amount. The large variance of the measured oxygen content
indicates an inhomogeneous distribution of oxygen over the
sample. This is more likely for a surface contamination/oxid-
ation of a''-Fe 4N, rather than an incorporation of oxygen into
the bulk of a'’-Fe¢N,. Taking into account the measured

10 7 T T /T T

A\
AN

(i) One measurement only on the edge region (region 1) of the
particle resulting in a large contribution of the surface and (ii)
one measurement concentrated on the middle (region 2) of the
particle aiming at a large fraction of the bulk to the collected
spectrum. Both spectra show carbon peaks due to used carbon
grid. As it can be seen from the SEM image in region 1 a large
area is only showing the carbon grid, while in region 2 only a
small area was not covered by the a'’-Fe;¢N, particle. Conse-
quently, in the EDX spectra for region 1 a high intensity peak
of carbon K|, transition was observed, which was much smaller
for region 2. Further peaks were found for iron (K,, Kg and
Ly_p) as well as for oxygen (K,,) and nitrogen (K,). For nitro-
gen a detection is known to be difficult in general!'3! and actu-
ally in both measurements only very small signals for nitrogen
were detected. However, a clear enhancement of the signal in-
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tensity of nitrogen was observed for the bulk part of the par-
ticle, while coincidently the signal intensity of oxygen was
markedly reduced. The achieved results make a surface con-
tamination of a'’-Fe (N, with oxygen more likely than an ac-
cumulation in the bulk sample.

Particle Morphology

The morphology of the o''-Fe;¢N, particles additionally
supports the presence of an oxygen containing surface layer,
because the particles exhibit a sponge-like morphology (Fig-
ure 4) providing a large surface area susceptible for surface
contamination. Formation of pores was to the best of our
knowledge not reported for o''-Fe ¢N, so far, however, it is
well known for various ammonolysis reactions, for example
during the reaction of compact iron with ammonia at elevated
temperatures yielding &-FesN; .., and y'-Fe,N!'4~10 a5 well as
for the synthesis of oxide nitrides from their parent oxides.!!”!
Nevertheless, a massive influence of existing porosity in dense
steel working parts was observed during the industrial gas ni-
tridation process to achieve steel hardening:['8! A high density
(< 10% porosity) typically leads to the formation of y'-Fe,N
and &-FesN;., on the surface of the corresponding work
piece.l'%201 A higher porosity allows the precipitation of a''-
Fe¢N, after quenching and aging of a supersaturated ferrite,
synthesized at elevated temperatures in a low ammonia con-
taining nitrogen atmosphere.!'8! Therefore, we conclude the
high porosity observed in our SEM images of a'’'-Fe (N, is
necessary to achieve a larger reaction surface which allows full
conversion to o''-Fe 4N, at the applied low reaction tempera-
tures. In a SEM image of the in situ formed iron powder indi-
cations of the formation of pores during the reduction of 7y-
Fe,O5; were observed, likely due to the evaporation of pro-
duced water. Additionally, the particles of a'’-Fe 4N, exhibit
a broad size distribution ranging from about 5 pm to 250 pm
(Figure 5).

Magnetic Properties

In measurements of the magnetization between 50 K and
300 K in accordance to results of PXRD and ND data no mag-
netic impurities such as elemental iron (ferromagnetic T¢ =
1044 K2y or iron oxides (ferrimagnetic Fe;0, Ty = 850 K,12?!
antiferromagnetic Fe,O; Ty = 940 K,!?3 antiferromagnetic
Fe,_,O Ty = 185 KP*) were detected. At 50 K a saturation
magnetization of Mg = 183 emu-g™' resulted for o'’'-Fe sN,
(Figure 6), which was decreased to 165 emurg™! at 300 K re-
sulting in an extrapolated saturation magnetization of Mg =
213.7 emurg™! at 0 K. This value is slightly lower than the
value of a-Fe at 0 K (221.7 emu-g™').[>’! The magnetic data
extracted from the hysteresis curves are summarized in
Table 2. No indication for the earlier reported giant magnetic
effect was observed in the bulk sample. This observation might
be related to two different origins: (i) A giant magnetic effect
was typically detected for nanoparticles and thin films of a'’-
FeeN, (226 emurg™! = Mg =< 240 emu-g!),[>8! whereas for
the presented bulk sample a much larger particle size is ob-

Figure 4. SEM images of an a''-Fe 4N, particle in two different mag-
nifications.

Figure 5. SEM image of in situ formed iron (a). Representative SEM
image of the o''-Fe cN, sample showing a broad size distribution of
the synthesized particles (b).
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Figure 6. Magnetization M vs. field of a''-Fe;¢(N, at 50 K (a) and
300 K (b); Temperature dependence of the coercive fields H¢ (c). The
magnetization curves of o''-Fe (N, at 77 K, 200 K, and 250 K can be
found in Figure S2 (Supporting Information).

served ranging from approximately 5 pm to 250 pm (Figure 5)
compared to 100 nm in maximum for the nanoparticles. In a
recent study using polarized neutron reflectometry a strong in-
fluence of epitaxial stress on the presence of a giant magnetic
effect was observed for 40 nm thin films of a'’-Fe;4N,. An
increased magnetic induction was only observed in vicinity of

the sample substrate interface up to 20 nm distance.! (ii) The
oxygen containing surface layer. In a recent study it was ob-
served for core-shell nanoparticles consisting of an o''-Fe¢N,
core covered with a surface layer of up to 20 wt % amorphous
Al,O5 and an average particle size of 43 nm the saturation
magnetization was only 190 emu-g~! at 300 K.[?)

Table 2. Summarized temperature dependent magnetic properties of

G’I-FeléNz.
T /K Mg lemurg™! Mg /emu-g! Hc IT
(saturation) (residual) (coercive field)

50 183 55 0.107
77 176 56 0.106
200 170 54 0.102
250 168 54 0.101
300 165 54 0.100

Only a very small variation of the observed coercive fields
Hc with increasing temperature was determined. At 50K a
coercive field of H- = 0.107 T was detected, which decreases
to Hc = 0.1 T at 300 K (Figure 6). Typically, for nanoparticles
(44-100 nm) of a'’-Fe (N, coercive fields ranging from
0.088 T to 0.135T were observed.l”?8) For significantly
smaller nanoparticles of a''-Fe|N, (22 nm) a strong increase
in the coercive field up to 0.4 T was reported earlier.!%2! The
obtained residual magnetization My, is nearly temperature inde-
pendent and the observed values are in the vicinity of
55 emu-g!.

Conclusions

The introduction of an additional purging step with flowing
hydrogen into the previously described synthesis route prior
the actual nitridation process of in situ formed iron particles
provides a single phase sample of bulk o'’-Fe;¢N, according
to Rietveld refinements of PXRD and ND data. The existence
of a giant magnetic effect was not confirmed by temperature
dependent measurements of the magnetization, while no mag-
netic impurities such as a-Fe, Fe;_ O, Fe,03, and Fe;0, were
present. However, chemical analysis revealed a significant
contamination of the sample with oxygen and hydrogen. From
SEM images a sponge-like morphology of the a'’-Fe N, par-
ticles was observed, indicating that most of the observed oxy-
gen contamination is related to sorption of humidity to the
large surface area. EDX measurements reveal an accumulation
of oxygen at the surface region of the particles supporting this
assumption. A large surface is highly desirable to allow nitrid-
ation of in situ formed iron powders at rather low reaction
temperatures. The absence of a giant magnetic effect might be
related either to the dramatically increased particle size of the
bulk sample compared to earlier reported thin films and nano-
sized samples in combination with the formation of a small
oxygen containing surface layer on the sponge-like and porous
particles of a''-Fe gN,.
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Experimental Section

Synthesis of a'’-FesN,: Due to the pyrophoric nature of the obtained
o''-Fe¢N, powder all sample manipulations were performed in an
argon filled glove box [p(O,) < 0.1 ppm, MBraun] to avoid oxygen
and water contamination.

The single phase synthesis route of a'’-Fe;sN, was based on results
previously described.!* Single phase samples were achieved through
optimization of the steps in the temperature program. In a first reaction
step nano-sized y-Fe,O5; (25 nm, >99.9 %, Alfa Aesar) was reduced
to elemental iron at 390 °C within 3h in flowing hydrogen
(100 ml'min~', 99.999 %, AirLiquide), followed by decreasing the re-
action temperature to 125 °C within 3 h and an additional annealing
step at 125 °C for 12 h in hydrogen. Afterwards the gas atmosphere
was changed to flowing ammonia (40 ml'min~", 99.999 %, Linde). Sin-
gle phase o''-Fe;¢N, was achieved via nitridation within 100 h at
125 °C.

Powder X-ray Diffraction: Powder X-ray diffraction data were col-
lected with a STOE STADI P equipped with a Mythen1K micro-strip
detector in Debye-Scherrer set-up using Mo-K,; radiation (4 =
70.93 pm). Samples of o'’-Fe 4N, were measured in sealed thin-walled
glass capillaries.

Powder Neutron Diffraction: Powder neutron diffraction patterns
were recorded at the two-axis neutron powder diffractometer SPODI
(FRM-II, Garching) in the range of 1° = 260 = 150° with an angular
resolution of A(2@) = 0.05°. The exposure time was 30 min per scan,
resulting in a total exposure time of 7.5 h. A high take-off angle of
155° from the (551) atomic plane of the vertically focused Ge-mono-
chromator was chosen resulting in a good resolution Ad/d, a neutron
flux at the sample of approximately 2 X 10° neutrons's™!«cm™2 and a
nominal wavelength of 154.9 pm.[*” The exact determination of the
wavelength was achieved using a silicon standard (NIST 640b) with
corrected unit cell parameterst®!! in a thin wall vanadium cylinder
(6 mm outer diameter). By using the variable detector height routine
for integration of the reflection intensities from the Debye-Scherrer-
rings®% a wavelength of 4 = 154.832(2) pm was determined by Riet-
veld refinements of the collected data. The observed neutron diffrac-
tion data and reflection intensities of o''-Fe,sN, were described en-
tirely by the applied nuclear structure model. In principle an influence
of ferromagnetic ordered a'’-Fe ¢N, on the reflection intensities is ex-
pected.[32331 However, through the position in 26 of the first signifi-
cant influenced reflections by the ferromagnetic ordering the effect of
the present magnetic moments is massively reduced, due to its strong
angular dependency.’**! Additionally, the evaluation of the magnetic
influence is complicated by the complex microstructure of the sample.

Rietveld Refinements: Simultaneous Rietveld refinements®>3¢! on
the crystal structure of a'’-FesN, on powder X-ray and neutron dif-
fraction data were carried out with the FULLPROF2.k®7! program.
The following parameters were initially allowed to vary: Scale factor,
the zero point of the 2@ scale, three reflection widths (Caglioti formula
U, V and W), one mixing (1), two asymmetry parameters, the lattice
parameters a and ¢ as well as the isotropic thermal displacement pa-
rameters (Bj,,). As function to describe the reflection profiles a pseudo-
Voigt function was chosen and an angle dispersive correction of the
mixing parameter (y) was applied. The background was either de-
scribed by polynomial of fourth order (X-ray) or by interpolation be-
tween chosen background points with refineable heights (neutron).

Magnetization Measurements: For measurements of the magnetiza-
tion the sample of o'’'-Fe (N, was sealed in an argon atmosphere into

www.zaac.wiley-vch.de

a polycarbonate capsule, which was glued into a small polyvinylchlor-
ide tube. Magnetization measurements were performed using a SQUID
magnetometer (Quantum Design) in the temperature range of 50—
300 K and magnetic fields up to 5 T.

Electron Microscopy: For electron microscopy images a Zeiss Merlin
scanning electron microscope additionally equipped with an Oxford
Instruments X-Max80 energy dispersive X-ray analysator was used.
Absorption edges of iron (K,, E = 6.398keV; Ky, E = 7.083 keV,
Ly, E = 0.759 keV),18] nitrogen (K,, E = 0.392 keV), oxygen (K,

E = 0.525 keV) and carbon (K, E = 0.277 keV) were detected./>"!

Chemical Analysis: Quantitative analysis of the oxygen, nitrogen, and
hydrogen content of o."’-Fe ¢N, was carried out by the hot gas extrac-
tion method on a LECO ONH826 with oxygen containing steel stan-
dards (Ww(O) = 0.0028 wt% and 0.0364(5) wt%) as well as WO;
[w(O) = 20.7 wt %] for oxygen and nitrogen containing steel standards
[w(N) = 0.0023(2) wt% and 0.535(9) wt%] as well as SizN; (W(N) =
38.1 wt%) for nitrogen. For the hydrogen content calibration a
hydrogen containing steel standard [w(H) = 5.4(6) X 10 wt %] was
used for calibration.

Supporting Information (see footnote on the first page of this article):
Results of Rietveld refinements respecting the complex microstructure
and the magnetic contribution are given in Figure S1. The magnetic
hysteresis loops at 77, 200 and 250 K are shown in Figure S2.
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