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Ion-beam-induced atomic mixing and the effect of thermally activated transformations at the Fe-
Al interface have been studied for the first time with use of the technique of conversion-electron
' Fe Mossbauer spectroscopy (CEMS). A concept of interface-sensitive CEMS which exploits the

0
deposition of a thin (-50-A) layer of iron enriched to 95.45.%%uoof 'Fea t th e interfac ebetwee n the
aluminium substrate and an overlayer of natural iron (containing only 2.2%%u~ of ' Fe) has been intro-
duced and used in the present investigations. CEMS spectra of the as-deposited sample, fitted in
terms of the distribution of hyperfine fields at Fe nuclei show that not all the Fe atoms in the in-
terface region see the environment as in n-Fe but have one or more aluminium neighbors. The inter-
face layers are transformed on bombardment with 100-keV Ar+ ions at a dose of —10' ions/cm
into a random metastable alloy having an average composition of Fe»A145. Fe atoms in this alloy
experience a variety of environments ranging from dimers in Al matrix at one end to that typically
characteristic of a-Fe at the other. This alloy does not show any phase precipitation on vacuum an-
nealing at 300 and 400'C for 20 min. However, on annealing at 500'C, a sudden precipitation of o.-

Fe and Fe3A1 phases is seen. On further annealing of the sample at 600 C, Fe3A1 phase is seen to
decompose to give iron clusters. These results of CEMS measurements have been confirmed by
small-angle x-ray-diffraction studies. A non-interface-sensitive CEMS study has also been per-
formed to investigate the dose dependence of ion-beam mixing.

I. INTRODUCTION

In view of the important role played by surfaces in a
variety of physical and chemical processes, there is a
growing interest particularly in recent years to develop
techniques to tailor surface layers on solids to the required
specifications. A number of techniques which primarily
rely on the concept of directed energy processing of solids
have been developed to modify the surface layers. Impor-
tant and the earliest amongst these is the technique of ion
implantation. This process involves forced introduction
of desired atoms in solids regardless of the thermodynam-
ic constraints, leading to a possibility of the formation of
surface layers with novel properties. Ion implantation
has been used in the processing of semiconductor devices
and to obtain metastable surface alloys. The method of
direct ion implantation has not been highly successful in
the formation of surface alloys because of the heavy
sputtering associated with high dose implants required for
alloy formation. It has been shown recently that this limi-
tation of ion implantation can be eliminated to a consider-
able extent by using the idea of ion-beam-induced mixing
and microalloying of successively deposited thin layers of
component materials. " The high kinetic energy of the
incident ions (typically 100—400 keV) produces almost in-
stantly (within a time scale of 10 ' —10 ' sec) a highly
disordered and kinetically active zone across the interface
making rapid but transient atomic motions possible. This
can lead to alloy formation at an ion dose which is almost
2 orders of magnitude lower than that required in the case

of direct ion implantation, thereby eliminating almost en-
tirely, the limitations imposed by sputtering effects.
Furthermore, because of the extremely low values of the
time scales involved, the alloying induced by ion beam is a
highly nonequilibrium process giving rise to metastable al-
loys. It is generally believed that the reactions that occur
during ion-beam mixing are a result of solid-phase in-
teraction of the two materials across the interface, al-
though it is not yet completely clear whether any transient
liquid-phase process also contributes to the growth of the
metastable phase. Experiments have been carried out to
elucidate these points and have provided information on
the influence of various parameters such as solid-phase
diffusivity, ' solid solubility, ' chemical driving force, '

etc., on the reactions occurring during ion-beam-induced
mixing. In all these studies, a variety of techniques, such
as, x-ray-diffraction, Rutherford backscattering, and resis-
tivity measurements have been used. Unfortunately, these
are all macroscopic techniques and provide little informa-
tion on atomic motion, environment of atoms of one com-
ponent in another, etc. Interesting possibility of bringing
out information concerning such atomistic details is af-
forded by Mossbauer spectroscopy, particularly when one
of the components involved in ion-beam mixing contains
Mossbauer isotopes such as Fe, " Sn, etc. Mossbauer
spectroscopy provides a number of windows, such as, iso-
mer shift, quadrupole splitting, magnetic dipole interac-
tion, and the Lamb-Mossbauer factor through which one
can obtain valuable information on the nature of chemical
environment, magnetic field at nucleus, symmetry of the
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neighbors, dynamics of the Mossbauer atoms, ' etc. This
technique can also be made surface-layer sensitive by us-
ing conversion-electron Mossbauer spectroscopy (CEMS).
In CEMS, the spectra of recoilless resonant y absorption
are registered through the detection of low-energy elec-
trons, such as, 7.3-keV E-shell conversion electrons and
5.4-keV K LL A-uger electrons (in case of Fe) and these
spectra can thus be made to probe layers as thin as
10—100 nm. '

In the present studies we have used the technique of
CEMS for the first time to study the physics of ion-beam
mixing. In order to selectively' probe the ion-beam-
induced reactions occurring at the interface we have made
our CEMS measurements interface sensitive by enriching
the interface layers (thickness -50 A) with 95.45%%uo of

Fe; the overlayer being of natural iron containing only
2.2% of Fe. With this contrivance, the Mossbauer spec-
trum records essentially the signal from Fe atoms at the
interface. In addition to such interface-sensitive CEMS
measurements we have also performed non-interface-
sensitive studies wherein the samples were prepared by
depositing iron overlayer containing a uniform distribu-
tion of Fe isotope onto the aluminum substrates. In this
case, in order to obtain a good signal-to-noise ratio of the
Mossbauer signal the overlayer was uniformly enriched
with the Fe isotope to 30% in concentration. The
reason for carrying out the non-interface-sensitive studies
was primarily to reveal the microscopic aspects of the
dose dependence of ion-beam mixing. In this context, we
resorted to the non-interface-sensitive method due to the
fact that the sample preparation for interface-sensitive
measurements is conceptually not suitable for the study of
dose dependence because it renders a fixed scale of length
(-50 A) at the interface c'orresponding to the thickness of

Fe layer, while the length scale of atomic mixing varies
continuously with the ion dose.

In the studies reported in this paper we have attempted
to investigate the reactions occurring at the Fe-Al inter-
face due to the process of ion-beam mixing and under sub-
sequent thermal annealing treatment. In addition to the
CEMS technique we have also used Rutherford back-
scattering (RBS) and small-angle x-ray diffraction'
(Seeman-Bohlin arrangement) techniques to obtain confir-
matory support for the information obtained on the basis
of CEMS measurements. The reasons for selecting the
Fe-Al system are many and obvious. These reasons are (1)

Fe, a celebrated Mossbauer isotope is a constituent of
one of the components involved in the ion-beam-mixing
reactions, (2) the normal solubility of Fe in Al is extreme-
ly small, i.e., of the order of 0.005 at. % even up to
450'C, ' with the result that the conventional equilibrium
thermal processing does not yield appreciable intermixing.
This system is therefore ideal to bring out the characteris-
tic differences between the ion beam and thermal process-
ing of interfaces, (3) the phase diagram of Fe-Al system
has been extensively investigated and shows the existence
of a large number of both stable and metastable phases,
such as, Fe4A1&&, FeA1, FeA16, Fe2A15, Fe&A1, etc. This is
a favorable situation in so far as ion-beam mixing is con-
cerned because it has been shown that a system which ex-
ists in a large number of phases can be mixed substantial-

ly using energetic ion beams. ' Furthermore, the various
phases of this system have been characterized for their x-
ray structure and Mossbauer parameters facilitating inter-
pretation of the results obtained in ion-beam-induced re-
actions. (4) Al being a low Z material produces low
photoelectron background in conversion-electron detec-
tion, yielding a high signal-to-noise ratio in the CEMS.
(5) Al being nonmagnetic, does not create any complica-
tions in elucidating magnetic hyperfine interactions at the

Fe nuclei.
The study reported in this paper has clearly brought out

that substantial mixing occurs across the Fe-Al interface
leading to a random alloy. In the ion-beam-mixed state
this metastable alloy exhibits an interesting magnetic hy-
perfine interaction pattern and provides evidence for the
variety of environments experienced by Fe nuclei in this
alloy. Thermal annealing of this alloy at and above 500 C
causes atomic motion leading to the precipitation of
phases, such as, a-Fe and Fe&A1. At higher temperatures,
Fe&A1 decomposes to form iron clusters. The dose depen-
dence of ion-beam mixing also exhibits interesting
features, revealing the microscopic fluctuations of atomic
environments.

II. EXPERIMENTAL

Aluminum substrates used in these experiments were
cut from ultrapure (99.99% pure) 0.5-mm-thick Al sheet.
The cutouts in the form of strips (1 em& 1 cm area) were
heat treated in vacuum (10 Torr) at 600'C for 8 h to in-
crease the grain size and anneal out the defects and strain.
The annealed substrates were cleaned in warm solution of
HF, HC1, HNO&, and double-distilled water in the propor-
tion of 1:10:20:69to remove contamination and grease on
the surface. These substrates were coated with -50-A-
thick layers of iron enriched to 95.45% in Fe concentra-
tion by vacuum evaporation. Without breaking the vacu-
um, this was overcoated with 250-A-thick layer of natural
iron (containing only 2.2% of Fe). Since 14.4-keV nu-
clear y resonance (Mossbauer effect) emanates from Fe,
the information obtained through CEMS in the present
case is selectively and predominantly from the interface.
Care was taken to ensure clean evaporation environment,
and the evaporation was carried out at a background pres-
sure of 10 Torr. The evaporation unit was equipped
with foreline traps (molecular sieves) and liquid-nitrogen
traps to avoid contamination. For the non-interface-
sensitive measurements the samples were prepared by fol-
lowing a similar vacuum evaporation procedure except for
the fact that an appropriate quantity of enriched (95.45%)

Fe was added to natural iron before evaporation, to raise
the Fe concentration to 30%.

A number of such freshly prepared composites were
subjected to Ar+ ion bombardment (energy 100 keV; dose
of —1 & 10' ious/cm ) to induce ion-beam mixing. Ion
implantation was carried out using a machine fabricated
in our laboratory. ' The ion current during implantation
was maintained in the range of —1—2 pA/cm so as to
avoid appreciable heating of the sample. Ion-beam-
induced mixing was confirmed using the Rutherford
backscattering technique.
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In the interface-sensitive studies, the as-deposited, ion-
beam mixed, and subsequently annealed samples were
studied using the CEMS technique. For the sake of com-
parison, the unbombarded composites annealed at various
temperatures were also studied. CEMS spectra of the
samples were recorded at room temperature using a con-
stant acceleration Mossbauer setup with Co:Rh as the
source. The 7.3-keV K-shell conversion electrons emitted
within 10—100 nm below the top surface were detected in
a continuous gas flow (helium + 4%%uo ethanol) proportional
counter. To obtain the best-fit values of the hyperfine in-
teraction parameters, computer fitting of the spectra was
carried out using the MOSFIT program on ICL 1904S coIIl-
puter. %'herever necessary, the composite Mossbauer
spectrum was decomposed into Fourier subspectra follow-
ing the standard procedure, ' to provide information on
the probability distribution P(H) of the hyperfine field.
In the case of the non-interface-sensitive studies, the
changes in the spectral features of the CEMS spectra were
studied as a function of the ion dose by following similar
computer-fitting and Fourier decomposition procedures.

X-ray-diffraction studies on the as-deposited, ion-beam
mixed as well as ion-beam mixed and thermally annealed
samples were performed by using the small-angle x-ray
diffraction technique employing the Seeman-Bohlin ar-
rangement. This technique' enables one to obtain
structural characterization of a thin (-400—500 A) layer
on a solid surface by enhancing the path traversed by the
x rays within the thin layer by almost an order of magni-
tude.

III. RESULTS AND DISCUSSION

Figure 1 shows the Rutherford backscattering spectra
of the as-deposited and ion-beam-mixed samples. The

RBS spectrum of the as-deposited sample shows a sub-

strate plateau and the Fe peak. In contrast, the RBS spec-
trum of the ion-beam-mixed sample shows that atomic
mixing has taken place across the interface. It can be de-

duced that the width of the mixed zone is 100 A—125 A
across the interface and its average composition is
Fe55A14&. The RBS measurements clearly show that in
spite of an extremely small solubility of iron in alumi-

num, a concentrated alloy of Fe in Al can be formed by
the beam-mixing process, due to its highly nonequilibrium
nature.

A. Interface-sensitive CEMS measurements

The conversion-electron Mossbauer spectrum of the as-

deposited sample is shown in Fig. 2(a). This spectrum is
in many respects similar to the one reported by Preston
for Fe film deposted on aluminium substrate (Preston
used Mossbauer spectroscopy in transmission mode
whereas we have used the CEMS mode). The spectrum in
Fig. 2(a) can be resolved (as has been done by Preston)
into a magneticaHy split six-line spectrum and a doublet
near the zero velocity position; the latter indicative of iron
in a nonmagnetic environment. The six-line pattern
which corresponds to hyperfine (hf) field of 330 kOe is
clearly due to n-Fe, although the linewidths in the present
case are much larger than normally expected, indicating
the possibihty of some distribution in the hf field. In or-
der to gain more insight into the causes of line broaden-
ing, we analyzed the Mossbauer spectrum in terms of a
continuous distribution of hf field P(H), using a method
proposed by Window ' with the assumption that the sex-
tuplets of probability P(H) have the same average isomer
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FIG. 2. Room-temperature conversion-electron Mossbauer
spectra of (a) as-deposited and (b) ion-beam-mixed Fe-Al com-
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shift and no quadrupole splitting. This P(H) distribution
[Fig. 2(e)] shows one peak at —330 kOe characteristic of
a-Fe and another at a field value of -252 kOe. Since Al
is nonmagnetic, a replacement of an Fe atom by an Al
atom in the near neighborhood of Fe probe would lead
to a reduction in the value of the hf field. It has been es-
timated that the hf field at Fe nucleus reduces linearly
at a rate of 26 kOe per Al neighbor. The peak at 252
kOe in the P(H) curve shows unequivocally that some of
the Fe atoms in the interface region have less than the
full complement of iron neighbors as in a-Fe and that
some of them have roughly three Al neighbors.

Apart from the two magnetically split spectral com-
ponents with hf field of -252 kOe and 330 kOe, the
Mossbauer spectrum of the as-deposited sample [Fig. 2(a)]
shows a central doublet having an isomer shift of 0.33
mm/sec (relative to a-Fe) and a quadrupole splitting of
1.02 mm/sec. Such a doublet may be thought to arise be-
cause of three reasons, viz. (i) incorporation of Fe in y-
AlzOq skin which is invariably present on the aluminum
surface, (ii) presence of a-FezO& particles with a particle
size less than —100 A leading to a superparamagnetically
relaxed spectrum or (iii) formation of a phase such as
FeA16 which is dilute in Fe concentration and hence yields
a nonmagnetic spectrum. We carried out some additional
experiments as well as analysis to arrive at a definite con-
clusion regarding the state of the interface in the as-
deposited sample. Firstly, we prepared a sample in which
the Fe layer was deposited on the aluminum substrate
after the deposition of an intermediate spacer layer of
-50 A of natural ion (containing only 2.2% Fe). In
this case the central doublet contribution became negligi-
bly small, meaning thereby that the proximity of the Fe
layer to the aluminum substrate is necessary for the oc-
currence of the doublet. This experiment also helped in
eliminating the second possibility of the formation of a-
FezO& clusters because, if oxidation of the Fe layer was
the cause of the occurrence of the doublet, the effects of
oxidation of iron should have been observed even in the
case when the Fe layer was away from the aluminum
surface. However, neither a superparamagnetic doublet
nor a magnetic six-line pattern corresponding to any of
the magnetic oxide phases of iron was observed. In order
to confirm that the nature of the substrate has a role to
play in leading to a central doublet component in the
spectrum we prepared additional samples for interface-
sensitive studies on other substrates, viz. , silicon and ger-
manium. A central doublet was observed in both these
cases; however, the hyperfine parameters of the doublet
were considerably different (for Fe-Si, IS=0.45 mm/sec,
QS=0.99 mm/sec; and for Fe-Cxe, IS=0.40 mm/sec,
QS=0.88 mm/sec, where IS and QS represent isomer-
shift and quadrupole-splitting parameters, respectively), as
compared to the present case of Fe-Al interface. Hence,
the central doublet is undoubtedly caused by a
deposition-induced reaction between iron and the alumi-
num surface. The third possibility, viz. , formation of a
phase of Fe-Al system having dilute concentration of iron
which comes under this category could be eliminated
rather easily bemuse our spectrum corresponding to the
as-deposited sample could not be fitted with the known

hyperfine parameters of FeA16 or those of any other
dilute-Fe phases of the Fe-Al system, such as, Fe4A1&3,
etc. The CEMS spectrum could not be fitted even though
the fitting was attempted with values of hyperfine param-
eters close to those for the dilute-Fe phases. These facts
along with the other points mentioned above clearly indi-
cate that the central doublet can be attributed to the incor-
poration of a small quantity of Fe of the interface layer
into the thin y-AlqOq skin which is always present on the
aluminum surface.

The x-ray diffraction results corresponding to the as-
deposited sample show a significant contribution of the
[110] and [200] planes of Fe and a small contribution of
the dominant [111] planes corresponding to aluminum.
This is indeed to be expected on the basis of the fact that
in the small-angle x-ray smttering mode the x-rays
traverse a long path length in the iron overlayer and a rel-
atively smaller path length below the interface region.
This x-ray data, although not very useful in ascertaining
the atomistic aspects of the physical state of the interface,
can certainly serve as a confirmatory support for the con-
clusion derived on the basis of CEMS measurements,
especially in the case of the ion-beam-mixed sample with
and without thermal annealing treatment, as will be seen
later.

The CEMS spectrum of the ion-beam-mixed sample is
shown in Fig. 2(b). This spectrum is substantially dif-
ferent from that of the as-deposited sample, Besides the
central component, the spectrum clearly shows the ex-
istence of a distribution of hf field. When decomposed
using the standard procedure mentioned earlier, this spec-
trum gives the P(H) distribution as shown in Fig. 2(f).
This distribution exhibits four distinct peaks at 100, 192,
252, and 330 kOe. On comparing the P(H) distribution
for the as-deposited sample [Fig. 2(e)] and that for the
ion-beam-mixed sample [Fig. 2(f)], one finds that the peak
at —330 kOe (characteristic of a-Fe) is considerably re-
duced in the mixed sample with a very slight change in
the peak at -252 kOe and emergence of two additional
peaks at 192 and 100 kOe. CEMS spectrum not only
shows that atomic mixing has taken place but also the
varying environment experienced by Fe atoms in the
mixed zone.

In order to understand the observed distribution of hf
field indicative of the varying nature of the environment
of Fe atoms in the mixed zone, it is necessary to briefly
discuss the mechanism of ion-beam-induced atomic mix-
ing. When 100-keV Ar+ ions are incident on a composite
of Al substrate overcoated with iron film, they penetrate
into the composite to an average depth of -300 A. In
'the process, they cause a series of branching cascades of
atomic collisions pushing iron atoms across the interface
into aluminum substrate with an outmigration of alumi-
num; and create a number of vacancies and interstitials.
The whole process occurs extremely rapidly over a time
scale of 10 ' to 10 ' sec leading to the quenching of the
mixed zone into a rnetastable alloy. It has been shown
that when the structures of the two components, such as
Fe (bcc) and Al (fcc) in the present case, are different a
random alloy is formed on ion-beam-induced mixing. "
However, there is no information available in the litera-
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ture about the atomic coordination in the mixed zone. In
the present case, the coordination in Fe (bcc) being 8
(nearest neighbors) and in Al (fcc) being 12, it is possible
that in the mixed zone (i.e., in the random alloy) the coor-
dination varies randomly between 8 and 12. Above the
mixed zone, one may expect to have iron with a few Al
atoms, whereas below the mixed zone a dilute concentra-
tion of iron in aluminum is expected.

Assuming the average composition of the mixed zone
to be FeqqA14&, one can obtain the probability P(n) of a
given Fe atom having n nearest Al neighbors in 8 and 12
coordination configurations by using the standard binomi-
al distribution given by

+IP (n) Cn( 1 C~(N —n)

n!(%—n)!

where X is the atomic coordination (8 or 12) and C is the
Al concentration in the random alloy. If we further as-
sume that the hf field at Fe nucleus decreases progres-
sively at a rate of -26 kOe per nonmagnetic aluminum
neighbor one can transform the distribution function
P(n) to give the distribution of the hf field P(H) as
shown in Fig. 3. This P(H) distribution curve shows
peaks at 190 and 252 kOe. It is interesting to note that
peaks at these values of hf field are indeed observed in the
case of the ion-beam-mixed sample [Fig. 2(f)] and by com-
paring the relative intensities of the two peaks it is possi-
ble to find the proportion of iron atoms with coordination
8 and 12.

It may be noticed [Fig. 2(f)] that in addition to the two
peaks at 190 and 252 kOe, the ion-beam-mixed sample
also shows one peak at 330 kOe and the other at 100 kOe.
The CEMS spectrum of this sample [Fig. 2(b)] also has a
contribution of a doublet with an isomer shift of 0.3
mm/sec and a quadrupole splitting of 0.947 mm/sec.
The peak at 330 kOe is undoubtedly the peak due to n-Fe
contributed by -Fe atoms above the mixed zone. The ob-
servation of a peak at 100 kOe in the P(H) curve and a
doublet near zero velocity position indicate that the Fe
atoms responsible for these signals are in weakly magnetic

and nonmagnetic environments, respectively. Such an en-
vironment is expected in the layers below the mixed zone
where one has dilute Fe concentration in Al matrix. This
situation can be favorably compared to the case of low
dose implantation of Fe in aluminum. Such experi-
ments have been carried out by Sawicka ..et al. They
have reported that up to 5 at. % concentration of Fe in
Al, the Mossbauer spectrum is composed of a single line
and a quadrupole-split doublet. The contribution of the
single line decreases as the concentration of Fe increases
and above 5 at. % of Fe, only a doublet is seen. These au-
thors attributed the doublet to Fe dimers in Al. They
have also reported that the isomer shift and the quadru-
pole splitting of the doublet increases with a further in-
crease of Fe concentration. It is therefore reasonable to
assume that the central quadrupole doublet observed in
the spectrum [Fig. 2(b)] of the ion-beam-mixed sample is
essentially due to Fe dimers in Al. If the aggregation of
Fe in Al increases further to form, say, trimers or higher
associations, the configuration could become weakly mag-
netic with hf field of 100 kOe.

The x-ray diffraction result corresponding to the ion-
beam-mixed sample in the as-mixed state [Fig. 5(b)] clear-
ly shows a significant rise in the background level of the
diffraction pattern indicating the presence of disorder. In
addition to an enhancement of the extent of contribution
in the region of 20 just below the main diffraction peak
corresponding to a-Fe [110], one can observe a broad
hump in the pattern in the region of 26 between 26' and
34 . Both these features can be attributed to the oc-
currence of an atomic mixing at the interface, because the
significant diffraction peaks corresponding to a large
number of phases of the Fe-Al system fall at 28 values
which are somewhat lower than 45.06 which corresponds
to the dominant [110]diffraction peak of a-Fe, while oth-
er dominant diffraction peaks fall in the range between 28
values of 26' and 32'. The fact that the x-ray-diffraction
pattern does not show a well-define peak structure (not
referring to the sharp lines due to a-Fe in the top un-
mixed portion of the sample) is consistent with the CEMS
observation of broad distribution of internal magnetic
field [Fig. 2(f)) indicative of variations in the atomic envi-
ronment experienced by the Fe nuclei.

The CEMS spectra of the ion-beam-mixed sample an-
nealed at 300'C and 400'C for 20 min each, do not show
any significant changes. These spectra [Figs. 2(c) and
2(d)] were decomposed to give the hf field distribution
[Figs. 2(g) and 2(h)]. It is seen that the hf field distribu-
tion in these cases is identical to what was observed for
the unannealed ion-beam-mixed sample. These results
clearly indicate that no significant atomic motion is possi-
ble at these temperatures and that the mixed zone contin-
ues to be in a metastable random-alloy phase with an
average composition of Fe»A14q.

On annealing, the ion-beam-mixed sample at 500 C for
20 min, a sudden phase precipitation appears to have oc-
curred resulting in a sharp hf split pattern [Fig. 4(a)]. The
x-ray-diffraction result corresponding to this sample [Fig.
5(c)] is also vastly different from that of the ion-beam-
mixed sample in the as-mixed state [Fig. 5(b)]. The
CEMS spectrum of Fig. 4(a) can be fitted with two sextets
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diffraction patterns of (c) and (d) correspond to the ion-beam
mixed composite annealed at 500'C and 600'C, respectively, for
20 min each.
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FIG. 4. Room-temperature conversion-electron Mossbauer

spectra o ion- eam-f ' -beam-mixed samples annealed (a} at 500 C show-
b at600Cing the precipitation of Fe and Fe3Al phases and (b) at

showing the formation of iron clusters.

hiometric Fe Al has an ordered DO3-type lattice with a
18unit cell having a, f3, and y sites. The a and y sites are

occupied by Fe atoms whereas the P sites are occupied by
Al atoms. Fe Mossbauer spectrum of ordered Fe3A1 as
reported by Czjzek and Berger ' shows two superposed
six-finger patterns with an internal field of 210 kOe (Fe at
y sites with four nearest Fe neighbors) and 295 kOe (Fe at
a sites with eight nearest Fe neighbors). Although at the
o; site, the Fe atoms have the same number of near neigh-
bors as in o.-Fe, the hf field at Fe nucleus at the o. site is
less than that observed at Fe nucleus in a-Fe. This
difference has been attributed to the presence of Al atoms
in the neighborhood. If there are vacancies at normal Al
sites, then the field at Fe nucleus in o.' sites would be al-
most equal to that at Fe in o.-Fe, i.e., 330 kOe. It is also
necessary to mention that the sextet with a hf field of 210
kOe is twice as strong as the sextet with a hf field of 29
kOe in ordered Fe3A1. In our case, as mentioned above,
we observed only a sextet with a hf field of 210 kOe and
did not observe the other weaker sextet with a hyperfine
field of 295 kOe. This nonobservance of the other sextet
may be due to the fact that the Fe3A1 which is formed on
annealing of the ion-beam-mixed sample at 500'C is not
completely ordered; or the Fe atoms in o. sites have Al va-
cancies in their neighborhood, thereby increasing the h
beyond 295 kOe and leading to overlap of this contribu-
tion with sextet due to a-Fe.

The inferences in the above paragraph concerning the
physical state of the ion-beam-mixed sample annealed at
500 C made on the basis of CEMS measurements are
once again found to be in complete agreement with the x-
ray-diffraction results [Fig. 5(c)]. The x-ray results clear-
ly bring out the contributions of the dominant [220],
[111],[200], and [400] planes corresponding to the Fe3Al
phase, which appear at 20 values of 44.36', 26.66, 30.92',
and 64.18', respectively. In fact, the presence of the
strongest Fe3A1 diffraction peak at 249 value of 44.36'
which is just below the strongest n-Fe diffraction peak at
28 value of 45.06' is clearly reflected in the appearance of
a broad line in this region of diffraction. It is also signi i-
cant to note that the background absorption level which
was considerably high in the as-mixed sample is also sub-
stantially reduced upon annealing; indicating elimi-
nation of structural disorder and phase precipitation.

The sudden and marked change in the Mossbauer spec-
trum on annealing the ion-beam-mixed samp e att 500'C
suggests that at this temperature, significant atomic

t' becomes possible enabling the trans ormation o
metastable random alloy Fe55A145 into stable Fe3A an
a-Fe. Assuming that this phase precipitation is due to
atomic migration over a few lattice units during the an-
nealing time, one can estimate the atomic diffusion coeffi-
cient of Fe-Al in the mixed phase. This atomic diffusion
coefficient turns out to be of the order of 10 ' cm /sec.
It is very interesting that Hirvonen and Raisanen have
reported that the diffusion coefficient of Al in ion-
implanted Fe is 3.1&10 ' cm /sec at 500'C. This value
agrees remarkably well with the value of the diffusion
coefficient inferred by us.

On further annealing the samples at 600'C for 20 min,
one observes the CEMS spectrum as shown in Fig. 4(b).
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This spectrum is significantly different from the one cor-
responding to the sample annealed at 500'C. The CEMS
spectrum of the sample annealed at 600'C can be fitted to
a sextet with a hf field of 330 kOe characteristic of a-Fe
and a quadrupole-split doublet with an isomer shift of
0.17 mm/sec and a quadrupole splitting of 0.30 mm/sec.
In order to uniquely ascertain the physical state of the in-
terface responsible for the occurrence of the quadrupole
doublet one may use the x-ray-diffraction result for the
sample annealed at 600'C [Fig. 5(d)]. This x-ray pattern
shows the presence of only e-Fe and Al in the sample;
and complete absence of the lines corresponding to the
Fe3A1 phase, which were present in the sample annealed
at 500'C. It may in fact be noted that in Fig. 5(d) a sharp
line is observed at a 20 value of 45.06' corresponding to
a-Fe and the line at 44.36 corresponding to Fe3A1 [220] is
completely eliminated. The other lines corresponding to
Fe3A1 at 28 values of 26.66', 30.92, and 64.18' are also
absent in the x-ray diffraction result of Fig. 5(d). It may
thus be concluded that the intermediate metastable Fe3A1
phase formed in the ion-beam-mixed sample annealed at
500 C is decomposed upon annealing at 600 C leading to
a phase-separated system of iron and aluminum. If the
entire iron in the phase separated state were bulklike, then
only a six-finger pattern would have been observed in the
CEMS spectrum. The presence of a major contribution of
a quadrupole-split doublet in the spectrum, however,
clearly shows that a substantial fraction of iron at the in-
terface is in the form of iron clusters in aluminum matrix.
It is indeed gratifying to note that the hyperfine interac-
tion parameters of the quadrupole-split doublet in the
CEMS spectrum of Fig. 4(b) match extremely well with
those of iron clusters in aluminum, reported by Nasu
et al. Thus, in conclusion if may be stated that anneal-
ing of the ion-beam-mixed sample at 600 leads to disin-
tegration of the intermediate metastable phase formed at
the interface due to annealing at 500 C, to form iron clus-
ters in aluminum matrix.

Finally, it is of interest to point out the characteristic
difference between ion-beam processing and thermal pro-
cessing of the Fe-Al composite. When the as-deposited
Fe-Al composite is annealed at 300'C and 400'C, one
finds hardly any change in the Mossbauer spectrum from
the spectrum corresponding to the as-deposited sample.
However, on annealing the as-deposited sample at 500'C
one observes only a spectrum characteristic of a Fe Thi-s.
shows out-migration of Fe. In contrast, in case of ion-
beam-mixed sample annealed at SOO'C one observes a
change from a random alloy with an average composition
of Fe55A145 to give a-Fe and Fe3A1. Similarly, the as-
deposited sample thermally annealed at 600'C shows only
a spectrum characteristic of a-Fe without any doublet as
is observed in the ion-beam-mixed sample annealed at
600'.

B. Dose dependence of ion-beam mixing
(non-interface-sensitive CEMS measurements)

A study of the dependence of ion-beam-induced mixing
on the implantation dose is of considerable importance
from two points of view. Firstly, it is of interest to identi-
fy the range of ion dose which could yield efficient atomic

mixing in the case of a given binary system and to estab-
lish the correlation between such dose range and the phys-
ical properties of the participating elements. Secondly,
from the standpoint of physics it is of importance to
know the change in the nature of the beam-mixing process
as the ion dose is increased from the low dose regime cor-
responding to isolated cascade effects to the high dose re-
gime which involves cascade overlap effects. Some exper-
imental work on the growth of the beam-mixed region at
the interface as a function of the ion dose has been report-
ed in the literature; however, no detailed information re-
garding the microscopic aspects of the dose dependence of
ion-beam mixing is presently available. Since Mossbauer
spectroscopy can bring out such an information at an
atomi. c level we undertook the study of the dose depen-
dence of ion-beam mixing by employing the CEMS tech-
nique. In this case we resorted to the non-interface-
sensitive studies for the reason which has been clearly
mentioned earlier.

The CEMS spectrum of the as-deposited sample and
the corresponding field distribution [P(H)] appear as
shown in Figs. 6(a) and 6(h), respectively. Since the Fe
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FIG. 6. Room-temperature conversion-electron Mossbauer
spectra of (a) as-deposited and (b)—(g) ion-beam-mixed Fe-Al
composites. The implantation dose values of 100-keV Ar+ ions
corresponding to the CEMS spectra of (b), {c),(d), (e), (f), and (g)
are 1)&10', 5)&10', 1&10' 5X10', 1&10', and 3&&10'
ions/cm, respectively. The P (H) distribution curves corre-
sponding to the CEMS spectra of (a), (b), (c), (d), {e), (f), and (g)
are given in (h), (i), (j), (k), (1), (m), and (n), respectively.
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nuclei are uniformly distributed in the overlayer, most of
them experience an Q.-Fe-1ike environment with a single
hyperfine field of 330 kOe. The ratios of line intensities
are 3:2:1::1:2:3and these represent the random magnetiza-
tion direction in iron film. ' The CEMS spectra of Fe-Al
composites bombarded with 100-keV Ar+ ions at doses
between 10' and 3&(10' ions/cm are shown in Figs
6(b) 6—(g) and corresponding P(H) distributions are given
in Figs. 6(i)—6(n), respectively. The systematic change in
the nature of the CEMS spectrum as well as the P(H)
distribution can be clearly observed in these results. The
gradual decrease of the peak at 330 kOe in the P(H)
curve and the increase of low field components clearly sig-
nify that increase in ion dose leads to atomic mixing of in-
creasing -number of Fe atoms with the nonmagnetic Al
atoms. It may be noticed that the spectral component
near zero velocity channel shows a small increase in inten-
sity upon bombardment at 10' ions/cm and a sudden in-
crease subsequent to bombardment at 5&10'" ions/cm .
The linewidths are also considerably larger in the latter
case and these features of disorder are directly reflected in
the P(H) curve [Fig. 6(j)]. As the dose is increase beyond
5 X 10' ions/cm, however, the changes appear to be
more gradual; the main features of the changes being vari-
ations of line intensity ratios and. linewidths. The peak at
330 kOe (due to a-Fe of the unmixed portion of the over-
layer) also shows a decrease accompanied by broadening
of the peakwidth. The low field components exhibit a
gradual increase in intensity without any drastic change in
the nature of their distribution. It is of interest to study
the dependence of the total contribution of the low field
components on ion dose because these components reflect
the extent of atomic mixing of the magnetic Fe atoms
with the nonmagnetic Al atoms. This dependence is
shown in Fig. 7. It may be clearly seen that the rate of
growth of the mixed region shows a significant decrease
when the dose rises above 5 & 10' ions/cm . Considering
the fact that at dose values above 5X10' ions/cm the
cascade overlap effects start dominating the mixing pro-
cess, the change in the nature of the mixing reaction at
this dose value can be attributed to ensuance of such ef-
fects. It may be argued that at doses below 5X10'
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ions/cm the mixing occurs mainly via individual cascade
effects which cause vacancy generation across the inter-
face leading to a rapid growth of the mixed region. At
these doses the contribution of cascade overlap effect may
be expected to be rather small (although not negligible).
On the other hand, if bombardment is continued beyond
the dose of 5 & 10' ions/cm the energy deposited by ions
may be dispersed in the medium by defect-assisted long-
range atomic transport in the film. Such transport can
primarily occur within the premixed region wherein a
large concentration of defects already persists, leading to a
slower increase in the mixed region across the interface.

It has been suggested that an increase of ion dose
above —10' ions/cm primarily leads to dilution of the
mixed region and densification of the regions above and
below the central mixed zone. This can lead to generation
of stress in the mixed region and to a magnetic anisotropy
via magnetostrictive coupling, provided the film has a fer-
romagnetic nature. This is clearly established by our re-
sults which show a systematic change in the line intensity
ratios' from 3:2:1::1:2:3in the as-deposited sample exhib-
iting random direction of magnetization, to 3:4:1::1:4:3in
the sample bombarded with ion dose of 3X10' ions/cm
indicating presence of magnetization in the plane of the
film in the beam-mixed alloy. At doses between 5&10'
and 3&10' ions/cm the intensity ratios show a sys-
tematic variation indicating gradual build up of stress.

In addition to the Fourier decomposition procedure we
also used a conventional Mossbauer fitting method to ob-
tain hf interaction parameters. In samples bombarded at
10', 5 X 10'", 10', and 5 X 10' ions/cm we could clearly
identify the contributions of Fe monomers and dimers in
Al' in addition to the magnetic components. The mono-
mer contribution decreases from —1 l%%uo to —0.5% when
the dose is increased from 10' to 5&10' ions/cm . On
the other hand, the contribution of dimers shows a gradu-
al increase with ion dose over the entire dose range be-
tween 10' ions/cm to 3 & 10' ions/cm, increasing from
-4%%uo to —12%. The decrease of monomer contribution
and the simultaneous increase of dimer contribution indi-
cates the tendency of Fe atoms to form associations in Al
matrix under chemically and structurally metastable con-
ditions. The isomer shift, quadrupole splitting, and the
linewidth corresponding to the quadrupole-split doublet
representing the dimers also show gradual increase from
their values of 0.25, 0.90, and 0.34 mm/sec, respectively,
for samples mixed at a dose of 10' ions/cm, to 0.61,
1.07, and 0.46 mm/sec, respectively, for a sample mixed
at a dose of 3X10' ions/cm . Such an increase in the
values of hf interaction parameters (especially the isomer
shift) with ion dose once again supports the view that
mixing by using progressively higher dose leads to dilu-
tion of the mixed region. This is because such a dilution
can cause a decrease in the value of S-electron density at
iron nucleus and correspondingly an increase of isomer
shiA. "

I

1000 200 300
10N DOSE )ons/cm2 (1014)

FICx. 7. Dependence of low internal magnetic field com-
ponents (corresponding to Fe atoms with one or more alumi-
num neighbors) on the implantation dose.

IV. CONCLUSION

The physical processes associated with ion-beam-
induced reactions at the Fe-Al interface have been studied
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for the first time using the method of conversion-electron
Mossbauer spectroscopy, which has been made interface
sensitive by enriching the interface layers with Fe
Mossbauer isotope. A non-interface-sensitive study has
also been performed to investigate the dose dependence of
ion-beam mixing.

Ion-beam mixing of Fe-Al composite (100-keV Ar+
ions, ion dose —10' ions/cm ) produces a metastable ran-
dom alloy with a composition Fe55A14&. The Fe atoms in
this alloy experience varying atomic environment which is
reflected by the distribution of the hyperfine field at Fe
nuclei. Atomic migration in this metastable alloy is ini-
tiated at 500 C and it leads to the formation of Fe3A1 and
a-Fe phases. Further annealing of the ion-beam-mixed
sample at 600 C disintegrates the Fe3Al phase to give iron
clusters in Al matrix. In so far as the dose dependence of
ion-beam mixing is concerned a significant change in the
mixing reactions is seen to occur when the ion dose in-

creases above —10's ions/cm, which corresponds to a
dose value beyond which the cascade overlap effects start
becoming increasingly important.
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