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Reactive ion-beam sputtering has been used to prepare iron nitride over a wide composition range. It is
found that the samples deposited at room temperature exhibit amorphous phase in the composition range from
12 at. % nitrogen to 23 at. % nitrogen. For samples deposited at liquid nitrogen temperature the system is
amorphous up to 35 at. % nitrogen. Amorphization can be understood in terms of a frustration in the system
due to a competition between � and � phases. Kinetic constraints are also found to play a role in the
amorphization process. Mössbauer measurements suggest that the local order in the amorphous phase consists
of a mixture of �-Fe–like and �-Fe3N–like short-range orders. On the iron rich side the amorphous phase
exhibits two-step crystallization, with a primary �-Fe phase precipitating out in the first step. Around 22 at. %
nitrogen the system exhibits a single step isomorphous transformation to � phase. Thus, amorphous iron nitride
phases exhibit behavior very similar to the conventional transition metal-metalloid amorphous alloys. In the
remaining composition range nanocrystalline phases are formed. The amorphous magnetic iron nitride phases
are expected to have distinct advantages over their crystalline counterparts in terms of soft magnetic
applications.
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I. INTRODUCTION

Amorphous alloys continue to attract significant attention
in recent years. The issues related to the glass formation as
well as atomic level structure in these systems are still not
settled.1–8 The main glass forming alloy families are �a� tran-
sition metal–metalloid systems, for example Fe-B and Fe-P,
�b� early transition metal–late transition metal alloys like
FeZr and FeTi, or �c� simple metallic glasses like MgZn.
Recently discovered multicomponent systems which have
exceptional stability with respect to crystallization, generally
known as bulk metallic glasses, have renewed interest in this
field. More recently, several binary systems like CaAl, CuZr,
and CuHf have been identified which form glassy phase with
high stability.9–11

Numerous studies have been devoted to the study of
mechanism of glass formation. Several factors such as eutec-
tic composition,3,12–14 atomic size mismatch,15 and large
negative heat of mixing13 have been attributed to the forma-
tion of amorphous phase. In metal-metal binary alloys like
CuMg glass formation is favored by large negative heat of
formation, nondirectionality of bonds, and a tendency to
maximize packing fraction.7 Kinetic factors also play an im-
portant role in determining glass forming ability. Turnbull
proposed that ratio of the glass transition temperature Tg to
the liquidus temperature Tl is an important parameter in de-
termining glass forming ability;16 the smaller the difference
between liquidus temperature and glass transition tempera-
ture, the higher the glass forming ability. This criterion can
also explain a high glass forming ability in transition metal–
metalloid metallic glasses around compositions correspond-
ing to deep eutectics. Lu et al. have recently proposed that
the crystallization temperature of the system should also play
an important role in determining glass forming ability, since
glass formation is a competing process between liquid phase
and the resulting crystalline phases;1 if the liquid phase is

stabilized upon cooling and competing crystalline phases are
difficult to precipitate out, then glass formation would be
facilitated.

In the present work, we report a detailed study of amor-
phous phase formation in an unusual glass forming system of
Fe-N.17,18 The Fe–N bonds are known to be one of the stron-
gest covalent bonds and therefore the system can be consid-
ered as an extreme case of transition metal–metalloid metal-
lic glasses. While the structure of metal-metal amorphous
alloy can generally be described in terms of dense random
packing of hard spheres because of the nondirectionality of
the metallic bonding, transition metal–metalloid alloys pos-
sess covalent bonds, which are directional in nature, and
therefore these alloys have rather well defined short range
order.19 Therefore, it would be interesting to study the short
range order in an amorphous Fe-N system possessing strong
covalent bond. A systematic study of metastable phase for-
mation as a function of alloy composition provides some
clue about the mechanism of amorphous phase formation in
this system. It is found that amorphization in this system
occurs due to a competition between two competing crystal-
line phases. Mössbauer spectroscopy has been used to get
information about short-range order in the system.

Iron nitrides are also important because of their high hard-
ness and excellent soft magnetic properties on the iron rich
side.20–22 An amorphous microstructure is expected to further
improve the soft magnetic properties of iron nitride through
the influence of amorphous microstructure on magnetic an-
isotropy, transport properties, etc.23 Therefore, study of
amorphous alloys of Fe-N is also interesting from an appli-
cation point of view.

II. EXPERIMENT

The iron nitride thin films of various compositions were
deposited using reactive ion-beam sputtering on float glass
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substrates.24 The sample holder was mounted at a distance of
15 cm from the target. The base pressure during deposition
in vacuum chamber was 1�10−6 torr and the pressure dur-
ing deposition was 4�10−4 torr. The chamber was flushed
with Ar several times in order to reduce the oxygen partial
pressure, before putting on the ion source. In order to enrich
the iron nitride sample with 57Fe, for Mössbauer measure-
ment, the 57Fe foil of dimension 15�30 mm �purity
99.99%� was kept on the iron target. The target was sputtered
by the ions of Ar and N �purity 99.995%� gas mixture. The
accelerating voltage of 1000 V and the beam current of
25 mA was used during the deposition. The composition of
the nitrogen in the sample was varied by varying the Ar to N
gas ratio, keeping the total gas flow constant at 5 standard
cubic centimeters per minute. Substrates were kept at room
temperature during deposition. With increasing ratio of nitro-
gen in the flowing gas, the partial pressure of nitrogen in the
chamber as well as the fraction of N ion in the beam will
increase. Some of the films were also deposited with sub-
strate kept at liquid nitrogen �LN2� temperature. It is ex-
pected that at lower temperature the mobility of the atoms at
the surface would be lower, thus resulting in a more disor-
dered and possibly amorphous phase. Different films are des-
ignated according to their corresponding nitrogen concentra-
tion, e.g., SL5,SR12, where 5 and 12 stand for the at. % of
nitrogen present in the sample and subscripts L and R stand
for the temperature of the substrate being at LN2 temperature
and room temperature, respectively.

The composition of the films was determined using by
Rutherford backscattering spectrometry �RBS� and nuclear
reaction analysis �NRA�. N, O, and C were dosed quantita-
tively by using the 14N�d , p�15N, 16O�d , p�17O, 12C�d , p�13C
nuclear reaction with a deuteron beam of 1 MeV and a col-
lection of the protons at an angle of 150° with respect to the
incident beam. The energy of deuterons was chosen such that
the cross section of each reaction remains reasonably con-
stant over the depth range probed by the deuteron beam. The
integral of C�d , p0�, O�d , p1�, N�d · p4+ p5� peaks was nor-
malized to that recorded from diamondlike pure C, pure
silica, and pure Si3N4 films with thickness and density
known from the RBS and ellipsometry measurement. Film
thickness is estimated from RBS analysis and this technique
permits us to determine concentration of Fe with accuracy
better than 1%. The RBS analysis was performed with He+

ions of relatively low energy �1 MeV� for improving the
depth resolution, at normal incidence and with a collection of
the scattered ions at an angle of 165°. Typical oxygen and
carbon contamination �e.g., in sample SR15� are 3 at. % and
2 at. %. This contamination is mainly superficial and ap-
pears high because of the low thickness of the film
�50–100 nm�. Therefore, the average oxygen contamination
in the interior of the film is expected to be 1–2 at. % only.

The x-ray diffraction measurements were done using the
Rigaku rotating anode x-ray generator in Bragg-Brentano ge-
ometry. 57Fe conversion electron Mössbauer spectroscopy
measurements were done using the Wissel spectrometer in
constant acceleration mode using a 57Co Rh source and a gas
flow proportional counterdetector with a mixture of He
+4% CH4 gas. Crystallization behavior of the amorphous

samples has been studied by annealing at various tempera-
tures in a vacuum of 10−7 Torr.

III. RESULTS AND DISCUSSION

A. Amorphous phase formation

Figure 1 shows the average nitrogen content in the films
as a function of the flow rate of nitrogen gas in the ion source
for the sample deposited at both room temperature and liquid
nitrogen temperatures. Nitrogen content was measured using
RBS/NRA. However, in some cases analysis of the Möss-
bauer spectra was used to determine nitrogen content in the
samples as discussed later. From RBS/NRA it was found that
the composition of the films exhibits a variation of about 5%
from point to point. The values reported are the average val-
ues taken over 10 points. As expected the nitrogen content in
the film increases with increasing nitrogen flow rate, which
results due to higher partial pressure of nitrogen in the cham-
ber. However for sufficiently high nitrogen flow rate the ni-
trogen content in the film exhibits a saturation behavior.
When pure nitrogen ions were used for sputtering, the maxi-
mum content of nitrogen in the film was found to be about
40 at. %. There is no significant difference in the nitrogen
content in the films deposited at room temperature and those
deposited at liquid nitrogen temperature. This behavior is in
contrast to that observed in some earlier studies where iron
nitride films were deposited by reactive magnetron
sputtering:25 It was found that films deposited at 523 K had a
lower nitrogen content because of some desorption of nitro-
gen at that temperature. In the present case, since at room
temperature desorption of nitrogen is expected to be negli-
gible, there is no difference between nitrogen content in the
film deposited at room temperature and liquid nitrogen tem-
perature.

Figure 2 gives an x-ray diffraction �XRD� pattern of the
as-deposited films. One may note that for the films deposited
at room temperature, with nitrogen content ranging between
12 and 23 at. %, XRD spectra exhibits only a broad hump
around 2��41°–43°, indicating that these films are amor-
phous in nature. In the case of films deposited at liquid ni-
trogen temperature, the range of amorphization extends up to
35 at. % nitrogen. Film with 5 at. % nitrogen shows a rela-

FIG. 1. Nitrogen concentration in the sample as a function of
nitrogen flow rate for the samples deposited at room temperature
and liquid nitrogen temperature. The error bar comes mainly from
composition variation in the film.
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tively sharp crystalline peak around 2�=43.8° which corre-
sponds to a �110� peak of Fe, indicating that it is primarily an
�-Fe phase with some nitrogen dissolved in it. For films
deposited at room temperature, when nitrogen content be-
comes �23 at. % the films again exhibit relatively sharp dif-
fraction peaks indicating their crystalline nature. The diffrac-
tion peaks in specimen SR25 correspond to the � phase
having hexagonal structure, whereas specimens SR32 and
SR37 may contain some admixture of a � phase or it may be
a nonstoichiometric � phase. The crystallite size in all the
cases is in the nanometer range.

The average near neighbor distance in case of amorphous
films has been calculated using the relation

d = 1.23�/2 sin � .

It may be noted that the near-neighbor distance as calculated
from XRD essentially gives the average distance between
two Fe atoms, the scattering cross section for nitrogen atoms
being significantly smaller. With increasing nitrogen concen-
tration, the average Fe-Fe distance should increase. In the
first approximation, the Fe-Fe distance can be written in
terms of the Fe concentration CFe as

dFe-Fe 	 1/CFe
1/3.

Figure 3 shows a plot of average Fe-Fe distance deduced
from the position of the XRD hump as a function of 1/CFe

1/3.
As expected it exhibits an almost linear dependence.

Figure 4 gives the Mössbauer spectra of the films. On the
iron rich side the films are magnetic in nature while for ni-
trogen content greater than 23 at. % the films become non-
magnetic. This is in conformity with numerous earlier stud-
ies on the FeN system. Further it may be noted that the films,
which exhibit a broad hump in the XRD pattern, also exhibit
a broad distribution of hyperfine field, which is again typical
for amorphous phases. Mössbauer spectra of SR32 and SR37
consist of two overlapping doublets with hyperfine parameter
of isomer shift �IS�=0.312 mm/s and quadrupole splitting

�QS�=0.449 mm/s corresponding to first doublet, and
IS=0.431 mm/s and QS=0.275 mm/s corresponding to
second doublet. The values of the Mössbauer fitted
parameter match with those of nonstoichiometric �-
Fe2N. The relative areas of the two doublets have been used
to get the nitrogen content.20 The specimen SR25 consists of
a mixture of a broad magnetic component and a broad dou-
blet indicating some composition inhomogenity in the sys-
tem. Therefore, it was not possible to get reliable information
about the structure and composition of the sample from the
Mössbauer measurement. Mössbauer spectrum of specimen

FIG. 2. �Color online� XRD patterns of the pristine samples
deposited at �a� room temperature and �b� liquid nitrogen tempera-
ture with various nitrogen concentration.

FIG. 3. Plot of average Fe-Fe distance as a function of Fe
concentration.

FIG. 4. �Color online� Some representative room temperature
Mössbauer spectra as a function of nitrogen concentration.
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SL35, which is found to be amorphous from XRD measure-
ments, consists of a single broad doublet and its hyperfine
parameters �IS=0.32 mm/s; QS=0.55 mm/s� do not match
with those of any known crystalline phases. The Mössbauer
spectrum of the SL5 consists of a single sextet with a hyper-
fine field of 32.5 T, confirming that it is �-Fe with some
nitrogen dissolved in it.

Figure 5 gives the average hyperfine field at room tem-
perature in the films as a function of nitrogen content. One
may note that initially the hyperfine field decreases slowly
with nitrogen content and between 23 and 25 at. % nitrogen
it rapidly drops down to zero. This dependence of hyperfine
field on nitrogen content is similar to that observed in several
iron nitrides prepared by various methods.20,26 It may be
pointed out that in earlier studies a rapid drop in hyperfine
field is observed in the concentration range 29–32 at. %.
Thus in the present case the system became nonmagnetic at
N content about 6–7 at. % lower than the earlier cases. This
difference may be attributed to a higher degree of disorder in
the present system.

The above studies show that reactive ion-beam sputtering
at room temperature results in formation of amorphous iron
nitride phases in the composition range 12 at. % nitrogen to
23 at. % nitrogen. Outside this composition range on both
sides the nanocrystalline phases are formed. This behavior
can be understood in terms of the free energy diagram of
Fe-N system, which is shown in Fig. 6, as taken from Ref.
27. One may note that in the composition range in which
amorphous phase formation is observed in the present case,
both � and � phases have comparable free energies. A very
high degree of disorder which is expected in both � and �
phases during deposition would further increase their free
energies making thermodynamic distinction between the two
phases more obscure. Thus, during deposition, the two
phases would be competing with each other. This would re-
sult in some sort of frustration in the system, which would
inhibit the development of long-range order, thus resulting in
the formation of amorphous phase. This conjecture is also
supported by the observed hyperfine field distribution in the
amorphous samples �Fig. 7�. One may note that the field
distribution of the samples exhibits mainly two broad humps
around 32 and 23 T covering the field of both �-Fe�N� and �
phases �marked by vertical lines�. With increasing nitrogen
content, the area under the hump around 23 T increases at
the expense of the other, thus supporting the conjecture that

the system contains both �-Fe as well as �-Fe3N types of
short-range orders and that with increasing nitrogen content
the fraction of Fe3N type short-range order increases.

An increase in the composition range over which amor-
phization is observed at low temperature indicates that ki-
netic constraints also play a role in the amorphization. At
lower temperature the mobility of the atoms decreases, thus
making atomic rearrangement in the films more sluggish,
which inhibits the formation of long-range order.

Several criteria have been proposed in the literature for
understanding the glass forming ability of various systems.
The more acceptable criteria is that of the reduced glass tran-
sition temperature Trg=Tg /Tl introduced by Turnbull.16 More
recently Lu et al. have argued that glass formation is a com-
peting process between a liquid phase and resulting crystal-
line phases.1 Therefore, they have proposed a normalized
crystallization temperature, defined as


 = Tx�1/�2�Tg + Tl��� ,

as a parameter to gauge the glass forming ability, where term
Tx is the absolute crystallization temperature. A good corre-
lation is obtained between the parameter 
 and the glass

FIG. 5. Magnetic hyperfine values of the as-deposited samples
at room temperature in pristine state.

FIG. 6. Gibbs free energy of �, �, and 
 phase of iron nitride as
a function of nitrogen concentration, as taken from Ref. 27.

FIG. 7. Hyperfine field distribution in amorphous Fe-N samples
as obtained from fitting of the conversion electron Mössbauer
spectra.
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forming ability for a large number of metallic as well as
oxide glasses. In contrast to this, in the present work we find
that, in Fe-N system, a competition between two crystalline
phases is the cause of amorphous phase formation.

It may be noted that in the context of the ease of glass
formation around deep eutectic, it has been argued that
around eutectic there are multiple ordered phases competing
with each other and the crystallization of the liquid requires
simultaneous rearrangement of different species of atoms,
which significantly limits the kinetics of the process and thus
promotes glass formation.3,14 It may be noted that in the
Fe-N phase diagram there also exists a eutectic at a compo-
sition of 12 at. % N, and therefore the observed amorphiza-
tion in the system occurs preferentially around this eutectic
composition.

B. Annealing behavior of films

Detailed crystallization behavior of amorphous films SR15
has been done. Figure 8 gives the XRD pattern of SR15 as a
function of isochronal annealing temperature. Figure 9 gives
the corresponding Mössbauer spectra. Even at a temperature
of 423 K the sample exhibits crystallization as evidenced
from the appearance of an additional peak in the XRD pat-
tern around 2��44.6°, which corresponds to the �110� peak
of �-Fe. With increasing annealing temperature this peak
grows in intensity, at the same time an additional peak in the
XRD pattern around 2��43.8° appears indicating the for-
mation of the � phase. With further annealing both � and �
phases grow in intensity at the expense of the amorphous

FIG. 8. �Color online� XRD pattern of sample SR15 as a func-
tion of isochronal annealing at various temperatures. FIG. 9. �Color online� Conversion electron Mössbauer spectra

of sample SR15 as a function of isochronal annealing at various
temperatures.
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phase; at the same time the crystallite size of both phases
increases. In the Mössbauer spectrum also a distinct hyper-
fine field component around 33 T starts appearing at 423 K,
which is typical of the �-Fe phase. Mössbauer spectra of the
samples annealed at a temperature of 423 K and above have
been fitted with three overlapping sextets corresponding to �
phase, � phase, and the remaining amorphous phase. The
Mössbauer spectrum of this sample annealed at 473 K and
above exhibits two relatively sharp hyperfine field compo-
nents corresponding to 33 and 23 T. The hyperfine field and
isomer shift of the second component correspond to the sto-
ichiometric �-Fe3N phase.26 The results are given in Table I.
From Table I the following conclusions can be drawn.

�1� In conformity with XRD results at 423 K only the
�-Fe phase precipitates out. In the range of 473 to 523 K all
three phases, namely �, �, and the remaining amorphous
phase are present. At 573 K the film is completely crystal-
lized.

�2� After annealing at 473 K the hyperfine field of the �
phase is 22.4 T, which is substantially lower than the hyper-
fine field of the stoichiometric �-Fe3N phase �24.6 T�. This
suggests that the � phase, which precipitates out after anneal-
ing at 423 K, has higher N content. With increasing anneal-
ing temperature the hyperfine field of the � phase increase
indicates some nitrogen loss.

These Mössbauer results are in conformity with the XRD
measurement. Upon further annealing at higher temperature
up to 623 K no new phase appears.

These studies show that the amorphous SR15 specimen
follows two-step crystallization. In the first step �-Fe pre-
cipitates out while in the second step the remaining amor-
phous phase crystallizes into �-Fe3N. Thus this sample fol-
lows a typical crystallization behavior of hypereutectic
amorphous alloys in which during the first crystallization
step the primary metallic phase precipitates out with enrich-
ment of amorphous phase in metalloid, while in the second
step the remaining amorphous phase transforms into an iso-
morphous crystalline phase.28 The first crystallization step
starts around 423 K, while the second crystallization step is
already partially completed after annealing at 473 K. Thus
the two crystallization steps are rather overlapping. This may
be partly due to the fact that there is some composition in-
homogeneity in the sample that would result in a distribution
of crystallization temperature, thus smearing out the crystal-
lization steps.

After complete crystallization of the system the relative
areas of the �-Fe and �-Fe3N phases are 53% and 47%,
respectively. From this one can estimate the overall compo-
sition of the parent amorphous phase using the relation

CN = A1CN1 + A2CN2,

where subscripts 1 and 2 represent the � and � phases
present in the sample. The nitrogen content in the sample
comes out to be 15 at. %.

Crystallization behavior of SR12 is similar to that of SR15.
In this case also the two crystallization components are �-
Fe and stoichiometric �-Fe3N. However, as expected, in this
case after complete crystallization at 573 K,23 the amount of
�-Fe is more. The composition of the film as determined
from the relative areas of the two subcomponents is 12 at. %
nitrogen.

Figure 10 gives the XRD pattern of the specimen SR23 as
a function of isochronal annealing. Figure 11 gives the cor-
responding Mössbauer spectra. The XRD pattern after an-
nealing at 423 K exhibits a sharp peak at 2� equal to 43.7°
corresponding to the �101� reflection of �-Fe3N. In the Möss-
bauer spectrum after 423 K annealing the hyperfine field
does not change significantly and only a small sharpening of
the field distribution is observed. The average hyperfine field
of the annealed samples is 23.8 T, which corresponds to the
nonstoichiometric �-Fe3N phase. The combined results of
XRD and Mössbauer measurements present a picture in
which around 423 K the amorphous phase isomorphously
transforms into �-Fe3N. Thus, for lower nitrogen concentra-
tion, the amorphous phase crystallizes via a two step process
while around 23 at. % nitrogen content the transformation is
isomorphous. This behavior is similar to that observed in
numerous metal-metalloid amorphous alloys.28

Thermal annealing of specimen SR25 has also been stud-
ied. XRD data evidences only grain growth with increasing
annealing temperature. In the Mössbauer spectrum, the pris-
tine sample exhibits a small magnetic component, which dis-
appears after annealing at 473 K. This small magnetic com-
ponent in the pristine sample may be attributed to small
composition inhomogenity as also evidenced by NRA/RBS
measurements. Due to composition fluctuation, some region
of the specimen may have Curie temperature above room
temperature, thus giving rise to a magnetic component. An-

TABLE I. The results of fitting of Mössbauer spectra of sample SR15 as a function of annealing
temperature.

Annealing
temp. �K�

Amorphous phase � phase � phase

H �T� Area �%� H �T� Area �%� H �T� Area �%�

RT 28.2±0.1 100

373 28.5±0.1 100

423 26.8±0.1 90±5 33.3±0.1 10±5

473 31.8±0.1 9±5 33.2±0.1 53±5 22.4±0.1 38±5

523 31.5±0.1 3±5 32.1±0.1 51±5 22.1±0.1 46±5

573 33.0±0.1 53±5 23.3±0.1 47±5

623 33.0±0.1 51.0±5 23.4±0.1 49±5
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nealing at 473 K results in homogenization of the sample
due to increased mobility of nitrogen atoms, resulting in dis-
appearance of the magnetic components.

IV. CONCLUSIONS

Iron nitride phases over a wide composition range have
been prepared using ion-beam sputtering. At room tempera-

ture the formation of the amorphous phase is observed in the
composition range of 12 to 23 at. % nitrogen. On both sides
of this range nanocrystalline phases are formed. Amorphiza-
tion in this composition range is a result of a competition
between �-Fe and �-Fe3N types of short-range orders. Depo-
sition at LN2 temperature results in a significant increase in
the range of composition over which amorphization occurs.
This suggests that the kinetic constraints also play an impor-
tant role in the formation of the amorphous phase. Structure
of the amorphous phase consists of a mixture of �-Fe and
�-Fe3N type of short range orders, the relative abundance of
which varies with the nitrogen content in the sample. The
amorphous FeN system exhibits a crystallization behavior
typical of metal-metalloid systems. On the Fe rich side the
system exhibits two-step crystallization. In the first step a
primary �-Fe phase precipitates out, whereas in the second
step the remaining amorphous phase transforms into �-
Fe3N. The amorphous alloy with composition close to Fe3N
isomorphously transforms into the � phase in a single step.
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