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a  b  s  t  r  a  c  t

Iron  mononitride,  FeN,  is  known  to exist  in  different  phases  and  there  is  a debate  on  the  exact  crystal  type
and the coexistence  of  these  phases.  We  prepared  single  phase  iron  mononitride  thin films  by  magnetron
sputtering  with  various  deposition  rates  (sputtering  power)  and  investigated  them  with  X-ray  diffraction,
neutron  reflectometry  and  low  temperature  and  high  magnetic  field  Mössbauer  spectroscopy.  It was
observed that  with  an increase  in  the  sputtering  power  a more  disordered  structure  is formed  while  the
eywords:
agnetic films and multilayers
itride materials
apor deposition
icrostructure

local  chemical  environment  of iron  remains  unaffected.  The  low  temperature  and  high  magnetic  field
Mössbauer  spectroscopy  measurements  confirmed  that  the  FeN  phase  is  paramagnetic  at  5  K  and  an
applied  magnetic  field  of  5 T reflects  magnetic  splitting  caused  by  the  applied  field.  The  obtained  results
are  discussed  in this  study.

© 2011 Elsevier B.V. All rights reserved.

össbauer spectroscopy

. Introduction

Iron nitrides are interesting materials both from fundamental
nd application point of view. The magnetic iron nitrides (N at.%
25) are well-known due to their chemical inertness and mechan-
cally hard surfaces [1].  This, together with their intrinsic magnetic
roperties, makes them a suitable material as an alternative to pure
e in devices such as reading heads for magnetic storage devices
2]. The first phase diagram of iron nitrides was given by Jack [3,4]
nd has been reviewed consistently with the most recent appear-
ng in 2011 [5]. After the discovery of a giant magnetic moment
n ˛′′-Fe16N2 (∼11 at.% of nitrogen) by Kim and Takahashi [6],  the
nterest in this compound grew immensely. The existence of the
iant magnetic moment was confirmed later in 1990 [7].  Still, this
ompound remain controversial both from experimental and the-
retical points of view (see e.g. [8] and references therein). With
ncreasing the at.% N around to 20%, � ′-Fe4N phase is formed which
as a well-defined magnetic properties and crystal structure [9].
ery recently the � ′-Fe4N phase has received a lot of interest due

o its chemical inertness and mechanically hard surfaces making
t a suitable alternative to pure Fe in magnetic devices [9–14].
etween 25 and 33 at.% N the iron nitride phases are known as

-FexN (2 ≤ x ≤ 3), as N at.% increases from 25% to 33% the phase
hanges from ferromagnetic Fe3N to paramagnetic Fe2N at room
emperature. At about 33.3 at.% N the phase formed is �-Fe2N [2,15].

∗ Corresponding author. Tel.: +91 731 246 3913; fax: +91 731 246 5437.
E-mail addresses: mgupta@csr.res.in, dr.mukul.gupta@gmail.com (M.  Gupta).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.139
On further increasing the nitrogen content to about 50%, iron
mono-nitride (FeN) phase is formed. This is a non-magnetic com-
pound and has been prepared in the form of thin films, only. FeN
is known to exist mainly in the two  phases with fcc structures:
� ′′-FeN with ZnS-type structure (lattice constant a = 0.433 nm)  and
� ′′′-FeN with NaCl type structure (lattice constant a = 0.450 nm).
A third phase called as �4 with lattice constant a = 0.866 nm
was also observed [16]. Recently non-magnetic iron mononitrides
have emerged as a promising material in spintronics applications
[10–12]. A controlled annealing of FeN produces the � ′-Fe4N phase
and thus provides a source of spin injection for semiconductors or
diluted magnetic semiconductors [17]. In addition the only N-rich
compound, Fe3N4 having cubic spinel structure was theoretically
predicted [18,19],  though has not been evidenced experimentally
so far.

Since the first preparation of � ′′′-FeN by Oueldennaoua et al. [20]
and � ′′-FeN by Nakagawa et al. [21], several attempts were made
to prepare and characterize thin films of � ′′/� ′′′-FeN [22–34].  Most
of the studies concluded that both � ′′ and � ′′′ phases of FeN coexist.
However their coexistence remain controversial. The theoretical
studies in iron mononitride predict that the lattice parameter of FeN
in the NaCl structure should be between 0.39 and 0.42 nm, which
is considerably lower than the experimentally obtained value of
0.45 nm [35,36].  In recent studies the existence of the � ′′′-FeN phase
in the NaCl-type structure was questioned [10,11,33],  and con-

cluded that the � ′′′-FeN compound should have ZnS-type structure.

In the present work our aim is to study the structural and
magnetic properties of iron mononitride thin films prepared using
dc-magnetron sputtering. In the literature iron mononitride thin

dx.doi.org/10.1016/j.jallcom.2011.04.139
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mgupta@csr.res.in
mailto:dr.mukul.gupta@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.04.139
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films, AFM measurements were carried out in the samples
deposited using sputtering power of 100 and 200 W.  Fig. 2 com-
pares a typical AFM image of these samples. As can be seen from the
AFM images the sample deposited using 200 W sputtering power

Table 1
XRD and neutron reflectivity parameters for iron nitride samples at different sput-
tering powers.

Parameter 50 W 100 W 200 W

a (±0.001 nm)  0.453 0.454 –
284 M. Gupta et al. / Journal of Alloys 

lms have been deposited mainly by using a gas mixture of Ar + N2,
hereas in the present work we used pure N2 as sputtering gas. This

nsures that iron atoms get sputtered by nitrogen atoms and there-
ore the reaction probability increases to maximum and chances
hat the unreacted iron atoms also present in the deposited film
an be ruled out completely. Further we increased the deposition
ates by increasing the sputtering power and studied the effect
f sputtering power on the structural and magnetic properties of
eposited iron mononitride thin films. It was found that by increas-

ng the sputtering power the grain size decreases while the local
hemical environment of Fe atoms remains unaffected even at 5 K.
he obtained results are presented and discussed in the following
ections.

. Experimental

Iron nitride thin films were prepared at room temperature using a direct current
dc)-magnetron sputtering technique on Si substrates. The samples were deposited
sing pure nitrogen as sputtering gas at a flow rate of 10 standard cubic centimeter
er  minute (sccm). A base pressure of ≈ 1×10−7 mbar was achieved prior to deposi-
ion. During the deposition the partial pressure in the chamber was ≈ 4×10−3 mbar.
ure  Fe targets of 75 mm diameter were sputtered using a power of 50, 100 and
00 W.  Before deposition the vacuum chamber was repeatedly flushed with nitro-
en  gas so as to minimize the possible contamination of trapped gases in the vacuum
hamber. The targets were pre-sputtered for about 5 min in order to remove possible
urface contaminations.

During the sample preparation we kept the deposition time constant and var-
ed  sputtering power at 50, 100 and 200 W.  The obtained deposition rates are:
.9  nm/min at 50 W;  7.7 nm/min at 100 W and 9.5 nm/min at 200 W.  This indicates
hat the deposition rates increase linearly with an increase in sputtering power. This
ependence can be easily understood in terms of Langmuir–Child relationship. The

on (here nitrogen) flux (Jion) and its average kinetic energy (KEav) are related to a
c  glow discharge [37]:

ion ∝ V3/2
dc

and KEav ∝ Vdc (1)

Therefore both ion flux and average kinetic energy of atoms results in an
ncreased glow discharge which in turn results in an increased deposition rate.

The structural and magnetic characterizations of the samples were carried
ut with following methods: (i) X-ray diffraction (XRD) using a standard X-ray
iffractometer equipped with Cu K-˛ X-rays. (ii) Atomic force microscopy (AFM)
easurements were carried out in samples deposited at sputtering power of 100 W

nd  200 W.  (iii) Neutron reflectivity (NR) measurements were performed at the
pparatus for Multi Optional Reflectometry (AMOR) at SINQ/PSI, Switzerland [38] in

he time-of-flight mode. (iv) Conversion electron Mössbauer spectroscopy (CEMS)
easurements were carried out at room temperature using a 57Co source embedded

n  a rhodium matrix. The CEMS measurements were carried out in the as-deposited
amples and after annealing them at temperatures of 423 K, 523 K and 623 K. (v) The
össbauer spectroscopy (MS) measurements were also performed in transmission
ode at 300 K, 40 K and 5 K at 0 T and at 5 K at 5 T. The external magnetic field applied

arallel to the gamma  rays (using JANIS SuperOptiMag) superconduction magnet.
he CEMS and MS  patterns were calibrated to the hyperfine field of 57Fe at room tem-
erature. The conversion electrons were detected by a proportional counter having
ontinuous flow of a helium–methane (5% methane balance helium) gas mixture.

. Results and discussion

.1. X-ray diffraction and atomic force microscopy

Fig. 1 shows the XRD pattern of the samples deposited using
puttering power of 50, 100 and 200 W.  The peaks can be indexed
o a fcc structure with a lattice constant a = 0.453 nm for 50 W,
.454 nm for 100 W for the (1 1 1) reflection. The lattice constant
alues for 50 and 100 W matches well with a value of a = 0.455 nm
btained by Jouanny et al. [33] for iron mononitride having the
′′′-FeN phase with ZnS-type structure. The pattern corresponding

o the sample prepared at sputtering power of 50 W and 100 W
re almost identical but that of 200 W has lesser relative intensity
nd larger line widths. Therefore it is not possible to determine
he value of a precisely for the sample deposited using sputtering

ower of 200 W.  However, the line width of the diffracted pattern
an be used to calculate the grain size of the diffracting specimen
n the direction perpendicular to the plane of the film, using the
cherrer formula, [39] t = 0.9�/b cos �, where t is the grain size,
Fig. 1. X-ray diffraction pattern of iron mononitride (FeN) thin films prepared using
magnetron sputtering using a power of 50 W,  100 W and 200 W.

b is an angular width in terms of 2�, � is the Bragg angle and �
is the wavelength of the radiation used. The values obtained for
the grain size are given in Table 1. The average grain size calcu-
lated using (1 1 1) reflection is 5 nm for the samples prepared at
sputtering power of 50 W and 100 W,  while for the sample pre-
pared at 200 W the grain size reduces significantly and the value
obtained is 2.3 nm.  This is somewhat surprising as it was expected
that with an increase in the sputtering power a coarse grain struc-
ture should form as reported in case of Cu or Ni thin film prepared
using different sputtering powers [37,40]. It is generally found that
grain size increase with increasing sputtering power. This effect
arises because with increase in sputtering power adatoms energy
increases which results in their high mobility on the substrate sur-
face and high surface diffusion which in helps in formation of a
larger grain structure. However this may  not be applicable in the
present case as reactive sputtering is done in the present case (using
only nitrogen to sputter iron) as compared to non-reactive sput-
tering reported in the literature. In case the number density of the
atoms getting deposited on the substrate increases, they might col-
loid with the atoms condensing on the substrate and in this case
the grain size may  get restricted as observed in the present case.

In order to confirm the surface morphology of the deposited
1 1 1

a2 0 0 (±0.001 nm)  0.459 0.459 –
a2 2 0 (±0.001 nm)  0.453 0.453 –
Grain size (±1 nm)  5 5 2.3
Interfacial roughness (±0.05nm) 2.1 2.2 0.9
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Fig. 3. Neutron reflectivity pattern of iron mononitride (FeN) thin films prepared
ig. 2. AFM image of FeN thin films prepared using magnetron sputtering using a
ower 100 W and 200 W.  The x, y and z-dimension in both images are same.

hows smaller and densely distributed grains as compared to the
ample deposited using 100 W sputtering power. The observed
esults clearly support the XRD results.

The lattice constant was also deduced using the (2 0 0) and (2 2 0)
eflections and are given in Table 1. As can be seen there, the lat-
ice constant obtained using (1 1 1) and (2 2 0) is almost identical,
owever, the value obtained using (2 0 0) is 0.459 nm, which is
lightly larger. This indicates that a small distortion may  be present.
he intensity ratio of the reflections I(1 1 1)/I(2 0 0) has been used to
onfirm the structure. If the ratio I(1 1 1)/I(2 0 0) is (>2) the ZnS-type
tructure formed while in case of NaCl-type structure this ratio
hould be smaller than unity (for a = 0.450 nm)  [33]. Therefore, as
an be deduced from the XRD patterns, our samples are single phase
′′′-FeN having ZnS type structure. This will be further confirmed in
ection 3.3 where Mössbauer spectroscopy results are presented.

.2. Neutron reflectivity

Fig. 3 shows the neutron reflectivity pattern of samples pre-
ared at the sputtering power of 50, 100 and 200 W.  The samples

ere in fact prepared in the form of an isotope multilayer with

lternatively switching between Fe and 57Fe enriched targets. Such
ultilayers have been used to study the self-diffusion of Fe using

eutron reflectivity (NR) [41,42]. The composition of the samples as
using magnetron sputtering using a power of 50 W,  100 W and 200 W.  The scattered
points correspond to the measured experimental data and solid lines represent fit
to  them.

determined by fitting the neutron reflectivity data using a computer
program [43] based on Parratt’s formulism [44]:

(i) [Fe:N(9 nm)/57Fe:N(4 nm)]10 at 50 W
(ii) [Fe:N(10 nm)/57Fe:N(4.7 nm)]10 at 100 W

(iii) [Fe:N(12.4 nm)/57Fe:N(5 nm)]10 at 200 W

In order to fit the NR data we assumed that interfacial roughness
of all Fe:N and 57Fe:N layers is identical. The fitting parameters var-
ied were interfacial roughness and bilayer thickness. As the power
in the sputtering process is increased, the sputtering rate increases
and the thickness of the film is increased. The fitting of the NR pat-
tern gives the interfacial roughness of the samples which are given
in the Table 1. We observe that the interfacial roughness of the sam-
ple prepared using 200 W sputtering power is significantly lower
as compared to that of 50 and 100 W sample. This can be clearly
seen in the Fig. 3, as the NR pattern for 200 W sample fall-off rather
slowly as compared to 50 or 100 W sample. From our XRD and AFM
measurements we  observe a decrease in the grain size from 5 nm
(for 50 or 100 W samples) to 2.3 nm for 200 W sample. A decrease
in the grain size can lead to smoothness of the depositing thin film.
The roughness of a thin film is caused due to topological morphol-
ogy of the growing surface. It is expected that peaks and valleys
form during the deposition and the shadowing of these peaks and
valleys enhances the roughness [45]. As the grain size decreases,
the structure becomes more isotropic and therefore the shadow-
ing effects are minimized and lead to a reduction in the overall
roughness.

3.3. Mössbauer spectroscopy

3.3.1. Room temperature CEMS
Fig. 4 shows the CEMS spectrum of iron nitride thin films pre-

pared using a power of 50, 100 and 200 W.  The obtained CEMS
pattern is an asymmetric doublet in all the samples. Here we  discuss
the fitting procedure for the CEMS pattern. In the literature such
CEMS pattern for non-magnetic iron nitrides has been obtained in a
number of studies [24,26,27,33].  The fitting of such CEMS spectrum
can either be done using two singlets or a singlet and a doublet [27].
In either case, the singlet with a lower value of the isomer shift (ı)
was always assigned to ZnS-type FeN while the other subspectrum

was argued to the vacancies in the ZnS-type FeN (2nd singlet) or due
to presence of NaCl-type FeN (doublet). Therefore from the Möss-
bauer measurements alone, a precise assignment of subspectra can
not be made.
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Fig. 4. Conversion electron Mössbauer spectroscopy (CEMS) pattern of iron monon-
itride (FeN) thin films prepared using magnetron sputtering using a power of 50 W,
1
d

s
i
s
i
t
s

Table 2
Conversion electron Mössbauer spectroscopy (CEMS) parameters for iron nitride
samples at different sputtering powers.

Parameter 50 W 100 W 200 W

ıS1 (±0.002 mm/s) 0.05 0.03 0.08
ıS2 (±0.003 mm/s) 0.6 0.6 0.58

shows room temperature Mössbauer spectra recorded in transmis-

F
a

00 W and 200 W.  The scattered points correspond to the measured experimental
ata and solid lines represent fit to them.

From our XRD, data it is clear that the samples deposited at
puttering power of 50 and 100 W are single phase � ′′′-FeN hav-
ng ZnS type structure. Therefore, we assume that the Mössbauer
pectrum can not be a mixture of � ′′′ and � ′′ phases as reported

n the literature [24,27,46].  This assumption is confirmed by low
emperature and high field Mössbauer spectroscopy which are pre-
ented in the next section. Therefore to fit our CEMS spectrum we

ig. 5. Mössbauer spectroscopy (MS) pattern of iron mononitride (FeN) thin films prepa
t  300 K (a). The MS pattern of the 100 W sample measured at 300, 40 and 5 K (b).
AreaS1 (±2%) 55 56 55
AreaS2 (±2%) 45 44 55

deconvolute it as two  singlets: the singlet with the lower value of
isomer shift (ı = 0.05 mm/s) correspond to Fe coordinated tetrahe-
drally with four N atoms and the other singlet with ı = 0.6 mm/s can
be assigned to defects or vacancies in � ′′′-FeN [21,33]. As we find
out from the XRD measurements, the non-identical values of lattice
constants indicates a distortion in the unit cell, and therefore pres-
ence of second singlet could be due to this distortion. The obtained
fitted parameters from CEMS measurements are given in Table 2.
Looking at the fitted CEMS values for samples deposited at 50, 100
and 200 W,  we find that the values for three samples are almost
identical. However, the XRD pattern and AFM images of the sample
prepared at 200 W showed smaller grain size as compared to 50 or
100 W sample. This indicates that the local environment of the Fe
atoms remained unaffected even though the grain size reduced. In
order to further confirm the structure of our samples, low temper-
ature and high field Mössbauer spectroscopy measurements were
carried out and are presented in the next section.

3.3.2. Low temperature and high magnetic field Mössbauer
spectroscopy

Figs. 5 and 6 show the Mössbauer spectra of samples deposited
at the sputtering power of 100 W and 200 W.  These measurements
were carried out in the same samples on which CEMS measure-
ments were reported in the previous section. Since the samples
were deposited on silicon substrate of thickness ∼400 �m,  it is pos-
sible to measure Mössbauer spectra in the transmission mode by
allowing the �-rays to pass through the silicon substrate. Fig. 5(a)
sion mode and compares with those taken in conversion electron
(reflection) geometry (see Fig. 4). The fitted parameters are similar
in these two  geometries.

red using magnetron sputtering using a power of 100 W and 200 W and measured
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down to 1 × 10 mbar. The annealing was done at temperatures
of 423 K, 523 K, and 623 K for 2 hours at each temperatures. The
pressure during annealing was typically 2–3 × 10−6 mbar. As can
be seen from the Fig. 6 the CEMS spectra does not show any
ig. 6. Mössbauer spectroscopy (MS) pattern of iron mononitride (FeN) thin films 

t  5 K (a). The MS pattern of the 100 W sample measured at 5 K with an applied ma

As discussed in the literature, Mössbauer spectra of sputter
eposited iron mononitride always shows an asymmetric doublet.

t was argued that the FeN phase with a lattice constant a = 0.450 nm
s a mixture of NaCl-type (� ′′′) and ZnS-type (� ′′) nitride. Whereas
he phase with a = 0.433 nm is ZnS-type. The low temperature

össbauer spectra of the phase with a = 0.450 nm shows magnetic
plitting at 4.5 K [23]. It was argued that the component due to
aCl-type structure is magnetic while that with ZnS-type structure

s non-magnetic at temperatures as low as 4.5 K. The hyperfine field
f the NaCl-type magnetic component was as high at 49 T and when
n external filed of 5 T is applied Fe magnetic moment does not
hange indicating that NaCl type iron nitride is an antiferromagnet
ith a very large hyperfine field [47].

The other phase with a = 0.433 nm remained non-magnetic even
t 4.5 K. The main component in this structure originates due to Fe
oordinated to four N neighbors. When an external field of 7 T was
pplied the magnitude of splitting observed was 7 T, indicating that
nS-type iron nitride has no local magnetic moment [47].

With this overview of observed Mössbauer results in the lit-
rature, our results can be understood straightaway. When the
amples prepared at sputtering power of 100 or 200 W were cooled
own to 5 K (see Figs. 5 and 6), no magnetic splitting can be
bserved. Further even at 5 K there is no difference between the
amples prepared at sputtering powers of 100 and 200 W.  The
bserved behavior suggests that the samples are in the param-
gnetic state at 5 K. The fitting of the data at 5 K reveals that the
alue of isomer shift is about 0.25 mm/s  which is very close to the
alue of 0.21 mm/s  obtained by Hinomura and Nasu for ZnS-type
eN0.91[47].

Further we applied an external field of 5 T to observe changes
n the magnetic moment. The Mössbauer spectrum measured at

 K under an applied field of 5 T is shown in Fig. 6. We  observed
hat with an applied field of 5 T the Mössbauer spectrum gets split-
ing amounting to 5 T, the same as that of applied magnetic field.
his indicates that there is no local magnetic moment in our sam-

les. Therefore from our low temperature and high field Mössbauer
pectroscopy measurements it can be confirmed that our samples
re ZnS-type � ′′′-FeN with a lattice constant a = 0.453 nm. This con-
rms recent results obtained in the literature [27,33].
red using magnetron sputtering using a power of 100 W and 200 W and measured
 field of 5 T (b).

3.3.3. Annealing behavior
We also measured the thermal stability of samples prepared at

sputtering power of 100 W and 200 W using conversion electron
Mössbauer spectroscopy. Since both these sample behave simi-
larly the results of the sample deposited at sputtering power of
100 W are presented in Fig. 7. The CEMS measurements were car-
ried out on the sample annealed in a vacuum furnace pumped

−6
Fig. 7. Conversion electron Mössbauer spectroscopy (CEMS) pattern FeN thin films
prepared using a sputtering power of 100 W and after annealing 423, 523 and 623 K.
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ppreciable changes in the spectra as the annealing temperature is
ncreased. Since no magnetic splitting can be observed, it confirms
hat the nonmagnetic FeN phase is stable even up to 623 K. The
bserved spectra are fitted using two singlets as discussed previ-
usly. The obtained values of isomer shifts for the sample annealed
t 423 K is (ıS1 = 0.1 mm/s) and (ıS2 = 0.7 mm/s) their relative area
atio is (AreaS1:AreaS2 = 62:37). These values remain almost same at
nnealing temperature of 523 K. However after annealing at 623 K,
he line width increases and the isomer shift of singlet S1 increases
o 0.2 mm/s  while that of S2 decreases to 0.6 mm/s, and the relative
rea ratio becomes (AreaS1 : AreaS2 = 48 : 52).

. Conclusion

In conclusion, we deposited single phase iron mononitride thin
lms using nitrogen alone as a sputtering gas at different depo-
ition rates. The structure of the samples as found from XRD and
ow temperature high magnetic field Mössbauer spectroscopy mea-
urements is � ′′′-FeN with ZnS-type structure. It was  found that an
ncrease in the deposition rates due to increase in sputtering power
esults in a more disordered crystal structure however, the local
nvironment of Fe atoms remains unaffected with an increase in
he deposition rates. The neutron reflectivity and AFM measure-

ents suggests that the overall roughness of the deposited film
ecrease with an increase in sputtering power. As the grain size
ecreases, the structure becomes more isotropic and therefore the
hadowing effects are minimized and lead to a reduction in the
verall roughness.

From our work it can be clearly seen that the sputtering of iron
argets with pure nitrogen gas yields single phase iron mononitride
hin films. By varying the sputtering power, the long range order-
ng can be controlled although the local structure of the samples
emains unaffected by a variation in sputtering power.
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