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Self-diffusion of iron in amorphous iron nitride
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The measurement of self-diffusion of iron in amorphous FeN0.7 using secondary-ion mass spectroscopy is
reported. Diffusion broadening of tracer layers of57FeN0.7 was observed after isothermal vacuum annealing of
the films at different temperatures. Strong structural relaxation effects on diffusion coefficient were observed
below crystallization temperature of the amorphous phase. In the well-relaxed state, the values of preexponen-
tial factorD0 and activation energyq are given by lnD05216.662 m2/s andq51.360.2 eV. On the basis of
correlation between lnD0 andq, it is suggested that the mechanism of self-diffusion of iron in amorphous iron
nitride is very similar to that in metallic glasses.
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Diffusion in amorphous alloys has been of great intere
as changes in the structure of these alloys and their rela
to the physical and mechanical properties are of primary
terest from the point of view of their technological applic
tion and stability against external environment. Despite
tensive studies in recent years,1–7 the underlying mechanism
of diffusion in amorphous alloys has not yet been underst
properly. While in crystalline solids atomic diffusion i
known to take place involving point defects and therma
activated jumps, the diffusion in equilibrium liquids involve
the collective motion of a group of atoms. The situation in
amorphous system, which can be construed as a superco
liquid, is not very clear. In covalent glasses the existence
point defects is well established; therefore the diffus
mechanism is expected to be similar to crystalline solids.
the other hand, in amorphous alloys the structural defects
expected to be more diffused in nature, characterized by
excess free volume.8

Available results on atomic diffusion in amorphous allo
do not provide a uniform picture of the diffusion mechanis
and more often seem to be conflicting. While some res
point towards single jump mechanism analogous to vaca
diffusion in crystals,2,3 several others suggest a highly co
lective mechanism involving a large number of atoms.4,7 Ef-
fects of hydrostatic pressure and the isotope effect have b
very helpful in elucidating the mechanism of diffusion
these systems. In the case of impurity diffusion in meta
glasses, several factors such as atomic size mismatch
chemical affinity between impurity and host atoms affect
atomic diffusion in metallic glasses significantly. Therefo
study of self-diffusion in metallic glasses has been parti
larly useful in elucidating the mechanism responsible.9–12

Most extensive studies have been done on metal-metal
tallic glasses such as Co-Zr1, Ni-Zr3, etc., while relatively
fewer studies exist on transition-metal–metalloid (TM-M )
systems.6,13,14

In view of the rather obscure picture of the diffusio
mechanism in amorphous alloys it would be interesting
extend these studies to some unconventional amorphou
loy systems. In some such studies, atomic diffusion in
cently discovered bulk metallic glasses has be
reported.15–17 In the present study we report measureme
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of self-diffusion of iron in the amorphous FeN0.7 alloy, pre-
pared by reactive ion-beam sputtering.18 This system may
have a local structure very different from that in conve
tional metallic, glasses. Metal-metal metallic glasses in
absence of any directional bond are expected to have a l
structure closer to the dense-random packing model. In c
parison, in metal-metalloid systems the metalloids have
valent directional bonds with metals, resulting in a rath
well-defined short-range order around metalloid atoms.19 In
the extreme case of covalent glasses the existence of lo
ized defects is well established; therefore it may be inter
ing to see the effect of strong covalent bonds in the Fe
alloy system on atomic diffusion. The Fe-N bonds are kno
to be one of the strongest covalent bonds. Furthermore,
higher nitrogen stoichiometry of FeN0.7 means a higher den
sity of covalent bonds. Therefore diffusion studies in th
system are expected to provide additional insight into
diffusion mechanism in amorphous alloys.

Iron nitride thin films were deposited by reactive io
beam sputtering of iron with a beam of nitrogen ions usin
3-cm broad-beam Kaufman-type hot-cathode ion gun wit
base vacuum of better than 131027 Torr. A nitrogen~purity
99.9995%! ion beam of about 800 eV and 90 mA was o
tained from the ion source and kept constant throughout
deposition. The deposition was carried out at room tempe
ture. The target was kept at an angle of about 45° with
spect to the incident ion beam, and the substrates were
at a distance of about 120 mm from the target in a direct
normal to the ion beam. Earlier studies have shown that
nitride formed under these conditions is amorphous in na
and has a stoichiometry of FeN0.7. The Mössbauer pattern o
the present specimen is identical to that obtained in the
lier study,18 thus confirming that the stoichiometry in th
present film is FeN0.7. For the diffusion measurements
five-layer structure consisting of nominal thickness in t
order@float glass~substrate! u natFeN0.7 ~450 Å! u 57FeN0.7 ~35
Å! u natFeN0.7 ~500 Å! u 57FeN0.7 ~35 Å! u natFeN0.7 ~500 Å!#
was deposited. The two tracer layers of57FeN0.7 with known
separation helped in the calibration of the sputtering rate
hence the depth scales during secondary-ion mass spec
etry ~SIMS! measurements.

Thickness measurements and structural characteriza
©2002 The American Physical Society04-1
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of the film were done by grazing incidence x-ray reflectiv
~XRR! and grazing-incidence x-ray diffraction~GIXRD! us-
ing a Siemens-D5000 diffractometer~Cu Ka x rays! with a
thin-film attachment. The reflectivity pattern of the a
deposited film is shown in Fig. 1. The period of oscillatio
gives the total thickness of the film with an accuracy of61
Å. The reflectivity pattern was fitted using a computer p
gram based on Parratt’s formalism20 and the thickness of the
film was found to be 145061 Å as compared to the nomina
thickness of 1520 Å. Thus the actual structure of the film
@float glass~substrate! u natFeN0.7 ~435 Å! u 57FeN0.7 ~32 Å! u
natFeN0.7 ~475 Å! u 57FeN0.7 ~32 Å! u natFeN0.7 ~475 Å!#. The
roughness of the top surface of the film is 1260.5 Å as
compared to substrate roughness of 960.5 Å. A detailed fit-
ting of the GIXRR pattern shows that there is no electr
density contrast betweennatFeN and57FeN layers; therefore
the stoichiometry of the marker layers is the same as tha
the bulk of the film. The mass density of the film was o
tained using the known stoichiometry and the value of cr
cal angle for total external reflection of x rays as obtain
from the wavelength-dependent XRR measurements.18 The
density of the film in the as-deposited state is 6.2 g/c3,
which increases up to a value of 6.5 g/cm3 after annealing at
523 K for 40 min.

The diffraction pattern of as-deposited film is shown
Figs. 2~a! and 2~b!. The pattern indicates that the film
amorphous in structure. Figure 2~a! shows the diffraction
pattern of the as-deposited film on a silicon substrate ta
with higher statistics. The broad hump at 2u538.7° charac-
teristic of an amorphous phase is clearly visible. This cor
sponds to an average Fe-Fe nearest-neighbor distancea
51.23l/2 sinu52.86 Å.21 It may be noted that generally i
transition-metal–metalloid (TM-M ) glasses, having compo
sition around eutectic (TM80M20), a broad hump appear
around 2u544° – 45°. A larger Fe-Fe nearest-neighbor d
tance in the present case may be attributed to a larger n
gen content. The crystallization of the film was studied
isochronal annealing of the film at different temperatur
From the figure it can be seen that there is no change in

FIG. 1. Grazing-incidence x-ray reflectivity pattern of the a
deposited film. The thickness of the film calculated from the per
of oscillations is 1450 Å.
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x-ray diffraction ~XRD! pattern up to a temperature of 52
K. This indicates that the amorphous film is stable at least
to 523 K. Further annealing of the film at 593 K caus
crystallization, and the phase formed is identified ase-Fe3N.
After annealing at 723 K purea-Fe becomes the dominan
phase.

The conversion electron Mo¨ssbauer spectrum~CEMS! of
the film is shown in Fig. 3. The as-deposited film shows
asymmetric doublet, which is fitted by deconvoluting it in
four subspectra18,22 as given in Table I. After annealing a
523 K there is no qualitative change in the Mo¨ssbauer spec
trum, and it still consists of four subspectra—two double
and two singlets. This suggests that the specimen is sti
the amorphous state. There are small changes in the hy
fine field parameters and relative areas of various subspe
as given in Table I, which may be attributed to some str
tural relaxation in the sample. As will be seen later, structu
relaxation is also evident from the variation of diffusivit
with annealing time at a given temperature. After anneal
at 593 K the spectrum transforms into a broad sextet with
hyperfine parameters corresponding toe-Fe3N. Further an-
nealing at 723 K results in development of a sharp se
corresponding toa-Fe, in addition to a small contribution
from a broad sextet corresponding toe-Fe3N, in agreement
with XRD results. Thus from XRD and CEMS it can be se
that the system remain amorphous after annealing up
temperature of 523 K. Therefore for self-diffusion measu
ments we choose 523 K as an upper limit of annealing te
perature. It was found that even after the highest diffus
annealing temperature and time the film remained in
amorphous state.

The diffusion annealings of the samples were perform
in a vacuum furnace with a base vacuum better th
1026 Torr. The temperature in the furnace was controll
with an accuracy of61.5 K. For diffusion measurements th
concentration depth profile was measured by a secondary

-
d FIG. 2. The grazing-incidence x-ray diffraction pattern of t
film ~a! as-deposited on silicon substrate,~b! as-deposited on glas
substrate, and~c! annealed in vacuum at 523 K,~d! at 593 K, and
~e! at 723 K. The counting time per step for the pattern~a! was 60
times more than other patterns.
4-2
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SELF-DIFFUSION OF IRON IN AMORPHOUS . . . PHYSICAL REVIEW B 65 214204
mass CAMECA-IMS5F spectrometer. The primary ions us
for sputtering were Cs1 ions of energy 5.5 KeV and the io
current was about 15 nA. The secondary ions were dete
by a double focusing magnetic mass spectrometer. Figu
shows the depth profile of57Fe, 54Fe, nitrogen, oxygen, and
carbon in the as-deposited film.57Fe shows two peaks o
almost equal intensity, whereas54Fe shows dips at those tw

FIG. 3. The conversion-electron Mo¨ssbauer spectrum of the film
~a! as-deposited and~b! annealed in vacuum at 523 K,~c! at 593 K,
and ~d! at 723 K. The full circles are experimental data points a
the solid lines are fit to them.
21420
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positions. The nitrogen profile does not show any change
intensity with depth, which again indicates~in agreement
with the XRR results! that the nitrogen stoichiometry is un
form throughout the depth of the film. The oxygen and c
bon contents in the film are sufficiently low and do not sho
any variation in their depth profiles.

From Fig. 4 it may be noted that depth profiles of57Fe are
somewhat skewed towards higher sputtering time. T
asymmetry in the depth profiles is due to radiation dam
and small intermixing induced by the 5.5-keV Cs1 ions used

FIG. 4. SIMS depth profile of the as-deposited film.
is the
TABLE I. Hyperfine parameters for the as-deposited and subsequently annealed FeN films. IS
isomer shift relative toa-iron, while QS denotes the quadrupole splitting.

Sample Phase Site H int ~T!
IS

~mm/sec!
QS

~mm/sec!
Relative
area~%!

As deposited Amorphous Singlet1 0.48 9
Singlet2 0.15 27
Doublet1 0.30 0.62 41
Doublet2 0.56 0.43 22

Annealed
at 523 K

Amorphous Singlet1 0.42 16
Singlet2 0.12 31
Doublet1 0.29 0.68 37
Doublet2 0.58 0.60 15

Annealed
at 593 K

«-Fe3N Sextet1 9.6 0.55 14
Sextet1 23.2 0.32 86

Annealed
at 723 K

a-Fe Sextet 33.7 20.01 0.01 66
«-Fe3N Sextet 22.5 0.11 0.6 27

Sextet 13.6 0.28 20.5 7
4-3
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for sputtering the samples.23,26 A correction for this irradia-
tion broadening of the profiles is applied to the primary co
centration profiles using a procedure described in Refs
and 26. The concentration profiles are corrected to yield
true ones according to the following equation:

cr~x1h!5ca~x!1h
dca~x!

dx
, ~1!

where ca(x) and cr(x) are the experimentally determine
and true profiles, respectively, andh is a parameter that rep
resents strength of intermixing due to Cs1-ion bombardment.
The value ofh was determined by applying this correctio
on the as-deposited samples with the known concentra
profile. The same value ofh was used for correcting th
depth profiles of the samples annealed for different peri
of time.

For determining the diffusion augmented broadening
the depth profiles, isothermal annealings of the films w
performed at temperatures 430, 450, 480, and 498 K
different times. The annealing times at lower temperatu
are large as compared to higher temperatures. A typ
broadening of the depth profile of57Fe as a function of an
nealing time at 450 K is shown in Fig. 5. The profiles ha
already been corrected for the Cs1-ion irradiation broaden-
ing. In the present case, the thin-film solution to Fick’s la
can be applied and the tracer concentration of57Fe as a func-
tion of penetration depthx is given by24

c~x,t !5
const

2ApDt
exp@2~x2/4Dt !#, ~2!

wheret is the time for annealing andD is the diffusion co-
efficient. Accordingly the profiles were fitted to Gaussia
and the diffusion coefficients were calculated using
equation:26

^D&~ t !5
s t

22s0
2

2t
, ~3!

where^D&(t)5(1/t)*0
t D(t8)dt8 is the time-averaged diffu

sion coefficient ands t is the standard deviation of the Gaus
ian depth profile obtained after an annealing time oft.

Figure 6 gives the diffusion coefficient at 450 K as
function of annealing time. One may note that initially th
diffusion is fast, which decreases with annealing time. S
an annealing time dependence of the diffusion coefficien
attributed to structural relaxation in metallic glasses;25,26 the
as-deposited structure contains large concentration of s
tural defects characterized by excess free volume. With
nealing the excess free volume is removed and the struc
relaxes to thermal equilibrium glassy state. The obser
time dependent̂D&(t) was fitted assuming an exponenti
law for the relaxation of the diffusion coefficient,25,26 so that

^D&~ t !5
At

t
~12e2t/t!1DSR. ~4!

Here DSR is diffusivity in the structurally relaxed state an
A1DSR gives the diffusivity at the initial time (t50), andt
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is structural relaxation time. In Fig. 6, the solid line gives
fit of the measured data yielding the value ofA, t, andDSR.

The values of diffusion coefficient in the structurally r
laxed state obtained at four different temperatures were u
to calculate activation energy and preexponential factor
ing the equationDSR5D0 exp(2q/kBT), whereD0 , q, andT

FIG. 5. Diffusion broadening of the SIMS depth profile aft
annealing at 450 K at different times~a! as-deposited,~b! 60 min,
~c! 200 min,~d! 300 min,~e! 400 min,~f! 500 min,~g! 700 min,~h!
1300 min, and~i! 1900 min. The profiles have already been co
rected for the Cs1-ion broadening according to Eq.~1!.

FIG. 6. Structural relaxation of the diffusion coefficient in th
amorphous iron nitride thin film at 450 K.
4-4
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SELF-DIFFUSION OF IRON IN AMORPHOUS . . . PHYSICAL REVIEW B 65 214204
are the preexponential factor, activation energy, and ann
ing temperature, respectively. Figure 7 shows the plot
natural logarithm of diffusion coefficient versus the inver
of temperature, and it follows an Arrhenius behavior. T
calculated values of lnD0 and the activation energyq for the
depth profiles of the two marker layers are lnD05216.8
62 m2/sec; q51.360.2 eV and lnD05216.5
61.3 m2/sec;q51.360.2 eV, respectively.

A survey of the literature on self-diffusion in the metall
glasses shows that the activation energy of 1.3 eV for
present case is quite low as compared to that in other m
lic glasses, especially TM-M systems. It may be noted tha
most of the diffusion studies in TM-M metallic glasses re
ported in the literature are on the system around the eute
composition, thus having low metalloid concentratio
Amorphous alloys over a wide range of metalloid concen
tion have been prepared using co-sputtering;27 however, such
systems can be prepared only in thin-film form and have
been used for diffusion measurement.

In the dense random packing model for the meta
glasses, the metal atoms form a dense random packing s
ture and the metalloid atoms occupy the interstitial sites
these structures.28 It has been argued that TM-M systems
have high stability around a metalloid composition of;20
at. % as around this composition most of the interstitial s
are occupied by metalloid atoms.28 For higher metalloid con-
centration strains will be created in the network of transitio
metal atoms in order to accommodate the additional me
loid atoms, and some of the metalloid atoms may ev

FIG. 7. Arrhenius behavior of diffusion coefficient with isothe
mal annealing temperature.
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occupy transition-metal sites. This results in a reduced
bility of the amorphous phase. In the present case nitro
has a concentration of about 40 at. %, which is substanti
higher than 20 at. %, which can be incorporated in the in
stitial sites, and thus will create strain in the iron network.
may be noted that the Fe-Fe nearest-neighbor~NN! distance
in the system, as obtained from XRD measurements is 2
Å as compared to 2.5 Å observed in most of the TM-M
metallic glasses around TM80M20 compositions. This larger
Fe-Fe NN distance may be attributed to the strains create
the iron network in order to incorporate additional nitrog
atoms and due to some nitrogen atoms going substitution
on iron sites. An increased Fe-Fe NN distance would a
result in lowering of the mass density, which should vary
1/a3, a being the NN distance. In addition, the mass dens
would also depend upon the average coordination numbe
the present case the mass density as obtained from the
reflectivity measurements is 6.2 g/cm3 as compared to a typi
cal mass density of 7.7 g/cm3 for eutectic metal-metalloid
systems.29 If one assumes that reduced mass density in
present case is due to increased Fe-Fe NN distance the
ratio of the mass density of FeN0.7 to that of a typical metal-
lic glass~MG! should be proportional to the ratio of the cub
of their NN distance, i.e.,dFeN0.7

/dMG5aMG
3 /aFeN0.7

3 50.7,

this ratio is obtained by neglecting the mass of the nonm
atoms. Since in the present case concentration of nonm
atoms is almost double of that in a typical metallic glass,
actual ratio of the mass density would be a little more th
0.7. Thus the calculated mass density ratio agrees reason
well with the experimental ratio of 6.2/7.750.8. This sug-
gests that a lower mass density in FeN0.7 can be accounted
for by a change in the Fe-Fe NN distance alone, imply
that the average coordination number is similar to that i
typical metallic glass. A larger Fe-Fe NN distance wou
facilitate the atomic diffusion in the system. On the oth
hand, a stronger Fe-N bonding would tend to hinder
atomic diffusion. The observed value of activation energy
the present case is a result of an interplay between these
factors.

In a number of studies9,10,11,12it has been suggested th
there exists a definite correlation between the natural lo
rithm of the preexponential factor and activation energy

FIG. 8. Correlation between the natural logarithm of the pref
tor, lnD0 and effective activation energyq, of diffusion coefficient
in selected amorphous alloys~d! and in crystalline alloys~s! from
Ref. 12. The crossed circle represents data from Ref. 4 and the
represents the values corresponding to the present study.
4-5
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atomic diffusion in amorphous as well as crystalline solid
Sharma, Macht, and Naundorf9 showed that an almost linea
correlation exists between lnD0 and q for the diffusion of
impurity atoms as well as self-diffusion in a number
metal-metal amorphous alloys. It may be noted that in c
of an impurity atom diffusion, a number of factors such
atomic size and chemical affinity between impurity and ho
atoms may significantly affect the diffusion, thus making t
situation more complicated. Therefore it is more meaning
to study the systematics of self-diffusion, in which case t
influence of such factors is absent. In a more recent st
Naundorfet al.12 found that a well-defined correlation exist
between lnD0 andq for self-diffusion of amorphous alloys
including both metal-metal and TM-M systems. A distinctly
different correlation between lnD0 and q are observed for
diffusion in crystalline and amorphous alloys. This correl
tion is regarded as key information to determine the valid
of different diffusion models proposed for disordered stru
tures. Figure 8 shows the data on the correlation betw
ln D0 andq taken from Ref. 12, to which self-diffusion dat
obtained more recently4 has also been added. The point co
responding to the present measurement is shown by a st
v

e

R

n

M
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may be noted that point corresponding to the present sys
lies very well on the correlation line for the self-diffusion
amorphous alloys. This suggests that even in the present
tem the diffusion mechanism is very similar to that in oth
metallic glasses, although the present system has much s
ger covalent bonds and also the concentration of the non
tallic atoms is much higher.

In conclusion, self-diffusion of iron in amorphous iro
nitride is studied using secondary-ion mass spectrosc
depth profiling of57FeN0.7 in FeN0.7 films. The system shows
structural relaxation behavior typical of metallic glasses. T
values of the NN distance as obtained from XRD and
mass density obtained from XRR suggest that the struc
of the amorphous FeN0.7 system is rather similar to othe
TM-M glasses. The values of the preexponential factorD0
and activation energyq are lnD05216.662 m2/sec, q
51.360.2 eV for this system. The mechanism of se
diffusion of iron in amorphous iron nitride is found to b
very similar to metallic glasses.
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