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Abstract. Cu/Fe layers produced by molecular beam epitaxy were subjected to 360 keV Ar+

irradiation at 180 K and 295 K over a range of ion fluences from 2.0×1015 to 5.0×1016 ions cm−2.
Rutherford backscattering spectrometry and x-ray diffraction were used to monitor the evolution
of the interfaces after each step of irradiation. Up to fluences of approximately 5×1015 Ar+ cm−2,
at both substrate temperatures, a moderate decrease of the initial Cu edge variance was observed.
At higher fluences an inter-diffusion of the layers was noticed. The results are interpreted as being
caused by stress effects and plastic deformation.

1. Introduction

Ion-beam bombardment has been used many times to produce solid solutions of immiscible
systems. Because of the intricate nature of the processes involved, the ion-beam mixing
of layered systems is not completely understood yet. Several models that take into account
thermodynamic parameters [1–4], like heat of mixing and cohesion energy, explain successfully
most experimental results for systems with negative heats of mixing, but fail to interpret
those of systems with positive heats. For Cu/Fe, with a positive heat of mixing of �Hm ≈
+15 kJ mol−1 [5], there is no general agreement about the mechanisms involved in ion-beam
mixing experiments [6]. The mixing rates at low temperature cannot be described by ballistic
models [7] or by thermal spike models [8] with acceptable accuracy. Other authors [9] suggest
that the defects created by irradiation act as sinks that induce mixing, despite the fact that
formation of Fe and Cu islands due to segregation was detected by Mössbauer spectroscopy in
the same work [9]. Amorphous solid solutions have been observed when multi-layer samples
were irradiated [10–12].

To help in the understanding of ion-beam mixing processes in immiscible systems, we
have performed irradiation experiments with an Ar+ beam of 360 keV on a Cu/Fe bilayer
with finer detail at low fluences than similar irradiations reported in the literature [6, 9]. The
evolution of the samples was followed by Rutherford backscattering spectrometry (RBS) and
x-ray diffraction (XRD).
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2. Experimental procedure

Samples of Cu/Fe/Cu were grown at room temperature by alternate deposition of Cu and Fe
of three layers of 1000 Å thickness, on an Si(111) substrate, using a Perkin–Elmer molecular
beam epitaxy apparatus at a pressure lower than 1.0 × 10−10 mbar during deposition. To
avoid the formation of Fe–Si metastable phases, the first evaporated layer in contact with the
substrate was made of copper.

The layers were bombarded with a 360 keV Ar+ ion beam, Rp = 1400 Å, �Rp = 300 Å,
Fd = 115 eV Å−1 [13]. This ensures that the Ar projectiles stopped within the Fe layer. Two
series of irradiations were performed, keeping the sample holder at temperatures of 180 and
295 K, with fluences (ϕ) running from ϕ = 2.0 × 1015 to 5.0 × 1016 ions cm−2 at a current of
1µA cm−2.

The dependence on irradiation fluence of the Cu edge variance at the Cu/Fe interface
was followed by RBS of 760 keV-alpha particles at 165◦. To double-check the RBS results
obtained at the lower a-beam energy, the RBS analyses of some selected samples bombarded
at low fluences were also repeated at 1.4 MeV at the Centre de Spectrometrie Nucléaire et
Spectrometrie de Masse, Orsay, France. Mixing variances (�σ 2

mixed = σ 2(ϕ) − σ 2(0)) were
quantified subtracting the standard deviation of the as-prepared interface profile sample (σ 2(0))
from the corresponding one after an irradiation fluence ϕ(σ 2(ϕ)). This quantity proved to be
proportional to 4Dt .

Samples were also characterized by x-ray diffraction with a Philips 1710 x-ray powder
diffractometer using graphite monochromatized CuKα radiation. Data were recorded in the
range 30◦ � 2θ � 115◦ in steps of 0.02◦ with a counting time of 11 s per step. Each set
of data was analysed by the Rietveld method [14]. The unit cell constants of the Cu and Fe
phases were refined along with sample displacement, the profile coefficients of a pseudo-Voigt
function modelling peak shapes, and the overallB factors [14]. Preferred orientation correction
was applied using the March–Dollase model [15].

3. Results

Figure 1 shows typical RBS spectra of the as-prepared samples and of those irradiated at
180 K with ϕ = 6 × 1015 and 5 × 1016 Ar+ cm−2. It illustrates the evolution of the interface
when subjected to ion-beam irradiation. The contamination observable at the surface of the as-
prepared sample was sputtered away during the first step of irradiation (ϕ = 2×1015 ions cm−2)
thus bringing about a sharp top edge of the Cu layer. In addition, the interfacial edge
of the Cu and Fe distribution sharpens for ϕ = 6 × 1015 ions cm−2, but broadens for
ϕ = 5 × 1016 ions cm−2. The sharpening is more important when the substrate is at a
temperature of 180 K; the broadening is more noticeable at 295 K. The room temperature
experiments were repeated twice on a different set of samples and the same results were
obtained.

The mixing kinetics, 4Dt versusϕ, obtained assuming an error function type profile for the
Cu concentration versus depth, are displayed in figure 2 for both substrate temperatures, 180
and 295 K. A non-linear dependence can be observed for the whole range of fluences instead
of the linear dependence generally reported for miscible systems and the expected predictions
of theoretical models. Two regions can be noted in figure 2: (i) the mixing variance decreases
with fluence (i.e., de-mixing is observed) for ϕ < ϕc ≈ 5×1015 Ar+ cm−2, and (ii) the mixing
variance increases with fluence for ϕ > ϕc at a nearly linear rate.

The x-ray diffraction pattern before irradiation is shown in figure 3. The Rietveld line-
profile analysis of the data was performed with a model assuming (111) and (110) preferential
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Figure 1. RBS spectra belonging to: as-prepared samples (open circles), and irradiated samples
with 360 keV argon ions at 180 K at fluences of ϕ = 6×1015 (open up-triangles) and ϕ = 5×1016

ions cm−2 (solid diamonds). The arrow indicates the position of the Cu front edge. In the inset,
the horizontal scale has been expanded to display more clearly the data at the Fe/Cu interface.

orientations of the Cu face centred cubic (fcc) film and of the Fe body centred cubic (bcc) film,
respectively. The refinement shows that, except for a broad signal in the 85◦ < 2θ < 105◦

region assigned to ε-(Cu,Si) [16], the data can be accounted for by highly oriented Cu
(aCu = 0.3602 ± 0.0002 nm) and Fe (aFe = 0.2855 ± 0.0002 nm) films. Because of the
pronounced preferred orientation, the intensities of the peaks in the high-angle region of the
pattern are not simulated by the refinement so accurately as in the low-angle one [14]. This
is particularly observable over the range of angles 85◦ < 2θ < 105◦ belonging to the broad
signal. The evolution of the Cu(111) and Fe (110) peaks with irradiation fluence is shown in
figure 4. The copper (aCu) lattice parameter remains essentially unchanged within experimental
errors. The resulting change of the iron (aFe) lattice parameter with fluence, obtained from the
corresponding Rietveld refinements, is plotted in figure 5. A thermal treatment performed at
573 K on the irradiated samples reversed the effect of irradiation on the Fe lattice parameter.
No amorphous phases were observed at any fluence.

4. Discussion

The present results show in detail a range of fluences that had been overlooked in previous
experiments on the same system [6]. Unlike the behaviour found in most immiscible systems,
where either no mixing at all [17–19] or mixing due to collisional processes [6, 9, 20–23] are
observed, our results (figure 2) show the two processes already mentioned. We observe that
both de-mixing and mixing are temperature dependent. The de-mixing is more pronounced at
180 K while the mixing increases with increasing temperature. This last trend was reported



4716 Desimoni et al

Figure 2. Dependence of the mixing variance on fluence for substrate temperatures of 295 K (solid
circles) and 180 K (solid squares).

for Fe/Cu bilayers irradiated at 77 K, 295 K and 550 K [6], contrary to the results of [24] and
[18], where a decrease of the amount of mixing with temperature was observed and ascribed
to the presence of chemical driving forces.

To our knowledge, the first determination of the mixing kinetics of the Cu/Fe system was
performed by Rauschenbach et al [6], who used 330 keV Ar and Xe beams to irradiate Cu/Fe
bilayers at 80, 300 and 550 K with fluences ranging from 5 × 1015 to 5 × 1016 ions cm−2. At
these fluences, the de-mixing stage that we observe was not noticed.

Further evidence of de-mixing processes can be inferred from the RBS Ni profile at
the lower irradiation fluence of figures 4 and 5 of [17]. These are room-temperature
irradiation experiments performed with 200 keV Kr ions on both Pb/Ni and Ni/Pb bilayers [17]
(�Hm = +13 kJ mol−1 [5]). Topological rearrangements at very short distance in ion-beam
mixing cascades during phase relaxation, causing a decrease in the initial interface roughness
even at low temperatures, could probably be responsible for the de-mixing process as well as
a decrease of the roughness of the surface (in contrast to the case of the Ag/Fe system [23]).

In spite of the large number of data reported for Fe/Cu and other immiscible systems
[23, 24], there are no determinations of the mixing kinetics, of the mixing efficiency dependence
on temperature, or on the deposited energy in the form of nuclear collisions. Therefore, it proves
difficult to assess what the relevant processes are, and also to perform quantitative analysis of
the mixing rates.

In a former study on Fe/Cu [9], radiation enhanced diffusion was used to interpret results
of conversion electron Mössbauer spectroscopy studies of an Fe/Cu interface irradiated with a
Kr beam of energies ranging from 30 to 120 keV at only one fluence of 1 × 1016 ions cm−2. In
this study, the results revealed the formation of Fe precipitates in the Cu layer and vice versa,
but no de-mixing was produced by the irradiation. Using the experimentally found extent of
mixing and the calculated deposited energy distributions, the authors claim that when most
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Figure 3. Rietveld profile analysis of the powder diffraction pattern of as-prepared samples. The
vertical bars show the line positions of bcc-Fe, fcc-Cu and ε-(Cu,Si). The differences between the
observed and calculated data are plotted at the bottom.

of the energy deposition takes place in the Fe layer, this region acts as an effective source of
vacancies for Cu atoms which migrate into Fe. Besides, increasing the energy deposition in
Cu seems to provide internal vacancy formation (and also annealing mechanisms leading to
less incorporative diffusion of Fe) and to radiation enhanced diffusion that plays a significant
role in the process of ion mixing.

Rauschenbach et al [6] reported an increase of mixing with fluence and with increasing
temperatures over the whole range of fluences. To explain this behaviour, the authors compared
their results with theoretical predictions of the ballistic [7] and thermal spike models [8]. None
of these calculations reproduced their data.

In our experiments, for Ar fluences higher than ϕc (figure 2), a linear relationship between
4Dt and ϕ might be established as the simplest dependence. The mixing efficiency (4Dt/ϕ)
dependence on temperature of our results and those of [6], shown in figure 6, indicates that
radiation-enhanced diffusion seems not to be the process responsible for mixing at T ≈ 180 K,
unlike the hypothesis of reference [9].

Calculations of the mixing rate performed with the ballistic model [7] predict
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Figure 4. Evolution of the fcc Cu (111) and bcc Fe (110) x-ray diffraction peaks with the irradiation
fluences indicated on the right (in 1016 ions cm−2 units) at (a) 295 K and (b) 180 K.

Figure 5. Fe layer lattice parameter as a function of fluence at 295 K (open squares), 180 K (solid
down-triangles), and after annealing of samples irradiated at 295 K (open diamonds).

(4Dt/ϕ)ball = 0.22 × 104 Å4. This underestimates our results at 180 K (4Dt/ϕ)exp =
(0.64±0.06)×104 Å4 almost by three in spite of the fact that thermal effects are not important.
This last hypothesis is reinforced by the Arrhenius plot of mixing efficiencies shown in figure 6
where no noticeable thermal dependence is observed up to 180 K. Chemical driving forces and
temperature in the case of ballistic mixing are considered in the model developed by Traverse
[2] for the case of regular solutions (rs) ((4Dt/ϕ) = (4Dt/ϕ)ball + (4Dt/ϕ)rs). Even at low
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Figure 6. Thermal dependence of the mixing efficiency: present results (solid squares), after Ar-
irradiation (solid circles), and after Xe ion-beam irradiation (solid down-triangles) taken from [6].

temperature, a reduction of the mixing rate should be expected due to chemical inter-diffusion
leading to a negative contribution. The results of these calculations are evidence that collisional
processes are not the only ones responsible for the observed behaviour.

Because of the magnitude of the deposited energy in the present experiment, Fd =
115 eV Å−1, the thermal spike models seem to be more adequate to interpret the experimental
results. Calculations carried out using the model proposed by Johnson et al [8], where the
mixing rate is proportional to F 2

d , estimate a negative mixing rate ((4Dt/ϕ)ts = −0.05 ×
104 Å4) using �Hm = +15 kJ mol−1 [5] and �Hcoh = −3.89 eV/at [25], in discrepancy with
calculations performed by Rauschenbach et al [6].

Models for mixing rate that take into account chemical driving forces in spatially separated
[26] and cylindrical local spikes [27] suggest a linear relationship between the mixing efficiency
and Fd . Unfortunately, numeric values of the two constants involved in the mixing rates
expression are not available. However, extrapolating the reviewed experimental results [26, 27]
to positive values of �Hm, a negative mixing rate might also be expected.

The above mentioned mixing processes alone or acting jointly are not able to explain the
current results. The dependence of the mixing rate must be the result of the operation of other
mechanisms.

To explain the enhancement of the solubility of one element into the other found in ball-
milling experiments on Fe–Cu powders [28], it was assumed that the plastic deformation
induces a change in the chemical potential [28]. This process could act as a driving force for
alloying and mixing. Independent evidence of the extension of the solubility range in Cu/Fe
multi-layers under ion-beam bombardment has been reported [10–12], where amorphous and
quasi-crystalline solid solutions were observed. This hypothesis, based on an enhancement of
solubility could also be applied to ion-beam mixing results of high positive heat of mixing. It
may be able to account for the evolution of the Cu/Fe interface over the whole fluence range
as well as the temperature dependence of the kinetics of mixing.
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For fluence values corresponding to the mixing step, the observed Fe cell parameters are
within those found for FexCu1−x solid solutions obtained by ball-milling from elemental Fe
and Cu powders with the nominal composition Fe90Cu10 [28]; or from rapid quenching from
the melt in the iron composition range 85 to 92.5 at.% [29]. However, the present lattice
dimension changes cannot be explained as due to a solid solution formation since RBS results
show that only a small portion of the layers are mixed.

The existence of internal stresses due to the defect structure and/or incorporation of Ar
is supported by the evolution of the lattice parameter of the Fe layer with irradiation fluence
(see figure 5). In addition, it has been established that dislocation structures are formed by
Ar ion-implantation in pure Fe inducing plastic deformation [30]. This internal stress could
modify the chemical potential, inducing a solubility enhancement, favouring mixing. Since
the solubility enhancement displays an Arrhenius thermal behaviour, the decrease of the de-
mixing and the increase of the mixing rate might also be interpreted in this way. Interstitial
Ar ions and their associated damage in the unmixed region of the iron layer might cause the
increase observed in the lattice spacing. This has been found to be the case for the behaviour
of Pd/Fe bilayer systems mixed at room temperature with a 200 keV Kr2+ beam [10].

More recently, Nastasi et al [31], have advanced a similar explanation for their results
on Ar ion-irradiation of multilayered DC sputtered thin films of TiN/B–C–N. They suggest
a dependence of the chemical potential on the stress that allows them to obtain an analytical
expression of 4Dt on the fluence. If applied to the present results, it is possible to think that in
our case (figure 2) the change in the chemical potential would be revealed by an ‘incubation’
dose—that depends on the temperature at which the experiment is performed—that shifts the
4Dt values in the same sense as the predictions of their model.

5. Conclusions

The present ion-beam mixing results, explored in a wide fluence range, have allowed us to
disclose a first step of de-mixing at low fluence values. The results of calculations using
the well known models developed for miscible systems are not able to reproduce the present
results quantitatively or qualitatively. Besides, hypotheses that could explain the experimental
results in other immiscible systems are not of help to the interpretation of the behaviour of
Fe/Cu interfaces under irradiation. The current results might be explained over the whole
fluence range if it were assumed that the solubility is enhanced due to stress fields and plastic
deformation induced by the incorporation of the Ar ions into the metal films.
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