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The self-diffusion of iron and nitrogen is measured in nm range non-magnetic iron nitride thin
films. Two non-magnetic iron nitrides, Fe, 3N and FeN, were studied using neutron reflectivity.
Neutron reflectivity with a depth resolution in the sub-nm range has a different scattering cross
section for isotopes, providing a unique opportunity to measure very small diffusivities. The
isotope heterostructure in thin film multilayers [Fe—N/57Fe—N]10 and [Fe—N/Fe—15 N],o were
prepared using magnetron sputtering. It was observed that nitrogen diffuses slower than iron
although the atomic size of iron is larger than that of nitrogen. It was found that a significantly
larger group of N atoms participates in the diffusion process than of Fe, making N diffusion slower
than that of Fe. © 2011 American Institute of Physics. [doi:10.1063/1.3671532]

. INTRODUCTION

Iron nitrides (Fe-N) show a variety of structures and
magnetic properties with variation in the nitrogen content.
With an increasing atomic percentage (at. %) of N, the major
phases are Fe¢N,, FeyN, FesN, Fe,N, FeN, and Fe;N,. With
<25 at. % N, the Fe-N phases are magnetic.' A lot of atten-
tion has been devoted to o’-Fe;cN, (~11 at. % N) due to the
presence of the so-called giant magnetic moment in this
compound.z’3 Around 20 at. % N, the y’-Fe,;N phase is
formed, which has well-defined magnetic properties and
crystal structure.* The 7/-Fe,N phase has received a lot of in-
terest due to its chemical inertness and mechanically hard
surfaces, which make it a suitable alternative to pure Fe in
magnetic devices.*® Between 25 and 33 at. % N, the Fe-N
are known as e-Fe,N (2 < x < 3), and as the N at. %
increases from 25 to 33, the phase changes from ferromag-
netic Fe;N to paramagnetic Fe,N at room temperature.

Using conventional methods, e.g., the evaporation of iron
in the presence of nitrogen or ammonia, it was not possible to

produce non-magnetic Fe-N. But by wusing reactive
sputtering,”'* pulsed laser deposition techniques,” and the
6,21

evaporation of Fe in a flux of atomic nitrogen plasma,”~" non-
magnetic Fe-N having about 50 at. % N were prepared in the
form of thin films only. This FeN phase can appear in two
possible fcc crystalline structures: a ZnS-type and a NaCl-
type structure. Theoretical calculations have been carried out
for these compounds®* > and indicate that the NaCl-type
phase is not stable. Recently it was concluded that FeN with a
lattice constant of 0.43 nm is " _FeN°®, and that with a lattice
constant of 0.45 nm is y”’-FeN.'® In addition, an Fe;N, phase
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with even more than 50 at. % N was predicted by Ching
et al.®® but has not yet been evidenced experimentally.

Concerning the applications of iron nitrides, the mag-
netic iron nitrides (N at. % < 25) are well known due to their
chemical inertness and mechanically hard surfaces.?’ This,
together with their intrinsic magnetic properties, makes them
a suitable material as an alternative to pure Fe in devices
such as reading heads for magnetic storage devices.”® Only
recently non-magnetic iron mononitrides have emerged as a
promising material in spintronics applications.”™’ Controlled
annealing of FeN produces the y’-Fe,N phase and thus pro-
vides a source of spin injection for semiconductors or diluted
magnetic semiconductors.?*

In the present work, we have prepared single phase (pol-
ycrystalline) e-Fe,N and y”’-FeN compounds using magne-
tron sputtering. The chemical and magnetic structures of the
samples were obtained using x-ray diffraction and conver-
sion electron Mossbauer spectroscopy. The self-diffusion of
Fe and N was studied using neutron reflectivity, and the
obtained results were confirmed using the secondary ion
mass spectroscopy technique. A proper understanding of the
stability and nitride formation requires knowledge of both Fe
and N self-diffusion at atomic length scales. Although the
diffusion processes in magnetic bcc-iron nitrides have been
discussed,?!**3° the diffusion coefficients for Fe and N self-
diffusion in nonmagnetic Fe-N have not been quantified.
Conventional techniques for measuring self-diffusion (e.g.,
secondary ion mass spectroscopy, radioactive tracers, etc.)
have depth resolutions of several nm. Therefore, in order to
measure diffusion at a nanometer length scale, a technique
with depth resolution in the sub-nm regime is necessary.>’
Here, the method of choice is neutron reflectometry (NR),
which in addition is sensitive to isotopic contrast. The
neutron scattering lengths for natural Fe and *’Fe are 9.45
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and 2.3 fm, and for natural N and '°N they are 9.36 and 6.6
fm, respectively.

Il. EXPERIMENTAL

The samples studied in this work were prepared via re-
active dc magnetron sputtering at a power of 50 W at room
temperature (without intentional heating). The actual thick-
nesses (obtained via the fitting of neutron reflectivity data) of
the samples are as follows:

Fe-N(7.5 nm)/°"Fe-N(4.5 nm)]
Fe-N(6.4 nm)/Fe-">N(3.2 nm)],
Fe-N(10.2 nm)/*"Fe-N(5.2 nm)],0
Fe-N(10.6 nm)/Fe-""N(5.2 nm)],o

Sample Al:
Sample A2:
Sample B1:
Sample B2:

—_, ———

Prior to the deposition of the samples, a base pressure of
about 1 x 10~7 mbar was achieved. Samples Al and A2 were
prepared using (N, + Ar) gases, each at 5 SCCM (50% nitro-
gen), and samples B1 and B2 were prepared using 10 SCCM
N, (100% nitrogen) as the sputter gas (SCCM denotes cubic
centimeters per minute at standard temperature and pressure).
The pressure during the deposition was about 1 x 10~ mbar.
More details about the sample preparation are given in Ref. 18.
The multilayer with >’Fe was deposited by alternately sputter-
ing Fe and *’Fe enriched targets, and the '>N multilayer was
prepared using the same Fe target but switching between N,
and '°N, gases. A residual gas analyzer was installed in the
sputtering chamber to monitor the isotope abundance of nitro-
gen. For preparation of the Fe-'>N layer, before introducing
5N, gas into the chamber, the chamber was pumped until the
partial pressure of natural nitrogen gas was reduced to back-
ground pressure. Similarly, for preparation of the Fe-N layer,
the partial pressure of '’N, gas was reduced to background
pressure. This exercise was repeated at each layer in order to
remove contamination of >N in the Fe-N layer, and vice versa.

The samples were characterized using x-ray reflectivity
and x-ray diffraction (XRD) using Cu-Ka x-rays. The XRD
measurements were carried out in the grazing incidence
mode, keeping the incoming x-rays at an angle of 1°. The
thermal stability of the samples was examined using differ-
ential scanning calorimetry (DSC). The conversion electron
Mossbauer spectroscopy (CEMS) measurements were car-
ried out at room temperature using a >’Co source embedded
in a thodium matrix and calibrated to the hyperfine field of
*"Fe. The conversion electrons were detected by a propor-
tional counter with a continuous flow of a helium-methane
(5% methane balance helium) gas mixture. The NR measure-
ments were performed at the reflectometers AMOR (for sam-
ples Al and A2) at SINQ (Paul Scherrer Institut) (Ref. 32)
and D17 at Institut Laue-Langevin (Ref. 33) (for samples B1
and B2), both operating in the time-of-flight mode.

lll. RESULTS AND DISCUSSION

The XRD pattern of samples Al and A2 (Fig. 1(b))
shows peaks corresponding to e-Fe, N with a hexagonal close
packed structure. The CEMS spectrum of this sample (Fig.
1(a)) shows an asymmetric doublet that was fitted using two
doublets corresponding to Fe-III and Fe-II sites (shown as
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FIG. 1. (Color online) The conversion electron Mdssbauer spectroscopy
spectra of samples A1 and A2 (a) and samples B1 and B2 (c), and the XRD
pattern of samples A1 and A2 (b) and samples B1 and B2 (d).

thin lines in Fig. 1(a)) with isomer shifts of 0.43 = 0.002 and
0.37 = 0.002 mm/s, quadrupole splitting of 0.24 = 0.002 and
0.50 = 0.004 mm/s, and a relative area ratio of 69:31. The fit-
ted parameters match well with the reported values, and
using the relative area ratio we obtain a value of x =2.23 fol-
lowing the procedure given in Ref. 12. This gives the compo-
sition of samples A1 and A2 as e-Fe, ,3N.

The XRD pattern of samples B1 and B2 (Fig. 1(d)) shows
all the peaks corresponding to the 7”’-FeN phase with a lattice
parameter @ =0.454 = 0.001 nm. The CEMS pattern (Fig.
1(c)) shows an asymmetric doublet and was fitted using two
singlets (shown as thin lines in Fig. 1(c)) with isomer shifts of
0.05 £ 0.002 and 0.6 = 0.003 mm/s. The XRD and CEMS pa-
rameters match well with the values obtained by Jouanny
et al." This gives the composition of samples Bl and B2 as
7""-FeN with a ZnS-type structure with ~50 at. % N. This
structure was also confirmed with low temperature and high
field Mdssbauer spectroscopy measurements.>* As can be seen
from Figs. 1(b) and 1(d), the peak widths corresponding to
samples B1 and B2 are broader than those in samples Al and
A2. This indicates that the average grain sizes in samples B1
and B2 are significantly larger than those in samples Al and
A2. The average grain size was calculated using the Scherrer
formula, = 0.91/Aq cos 0, where ¢ is the grain size, Aq is the
angular width of the reflection, 0 is the Bragg angle, and 4 is
the wavelength of the radiation (= 1.54 10\). The obtained val-
ues of the grain size for the most intense peak for the A1/A2
and B1/B2 samples are 16 nm and 5 nm, respectively.

The thermal stability of the samples was studied using
XRD and DSC. In the temperature range of 373-573 K, there
was no appreciable change in the XRD patterns. The DSC
measurements showed a strong exothermic peak at 650 K,
indicating out-diffusion of nitrogen, as observed in an earlier
study.15 Therefore, 523 K was chosen as the maximum
annealing temperature for the diffusion measurements.

The *’Fe and "N periodicity in the multilayers gives
rise to Bragg peaks in the NR pattern, as shown in Fig. 2
(A1, B1) for *’Fe contrast and in Fig. 2 (A2, B2) for '°N
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FIG. 2. (Color online) Neutron reflectivity pattern of as prepared isotope mul-
tilayer samples [e-Fe;,3N(7.5 nm)/e->"Fe, 23N(4.5 nm)] o (A1), [e-Fe, ,3N(6.4
nm)/e-Fe,23°N(3.2 nm)]o (A2), [y"'-FeN(10.2 nm)/y"'->"FeN(5.2 nm)];o
(B1), and ["’-FeN(10.6 nm)/7"""-Fe'*N(5.2 nm)] o (B2).

contrast. The total thickness oscillations, also known as
Kiessig fringes, appear due to the reflection from the air-film
and film-substrate interfaces and correspond to the total
thickness of the multilayer. The NR pattern was fitted using
a computer program’> based on Parratt’s formulism.?® The
typical values of the surface and interface roughness were
about 1 nm. In order to check the chemical homogeneity of
the samples, we performed x-ray reflectivity measurements
(not shown), and they revealed a pattern corresponding to a
single layer, as expected, due to the absence of contrast
between isotope layers for x-rays.

The samples were annealed at various annealing temper-
atures in a vacuum furnace for different annealing times.
The furnace was installed at the sample position of neutron
reflectometers. Thermal annealing of the samples led to a
decay of the Bragg peak in the NR pattern. Some representa-
tive NR patterns for samples A1 and A2 at annealing temper-
ature of 373 K for different annealing times are shown in
Fig. 3; panels (A1) and (A2) correspond to Fe and N contrast,
respectively. Similarly, plots for samples B1 and B2 at an
annealing temperature of 463 K for different annealing times
are shown in Fig. 3; panels (B1) and (B2) represent Fe and N
contrast, respectively. The NR pattern was multiplied by g,*
(where q, is the momentum transfer vector normal to the sur-
face and is given by q, = 4= sin 6/, with 0 being the angle of
incidence and 1 being the wavelength of neutrons) in order
to remove the decay due to Fresnel’s reflectivity. In Fig. 3 it
is interesting to observe that the total thickness oscillations
between the critical edge and the first order Bragg peak can
be seen even after the highest annealing time. Therefore the
presence of total thickness oscillations even after annealing
of the samples indicates that the surface and the interface of
the sample with the substrate remain sharp.

The decay of the Bragg peak with thermal annealing is
due to Fe or N diffusion across *’FeN/FeN and FeN/Fe'°N
interfaces. The decay of the Bragg peak intensity can be
used to calculate the instantaneous diffusivity (D;) using the
expression®®?
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FIG. 3. (Color online) Representative neutron reflectivity pattern (reflectiv-
ity R, multiplied by q,” for better visualization of the Bragg peak) of samples
Al and A2 measured at 373 K and of samples B1 and B2 measured at 463 K
for different annealing times.

In[I(7)/1(0)] = —8n°D;t/d>, (1)

where /(0) is the intensity of the first order Bragg peak at
time r=0 (before annealing) and d is the bilayer thickness.
Such decay of the Bragg peak with thermal annealing has
been used to measure self-diffusion in a number of multi-
layer systems, e.g., Fle/‘WFle,31 Ni/ﬁzNi,” FePt/57FePt,40
Si3N4/Sis PN, ete.

A plot of instantaneous diffusivities obtained using Eq.
(1) for the data shown in Fig. 3 is shown in Fig. 4. As the
structure tends to relax, the time averaged diffusivity is
defined as®’
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FIG. 4. (Color online) Time dependence of Fe and N instantaneous diffusiv-
ity for samples A1 and A2 at 373 K (a) and for samples B1 and B2 at 463 K
(b). The scattered points correspond to measured data, and the solid lines
correspond to the fit obtained using Eq. (3).
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FIG. 5. (Color online) Arrhenius behavior of Fe and N diffusivity for sam-
ples Al and A2 (a) and for samples B1 and B2 (b). The scattered points cor-
respond to measured data, and the solid lines correspond to the fit obtained
using D = Dy exp(—E /kgT), where Dy is the diffusivity in the relaxed state,
D, is a pre-exponential factor, E is the activation energy, kg is Boltzmann’s
constant, and 7 is the annealing temperature.

D= EJ[ D;(f)dt . )
tJo

Assuming an exponential law for the relaxation,
D;(t) = Const. exp(—t/t)+Dg, 3)

where Dy is the diffusivity in the relaxed state and 7 is the
relaxation time. By using Eq. (3), the diffusivities in the
structurally relaxed state were obtained. The temperature de-
pendence of the diffusivity obtained in the structurally
relaxed state follows an Arrhenius-type behavior as shown in
Fig. 5(a) for samples Al and A2. Similarly, for samples B1
and B2, the Arrhenius behavior for Fe and N diffusivity is
shown in Fig. 5(b). The straight line fit to the data was
obtained using Dg =D, exp(—E/kgT), with kg being Boltz-
mann’s constant. This yields the pre-exponential factor Dy
and activation energy E, which are given in Table 1. The

TABLE I. Parameters for Fe-N samples.

Sample Al A2 Bl B2
Epe (eV) 0.25 +0.03 1.0+0.2 .
Ex (eV) 0.46 + 0.08 ... 15+03
InDgge (m?/s) —44+1 . —25+10 .
InDgy (m?/s) —41%2 ~16*10
ASre (k) 5 . 9

ASn (kg) . 19 . 28
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comparison of Fe and N diffusivity among all samples
reveals that the values of E are greater in samples B1 and B2
than in samples A1 and A2. This indicates a slower diffusion
of Fe and N in samples B1 and B2.

Regarding the enthalpies of formation (AH®), the values
for FeN are lower than those for Fe,N or other Fe-N phases.*?
This means that FeN is expected to be more stable than Fe,N,
and therefore E for Fe and N self-diffusion should be higher
in FeN than in Fe,N. Though the differences in the obtained
values of diffusivity in both samples can be understood in
terms of the energetics of iron nitrides, the difference between
the Fe and N self-diffusion is counterintuitive, as the atomic
size of Fe (rge=0.1274 nm) is larger than that of N (rg./rn
~ 1.6). Therefore, it is expected that N should diffuse faster
than Fe, as observed in a N-poor magnetic Fe-N.*

In order to further confirm this behavior, we carried
out secondary ion mass spectroscopy (SIMS) measure-
ments in a sample prepared with a marker layer of
e->"Fe, »3'°N. This marker layer was sandwiched between
natural e-Fe, »3N layers. The structure of the sample pre-
pared for SIMS measurements was Si(substrate)/e-
Fe, »3N(120 nm)/e->"Fe, 55" N(10 nm)/e-Fe, »3N(120 nm).
More details about the deposition process are given in Ref.
30. The concentration depth profile was measured with a
CAMECA-IMSS F secondary ion mass spectrometer. The
primary ions used for sputtering were Cs™ ions of 4 keV
energy, and the ion current was about 30 nA. The second-
ary ions were detected by a double-focusing magnetic mass
spectrometer. The obtained depth profiles were corrected
for irradiation broadening following a procedure described
in Refs. 15 and 30. The depth profiles of '>N and >’Fe are
given in Fig. 6 for the pristine samples and for samples
after annealing at 448 K for 520 min and at 498 K for
300 min. The annealing times were sufficient to achieve a
structurally relaxed state of the samples. It can clearly be
observed from Fig. 6 that the diffusion-mediated broaden-
ing of the >"Fe profile is significantly larger than that of the
>N profiles, indicating that iron diffuses faster than nitro-
gen in this system.

(a) " —e—Pristine (b) ' —o— Pristine
—a— 448K, 520 m —a— 498K, 300m
15\ &
—
(2]
o=
[ et
S
% \
= T
\; 50 100 150 200 50 100 150 200
5 (C) T —o—Pristine (d) i —o— Pristine
g —a— 448 K, 520m FI—498K, 300m
2 >
= Fe I\ 57Fe[ \
| — T 18 g | e szassszsvus uy |~,L ) T ‘ LOCCCCTTITS
50 100 150 200 50 100 150 200

Depth (nm)

FIG. 6. (Color online) Diffusion broadening of the SIMS depth profile of
37Fe and "N in an e-Fe, 53N(120 nm)/e->"Fe, 53" N(10 nm) /e-Fe, ,3N(120
nm) trilayer sample after annealing at 448 K (a),(c) and 498 K (b),(d).
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In the present case, the thin film solution to Fick’s law
can be applied and the tracer concentration c(x, 1) of >’Fe or
'>N as a function of the penetration depth x is given by**

2
c¢(x,t) = const exp (m) %)

where ¢ is the time for annealing and D is the diffusion coef-
ficient. Accordingly, the profiles were fitted to a Gaussian
distribution, and the time averaged diffusion coefficients
were calculated using the following equation:**

2 2
:O—I_O—O

(D) = "%, )
where (D) is the time averaged diffusivity, o, is the standard
deviation of the Gaussian depth profile obtained after an
annealing time ¢, and o is the standard deviation of the as-
deposited sample (¢ =0). In Fig. 6, there is no broadening in
the '°N depth profile that can be observed at an annealing
temperature of 448 K, whereas the depth profile of >’Fe
broadens. This indicates that no diffusion of >N can be
measured due to the limited depth resolution of SIMS. How-
ever, at 498 there is marginal broadening of '>N and signifi-
cant broadening of *’Fe depth profiles, and the measured
diffusivity is plotted in Fig. 5(a). As can be seen, the values
of diffusivity match well with those obtained with neutrons.
This confirms that iron diffusion is faster than that of
nitrogen.

In the literature it can be seen that the atomic size de-
pendency (i.e., smaller atoms diffuse faster) is observed in
metal-metal and metal-metalloid alloys.37’45 However, in the
case of phosphorus self-diffusion in FeyoNiyoP14B¢ and in
Pd,43Cuy7Ni;oPo metallic glass, the diffusion coefficient of P
was found to be smaller than those of Fe and Cu.***’ It was
suggested that the local chemical interactions around P
(strong covalent bonds) are more important for the diffusion
than the atomic size dependence of constituent elements in
the alloy. In the periodic table, N and P are in the same group
(VB), and the anomaly observed for P self-diffusion can be
extended to N self-diffusion in nonmagnetic Fe-N phases.
However, as the temperature increased we observed that the
difference between Fe and N diffusivity became small. Here
it may be noted that by using neutron reflectivity, we could
measure N self-diffusion at temperatures as low as 373 K,
and at this temperature the nitrogen diffusivity for sample A2
was 1.8 (+2) x 1072* m? s™! in the relaxed state. Measure-
ment of such a small diffusivity is not possible with any
other technique.

It is known that a correlation exists between InD and E
that is followed in all classes of materials and which indi-
cates the involved diffusion mechanism.?” This correlation is
known as the isokinetic relation and is given by*®

E
In Dy= lnCl—l—é, (6)

where C1 and C2 are constants. When we compare our data
with those available in the literature for crystalline and
amorphous alloys, we find that our data closely follow the
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FIG. 7. (Color online) The correlation between InDy and E for crystalline
(line I) and amorphous (line II) alloys (Ref. 37). The solid star represents
data for sample A1, the open star is for A2, the solid triangle is for sample
B1, and the open triangle is for sample B2, obtained in the present work.

correlation for amorphous alloys. Figure 7 compares our
data with the InD(-E correlation for crystalline samples
(line I) and amorphous alloys (line II) obtained in the litera-
ture.>’ It may be noted that this correlation has a universal
character, as it was found to be valid in crystalline and
amorphous alloys. Although the samples in the present case
are nanocrystalline thin films, it is interesting to see that
they follow the correlation for amorphous alloys. Following
Zener’s theory of pre-exponential factors as discussed by
Shewmon,®  the pre-exponential factor (Dg) can be
expressed as

InDy= ln(gazfuo)—&-i—j, (7)
where g is a geometry factor, a is the effective jump distance,
Vg is the effective jump attempt frequency, f is a correlation
factor, and AS the entropy for diffusion. Using Eq. (6) we fit-
ted a straight line to the data given in Fig. 7, which yields the
values of constants C1 and C2. The obtained values of C1
and C2 are (9=5)x 107> m* s~ and 0.047 +0.01 eV,
respectively. It may be noted that the values of these con-
stants differ significantly between crystalline and amorphous
alloys. For crystalline alloys, constants C1 and C2 are typi-
cally 107" m* s~! and 0.4 eV, whereas in amorphous alloys
they are on the order of 1072 m? s™' and 0.05 eV. Clearly
the values obtained in the present case match well with amor-
phous alloys.

Further, by using Eq. (7), we can calculate the values of
AS for Fe and N diffusion, which are given in Table I. It may
be noted that the value of the entropy AS corresponds to the
number of atoms participating in the diffusion process. In
crystalline solids, the values of AS are small (~3 to 5 kp),
whereas in amorphous alloys relatively large values (~19 to
56 kg) are obtained.>” In our case we find that the values of
AS for N self-diffusion are 19kg (for sample A2) and 28kg (for
sample B2), in contrast to the values for Fe self-diffusion of
Skg (for sample A1) and 9%kg (for sample B1). Clearly, a larger
group of N atoms participates in the diffusion process as com-
pared to Fe atoms, making N diffusion slower than that of Fe.

Although the samples prepared in the present case are
nanocrystalline thin films, their diffusion behavior is similar
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to that of amorphous alloys. It may be noted that the samples
prepared in this work have very small grain sizes compared
to the bulk material. With such a small grain size, it is
expected that a large fraction consists of grains and grain
boundary regions. In the literature it was found that the diffu-
sion mechanism in thin film multilayers is similar to that in
amorphous alloys, even though their structure is not amor-
phous.*>** It was pointed out that an increased defect density
in thin films might be responsible for such behavior. A small
grain size and an increased defect density might present a
microstructure analog for amorphous alloys. Therefore, the
diffusion processes are basically controlled by the local
microstructure. This explains the observed diffusivity in the
present case.

IV. CONCLUSIONS

In conclusion, we measured Fe and N self-diffusion in
non-magnetic e-Fe, 53N and y"’-FeN compounds. The activa-
tion energies of Fe and N are higher in 7”’-FeN than in e-
Fe, »3N. However, the diffusivity of N is smaller than that of
Fe in both samples. The differences in Fe and N diffusivity
cannot be understood in terms of the atomic size of Fe and
N. It was found that a significantly larger group of N atoms
than of Fe atoms participates in the diffusion process, mak-
ing N diffusion slower than that of Fe.
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