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4 Growth and properties of
γ′−Fe4N thin films

4.1 Introduction

During the past decade, iron nitrides were extensively investigated due to
their excellent magnetic properties, which make them suitable for applications
in high density magnetic storage devices. Among the ferromagnetic nitrides,
the γ′−Fe4N phase is of special interest. This nitride has a cubic structure
(Fig. 4.1), contains 20 at.% N and is stable at temperatures below 450◦C. The
saturation magnetization, Ms, was reported to be between 1.8 T and 1.9 T
[25, 26, 27]. As all the other iron nitrides, γ ′−Fe4N is a metallic conductor
and is metastable with respect to decomposition in Fe+N2. The decomposition
is limited by kinetic barriers.

Figure 4.1: Structure of γ ′−Fe4N.

Up to now, polycrystalline thin films of γ ′−Fe4N were grown on (111) Si
substrates by ion beam assisted evaporation [45] and reactive sputtering in a
NH3 atmosphere [26]. With N2 as reactive gas in a dc magnetron sputter-
ing facility, epitaxial γ ′−Fe4N films were grown on (001) Si substrates with
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38 4 Growth and properties of γ ′−Fe4N thin films

a (002) Ag underlayer, as claimed by Brewer et al. [46]. Concerning pu-
rity, crystal quality or surface roughness, no details were reported. Besides
on the growth of single layers, efforts were also concentrated on the growth
and properties of multilayers containing iron nitrides [47, 48]. Recently, the
interest in iron nitrides was also triggered by the possibility of developing an
all−nitride, all−epitaxial magnetic tunnel junction with epitaxial γ ′−Fe4N as
magnetic electrodes and epitaxial Cu3N as semiconducting barriers [49]. The
intermixing at the interface, commonly observed at metal/metal interfaces,
may be reduced due to the Fe−N and Cu−N bonding. Moreover, due to the
mobility of the N atoms within the Fe lattice, we expect the epitaxial growth
of iron nitrides on cubic substrates to be possible without domain formation
as occurs, for instance, in the case of magnetite grown on such substrates [50].

In this research we show that high quality epitaxial γ ′−Fe4N films can be
grown on (001) MgO substrates by molecular beam epitaxy (MBE) of iron in
the presence of nitrogen obtained from a rf atomic source [51, 52]. Furthermore,
a thorough insight into the structural and magnetic properties of these films
is achieved by means of a wide variety of techniques.

4.2 Experimental details

Iron nitride films were grown on (001) MgO substrates. Before growth, the
MgO was annealed at 600◦C in 10−6 mbar O2. The samples were grown with
iron enriched to 99% in 57Fe at deposition rates between 0.01 and 0.1 Å/s.
During growth, the deposition temperature was 200◦C or 400◦C. The rf atomic
source was used with pure nitrogen or a mixture of nitrogen and hydrogen in
different ratios. The total gas pressure was 5×10−3 mbar and the applied
rf power as 60 W. The thickness of the films was measured by Rutherford
backscattering spectrometry (RBS), whereas the nitrogen content was esti-
mated from the amount of nitride phase as determined by conversion electron
Mössbauer spectroscopy (CEMS). The macroscopic magnetic properties were
studied in detail by means of transverse Kerr effect measurements (MOKE) and
magnetic domain observation. A magneto−optical torque technique (MOT)
was applied to obtain the value of the anisotropy constant. Hysteresis loop
measurements were also performed in a standard vibrating sample magnetome-
ter (VSM). All the measurements were done at room temperature.

For studying the oxidation behavior, thin γ ′−Fe4N films, all grown at a
substrate temperature of 400◦C were exposed to air at room temperature and
investigated ex−situ by means of CEMS, XRD and elastic recoil detection
(ERD) measurements. In situ, the films were investigated with low energy
electron diffraction (LEED) and RBS/channeling. To further investigate the
oxidation behavior of γ ′−Fe4N, a freshly grown iron nitride film was oxidized
in a specially developed oxygen−resistant oven, integrated in the UHV system.
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The oxidation was done in p(O2)=5×10−6 mbar at 200◦C for 30 minutes. After
the oxidation step, the film was cooled down to RT and in−situ capped with
∼10 nm Cu.

4.3 Results and Discussion

4.3.1 Growth and structure

To determine the optimum conditions for the growth of γ ′−Fe4N films on
(001) MgO substrates, the deposition rate of iron, the gas composition in the
rf atomic source and the deposition temperature were varied. Two batches of
samples were grown at a deposition temperature of 200◦C. For the first batch,
the gas in the rf atomic source was only nitrogen, whereas for the second one,
the gas consisted of a mixture of nitrogen and hydrogen, in different ratios.
The results are summarized in Fig. 4.2. The presence of hydrogen in the
rf atomic source seems to increase the uptake of nitrogen in the nitride film
and to promote the formation of a single phase (the γ ′−Fe4N). This points
to a more complex growth process for the γ ′−Fe4N phase when hydrogen
is present. Possibly, the hydrogen at the surface is changing the potential
landscape for recombination of nitrogen atoms into nitrogen molecules. In this
way, the excess nitrogen (assuming the formation of stoichiometric γ ′−Fe4N) is
brought away as N2. On the other hand, one cannot exclude the formation of
N−H species, such that the excess nitrogen is carried away as NH3. Moreover,

Figure 4.2: Dependence of nitrogen uptake on the pressure of nitrogen in the
atomic source divided by the growth rate of iron([pressure N2(mbar)/growth
rateFe(Å/s)]=effective N flow). The solid lines are guides to the eye.
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the hydrogen in the source can passivate the walls, thereby diminishing the
recombination rate of nitrogen atoms into nitrogen molecules. This gives rise
to an enhanced efficiency of the rf atomic source (factor 2−3, depending on
the status of the walls).

The optimum growth conditions for γ ′−Fe4N were found to be a deposi-
tion rate of iron in the range of 0.01−0.015 Å/s and a mixture of 20% N2 and
80% H2 in the rf atomic source. These conditions were used to grow a 15 nm
thick sample. For structural characterization, we performed X−ray diffraction
measurements using CuKα radiation (λ=0.154 nm) in a standard θ−2θ geom-
etry. Only the (002) reflections for both the MgO substrate (cubic; a=4.21 Å)
and the γ′−Fe4N film (cubic; a=3.79 Å) are present, showing a well−defined
orientation of the nitride film with the c−axis normal to the substrate.

Additionally, texture measurements were performed in a Philips X’Pert
MRD system. Figure 4.3 shows a ψ−φ pole scan with 2θ fixed for the (111)
reflection of γ ′−Fe4N. The appearance of only four sharp peaks correspond-
ing to γ′−Fe4N proves the epitaxial nature of the nitride film. From the 2θ
values corresponding to the (002) and (111) reflections, the in−plane (a) and
out−of−plane (c) lattice constants were calculated. An a/c ratio of 3.76/3.80
was found. Such a deviation from a cubic structure corresponds to a tetrago-
nal distortion, with an in−plane contraction and an out−of−plane expansion.
This result, as well as the epitaxial nature of the nitride film, is rather peculiar
since the substrate has a larger lattice constant, the mismatch being as high as
10 %. Moreover, ψ−ω areal scans revealed a small tilt of around 0.2◦ for the
(001) planes of γ ′−Fe4N with respect to the (001) planes of MgO. Despite the
epitaxial nature, RBS/channeling experiments showed only weak channeling in

Figure 4.3: X−ray ψ−φ pole scan with 2θ fixed for the (111) reflection of γ ′−Fe4N.
The peaks are at a ψ angle of ∼54.7◦.
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the nitride film. To investigate a possible correlation between the crystallinity
of the film and the deposition temperature, this was increased to 400◦C while
the other growth parameters were kept the same as in the previous case. The
thickness of the as grown sample was 33 nm. Axial channeling measurements
were performed by scanning the tilt angle θ from −4◦ to +4◦ with respect
to the [001] and [011] directions of MgO. The results are shown in Fig. 4.4.
Channeling dips were found in both axial directions. A shift of around 0.6◦

and 0.8◦ is present between the channel dips corresponding to the film and
those of the substrate, for the [001] and [011] axial directions, respectively.
No angular deviation between the MgO and the γ ′−Fe4N dips was found in
the direction perpendicular to θ. Within experimental errors, these deviations
can be partly explained by the presence of a tilt of 0.6◦ between the crystal
orientations of MgO and γ ′−Fe4N, and in addition, a tetragonal distortion of
the nitride lattice, leading to an angular deviation of 0.3◦ between the [001]
and [011] axial directions, in accordance with the XRD data.

Figure 4.4: Axial channel dip spectra measured around the [001] and [011] directions
of the MgO substrate.

The minimum yields observed in the [001] direction for the MgO and
γ′−Fe4N were 22% and 45%, respectively. This points to some mosaicity in the
MgO substrate, as was also observed with XRD. The higher minimum yield
observed for γ ′−Fe4N can be explained by the presence of a non−crystalline
oxynitride layer on top of the sample with a thickness ∼50 Å (section 4.3.4).
In the channeling measurements, the Fe in this layer was not separated from
the Fe in the nitride layer. Moreover, a small miscut from the (001) plane of
about 0.4◦ was found for the substrate surface. The normal to the (001) planes
of the substrate lies between the surface normal and the normal to the (001)
planes of the nitride film. Apparently, these three normal vectors are in the
same plane. As previously reported [53], such a tilt is likely to be induced by



42 4 Growth and properties of γ ′−Fe4N thin films

a misorientation of the surface from the nominal (001) plane, although tilted
growth has been reported also on substrates showing no miscut [54]. Due
to the large mismatch between the layer and the substrate, the observed tilt
could be associated with a coherent relaxation of strain by misfit dislocations
along the (111) planes which have a Burgers vector component perpendicular
to the interface. Also, one cannot exclude that the observed angular deviation
is a result of the oblique growth (Fe source not perpendicular to the sample
surface).

4.3.2 Morphology

The surface morphology was studied in air using atomic force microscopy
(AFM). No cap layer was present for the samples used in the AFM study.
Therefore, the surface layer was transformed into an oxynitride, which can
slightly alter the surface structure (see section 4.3.4). Figure 4.5 (a) and
Fig. 4.5 (b) show AFM images of a 33 nm thick γ ′−Fe4N film grown on a
(001) MgO substrate heated to 400◦C during growth. The film exhibits a
very uniform granular structure, with elongated flat islands of an average size
∼50×200 nm2. These islands show weak signs of rectangular symmetry along
the [001] directions. The rms roughness of the film, which is only 0.4 nm,
corresponds to an average peak−valley height of approximately three atomic
spacing (for a cleaned MgO substrate the rms roughness is 0.07 nm). For a
15 nm thick sample, also deposited at 400◦C we measured a rms roughness of
0.2 nm. The observation of island structure combined with a low roughness
points to a layer−by−layer growth process, in which islands are formed, which
coalesce in full layers. Recent STM experiments on γ ′−Fe4N films grown at
400◦C on (001) Cu substrates by depositing iron from an electron gun in the

Figure 4.5: AFM scans for a 33 nm thick γ ′−Fe4N film with no cap layer. (a) shows
the topographical image of a 2.1×2.1 µm2 area (vertical range 3.1 nm). (b) shows
the force image of a 1.1×1.1 µm2 area. A smooth, regular surface with weak signs
of square symmetry is observed.
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presence of a flux of nitrogen obtained from an rf atomic source revealed also a
layer−by−layer growth mode [55]. Additional AFM measurements on samples
grown at a lower deposition temperature showed that the roughness decreases
with increasing deposition temperature.

4.3.3 Magnetic properties

According to magnetic measurements [56], the γ ′−Fe4N phase is a ferromagnet
with a Curie temperature (Tc) of ∼500◦C. However, the experimental deter-
mination of Tc is rather difficult due to the decomposition of γ ′−Fe4N into
Fe and N2 at temperatures above ∼450◦C. Its cubic structure contains two
non−equivalent crystallographic iron sites: the iron atoms occupying the cor-
ner positions (FeI) and the iron atoms occupying the face−centered positions
(FeII). The ratio of the FeI:FeII is 1:3, and, the corresponding magnetic mo-
ments of the two sites are 2.98µB for FeI, and 2.01µB for FeII [57]. From the
point of view of the atomic structure of Fe−N alloys, the γ ′−Fe4N iron nitride
is the simplest structure where Fe−N chains are combined with Fe−Fe chains.
This makes possible a detailed analysis of the influence of nitrogen on the
electronic structure and hyperfine interaction parameters [58, 59, 60, 61, 62].

The ferromagnetic nature of this nitride makes the Mössbauer spectrum
rather complicated. The presence of a magnetic field leads to combined mag-
netic and electric hyperfine interactions. The Hamiltonian of the system is:

Ĥ = −(−→µ ×−→
H ) + e

∑

ij

QijVij (4.1)

where −→µ is the magnetic moment of the nucleus,
−→
H is the magnetic field, Qij

is the tensor of the nuclear quadrupole moment and Vij is the tensor of electric

field gradient (EFG). For an internal magnetic field
−→
H making an angle θ with

the principal axis of the EFG tensor, the energy levels of the excited nuclear
state of 57Fe (I=3/2), are given by:

E = −gµnHmI + (−1)|mI |+1/2 × eQVzz

4
× 3 cos2 θ − 1

2
(4.2)

where mI is the magnetic quantum number, Vzz is the principal component
of the EFG tensor and the nuclear quadrupole moment of 57Fe is Q = 0.16
b [63]. For the structure of the γ ′−Fe4N phase, the corner iron atoms (FeI)
have a local cubic symmetry and consequently a zero quadrupole splitting. On
the other hand, the face−centered iron atoms (FeII) have an axial symmetry,
for which the principal axis of the EFG tensor at the FeII sites is parallel to
the crystal axes, namely the [001] directions. In one unit cell of γ ′−Fe4N, the
angle between the principal axis of the EFG tensor and the internal magnetic
field is 90◦ for two of the FeII sites (the FeII−A sites), whereas for the third
one (the FeII−B site), the corresponding angle is 0◦.
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Therefore, due to the orientation of the internal magnetic field, crystallo-
graphically equivalent sites are magnetically non−equivalent. The two distinct
sites are indicated in Fig. 4.6 (a). The quadrupole splitting (ε) is defined as:

ε = (
1

2
e2qQ)(

3 cos2 θ − 1

2
) (4.3)

From this equation, it is straightforward that the ratio of the quadrupole split-
ting terms corresponding to FeII−A:FeII−B is 1:-2. All the described features
are experimentally confirmed.

All the iron nitride films were measured with CEMS to investigate the type
of iron nitride phase formed and the purity of the phase. All the measurements
were done in zero external magnetic field. Figure 4.6 (b) shows a spectrum
measured for a 16 nm thick γ ′−Fe4N film capped in−situ with ∼5 nm natural
Fe. As shown in section 4.3.4, upon exposure to air, uncapped γ ′−Fe4N films
oxidize which results in the formation of a top oxynitride layer. The spectrum
was de−convoluted in three magnetic components with a 3:4:1:1:4:3 inten-
sity ratio of the lines in each component. The fit parameters are given in
Table 4.1. Such a ratio indicates a complete in−plane orientation of the mag-

Table 4.1: Fit parameters for a 16 nm thick γ ′−Fe4N film capped with 5 nm of
natural Fe: δ−isomer shift (all given with respect to α−Fe at room temperature),
H−hyperfine field, ε−quadrupole splitting, R.A−relative area.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
FeI 0.22 34.10 0 25
FeII−A 0.29 21.72 0.24 50
FeII−B 0.29 21.89 -0.45 25

netization in the domains. No additional components were needed, pointing to
the presence of only a pure γ ′−Fe4N phase. The fit parameters corresponding
to γ′−Fe4N are in good agreement with previous reported data [64, 65].

So far, from XRD and CEMS measurements, we can conclude that high
quality epitaxial γ ′−Fe4N films were grown on (001) MgO substrates. How-
ever, none of the two methods give the exact stoichiometry of the iron nitride
films. On the other hand, since Mössbauer spectroscopy is probing the local
environment of 57Fe atoms in a structure, it is likely that variations in stoi-
chiometry should in principle slightly modify the CEMS spectra and implicitly
the fit parameters. Here we show the results of a preliminary investigation.

A set of 17 samples all grown as γ ′−Fe4N films were measured with CEMS.
The hyperfine fields corresponding to the FeI site and the FeII−A sites are
all displayed in the histograms shown in Fig. 4.7. All the samples have a
similar thickness. This suggests that the small variations in the values of the
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Figure 4.6: (a) Crystal structure of γ ′−Fe4N indicating the different Fe sites: FeI,
FeII−A and FeII−B. (b) Room temperature CEMS spectrum for a 16 nm thick
γ′−Fe4N film capped with 5 nm of natural Fe. The contributions of the three
components of the nitride phase are indicated below the spectrum.

hyperfine fields are due to a parameter which was not taken into account so
far in our investigation, such as, non(over)−stoichiometric compositions. It is
not possible to get a quantitative estimation from these measurements. Such
information could be obtained from accurate ERD measurements.

VSM hysteresis loop measurements were performed on γ ′−Fe4N films of
different thickness with or without a cap layer. In these measurements, the field
was applied in the film plane, in the [001] or [011] crystallographic directions.
All the measured loops had a square shape. Figure 4.8 shows the hysteresis
loops measured for a 40 nm thick γ ′−Fe4N film capped with 15 nm Cu3N.

The applied field was along the [001] (loop shown with full circles) and
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Figure 4.7: Histogram of the values of the hyperfine fields for the FeI (H1) and
FeII-A (H2) sites.

the [011] (loop shown with open triangles) directions. These results point to
an easy axis of the magnetization along the [001] crystallographic direction.
From the hysteresis loops measured in the easy axis direction for different
γ′−Fe4N samples, the dependence on thickness of the coercive field was ob-
tained. This is shown in Fig. 4.9. The dependence corresponds to an increase
of the coercive fields with increasing film thickness.
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Figure 4.8: VSM hysteresis loop measurements for a 40 nm thick γ ′−Fe4N film
capped with 15 nm Cu3N. The applied field was in plane, in the [001] direction
(loop shown with full circles) and in the [011] (loop shown with open triangles)
directions.

Figure 4.9: Thickness dependence of the coercive field for γ ′−Fe4N films. The
coercive field was obtained from VSM hysteresis loop measurements with the field
applied in the easy axis direction .
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A deeper and more complete insight into the magnetic properties of epi-
taxial γ ′−Fe4N films was obtained from MOKE and MOT measurements. The
measurements were performed on a 40 nm thick γ ′−Fe4N film grown on a (001)
MgO substrate. The deposition temperature was 400◦C. The rf atomic source
was operated with a mixture of 50% N2+50% H2 at a total pressure of 1×10−2

mbar. This film was capped in−situ after cooling to room temperature with
a 15 nm thick Cu3N layer. More details on the growth and the properties of
copper nitride layers are shown in chapter 5.

The epitaxial and single phase nature of the γ ′−Fe4N film in this bilayer
structure was confirmed by XRD and CEMS measurements (see chapter 6).
Hysteresis loops measured by transverse MOKE are shown in Fig. 4.10. The
field was applied in−plane at angles varying in steps of 5◦ between 0◦ and
360◦. Due to the cubic symmetry of the obtained loops, we show only the
ones measured in the first half quadrant, i.e., from 0◦ (field applied along the
hard magnetization axis−the [110] crystallographic direction) to 45◦ (field ap-
plied along the easy magnetization axis−the [100] crystallographic direction).
The vertical axes were normalized to the reflectivity changes at magnetic sat-
uration, which is about 1.8% in all cases. When the field is applied along a
crystalline [100] axis the magnetization switches in a single jump at a coercive
field of ∼70 Oe and the reduced remanence, Mr = ( M

Ms
)H=0, is close to 1. This

demonstrates that the [100] directions are easy magnetization axes, and 180◦

domain wall movements drive the reversal. When the field is applied between
an easy and a hard axis,−loops between 10◦ and 30◦−,the reversal takes place
in two stages. This is preceded by a reversible rotation of the magnetization,
thus reducing the remanence such that Mr < 1.

The two magnetization leaps point to a reversal process that takes place by
two consecutive 90◦ domain wall nucleation and propagation events. Finally,
when the field is applied close to a hard magnetization axis, the [110] directions
(loops between 0◦ and 5◦), the measured loops show a rotation of the magne-
tization followed by a sharp reversal and a final rotation. This is consistent
with a homogenous and reversible rotation of the magnetization towards the
nearest easy magnetization axis, followed by a 90◦ driven reversal towards the
next easy axis and a final rotation towards the applied field direction.

Figure 4.10: (facing page) Transverse MOKE hysteresis loops measured on a 40
nm thick epitaxial γ′−Fe4N film. The field was applied in−plane at angles varying
in steps of 5◦ between 0◦ and 45◦. At 0◦, the field was applied along the hard
magnetization axis−the [110] crystallographic direction .
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The symmetry of the anisotropy becomes more evident when the rema-
nence, Mr, is plotted versus the applied field angle. The data are shown in
Fig. 4.11 in a polar plot using the values obtained from all the measured loops.
Such a ′′four leaves clover′′ plot of the remanence as a function of the applied
field is then the signature of a biaxial anisotropy due to the crystalline cubic
structure of the film. As expected, around the easy magnetization axes the re-
duced remanence is ∼1, and around the hard magnetization axes the reduced
remanence is close to ∼0.71 (' cos45◦). The magnitude of Mr points to a
single domain state for the epitaxial γ ′−Fe4N film at zero field.

Figure 4.11: Reduced remanence Mr vs. the applied field angle.

The behavior of the sample’s magnetization from saturation at maximum
field to remanence at zero field can be understood quantitatively with a uni-
form magnetization and with two relevant energy contributions: the potential
in an applied magnetic field (M • H), and the anisotropy determined by the
crystal lattice (K1

4
) sin2 2φ, where K1 is the anisotropy constant and φ the

angle between the magnetization and the nearest easy axis, similar to the
Stoner−Wohlfarth model for a uniaxial anisotropy. Consequently, the mini-
mum energy position is given by the balance of these two contributions, with an
equilibrium angle of the magnetization with respect to the field and the crystal
lattice axes. Thus, at remanence the magnetization lie along the crystalline
easy axis aligned closest to the applied field direction.

Further evidence of the effect of the anisotropy comes from the reversal
mechanism. As mentioned earlier, close to the easy axes the reversal takes



4.3 Results and Discussion 51

place by a single process driven by 180◦ domain wall movement. On the other
hand, in an angular range of about 25◦, between the hard and the easy axes, the
reversal proceeds in two stages, which are probably related to two consecutive
90◦ domain wall movements. The fields at which the sharp reversals occur are
displayed in Fig. 4.12. For the hysteresis loops with two sharp reversals per
half circle, both values are plotted. As seen in Fig. 4.12, for the first reversal
the coercive field is maximum when the field is applied along the easy axes
and minimum when applied along the hard axes. When two switching events
occur, the value of the second switching field increases when the field direction
becomes closer to a hard axis (loops between 10◦ and 30◦ in Fig. 4.10).

This two transition situation is consistent with a coherent rotation of the
magnetization towards the closest easy axis, followed by a 90◦ domain wall
driven transition at the first value of the coercive field to the next easy axis,
followed by another 90◦ domain wall transition to the next easy axis at the
second value of the coercive field, and finally a coherent rotation of the magne-
tization towards the applied field direction. Finally, when the field is applied
within few degrees from the hard axis, after the rotation towards the closest

Figure 4.12: Coercive fields as a function of the applied field angle for the
γ′−Fe4N film. Solid triangles display the field at which the first magnetization
switch occurs, while hollow triangles display the second, when it exists. The top
part of the graph displays the same Mr data shown in Fig. 4.11 in polar plot, for
comparison purposes.
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easy axis, the loops exhibit one single jump, probably due to the nucleation
and displacement of 90◦ domain walls.

The main arguments and discussions presented so far are supported by Kerr
domain observations at different applied field angles. The sample is rotated
with respect to the field in 15◦ steps, and the camera is focused at represen-
tative areas. In this way, a video sequence is acquired. Two representative
reversal situations are shown in Fig. 4.13 and Fig. 4.14. In the images the field
is applied in the horizontal direction.

Figure 4.13 shows the domain structure for a field applied at 15◦ from the
closest easy axis taken at four selected field values corresponding to the two
abrupt reversals of the loop. The image is about 600×400 µm2 in size. In
this case, the reversal takes place by two subsequent 90◦ walls propagation
events. Figure 4.13 (a) and (b) show the the domain structure at the first
magnetization transition driven by 90◦ domain walls and Fig. 4.13 (c) and (d)
show two subsequent images at the second transition driven by another set
of 90◦ domain walls. Fig. 4.14 (a) and (b) show domain images during the
reversal, when the field is applied close to one easy axis. The images, about
600×400 µm2 in size, show adjacent antiparallel domains separated by 180◦

Figure 4.13: Kerr domains observations for an epitaxial single phase γ ′−Fe4N film
at four consecutive selected field values (a)−(d) at an intermediate angle between
the hard and the easy axes. The images show the the domain structure at the first
magnetization transition driven by 90◦ domain walls (a) and (b) followed by images
at the second transition driven by another set of 90◦ domain walls (c) and (d). The
field is applied horizontal, increasing in magnitude towards the left of the page in
this sequence.
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Figure 4.14: Kerr domains observations for an epitaxial single phase γ ′−Fe4N film
at two consecutive selected field values (a) and (b) along an easy axis. The images
show the domain structure at the transition driven by 180◦ domain walls.

domain walls responsible for the reversal. The magnetic properties described so
far are consistent with a single phase epitaxial film having a cubic structure and
a positive anisotropy constant, i.e., the [100] directions are easy magnetization
axes. Thus, the magnetic properties are then dictated by the value of the
anisotropy constant.

To obtain the magnitude of the anisotropy constant, we applied MOT [21].
This technique obtains the symmetry axes and the value of the anisotropy with
a single measurement and a simple fitting procedure. The method measures
the film’s magneto optical response in the transverse Kerr configuration to a
rotating magnetic field. Whereas conventional MOKE measures the response
to a field of constant direction and varying magnitude, in MOT, the magni-
tude of the field is fixed and the field’s angle varies. For a sufficiently large
field, the sample is magnetically saturated in every direction, and the response
corresponds to a homogeneous distribution of the magnetization. This kind
of measurement eliminates uncertainties due to domain wall movement in the
anisotropy constant determination.

Results for four different values of the applied magnetic field, as a function
of the applied field angle are shown in Fig. 4.15. The obtained dependencies
can be understood as follows. For an infinitely large value of the applied field,
the magnetization would be parallel to the field at all angles and the response
would be perfectly sinusoidal. For a finite value of the field, when the field
direction departs from an easy axis the magnetization lags behind the field,
while when the field departs from a hard axis the magnetization leads ahead.
Therefore, the deviation from a sinusoidal slope is indicative of the effect of
the anisotropy, being more apparent at the crossing of the field through a hard
axis. Fig. 4.15 shows the MOT results for a single phase epitaxial γ ′−Fe4N film
at rotating magnetic of: (a) 2.3 kG, (b) 1.5 kG, (c) 0.6 kG, and (d) 0.4 kG.

The measured data points are shown by full circles, and the overlapping
grey line is the fit. The fit only considers the potential energy due to the
angle of the applied magnetic field and the saturation magnetization (M •H)
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and a cubic anisotropy (K1

4
) sin2 2φ. The fit depends on only one parameter,

Ac = ( K1

2M
) 1

H
. The values of the obtained parameter Ac vs. ( 1

H
) are shown in

Figure 4.15: MOT reflectivity data measured for a γ ′−Fe4N epitaxial film at rotat-
ing magnetic fields of (a) 2.3 kG, (b) 1.5 kG, (c) 0.6 kG, and (d) 0.4 kG.

Fig. 4.15 (e) with a linear fit to the data. Taking into account the measured
value of the saturation magnetization of γ ′−Fe4N of ∼1.85 T, an anisotropy
constant of 2.9±0.2×104J/m3(×105erg/cm3) is obtained.

Furthermore, from in−plane resolved magnetization reversal studies by
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Kerr effect we could confirm the results obtained so far. These measurements
were done with a 3mW power continuous He−Ne laser. Different from a con-
ventional MOKE set−up (see chapter 2) where the reflectivity changes are
measured with only one photodiode, in these measurements, the experimental
set−up contains also a Wollaston prism and two fast Si photodiodes (1 MHz
band width) to allow simultaneous detection of the two orthogonal reflected
light components. These two quantities are proportional with the longitudinal
and the transversal components of the magnetization.

Hysteresis loops were measured with the field applied in−plane at angles
varying in steps of 15◦ between 0◦ and 360◦. The measurements were done on
a 15 nm thick γ ′−Fe4N film capped with 5.3 nm Cu3N. The measured loops
are shown in Fig. 4.16. Due to the cubic symmetry, only the first four loops
are shown. The hysteresis loops corresponding to the longitudinal component
of the magnetization are identical with the ones shown in Fig. 4.10. The hys-
teresis loops corresponding to the transversal component of the magnetization

Figure 4.16: Hysteresis loops showing the longitudinal (open circles) and the
transversal (full squares) magnetization components for different azimuths α (angle
between the [100] easy axes and the direction of the applied field: (a) 0◦, (b) 15◦,
(c) 30◦ and (d) 45◦. The measurements were done on a 15 nm thick γ ′−Fe4N film
capped with 5.3 nm Cu3N.
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confirm that the magnetization reversal is driven by 180◦ or 90◦ domain walls
propagation, depending on the applied field direction.

4.3.4 Oxidation behavior

The mechanism of N−incorporation into iron oxides as well as the formation
of iron oxynitride compounds are still controversial phenomena. Up until now,
the incorporation of N into an oxide was reported either in the growth of iron
oxides in a N−containing environment [66] or, while investigating the oxidation
behavior of iron nitrides [67, 68, 69].

In the first case, a magnetic oxynitride was formed when small amounts of
N (less than 5%) were incorporated into an Fe3O4 oxide whereas for slightly
higher amounts of incorporated N (more than 5% but less than 8%), a para-
magnetic Fe1−xO−like oxynitride was formed. The presence of N atoms occu-
pying substitutional sites in the oxygen sublattice was concluded from x−ray
photoelectron spectroscopy, conversion electron Mössbauer spectroscopy and
high energy electron diffraction measurements.

Concerning the oxidation behavior of iron nitrides, from extensive stud-
ies on the oxidation of ε−FexN nitrides (at temperatures ranging from room
temperatures to 350◦C) grown on thick Fe samples, it was concluded that the
N atoms released in the oxidation process are not incorporated in the grown
oxide layer [67, 68, 69]. Consequently, depending on the oxidation conditions,
a pure surface oxide such as Fe3O4, γ-Fe2O3, α-Fe2O3 or Fe1−xO was formed.

Moreover, the N atoms from the surface region were partly diffusing into
deeper layers and formed an ε−FexN nitride with a nitrogen content higher
than the one in the starting iron nitride phase. The incorporation of N atoms
into the grown oxide and the formation of an oxynitride compound was, how-
ever, concluded by Cocke [70] and Brusic [71] from XPS measurements as well
as by Mijiritskii [72] from CEMS measurements. In the last case, the oxi-
dation behavior of Ni/ε−Fe2.07N bilayers in p(O2)=100 mbar at 275◦C was
investigated. Two of the obtained phases were identified as magnetic oxyni-
trides, with a spinel−like structure. The corresponding CEMS parameters
where found to be slightly different from the ones reported by Voogt [66], and,
therefore, were attributed to different oxynitrides.

Here we studied the oxidation behavior in air at room temperature and
∼80◦C of epitaxially grown γ ′−Fe4N films. Also the oxidation in an oxygen
atmosphere (at 5×10−6 mbar) at 200◦C was investigated. Figure 4.17 shows
the LEED picture corresponding to a 16 nm thick γ ′−Fe4N film. This pattern
has a c(2×2) symmetry as expected for the bulk terminated (100) surface of
γ′−Fe4N. Therefore, we can conclude that the surface of the iron nitride film is
clean and well ordered when measured in−situ. The crystalline nature of the
films was also checked in−situ with RBS/channeling and confirmed by means
of ex−situ x−ray texture measurements. All the grown γ ′−Fe4N films were
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Figure 4.17: LEED image taken on a 16 nm thick γ ′−Fe4N film. The image was
taken at 225 eV.

found to be epitaxial and monocrystalline. The iron nitride phases present in
the as−grown or oxidized films are identified by means of CEMS. This method
is quite accurate and enables an unambiguous distinction between different
iron nitrides, iron oxides or additional iron−based phases and it is sensitive to
amounts which cannot be identified with other techniques (e.g. XRD).

The measured CEMS spectra corresponding to two distinct cases are shown
in Fig. 4.18 as follows: (a) for a γ ′−Fe4N film of 16 nm thickness capped with
5 nm natural Fe and (b) for an uncapped γ ′−Fe4N film of 33 nm thickness and
exposed to air at room temperature. Below the spectra, the contribution of
the different components is indicated. As shown in Fig. 4.18 (a), the spectrum
can be fitted only with three magnetic components (sextets) corresponding to
the FeI, FeII−A and FeII−B sites of the γ ′−Fe4N phase, pointing to a pure
phase. On the other hand, in the spectrum shown in Fig. 4.18 (b), besides
the contribution of γ ′−Fe4N, an additional component (doublet) is needed to
obtain a good fit. The fit parameters are given in Table 4.2. The relative area
of the doublet amounts to 17% out of the total intensity, which corresponds to

Table 4.2: Fit parameters for a 33 nm thick γ ′−Fe4N film oxidized in air at
room temperature (no cap layer was present): δ−isomer shift (all given with re-
spect to α−Fe at room temperature), H−hyperfine field, ε−quadrupole splitting,
R.A−relative area.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
FeI 0.22 34.10 0 25
FeII−A 0.29 21.72 0.24 50
FeII−B 0.29 21.89 -0.45 25
(FeO)3N 0.34 - 0.87 17
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Figure 4.18: Room temperature CEMS spectra: (a) for a γ ′−Fe4N film of 16 nm
thickness capped with 5 nm natural Fe and (b) for an uncapped γ ′−Fe4N film of 33
nm thickness and exposed to air at room temperature.

a layer thickness of about 6 nm. Based solely on the values of the Mössbauer
parameters, one could interpret the extra component as a ferryhidrite, with
the Fe in the Fe3+ state. A paramagnetic ε−FexN can be excluded due to a
too high quadrupole splitting parameter. The presence of a ferryhidrite would
imply a rather high amount of hydrogen and no nitrogen.

The elemental composition for uncapped γ ′−Fe4N films, after exposure to
air at RT, was obtained from ERD measurements. These measurements (not
shown) revealed that the amount of H present in the samples is far too low
to account for the presence of a ferrihydrite. The layer near the surface was
found to contain both O and N. Combining the results of ERD, CEMS and RBS
measurements, we could conclude that the extra phase contains nitrogen as well
as oxygen, and corresponds to an oxynitride phase. The amount of nitrogen
could be roughly estimated to be ∼15% and the amount of oxygen to be ∼40%
(out of total). The amount of oxygen is calculated by integrating the amount of
oxygen corresponding to the surface peak (as shown in Fig. 4.19). On the basis
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Figure 4.19: ERD oxygen depth profile measured for an uncapped γ ′−Fe4N film
grown on an MgO substrate and exposed to air at room temperature. The thickness
of the film is 33 nm.

of the amount of N present, the formation of a compound like (FeO)4N could
be expected, which could resemble paramagnetic FeO with extra nitrogen.
No conclusion can be drawn regarding the precise composition. It could be
conjectured that the limiting composition would be (FeO)3N, which would have
all Fe atoms in the 3+ state. The stoichiometry of this compound suggests that
upon oxidation in air at RT, all the nitrogen initially present in the starting
material, the γ ′−Fe4N phase, remains incorporated in an FeO−like oxynitride
formed at the surface. Since there is not enough N present for stoichiometric
(FeO)3N, this assumed compound must have N vacancies.

The CEMS spectra measured for γ ′−Fe4N films oxidized at higher tempera-
tures (in air or in an oxygen atmosphere) are shown in Fig. 4.20, as follows: (a)
for an uncapped γ ′−Fe4N film of 42 nm thickness and exposed to air at ∼80◦C
and (b) for a γ ′−Fe4N film of 6.5 nm thickness oxidized in p(O2)=5×10−6 mbar
at 200◦C for 30 minutes, and subsequently capped in−situ after cooling to RT
with 10 nm Cu. The spectrum in Fig. 4.20 (a), shows besides the typical pat-
tern of γ ′−Fe4N, a more complex distribution of components which we identify
as four Fe−N−O components (three magnetic and one paramagnetic) and a
paramagnetic ε−Fe2−xN phase (see Table 4.3). The CEMS parameters of the
magnetic components suggest the formation of an Fe3O4−like oxide which has
some small amounts of nitrogen incorporated in the structure, whereas for the
paramagnetic component the fit parameters resemble the ones of (FeO)3N. The
ε−Fe2−xN phase is likely to be formed due to diffusion of N atoms into deeper
layers. The spectrum shown in Fig. 4.20 (b) can be satisfactorily fitted with a
combination of three magnetic sextets and two paramagnetic singlets (see Ta-
ble 4.4). Despite the clear Fe3O4 appearance, the combination of isomer shifts



60 4 Growth and properties of γ ′−Fe4N thin films

Figure 4.20: Room temperature CEMS spectra: (a) for an uncapped γ ′−Fe4N film
of 42 nm thickness and exposed to air at ∼80◦C and (b) for a γ′−Fe4N film of
6.5 nm thickness oxidized in p(O2)=5×10−6 mbar at 200◦C for 30 minutes, and
subsequently capped in−situ after cooling to RT with 10 nm Cu.

and hyperfine fields in the magnetic components are slightly different from
those of Fe3O4. We believe that these differences are due to small amounts of
N which are incorporated in a Fe3O4−like phase. The two singlet lines can be
identified as the γ ′′−FeN and γ′′′−FeN iron nitrides. It is likely that the mag-
netic oxynitride compound is formed near the surface whereas the γ ′′−FeN and
γ′′′−FeN are formed near the interface with the substrate due to the diffusion
of N atoms from the surface region into deeper γ ′−Fe4N layers. This would be
in agreement with recent studies on the phase transformations taking place in
epitaxial γ ′−Fe4N films exposed to high fluxes of atomic nitrogen [73].

The oxidation behavior of epitaxial γ ′−Fe4N could be described as follows:
when epitaxial γ ′−Fe4N films are exposed to air at room temperature, no
significant diffusion of N takes plase, and the oxygen atoms are accommodated
in the structure, and therefore, an Fe−N−O phase is formed, which has a
nitrogen content of close to the initial γ ′−Fe4N phase. In this oxynitride phase,
Fe is in the Fe3+ state, which suggests that the presence of high amounts of
N (∼15%) into the Fe matrix upon oxidation promotes the conversion of Fe2+

into the more stable state, Fe3+. On the other hand, when the films are at some
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Table 4.3: Fit parameters for a 42 nm thick γ ′−Fe4N film oxidized in air at ∼80◦C
(no cap layer was present): δ−isomer shift (all given with respect to α−Fe at room
temperature), H−hyperfine field, ε−quadrupole splitting, R.A−relative area.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
Fe−N−OI 0.38 45.772 - 6.31
Fe−N−OII 0.61 42.509 - 5.92
Fe−N−OIII 0.12 40.989 - 2.43
Fe−N−OIV 0.34 - 0.88 3.92
ε−Fe2−xN 0.43 - 0.32 5.74

elevated temperature (like 80◦C), the nitrogen atoms are more mobile, and part
of them gradually diffuse into deeper layers and form a nitride phase with a
higher nitrogen content. A small fraction of the N atoms remains in the surface
region, forming a magnetic oxynitride. However, at this temperature, the
oxidation is rather slow, and part of the γ ′−Fe4N phase remains un−reacted.

Upon oxidation in an oxygen atmosphere at 200◦C, the very reactive O
reacts with the iron and forms a magnetite-like phase. Very likely, a small
fraction of N remains incorporated in this phase. The N atoms, also very
mobile, diffuse into deeper layers and form the γ ′′−FeN+γ′′′−FeN phase.

Table 4.4: Fit parameters for a 6.5 nm thick γ ′−Fe4N film oxidized at 200◦C in
p(O2)=5×10−6 mbar for 30 minutes and capped in-situ with 10 nm Cu after cool-
ing to RT: δ−isomer shift (all given with respect to α−Fe at room temperature),
H−hyperfine field, ε−quadrupole splitting, R.A−relative area. The CEMS parame-
ters for Fe3O4 are also given for comparison.

Component δ (mm/s) H(T) ε (mm/s) R.A.(%)
Fe−N−OI 0.62 45.31 0 30.10
Fe−N−OII 0.29 47.78 0 24.20
Fe−N−OIII 0.58 43.17 0 30.14
γ′′−FeN 0.07 - 0 5.65
γ′′′−FeN 0.56 - 0 1.10
Fe3O4

Fe2.5+ 0.66 45.67 0 66
Fe3+ 0.28 48.76 0 34
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4.4 Conclusions

Concluding, high quality epitaxial γ ′−Fe4N films were grown on (001) MgO
substrates by MBE in the presence of a rf atomic source. The optimum growth
conditions as well as the influence of particular experimental parameters on the
formation of the nitride phase were established. When elevated temperatures
are used for the substrate during the gas−assisted MBE growth, the present
method enables the formation of smooth and epitaxial films. The local prop-
erties of the surface point to a layer−by−layer growth mode for the nitride
film. A peculiar tilt was found between the planes of the nitride film and the
MgO substrate. The CEMS spectrum of γ ′−Fe4N is de−convoluted in three
magnetic components, with parameters as expected for this structure.

The magnetization reversal process of pure epitaxial γ ′−Fe4N films has
been studied in detail with transverse Kerr effect measurements. The measured
hysteresis loops are consistent with a cubic symmetry, displaying easy [100]
magnetization directions. The film is single domain at remanence, and the
reversal is dominated by 180◦ or 90◦ domain wall propagation, depending on
the applied field direction. When 90◦ domain wall movements are responsible
for the magnetization reversal, this proceeds in two stages, and the measured
coercive fields vary accordingly. Magnetic domain observations corroborate
these conclusions, revealing large domains during the reversal process in the
order of mm. A magneto−optical torque technique is used to obtain a value
of the anisotropy constant of 2.9±0.2×104 J/m3.

Taken together, the sum of these properties make γ ′−Fe4N layers interest-
ing candidates for device applications. The oxidation behavior in air (at RT
and 80◦C) and in an oxygen atmosphere (at 200◦C) of epitaxial γ ′−Fe4N thin
films was also studied. As concluded from CEMS measurements, upon oxida-
tion of γ ′−Fe4N, oxynitride compounds are formed. The amount of nitrogen
incorporated in the oxynitrides varies with the oxidation temperature. We sug-
gest that their Mössbauer parameters are varying as a function of the amount
of incorporated nitrogen. For a high nitrogen content (likely above 10%), the
grown phase is paramagnetic while for lower nitrogen content, it is magnetic.
The amount of nitrogen in the oxynitride phase could be tuned by varying the
oxidation temperature.




