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Abstract. FeCoN films with 10 at.% Co content were prepared by facing target sputtering. The
effect of in situ annealing and post-deposition annealing on the structure and magnetic property
of FeCoN films was investigated. The phases formed in FeCoN films are strongly dependent
on the thermal treatment process. Growth at 150◦C, followed by annealing at this temperature,
yields the formation ofγ ′-(Fe, Co)4N phase, and post-deposition annealing, at 150 and 200◦C,
of films grown at room temperature (RT) yields the formation ofα′′ phase. The film grown at
RT followed by annealing at 150◦C exhibits a high saturation magnetization up to 2.7 T. The
saturation magnetization ofα′′ alloy phase is expected to be 2.8–2.9 T, which is as large as
that ofα′′-Fe16N2 reported by Sugitaet al, and this indicates that appropriate Co addition is not
likely to reduce the high magnetization of theα′′ alloy phase.

1. Introduction

Since the discovery of an abnormally high magnetization (2.83 T) inα′′-Fe16N2 by Kim and
Takahashi [1], a lot of intensive work has been done to clarify the physical properties ofα′′-
Fe16N2. The reported values of the saturation magnetization (4πMs) range from about 3 T
[2, 3] or 2.5–2.8 T [4–7] to almost the same as that forα-Fe [8]. Moreover, there have been
several theoretical studies [9–12] to expound the high saturation magnetization. However,
no calculation based on band structure can successfully explain the giant magnetization and
the theory of its origin is still mysterious.

We consider that such a contradiction is mainly caused by ambiguity in the phase
identification of theα′′-Fe16N2 compound and the unreliable method for fixing the volume
fraction ofα′′-Fe16N2 phase in the whole film.

In our previous study, we described the preparation of Fe–N films containing theα′′-
Fe16N2 phase [13] and epitaxial growth ofα′′-Fe16N2 single-crystal films by facing target
sputtering [14]. In the present study, in order to see the relation between the structure and
magnetic properties ofα′′ phase, the Fe–N system is extended to the Fe–Co–N system.
From the physical point of view, it is interesting to know whether the high saturation
magnetization forα′′-Fe16N2 is reduced or not for (Fe, Co)16N2 films. The following four
points are considered in choosing Co as the alloy element. (i) bcc structure is stably formed
up to a composition of 75 at.% at room temperature; this is essential becauseα′′-Fe16N2

has an analogous bct structure [15]. (ii) The lattice constanta of Fe–Co alloys shows an
almost constant value up to a Co content of 30 at.%. (iii) The magnetic moment of Fe–Co
alloys increases with increasing Co content and takes a maximum of 2.46µB at 30 at.% Co
[16]. (iv) The chemical affinity of Co for N is weaker than that of Fe.
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FeCoN films with 10 at.% Co content were prepared by facing target sputtering (FTS).
The effects ofin situ annealing and post-deposition annealing treatment on the structure
and magnetic properties of FeCoN films were studied. The vibrating sample magnetometer
(VSM) measurement shows that the FeCoN film post-deposition annealed at 150◦C exhibits
a high saturation magnetization 4πMs = 2.7 T, which gives support to that reported by
Sugitaet al [2, 17, 18], and this indicates that appropriate Co addition is not likely to reduce
the high saturation magnetization of theα′′ phase.

2. Experiment

The FeCoN films were prepared by FTS onto an NaCl(100) single crystal with a freshly
cleaved surface. The lattice constant of NaCl is 0.563 nm, which is smaller by only 1.6%
than that of thea axis of α′′-Fe16N2 (0.572 nm). This provides the possibility of epitaxial
growth. The sputtering targets are composite materials consisting of 30 mm× 15 mm
Co chips placed on 100 mm diameter× 50 mm Fe (99.99%) targets. The sputtering gas
and reactive gas were Ar (99.99%) and N2 (99.99%) respectively. After the chamber was
evacuated to a base pressure of 6× 10−5 Pa, Ar gas was introduced. During sputtering,
the Ar and the N2 gas pressures were kept at 0.3 and 0.04–0.06 Pa, respectively. The
composition of the FeCoN films was adjusted by varying the number of Co chips mounted
on Fe targets. The deposition rate was about 0.2 nm s−1. The thickness of the film was
about 50 nm. Forin situ annealing, the substrate was held at sputtering temperature for 30
min. For post-deposition annealing, the film was deposited at room temperature (RT) and
subsequently annealed at 150 or 200◦C for 30 min. All annealing processes were carried
out under a base vacuum of better than 5× 10−4 Pa.

Figure 1. The XRD pattern and TEM BF image and SAD pattern of the FeCoN film with 10
at.% Co content deposited onto NaCl(001) substrates atpN2 = 0.04–0.06 Pa and atTs =RT.

The crystal structures of the FeCoN films were examined with an x-ray diffractometer
(XRD) using Cu Kα radiation and a JEM-200CX transmission electron microscope (TEM)
capable of energy dispersive x-ray (EDX) analysis. The saturation magnetization was
measured at room temperature by VSM with a resolution of 2× 10−6 emu in an external
magnetic field of 5 kOe, which was applied parallel to the sample plane. The total error
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Figure 2. XRD patterns of FeCoN films with 10 at.% Co content on Si(001): (a) film grown
onto substrate held at 150◦C during growth then maintained at 150◦C for 30 min; (b) film grown
onto substrate held at 200◦C during growth then maintained at 200◦C for 30 min; (c) film grown
at RT then annealed at 150◦C for 30 min; (d) film grown at RT then annealed at 200◦C for 30
min.

involved in the measurement of the magnetization was safely estimated to be no more than
6%. The thickness of the film was measured by the multi-beam interference technique. The
composition was evaluated using XPS and electron probe analysis.

3. Results and discussion

To determine the influence of the annealing behaviour on the structure and magnetic
properties of FeCoN films, the concentration of Co was kept at 10 at.%. The effects of Co
concentrations on the structure and magnetic properties of FeCoN films will be reported in
another paper in detail.

Figure 1 shows the XRD and TEM bright-field (BF) image and selected area diffraction
(SAD) patterns of the FeCoN film with 10 at.% Co content deposited onto NaCl(001)
substrates at RT. In the XRD pattern, onlyα(110) and (211) peaks are observed: no
evidence was found for Co–N or Fe–N compounds. The (110) and (211) peak broadening
could be due to peak splitting associated with the tetragonal distortion ofα-Fe by interstitial
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Figure 3. TEM BF images and SAD patterns of FeCoN films corresponding to figure 2(a)–(d).

nitrogen atoms and the formation of theα′ martensite phase. The SAD pattern shows a
thick polycrystalline ring around theα(110) ring. This is due to the distribution of lattice
constants in addition to the smaller crystallite size and a mixture ofα-Fe andα′ martensite
phase co- existing in the film. The grain size estimated from the BF images of the film was
about 2–5 nm.

Figure 2 shows the dependence of the XRD patterns of FeCoN films with 10 at.% Co
content grown onto Si(001) substrates on annealing conditions. For the samples grown onto
a substrate held at 150◦C during growth then maintained at 150◦C for 30 min, i.e.,in situ
annealed at 150◦C for 30 min, the XRD pattern containsγ ′ peaks; noα′′ peaks appear,
showing that the film containsγ ′ only, and that noα′′ phase is present in the film (figure
2(a)). Figure 2(b) shows the XRD pattern of the FeCoN filmin situ annealed at 200◦C
for 30 min. It containsγ ′ and Fe2N peaks. The three strong peaks areγ ′(111), (311) and
(200), indicating that theγ ′ phase is the dominant phase (figure 2(b)). For the samples
grown at RT then annealed at 150 and 200◦C for 30 min, i.e., post-deposition annealed at
150 and 200◦C, strong diffraction peaks ofα′′ phase are observed, and noγ ′ peaks appear
in the XRD patterns. This shows that theα′′ phase is the dominant phase in the two post-
deposition annealed films. The intensity ofα′′ phase in figure 2(c) is stronger than that in
figure 2(d), but the intensity of theα(110) peak in figure 2(d) is stronger than that in figure
2(c), indicating that the amount ofα phase is larger in the film post-deposition annealed at
the higher temperature.

For reliable phase identification in FeCoN films, TEM was used to characterize the
crystal structure and morphology for all the above-mentioned specimens. Figure 3 shows
the BF images and the SAD patterns corresponding to the specimens in figure 2. For the
film in situ annealed at 150◦C, the SAD pattern shows that the film containsγ ′ phase only.
A uniform density of the intensity distribution present in the SAD pattern indicates that the
microstructure of the film is composed of randomly oriented polycrystalline grains. The
grain sizes estimated from the BF images of the films are around 8–12 nm. For the sample
in situ annealed at 200◦C, there are Fe2N and γ ′ phases identified in the SAD pattern,
as shown in figure 3(b). The SAD pattern exhibits some discontinuous diffraction rings
with bright spots, showing that the film is polycrystalline and there emerges some texture
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Table 1. Phase and saturation magnetization of FeCoN films: dependence onin situ and post-
deposition annealing temperature.

Annealing
temperature (◦C) All phases Dominant phases 4πMs (T)

Ts
a = RT α′ + α α′ 2.2

Ts
b = 150 γ ′ γ ′ 1.8

Ts = 200 γ ′ + Fe2N γ ′ 1.5
Ta = 150 α + α′′ α′′ 2.7
Ta = 200 α + α′′ α′′ 2.6

a The temperature of the substrate during growth and subsequentin situ annealing.
b The temperature of post-growth annealing; the growth temperature was RT for these cases.

and specific orientation relationship in the film. From the BF image, one can see that the
crystallite size is in the range of 15–20 nm, which is larger than that of the films deposited
at lower temperatures. For the sample post-deposition annealed at 150◦C, the SAD pattern
consists ofα single-crystal spots and single-crystal spots ofα′′ phase, which is indexed
as in the [011] direction in reciprocal space. For the sample post-deposition annealed at
200◦C, the SAD pattern contains anα(110) ring and single-crystal spots ofα′′ phase, which
is indexed as in the [001] direction in reciprocal space. The superlattice reflections from
(110), (011), (200), (220) and (211) of theα′′ phase are clearly observed. Using these
superlattice reflections, determined values of lattice constantsa = 0.574± 0.002 nm and
c = 0.630± 0.004 nm of theα′′ phase are almost equal to the results obtained by Jack
[15]. This indicates that the Co containingα′′ alloy phase has the same structure as the
α′′-Fe16N2 phase. EDX analysis was carried out on the same area as the SAD to determine
the composition of the SAD area in the film. The composition of the area was determined
to be 79 at.% Fe, 10 at.% Co and 11 at.% N. There are no diffraction spots or rings of
Fe–Co or Co–N compounds in the SAD patterns. Therefore the phase corresponding to the
single-crystal spots in the SAD was determined to be a Co containing 16:2 nitride, which
can be denoted byα′′-(Fe, Co)16N2.

From figures 2 and 3, one can see that the effect of sputtering temperature during the
film deposition, i.e.,in situ annealing, on the structure is substantially different from that of
post-deposition annealing. The experiment shows that RT deposition followed by annealing
is an effective method of achieving theα′′ alloy phase. Forin situ annealing, the substrate
temperature could influence the combination of the atoms on the surface of the substrate,
and at a higher substrate temperature the atoms on the substrate behave more actively, so
it is more likely to form γ ′-(Fe, Co)4N and (Fe, Co)2N with a high stability. The lack
of α′′ alloy phase growth was attributed to the more stable growth ofγ ′-(Fe, Co)4N and
(Fe, Co)2N. For post-deposition annealing, the annealing temperature could influence the
ordering process of nitrogen atoms inα′ martensite. According to Jack [15], in theα′

martensite phase, nitrogen atoms randomly occupy the octahedral interstices. Theα′′ phase
has an ordered nitrogen site location of the octahedral interstices. The crystal structure
of α′′-Fe16N2 is bct (a = 0.5728 nm,c = 0.629 nm), soα′′-Fe16N2 can be described
as a martensite with an ordered distribution of nitrogen atoms in the deformed octahedral
interstices. The post-deposition annealing treatment, needed to order the nitrogen atoms in
the alloy, must be very gentle to prevent the stable compound forming. We found that a
good annealing temperature was 150–180◦C.

Table 1 shows the dependence of different phases and saturation magnetization of FeCoN
films with 10 at.% Co onin situ and post-deposition annealing temperature. The two post-
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deposition annealed films, in whichα′′ alloys phase gathered, have 4πMs = 2.6–2.7 T,
which is larger than that of Fe–Co alloy with 30 at.% Co (2.4 T). The 4πMs value of the
α′′ phase is expected to be 2.8–2.9 T, which is in accordance with the results of Kim and
Takahashi [1] and Komuro and co-workers [17]. The saturation magnetization of theα′′-
(Fe, Co)16N2 phase is as large as that ofα′′-Fe16N2, indicating that proper Co addition does
not induce notable changes in the giant magnetic moment ofα′′-Fe16N2. The films deposited
and in situ annealed at 150 and 200◦C do not have the same saturation magnetization as
those deposited at RT and post-deposition annealed at 150 and 200◦C. The reason is thatα′

martensite is the dominant phase in the film deposited at RT andγ ′ phase is the dominant
phase in the twoin situ annealed films, as shown in figures 1 and 2.

4. Conclusion

FeCoN films with 10 at.% Co content were prepared by facing target sputtering. The effects
of in situ annealing and post-deposition annealing on the structure and magnetic properties of
FeCoN film are quite different. The phases formed in FeCoN films are quite diversified by
in situ and post-deposition annealing temperature. The filmin situ annealed at 150◦C yields
the formation ofγ ′-(Fe, Co)4N phase, and that post-deposition annealed at 150◦C yields the
formation of theα′′ alloy phase, so post-deposition annealing is more advantageous than
in situ annealing to obtain theα′′ alloy phase. The film post-deposition annealed at 150◦C
exhibits a high saturation magnetization up to 2.7 T. The saturation magnetization of the
α′′ alloy phase is expected to be 2.8–2.9 T, which is as large as that ofα′′-Fe16N2 reported
by Sugitaet al [2], and this indicates proper Co addition is not likely to reduce the high
saturation magnetization of theα′′ alloy phase.
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