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ABSTRACT:

e-Fe3N shows interesting magnetism but is difficult to obtain as a pure and single-phase

sample. We report a new preparation method using the reduction of iron(II) bromide with elemental
sodium in liquid ammonia at –78 °C, followed by annealing at 573 K. Nanostructured and monophasic
oxygen-free iron nitride, e-Fe3N, is produced according to X-ray diffraction and transmission electron
microscopy experiments. The magnetic properties between 2 K and 625 K were characterized using a
vibrating sample magnetometer, revealing soft ferromagnetic behavior with a low-temperature average
moment of 1.5 µB/Fe and a Curie temperature of 500 K. TC is lower than that of bulk e-Fe3N (575 K),1
which corresponds well with the small particle size within the agglomerates (15.4 (± 4.1) nm according
to TEM, 15.8(1) according to XRD). Samples were analyzed before and after partial oxidation
(Fe3N-FexOy core-shell nanoparticles with a 2–3 nm thick shell) by X-ray diffraction, transmission
electron microscopy, electron energy-loss spectroscopy and magnetic measurements. Both the pristine
Fe3N nanoparticles and the oxidized core-shell particles showed shifting and broadening of the magnetic
hysteresis loops upon cooling in a magnetic field.

Introduction
Iron nitrides show exceptional physical properties2-5 that can be used for various applications such as magnetic
recording media,5,6 catalysis,7 and biomedical applications.8 They are cheap and exhibit high saturation magnetization
and very high magnetic moments.4,6 The investigation of their interesting magnetism is hindered by the difficulty to
prepare magnetically pure phases in sufficiently large quantities. A recent review discusses the synthesis and
properties of iron nitrides at reduced dimensions.9 Many iron nitrides show ferromagnetic behavior. The most
important ferromagnetic iron nitrides are α’’-Fe16N2, ε-Fe3N1+x and γ’-Fe4N. Concerning their structures, all of the iron
nitrides can be thought of as iron in an ordered or distorted hcp (ε, Figure 1), bcc (α) or fcc (γ) structure with interstitial
nitrogen atoms. Thus, ε-Fe3N and ε-Fe2N can be considered boundary compositions of a single phase with a broad
homogeneity range, ε-Fe3N1+x. Depending on the nitrogen content and crystal structure the magnetic moment of the
ferromagnetic iron nitrides varies from up to 3.0 µB/Fe for α’’-Fe16N24 to 1.8 µB/Fe for Fe3N.10

Figure 1: Structure of ε-Fe3N with blue nitrogen atoms and green iron atoms. Nitrogen interstitials are located in the
octahedral sites of a hexagonally closed packed iron lattice.
The most common synthesis route for iron nitride nanoparticles is nitridation of nanoparticles of elemental iron, iron
oxides or hydroxides using ammonia gas.9,11 Physical methods such as reactive sputtering lead to thin films.12,13 Liquid
ammonia is an exotic but versatile solvent that can be used in organic and inorganic reactions.14-16 Its ability to dissolve
alkaline and alkaline earth metals makes it especially interesting for reduction reactions.16 Solutions of alkaline metals
have been used by Watt et al. to react various transition metal salts and oxides.17-20 After reducing iron(II) bromide
with an excess of potassium in liquid ammonia they described the formation of Fe3N. Recently, this solvent was used
to produce nanoparticles of several transition metals (e.g. Bi, Re, Co, W)21-23 and metal nitrides (e.g.CoN, GaN).21 The
reduction of titanium salts using a solution of sodium in liquid ammonia to produce titanium nitride nanoparticles has
been shown.24
Now, nanoscale and pure e-Fe3N was obtained by annealing a precipitate obtained from FeBr2 and sodium in liquid
ammonia. The samples proved to be single-phase according to X-ray diffraction (XRD) and transmission electron
microscopy (TEM), and ignite immediately when brought into air. They were magnetically characterized, and we
present a rare example of a high-temperature magnetic study on iron nitrides. Furthermore, in a separate experiment
the iron nitride was slightly oxidized to produce Fe3N-FexOy core-shell particles. Such composites between different
magnetic substances of varying hardness are interesting for tuning the properties of magnetic materials.25

Experimental Section

Synthesis. All glassware was heated in vacuo and then flushed with argon three times to remove all traces of water and
oxygen. Prior to the synthesis, ammonia (Air Liquide, UHP, < 5 ppm H2O) was condensed into a cooling trap at
-78 °C and dried with sodium for 24 h. FeBr2 (Sigma-Aldrich, 98 %) was stored in a glove box and used without
further purification. The nanoparticles were produced in a three-neck flask by adding 1.05 equivalents of sodium to a
suspension of FeBr2 in about 50 ml of liquid ammonia. The reaction temperature was kept at -78 °C for two hours.
During that time the flask was taken out of the cold bath to be stirred for one minute every 20 minutes. After the
reaction, the mixture was allowed to warm to room temperature. When all ammonia had evaporated, the powders
(sample size about 2 g) were dried in vacuo for eight hours, annealed at different temperatures (temperature program in
SI), and then washed with methanol. They were transferred into the measurement devices (XRD, VSM, TEM) without
exposure to air. To allow for partial oxidation and production of core-shell particles selected samples were reacted
with an air/nitrogen or air/argon mixture for ten minutes at room temperature before transferring them into the
magnetometer or transmission electron microscope.
Structural characterization. X-ray powder diffraction data was collected at room temperature by a powder
diffractometer (STOE Stadi P, position-sensitive detector) with MoKα1 radiation (Ge(111) monochromator,
λ = 0.70930 Å, glass capillary, Debye-Scherrer geometry, position-sensitive detector). Particle size determination was
performed using the Scherrer formula (program TOPAS).32
Magnetic properties were measured in a Quantum Design Physical Property Measurement System (PPMS DynaCool)
outfitted with a vibrating sample magnetometer (VSM) with a high-temperature oven option (QD VSM and QD VSM
oven). Measurements between 2 K and 400 K were carried out by loading a known mass (5–10 mg) of nanopowder
particles into a polypropylene capsule, sealing the seam with vacuum grease to prevent any air contact, and then
quickly transferring the capsule into the magnetometer (He or vacuum environment). Measurements between 300 K
and 625 K were taken by loading powder into a small piece of silver tube in a glovebox, and tightly crimping each end
of the tube to make an air-tight packet. The packet was then removed from the glovebox, cemented onto a heater stick
and placed into the VSM. For this high-temperature measurement, we were not able to accurately weigh the powder,
so we determined the mass by comparing the room-temperature saturation magnetization of the nanoparticles in the
silver tube to the room-temperature saturation magnetization of the weighed sample in the polypropylene capsule.
Transmission electron microscopy. A 200 kV JEOL JEM 2100F (scanning) transmission electron microscope (STEM)
equipped with an Oxford X-Max80 detector was used to determine the microstructure and identify the phases on the
nanometer scale. Quantitative energy-dispersive X-ray spectroscopy (EDS) analysis was carried out using the CliffLorimer k-factor method. A Gatan transfer specimen holder model 648 was used to protect the samples from oxidation.
The evaluation of diffraction data was carried out using the DiffTools script.26 The JEMS software27 was used to
simulate powder diffraction pattern and high resolution phase contrast thickness-defocus maps using 200 keV
electrons for Fe3N (ICSD No. 33576).28 Grain sizes of 2 nm and 10 nm were used for the sample before and after
annealing, respectively. The parametrization of Peng, Ren, Dudarev, and Whelan was used to calculate the atomic
form factors29 needed for calculating the powder diffraction data.
For electron energy-loss spectroscopy (EELS) experiments in combination with scanning transmission electron
microscopy an aberration-corrected JEOL JEM ARM-F microscope was used. The microscope was operated at 120 kV
to reduce beam damage and to enhance the cross-section for EELS. It is equipped with a “Schottky” field-emission
gun (FEG) and a Gatan Enfina EEL spectrometer. The energy-resolution in EELS, as measured by the full-width halfmaximum of the zero-loss peak, was about 0.8 eV. At the microscope settings used, the electron probe size for the

EELS was less than 1 nm. A 50 µm condenser aperture was used corresponding to a convergence angle α = 42.2 mrad.
A camera length of 6 cm and a spectrometer entrance aperture of 3 mm were used corresponding to a collection angle
β of 7 mrad. The corresponding high-angle angular dark-field (HAADF) detector angles were 90-370 mrad. EEL
spectra were recorded with a dispersion of 0.3 eV/channel and a spectrometer entrance aperture of 3 mm, which
allowed to simultaneously acquire the N-K, O-K and Fe-L2,3 ionization edges. A power law function and the HartreeSlater model were used to remove the background and to quantify the composition. The integration widths for the
quantification were 401.0 - 426.2 eV for the N-K edge, 532.0 - 572.0 eV for the O-K, and 708.0 - 748.0 eV for the
Fe-L2,3 edge. Spatially resolved STEM-EELS maps were acquired using the following settings: 12 x 14 pixels (15 x
17 nm), 5 s acquisition time per pixel, and 0.3 eV energy dispersion. The EELS data cube was filtered using principal
component analysis (PCA)30 with ten components to reduce the contribution of noise on the EELS signal.31

Results and discussion
Reduction of FeBr2 in liquid ammonia and subsequent annealing resulted in products (Fe-N) with varying nitrogen
content, depending on the annealing temperature. Temperatures of 573 K led to single-phase e-Fe3N according to XRD
with an average particle size of 15.8(1) nm and 15.4 (± 4.1) nm (58 particles) determined from the TEM bright-field
image shown in Figure 2 (a) (see also SI). The agglomeration of particles could not be avoided since the particles are
ferromagnetic. The high-resolution phase contrast image (Figure 2 (b) indicates good crystallinity of the nanoparticles.
A phase contrast image simulation under Scherzer focus condition and assuming a sample thickness of 6.4 nm is
shown in Figure 2 (b, white rectangle) to emphasize its stability. The contrast can then be interpreted the following
way: the dark spots correspond to nitrogen dumbbells surrounded by iron dumbbells. The inset on the lower right
shows the corresponding diffractogram, which was indexed using the structure of e-Fe3N. Figure 2 (c) shows a selected
area electron diffraction pattern acquired from the area indicated in Figure 2 (a). The indexing was carried out using the
ε-Fe3N structure model from literature.28 Comparing this diffraction pattern with Figure 6 (c) it is evident that the crystallinity
is higher for Fe3N compared to Fe2N (obtained at 473 K), since no amorphous ring-type overlay was found. A radial intensity
profile (Figure 2 (d)) was extracted from the electron diffraction pattern (Figure 2 (c)) via rotational averaging and compared
to simulated powder diffraction patterns of the ε-Fe3N phase. It indicates that the nanoparticles are indeed single phase
ε-Fe3N with a structure matching the XRD observations.

Figure 2: (a) Bright-field diffraction contrast TEM image of an agglomerate of Fe3N nanoparticles annealed at 573 K.
(b) High-resolution phase contrast image of a crystalline iron nitride nanoparticle in [211] zone axis orientation. The
inset on the lower right shows the indexed Fast Fourier Transform, whereas the other inset shows a high resolution
phase contrast image simulation of Fe3N. (c) Selected area electron diffraction pattern of the region marked in (a) with
Fe3N indices. (d) Radial intensity profile overlaid by simulated powder diffraction plot of Fe3N.

The nanoparticles of Fe3N show soft ferromagnetic behavior and a saturated average magnetic moment of 1.5 µB/Fe
(MS = 144 emu/g) at 2 K (Figure 3). This behavior is consistent with reports of magnetism in bulk ε-Fe3N, which has
been reported to have a moment of 1.3 µB/Fe to 2.0 µB/Fe from magnetization and neutron diffraction studies33,34 and
1.6 µB/Fe to 2.25 µB/Fe from density functional theory calculations.35-37 Even more variability is reported for thin films,
nanowires, and nanoparticles, with saturation magnetizations ranging from 0.16 µB/Fe to 1.4 µB/Fe.9,38 The high
saturation magnetization of the samples reported here, as well as the shape of the magnetic hysteresis loops, further
supports the TEM and XRD evidence that the particles are high quality ε-Fe3N. The samples show onset of
ferromagnetism at TC = 500 K (Figure 3 (a)), slightly lower than the reported Curie temperature of bulk ε-Fe3N,
TC = 575 K.34 This lowering of TC is commonly observed in ferromagnetic nanoparticles, and can be interpreted as
weakened exchange interactions due to disorder at the nanoparticle surface. The magnetization as a function of
temperature at low field (H = 200 Oe) shows a difference between the zero field cooled (ZFC) and field cooled (FC)
magnetization, with a maximum in the ZFC (blocking temperature) of 410 K.
Figure 3 (b) shows magnetization as a function of field M(H) for the ε-Fe3N. At low temperature, some hysteresis is
observed, while the sample is very magnetically soft at room temperature. At temperatures well above the Curie
temperature, linear dependence of magnetization on field is expected. Because the iron nitride particles degrade at
elevated temperatures, no measurements above 625 K could be obtained. Consequently, this linear M(H) was not
observed. It is therefore difficult to determine whether any ferromagnetic impurities (e.g. α-Fe or α’’-Fe16N2) with high
Curie temperatures are present in the ε-Fe3N. However, by comparing the remnant magnetism of the sample at 625 K
to the moment of iron at the same temperature,39 it can be determined that, if there is an ɑ-Fe impurity, it comprises
less than 5% of the sample by mass.

Figure 3: M(T) and M(H) measurements of Fe3N nanoparticles. (a) shows the zero field cooled (ZFC) and field cooled
(FC) isofield magnetization at two different applied fields, demonstrating onset of ferromagnetism at 500 K and a
blocking temperature of 410 K. The ZFC and FC curves at H = 2 T are overlapping. (b) The isothermal magnetization
at several temperatures. The particles show soft ferromagnetic behavior, with a coercivity of 490 Oe and a saturation
moment of 1.5 µB/Fe at 2 K. The saturated moment and coercivity decrease with increasing temperature.
When samples were brought into air quickly, the powders proved to be highly pyrophoric. The color of the powder
changed from black to orange immediately. However, exposing the powders to air slowly (as described in the
experimental section) seemed to stabilize them towards oxidation. Thus, in a separate experiment, selected Fe3N
samples were partially oxidized to produce core-shell nanoparticles and then analyzed using STEM-EELS. Figure 4
shows a bright-field STEM image (a) and a STEM-HAADF image of a single iron nitride/iron oxide core-shell
nanoparticle. The shell thickness was determined from the image to be 2.5 nm. To ensure that an iron oxide shell is
observed around the nanoparticle, a 2D STEM-EELS map was acquired from a second particle. The elemental maps
were extracted from the EELS data cube, which was corrected for background and filtered by principal component
analysis to reduce the noise for N-K, O-K, and Fe-L2,3 edge, respectively. The result for each element is shown in false

colors in Figure 4 (c-e). The RGB map shown in Figure 4 (f) was created from the single elemental maps
(Figure 4 (c-e)) by assigning N-K a red color, Fe-L2,3 a green color, and O-K a blue color. The oxide shell is directly
visible by the blue color surrounding the yellowish nanoparticle core. Figure 4 (g) shows single EEL spectra extracted
from representative core (red curve) and the shell (black curve) regions. The nanoparticle core exhibits a clear nitrogen
edge, whereas the N-K edge was not observed in the shell indicating an iron nitride/iron oxide core-shell structure of
the nanoparticle. In Figure 4 (h) the EEL spectrum of the shell from Figure 4 (g) (black curve) is compared via the
energy-loss near edge-fine structure (ELNES) to an EEL reference spectrum (red curve).40 The reference spectrum
(Fe2O3, α or γ was not specified) shows a different peak setup of the O-K ELNES compared to our measurement
indicating a different iron oxide phase in our case. A review of EELS analyses of the different iron oxide phases can be
found in the work of Colliex et al.41 or Calvert et al.42 If we qualitatively compare the O-K ELNES of our EELS
measurement with the results from literature we find that our O-K ELNES matches best with the O-K ELNES of iron
monoxide, Fe1-xO. This finding is supported by the quantification of our EEL spectrum yielding an oxygen to iron ratio
of 1:1 (50.40 at% : 49.60 at%). On the other hand, if the Fe2O3 reference spectrum from ref. 40 is quantified, an
oxygen to iron ratio of 3:2 is obtained (62.38 at% : 37.62 at%). The X-ray diffraction data of Fe3N after exposure to air
did not show any reflections of iron oxides.

Figure 4: (a) Bright-field STEM image and (b) STEM-HAADF image of a Fe3N/FeO core-shell nanoparticle. STEMEELS elemental maps of a different nanoparticle are shown in false color using the N-K (c), O-K (d) and Fe-L2,3 (e)
ionization edges. (f) RGB map (red: N-K, green: Fe-L2,3, blue: O-K) is shown. (g) Comparison of an EEL spectrum
extracted from representative core region (red curve) and a shell region (black curve) as indicated in the RGB map. (h)
Comparison of the ELNES of the particle shell (black curve) with literature data (red curve).40
As shown in Figure 5, the oxidized nanoparticles have a smaller saturation magnetization than the pristine particles
(144 emu/g vs. 112 emu/g at 2 K), suggesting that, as expected, the oxidized surface has lower magnetization than the
clean nitride surface. Field-cooling the Fe3N nanoparticles leads to a shifting and broadening of the hysteresis loops,
both for the pristine, unoxidized Fe3N nanoparticles and for oxidized core-shell particles. This behavior has previously
been observed in Fe3N particles with Fe3O4 on the surface.43 Such asymmetry of the hysteresis loop upon field cooling
is typical of exchange bias hardened systems, where a ferromagnetic phase has an interface with an antiferromagnetic
phase. When such a sample is cooled under a large magnetic field, all of the antiferromagnetic surfaces will become
polarized in one direction to minimize exchange energy with the polarized ferromagnetic phase. Then, exchange

interactions with the polarized antiferromagnetic surfaces “pin” the polarization of the ferromagnet, and an increased
coercive field is required to flip its direction from the direction of field-cooling. Such exchange bias behavior may be
expected in core-shell structured nanoparticles where one phase is ferromagnetic and the other is antiferromagnetic, as
is likely the case for Fe–N/Fe–O core-shell particles, and this mechanism was used to explain the shifted hysteresis
loops previously reported in the Fe3N/Fe3O4 particles.44 However, the oxygen-free nanoparticles synthesized in this
study show nearly as much shifting of the hysteresis loop as the oxidized samples (HE = 220 Oe for the pure particles
and HE = 300 Oe for the oxidized core-shell particles). This indicates that the exchange bias-like behavior cannot be
attributed principally to the nitride-oxide core-shell structure.
Exchange bias-like behavior is also observed in single phase systems with glassiness or competing exchange
interactions.45,46 The present results indicate that the shifting of the hysteresis loops in both the pristine and oxidized
samples are likely driven by mixed exchange interactions in the Fe–N caused by disorder at the nanoparticle surfaces.
This mechanism is consistent with the observed spin-glass behavior in iron nitride nanoparticles.9,44

Figure 5: Magnetic hysteresis loops of Fe3N nanoparticles measured at 2 K. For both the pristine nanoparticles (a) and
the oxidized core-shell nanoparticles (b), there is a shifting and broadening of the hysteresis loops when the sample is

field cooled (H = 2 kOe) vs. when it is cooled in no field. The observed exchange field (amount of shifting) is HE =
220 Oe for (a) and HE = 300 Oe for (b).
When annealed to only 473 K instead of 573 K, the synthesis product exhibited an X-ray diffraction pattern similar to
what has been described for e-Fe2N (Figure 8 (b)).47 The structure of e-Fe2N is similar to the structure of e-Fe3N but
with disordered nitrogen vacancies. According to TEM, the sample has crystalline and amorphous parts, and the
particle size is 15.1 (± 8.0) nm, determined by measuring 38 particles. Its Fe:N ratio is 2:1, according to EDS.
Diffraction contrast TEM images are shown in Figure 6 for a representative Fe2N agglomerate (Figure 6 (a)).
Figure 6 (c) shows a selected area electron diffraction pattern acquired from the area indicated in Figure 6 (a). The
most prominent diffraction rings were indexed using the ε-Fe2N structure.47 One recognizes that around the diffraction
spots there is also a ring structure being overlaid indicating an amorphous sample part. This amorphous part shows that
the crystallization process is not yet finished at this temperature. The Fe2N shows reduced magnetism compared to the
Fe3N particles (16 emu/g vs 106 emu/g at 300 K) due in part to a lower concentration of Fe and in part to a lower
moment on each Fe atom (1.1 µB/Fe vs. 0.37 µB/Fe) (Figure 7).

Figure 6: Diffraction contrast TEM images of a representative Fe2N agglomerate annealed at 473 K: (a) bright-field
and (b) dark-field. (c) Selected area diffraction pattern indexed according to the structure model of Fe2N.47

Figure 7: Comparison of the room-temperature magnetization of the e-Fe3N (annealed at 573 K) and e-Fe2N (annealed
at 473 K) particles. The e-Fe2N particles show much lower average moment per Fe atom than the e-Fe3N particles
(1.1 µB/Fe vs. 0.37 µB/Fe).

Changes that occur upon annealing were analyzed by a step-wise X-ray diffraction investigation (Figure 8). The
as-prepared sample (Figure 8 (a)) shows broad Bragg reflections that appear at 2q positions matching those of FeN
with NaCl-type structure. This is confirmed by electron diffraction (supporting information). Then, as described above,
e-Fe2N and e-Fe3N is formed below 473 K (Figure 8 (b)) and 573 K (Figure 8 (c)), respectively. Rietveld refinement of
the X-ray diffraction measurements can be used to estimate the nitrogen content of the e-Fe3N1+x phases.48 After
annealing at 473 K and 573 K, the composition as determined by Rietveld refinement is close to the boundary phases
e-Fe2N and e-Fe3N, respectively.
At higher temperatures, decomposition of the iron nitride was observed. After annealing at 673 K, a mixture of e-Fe3N,
g’-Fe4N and a-Fe was detected (Figure 8 (d)). Raising the temperature to 773 K or even 873 K resulted in single-phase
a-Fe. However, the reflections of the sample that was annealed at 773 K were slightly shifted to smaller 2q values as
compared to the sample that was annealed at 873 K. This indicates the presence of interstitial nitrogen in the a-Fe
below the detection limit of the EDS detector.

Figure 8: X-ray powder diffraction of the sample (a) before annealing and after annealing at (b) 473 K, (c) 573 K, (d)
673 K, (e) 773 K, (f) 873 K compared to literature data of FeN (green, #41258),49 e-Fe2N (orange, #24651),47 e-Fe3N
(blue, #79984),50 a-Fe (red, #191830)51 and g’-Fe4N (purple, #79980).50

Conclusions
Nanoscale transition metal nitrides like e-Fe3N (as well as e-Fe2N and FeN) can be produced using the method
presented here, thus opening the way to oxygen and carbon-free samples that allow for magnetic characterization of
the pure compounds. Compared to the liquid ammonia synthesis route, traditional solid-gas reactions led to oxygen or
carbon-containing or multi-phase products with larger size distributions of the particles. Magnetization as a function of
temperature up to temperatures above TC is reported for the first time on e-Fe3N nanoparticles. Partial oxidation of the
pristine Fe3N particles resulted in Fe3N-FexOy core-shell nanoparticles, as shown by EELS mappings. Upon cooling in
a magnetic field, the nanoparticles of Fe3N showed shifted and broadened hysteresis loops, both for the unoxidized and
oxidized particles. In previous studies of e-Fe3N particles, the particles always contained iron oxide and this shifting
was attributed to exchange bias between the ferromagnetic Fe3N and antiferromagnetic iron oxide. This new synthetic
preparation allowed for the observation of asymmetric hysteresis in oxygen-free particles, suggesting that surface
disorder, rather than an antiferromagnetic-ferromagnetic interface, is responsible for the behavior.
Supporting information available: Transmission electron microscopy of the iron nitride particles before annealing,
study of the crystallization of iron nitride during electron irradiation, transmission electron microscopy after annealing
at 773 K, temperature programs used for annealing, particle size distributions after annealing at 573 K and 773 K,
X-ray diffraction of e-Fe3N after Rietveld refinement, estimation of nitrogen concentration after annealing at 473 K
and 573 K.
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