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Mossbauer studies of o”/-FegN>»

and o’-FegN films
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Conversion-electron Mdssbauer spectra of epitaxial «”-FesN, and o’-FegN films have been
studied and their differences are discussed in detail. The Mossbauer spectrum of o”-FegN»
can be decomposed into three subspectra, which correspond to the 4d, 8h and 4c sites. The
Mossbauer spectrum of o’-FegN can be fitted using four spectra based on a
nitrogen-atom-random-distribution model. The average hyperfine field is larger (3%) for
a’-FegN5 than for o’-FegN, which is approximately consistent with a 4.1% enhancement of
the magnetic moments for a”’-FegN». The iron moments tend to locate in the film plane for
a’-FesN2 and to arrange perpendicularly to the film plane for o’-FegN.
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1. Introduction

Since Kim and Takahashi (1972) [1] and Komuro
et al. (1990) [2] proposed that the o”-Fe;cN, phase
has a saturation magnetization, oy, superior to that
of a-Fe (216 emu/g), this compound has attracted
much attention. However, the reported values of oy
for a”-FegN, vary considerably, from 226 emu/g [3]
to 310 emu/g [4]. Mossbauer spectra of o”-FejgN,
have also been extensively studied and significantly
different results were reported. The Sugita group [5, 6]
found only one type of iron atom with a hyperfine field
of about 40.0 T. However, most Mossbauer measure-
ments [7-14] for a”-Fe N, gave three hyperfine fields
corresponding to three different iron sites, as expected
for the crystal structure. Besides, the values obtained
for the hyperfine fields have great differences, from
37.0 T to over 41.8 T for the 4d site. Most researchers
focus on the a”-Fe¢N, film. A few [8] have reported
on Mossbauer studies of o’-FegN, especially on the dif-
ference between the Mossbauer spectra of o”-FejsN»
and o’-FegN. The current status of iron-nitride systems
has been reviewed recently by Coey and Smith [15].
In this paper we report Mossbauer studies of epitaxial
a’-FegN and o”-Fe¢N, films prepared using the same
technology and under the same conditions.

2. Experimental

The template used was grown by dc sputtering an iron
film with the thickness of 3 nm followed by rf sput-
tering a buffer of silver with a thickness of 100 nm
onto the cleaved MgO (001) substrate held at 100°C.
Then, the template was cooled to room temperature
and the Fe/N deposition was carried out in a mixture
of argon and nitrogen gases. The entrances of the gases
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were controlled independently by the flow meters; the
controls were set for a stable flow of 46 and 4 sccm
(standard cubic centimeter per minute). A deposition
rate of 0.02 nm/s was used to obtain the 11.2 at.%
N, composition. As deposited, disordered o’-FegN was
formed. The thickness is about 100 nm. The film was
annealed in vacuum (at least 10~° Torr) at 150°C for
2 h to produce «”-Fe ¢N,. Further sample preparation
details were reported in Ref. [16]

X-ray diffraction was carried out using an x-ray
diffractometer with Cu K,. The patterns for o’-FegN
and o”-FejgN, are shown in Fig. 1. The line at
260 = 28.5° is characteristic for the (002) reflection of
the ordered o”-Fe ¢N,. By analyzing the areas of the
(002) and (004) (26 =58.6°) lines in Fig. 1a, the ratio
of the «” and &’ phases in the a”-FegN, film is 85 : 15.

The magnetizations were measured with a vibrating
sample magnetometer (VSM) in an external magnetic
field of up to 1.0 T applied parallel to the sample plane.
Magnetic saturation is reached in a magnetic field be-
tween 0.6 and 0.8 T. The contribution of the 3.0 nm
iron template was subtracted by the following proce-
dure. First the Fe was deposited in two different thick
layers, for example 100 and 200 nm, whose thickness
and magnetic moment can be measured precisely. Ob-
viously, the time of deposition of the first layer is half
that of the second one. By linear extrapolation the time
needed to deposit the final Fe thin layer is then deter-
mined. Then the magnetization of the substrate and also
the substrate with the 200 nm Fe layer were determined
and the difference recorded. Finally, the magnetization
of the thin Fe layer whose thickness is known from the
extrapolation procedure is obtained.

In order to determine the thickness of the sput-
tered iron-nitride films, calibrations were made by first
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Figure 1 X-ray diffraction patterns for (a) «”-Fe N, and (b) o’-FegN.

depositing very thick films and then reducing the sput-
tering time to obtain the much thinner films. A typical
magnetization curve is shown by Ortiz et al. [16]. The
saturation magnetization is believed to be correct within
2-3%. For «’-FegN the magnetization found is 240(6)
emu/g and for o”-Fe N, the value is 250 (6) emu/g.

Maossbauer spectra at room temperature were ob-
tained from CEMS (conversion electron Mossbauer
spectroscopy). The detector used was a gas flow design
and about 2 million counts per channel were collected.
The source was >’Co in a Rh matrix. The calibration
was made using an «-Fe spectrum.

3. Results and discussion

Mossbauer spectra and the computer fitted curves
for a”-Fe N, and o’-FegN are shown in Fig. 2. The
quality of these spectra is as good or better than those
reported previously in the literature for iron-nitride
films. The fitted hyperfine parameters are listed in
Table 1. The Mossbauer spectrum of «”-FegNy film
was fitted using five subspectra. Three of them corre-
spond to the three Fe sites, the 4d, 8 and 4c sites. The
fourth subspectrum with a hyperfine field of 33.5 T,
quadrupole splitting of 0.01 mm/s and isomer shift of

TABLE I Maossbauer parameters of o”-Fe 6N, and «’-FegN at room
temperature. Here, § is the isomer shift with respect to «-Fe, € is the
quadrupole splitting, Byt is the hyperfine field, b is the area ratio of the
2nd plus 5th to the 3rd plus 4th and S is the relative area

Number § (mm/s) € (mm/s) Bu (T) b S (%)
o' -Fei16Na
Fe 1 4d 0.03(2) —0.04(2) 37.2(3) 2.34(20) 22(2)
Fe 2 8h 0.09 0.09 31.5 2.34 43(6)
Fe 3 4c 0.06 —0.11 28.5 2.34 21(3)
Fe4 a-Fe 0.07 0.01 33.5 0.88 10(2)
Fe 5 0.08 0.55 5(1)
o -FegN
Fel P(0) 0.03(2) 0.04(2) 37.4(3) 0.98(20) 17(2)
Fe 2 P(1) 0.11 0.02 31.8 0.98 32(2)
Fe 3 P2) 0.14 —0.02 29.2 0.98 26(2)
Fe 4 P(3) 0.16 0.07 25.0 0.98 10(2)
Fe5 «a-Fe 0.04 0.00 33.8 1.00 7(1)
Fe 6 0.13 0.92 8(1)
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Figure 2 Mossbauer spectra and their fitted curves for (a) a”-FejN»
and (b) a’-FegN.

0.07 mm/s has almost the same hyperfine parameters
as a-Fe. Therefore, it is ascribed to an «-Fe part
remaining in the nitrified film. The fraction of «-Fe is
roughly estimated to be 10% based on the relative area
for the Mossbauer subspectrum. The fifth subspectrum
is a doublet with quadrupole splitting of 0.55 mm/s
and isomer shift of 0.08 mm/s. Perhaps, it has its
origin in paramagnetism or superparamagnetism at the
boundary between the Fe and Ag layers. The relative
area of the doublet is about 5%.

The Maossbauer spectrum of the o’-FegN film was
fitted using six subspectra. Four of them were assigned
to the o’-FegN. An «-Fe and a doublet (subspectra 5
and 6 in Fig. 2b) are also observed.

3.1. Ol”-Fe16N2

From the structural viewpoint, «”-FecN, has a tetrago-
nal structure with space group I4/mmm. Iron atoms oc-
cupy three sites designated as 4d, 84 and 4c, as shown
in Fig. 3a. The site occupation ratiois 1 : 2 : 1, with four
iron atoms on the 4d site, eight on the 8/ and four on
the 4c¢ sites. On the other hand, the relative areas are
22(2), 43(6) and 21(3)% for subspectra 1, 2 and 3, re-
spectively, very close to aratio of 1:2: 1. Based on the
subspectral areas, it is easy to distinguish the 84 site
from the 4d and 4c sites.

The hyperfine fields for «”-Fe¢N, are greatly dif-
ferent from that of 33.1 T for «-Fe; one is much larger
and the others are smaller. The differences are related
to the different locations for the nitrogen atoms around
each iron site. It is known that the interstitial nitrogen
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Figure 3 Crystal structure for (a) a”-Fe 16N and (b) a’-FegN.

atoms have two opposite influences on the hyperfine
fields. First, the interstitial nitrogen atoms expand the
lattice. The magnitude of the hyperfine field is related to
the interatomic distances between the iron atoms. The
larger interatomic distance can lead to an increase in
hyperfine field. Nakajima et al. [10] also indicated that
if the volume expansion increases the state density of
the 4s electrons, the magnetic moment of an iron atom
may possibly exceed 3 upg. Second, the adjacent nitro-
gen atoms lead to a decrease in the hyperfine field be-
cause of the hybridization between the iron and its adja-
cent nitrogen atoms for iron-nitrogen compounds [17].
For example, Fe4N has significantly different hyperfine
fields, as high as 34.5 T for the site with no adjacent
nitrogen atoms but only 21.5 T for the site with two ad-
jacent nitrogen atoms [18]. Based on the above factors,
we assign the maximum hyperfine field of 37.2 T to the
4d site because this site has no adjacent nitrogen atoms
and, respectively, the fields of 31.5 and 28.5 T to the 84

and 4c sites for these two sites have one nitrogen atom
as their neighbor.

3.2. o’-FegN
Both a’-FegN and «”’-Fe 4N, have the tetragonal struc-
ture. However, the nitrogen atoms orderly occupy
the interstitial sites for «”-Fe;gN, but are randomly
distributed in the interstitial sites for o’-FegN. The
Mgssbauer spectrum of o’-FegN, as shown in Fig. 2b
has similarities to the spectrum of «”-Fe4N,. However,
there exist three significant differences. First, an extra
spectral line at a velocity of about —4 mm/s is observed
for o’-FegN. Second, the relative area of subspectra 2
is close to that of subspectrum 3 for o’-FegN but the
area of subspectrum 2 is about twice the area of sub-
spectrum 3 for o”-Fe ¢N;. Finally, the total area ratios
between the 2nd plus 5th lines and the 3rd plus 4th lines
are 2.34 for o”-Fe N, and only 0.98 for o’-FegN. The
differences (1) and (2) imply a different arrangement
of nitrogen atoms in ’-FegN and «”’-Fe 6N, films.
Based on the binomial distribution model, the prob-
abilities of finding m adjacent nitrogen atoms for the
iron sites are given by

P(m) = ' A" =)yt (1)

n!
m!(n —m)!

where n is the number of adjacent interstitial sites
around the iron site, and c is the relative nitrogen con-
centration to the interstitial sites and can be expressed as

C/

¢
z(1—¢))

2

where z =1 is the ratio between the numbers of the
interstitial sites to the iron sites in a unit cell and
¢’ =1/9 is the nitrogen concentration in the film.

The structure of «’-FegN is shown in Fig. 3b. Here,
the first three neighbouring shells of interstitial sites
are considered; around an iron atom there are fourteen
adjacent nitrogen sites (n = 14; two nearest neighbours,
four second neighbours and eight third neighbours).
The probabilities calculated from Equations 2 and 3, as
shown in TABLE II, are approximately consistent with
the relative areas of the Mdssbauer subspectra. This
indicates that there is a random distribution of nitrogen
atoms in o’-FegN.

The average hyperfine fields over the three or four
subspectra are 32.2 and 31.3 T for «”-Fe;¢N, and
a’-FegN, respectively. As compared to «’-FegN, the

TABLE II The probabilities, P(m), calculated based on the random
model and Mossbauer spectral areas for a’-FegN. P* and S* are nor-
malized values of P and S, respectively, based on the total

m P(m) P*(m) S(%) S*

0 0.15 0.17 17 0.20
1 0.31 0.34 32 0.38
2 0.29 0.31 26 0.30
3 0.16 0.18 10 0.12
Total 0.91 1.00 85 1.00
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Figure 4 Magnetizations and average hyperfine fields for a”-Fe sN»
and o’-FegN.

average hyperfine field of a”-Fe 4N, has a 3.0% en-
hancement. The magnetic moments measured by a
VSM are 250(6) and 240(6) emu/g for a”-Fe N, and
a’-FegN, respectively; thus the moment of «”-FegN,
is increased by about 4.1%. The results obtained from
Mossbauer spectra and the magnetization measure-
ments are very close, as shown in Fig. 4. From Table I,
we find that for «’-FegN the hyperfine fields of subspec-
tra 1, 2 and 3 are close to or even slightly larger than
those for a”-Fe¢N,. However, an extra subspectrum
with a small hyperfine field of 25.0 T exists in o’-FegN
and may be responsible for the slightly lower average
hyperfine field.

The direction of the iron moments can be obtained
from the Mossbauer spectra. The area ratio between
the 2nd plus 5th, A5 5, and the 3rd plus 4th, A3 4, lines
gives an average direction, (6), for the iron moment
distributions relative to the normal of the film plane,
based on the equation

4—Ars5/A34

) = cos™!
4+ Ars5/A34

3)

The fitted ratios are 0.98 and 2.34 for «’-FegN and o -
FesN,, respectively. The corresponding angles, (6),
are 38.8° and 59.2°. This implies that the iron moments
tend to arrange perpendicularly to the film for o’-FegN
and to locate in the film plane for o”-Fe gN>.

4. Conclusions
1. The Mossbauer spectrum of a”-FegN, can be de-
composed into three subspectra, which correspond to
the 4d, 8h and 4c sites. The Mdssbauer spectrum of
a’-FegN can be fitted using four subspectra based on a
nitrogen-atom-random-distribution model.

2. Mossbauer spectra show that the average hyper-
fine field is larger by 3.0% for «”-Fe¢N, as compared
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to that for o’-FegN, which is cosistent with a 4.1%
enhancement of the saturation magnetization for o’-
FeN,. On a micro-scale, the hyperfine field at each
iron site has a different value because of the various
local environments. The hyperfine fields of «”-Fe N,
are distributed from 37.2 to 28.5 T. However, the fields
of o’-FegN extend down to 25.0 T. The extra compo-
nent with the small hyperfine field leads to a slightly
smaller average field, i.e. a smaller magnetization, as
compared to a”-FegNy.

3. The iron moments tend to arrange perpendicularly
to the film surface for o’-FegN and to locate in the film
plane for a”-FesN>.
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