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Abstract

An abnormal sequential disordering process was observed in Sc—Ni multilayers
upon room temperature 200 keV xenon-ion irradiation: the Ni lattice became
unstable and entered an amorphous state faster than the Sc lattice did. Since
there was negligible difference in mutual solid solubility and no significant
difference in melting point between the two metals, this abnormal process was
attributed to the fact that the damage density in the Ni layer was calculated to
be about 2-3 times that in the Sc. A damage gradient model was thus proposed
in which the Sc atoms diffused much faster along an uphill damage gradient
towards the Ni layer than vice versa, resulting in the Ni lattice exceeding its
critical solid solubility and collapsing into a disordered state faster than the Sc
lattice.

1. Introduction

Since the early 1980s, ion beam mixing (IBM) of metal-metal multilayers has been used
to produce non-equilibrium alloys in binary metal systems [1]. Already, a great number
of amorphous and other metastable alloys have been obtained in numerous systems with
different characteristics [2]. Meanwhile, a great effort has been made to investigate the detailed
mechanism involved in the amorphization process consequent upon IBM; e.g. Ding et al [3]
have observed the dependence of temperature upon the ion and electron irradiation, Averback
and Ghaly [4] conducted molecular dynamics (MD) simulations to study the effect of ions
impinging on condensed matter and Krill er al [5] studied the effect of supersaturated solid
solubility on amorphization behaviour under the guidance of the Lindemann melting criterion.
Generally speaking, a clear physical picture describing the detailed process of the irradiation-
induced amorphization transition has not been developed, because of the complexity involved
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in the IBM far-from-equilibrium process. Also, in the early 1980s, an amorphization transition
in metal-metal multilayers was observed upon solid-state reaction (SSR) being conducted at
a medium temperature, i.e. the crystalline Au and La transformed into an amorphous phase
upon thermal annealing at about 350 °C [6]. In SSR studies, an ‘asymmetric amorphization
behaviour’ was observed during SSR in some binary metal systems in experiments and/or by
means of MD simulations, i.e. the growth of the amorphous interlayer towards one metal is
faster than towards the other. In some cases, the amorphous interlayer grew faster towards the
metal with the lower melting point [7-11]. Recently, however, an opposite growth behaviour
was reported by Lai and Liu [12] in the Ni-Ti system: the speed growth of the amorphous
interlayer was faster towards Ti with a melting point of 1941 K than towards Ni, whose
melting point (1728 K) is lower than that of Ti. From a physical point of view, the origin
of the amorphization transition was the initial crystalline lattice collapsing into a disordered
state while the solute concentration exceeded the critical solid solubility allowed by the lattice,
with the other possible influencing factors, e.g. strain and grain size, playing a secondary role.
On the basis of this understanding, Lai and Liu [13] proposed a solubility criterion, which
predicted that the amorphous interlayer would grow faster during SSR towards the metal with
the lower critical solid solubility. It turned out that the prediction was in good agreement with
the experimental observations and/or MD simulation results reported so far in the literature.

To test whether the solubility criterion was also valid for the process of the irradiation-
induced amorphization transition in metal-metal multilayers, Li and Liu [14] investigated
the Ni-W system—in which the solid solubility of Ni in W is much lower than that of W
in Ni—and did observe that the W-enriched multilayers were easier to amorphize upon ion
irradiation than the Ni-enriched ones, though the metal W has a much higher melting point
than Ni. Apparently, such asymmetry of behaviour induced in the Ni-W multilayers by ion
irradiation could be attributed to a solid-solubility difference between the two metals. In the
present study, the Sc—Ni system was chosen to use to investigate whether or not asymmetric
amorphization behaviour would also emerge in Sc—Ni multilayers upon ion irradiation and,
if so, what would be the predominant governing factor, as the solid solubilities of Sc in Ni
and Ni in Sc are almost identical, both being less than 1%. In addition, the Sc—Ni system is
characterized by a very negative formation enthalpy (— 57 kJ mol~") and there is no significant
difference in melting point between Sc (1812 K) and Ni (1726 K) [15].

2. Experimental procedure

The Sc—Ni multilayers were prepared by alternate depositions of pure Sc and Ni onto freshly
cleaved NaCl single crystals in an electron-gun evaporation system with a vacuum level of the
order of 10~® Torr. The deposition rate was controlled at 0.5 A s~! and no special cooling were
provided for the substrates during deposition. The total thickness of the films was designed to
be about 40 nm. Three alloy compositions, i.e., ScgoNizg, ScsoNisg and Sc3gNiyg, were chosen
for the present study. The Sc—Ni multilayered samples were designed to consist of six Sc
and six Ni layers and the desired overall compositions were obtained by adjusting the relative
thicknesses of the individual Sc and Ni layers. The real compositions of the samples were
confirmed to be ScgyNiyg, Scs,Nigg and Scy9Niy, respectively, by energy-dispersive spectrum
(EDS) analysis with a measuring error around 4%. 200 keV xenon ions were employed for
the ion irradiation experiments and the irradiating xenon ions were able to penetrate through
the Sc—Ni multilayers of about 40 nm thickness with a good mixing efficiency. The IBM
experiments were conducted at 77 K, i.e. the sample holders were always cooled by liquid
nitrogen during the ion irradiation, to various doses ranging from 1 x 10'# to 6 x 10'> Xe* cm~2.
The vacuum level of the implanter was of the order of 10~ Torr. The xenon-ion current density
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Figure 1. (a) A bright-field image of the as-deposited ScgoNiyp multilayered films. (b) A
corresponding SAD pattern, showing the diffraction lines of the polycrystalline Sc and the
polycrystalline Ni together with a weak halo reflected from the Sc—Ni amorphous phase.

was limited to about 0.5 A cm™2 to avoid an otherwise possible overheating effect. With such
precautions, the temperature rise of the substrates during the ion irradiation was estimated to be
around 150 °C. In other words, the real temperature of the substrates during ion irradiation was
still lower than room temperature, and so would have no very considerable effect on the non-
equilibrium phase formation [2]. For structural characterization, all the Sc—Ni multilayered
films were removed from the NaCl substrates with de-ionized water and placed onto the Cu
grids for transmission electron microscopy (TEM) examination and selected-area diffraction
(SAD) analysis.

3. Results

We now present the experimental results. Firstly, the structures that emerged in the as-deposited
multilayered films with the three different overall compositions were basically the same. Take
the ScggNipy multilayered sample as an example; figures 1(a) and (b) show a bright-field image
and the corresponding SAD pattern obtained for the as-deposited ScggNiyg multilayers. One
can see, in figure 1(b), the sharp and intense diffraction lines from Sc and Ni, confirming the
presence of polycrystalline Sc and Ni in the as-deposited state. Carefully examination of the
SAD pattern reveals that there is one halo of weak intensity located somewhere in the midst
of the strongest Sc(100) and Ni(111) lines, suggesting that a trace of Sc—Ni amorphous phase
has already been formed during deposition—most probably in the Sc—Ni interfacial regions.

Table 1 lists the structural changes that emerged in the Sc—Ni multilayers upon 200 keV
xenon-ion irradiation to various doses. One can observe from the table that a single amorphous
phase was formed in all of the Sc—Ni multilayered films with the three different overall
compositions, yet the doses required to induce complete amorphization were different, i.e.
they were 9 x 10'%, 4 x 10" and 4 x 10'> Xe* cm™2 for the Sc3gNi7g, ScsoNiso and ScgoNiyg
multilayers, respectively. These results suggested that in the Sc—Ni system with a large negative
formation enthalpy, amorphous alloy films were readily obtained by the IBM scheme over a
relatively abroad composition range.

More interestingly, one can also observe from the table that some intermediate states
emerged in the Sc—Ni multilayered films during the early stages of the IBM before the single
Sc—Ni amorphous phase formed. Take the Scs;Nisg multilayered sample as an example.
Figure 2(a) and (b) are two SAD patterns for the Scs;Nigg multilayered films, presented to

show the structural evolution after irradiation to doses of 3 x 10 and 4 x 10" Xe* cm~2,
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Figure 2. (a) An SAD pattern taken from the ScsyNigg multilayered films after 200 keV xenon IBM
at 77 K to a dose of 3 x 10'* Xe* cm~2. One can see one halo from the amorphous Sc-Ni phase
formed and some weak diffraction lines from polycrystalline Sc, meaning that at this irradiation
stage, a trace of Sc remained in the crystalline structure. (b) A SAD pattern taken at an irradiation
dose of 4 x 10'5 Xe* cm™2. One can see only diffraction halos, confirming the formation of a
single amorphous Sc—Ni phase in the sample.

Table 1. The structural phase transformation that emerged in the Sc—Ni multilayered films during
200 keV xenon-ion irradiation at 77 K to various doses ranging from 1 x 10'* to 4 x 10'> Xe* cm 2.

Dose (XC+ cm*Z) SC29Ni71 SCSZNi43 SCgQNizo

1 x 10 Sc+Ni Sc+Ni Sc+Ni

3x 104 Sc + amorphous  Sc + amorphous  Sc + amorphous
5% 104 Sc + amorphous  Sc +amorphous  Sc + amorphous
7 x 104 Sc + amorphous  Sc +amorphous  Sc + amorphous
9 x 104 Amorphous Sc + amorphous  Sc + amorphous
2 x 10 Amorphous Sc + amorphous  Sc + amorphous
4 x 101 Amorphous Amorphous Amorphous

respectively. In figure 2(a), one observes one halo together with some very weak diffraction
lines from Sc, meaning that in this intermediate state, the Ni lattice has already become
disordered in forming the observed Sc—Ni amorphous phase, while a trace amount of Sc still
remained in the crystalline structure. The above phenomenon clearly revealed that a sequential
disordering or asymmetric amorphization behaviour did take place in the Sc—Ni multilayers
upon ion irradiation. It was further clarified later that the asymmetric amorphization behaviour
originated from it being easier to disorder the Ni lattice than the Sc lattice under the present
experimental conditions. From figure 2(b), one observes three halos, but no diffraction line
remains, indicating that a single Sc—Ni amorphous phase was formed at an irradiation dose of
4 x 101 Xet ecm™2. In summary, the above structural evolution that emerged in the Scs;Nigg
multilayered sample can be expressed as follows:

3x10 Xe* cm™2 4x10% Xe* cm™2
- _

Sc + Ni amorphous + Sc (trace) amorphous.

Similar phenomena were also observed for the other two compositions, as shown in table 1.
4. Discussion

It is well known that IBM is a far-from-equilibrium process and very capable of producing
non-equilibrium alloys. The formation of uniform Sc—Ni amorphous alloys upon IBM could
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be explained by a well-established two-step mechanism involved in the process, i.e. atomic
collision cascade and relaxation [2]. Briefly, the atomic collision cascade induces intermixing
between the Sc and Ni layers, resulting in a highly energetic and disordered Sc—Ni mixture,
while the relaxation with a very short time span (1071910~ s) prevents the possible crystalline
phase from growing [16], thus leading to the formation of the Sc—Ni amorphous alloy phase.
The main issue here is therefore the underlying physics responsible for the asymmetric
amorphization behaviour or sequential disordering observed in the Sc—Ni system.

As mentioned in the introduction, a metal lattice becomes unstable and enters an
amorphous state mainly because the solute concentration exceeds its maximum solid solubility,
as has been confirmed by experimental observations and by means of MD simulations in some
binary metal systems [12, 13, 17]. In the present case of the Sc—Ni system, the experimental
observations showed that the Ni lattice became disordered faster than the Sc lattice, indicating
that the Ni lattice reached and exceeded its critical solid solubility faster than the Sc lattice.
Nonetheless, there was essentially no difference between the critical solid solubilities of Sc in
Ni and Ni in Sc. It was therefore deduced that the Sc atoms diffused into the Ni layer with a
greater speed than the Ni atoms diffused into the Sc layer if the thicknesses of the Ni and Sc
layers were about the same. It should be noted, however, that for the Scs,Nigg multilayered
sample, the thickness of the individual Sc layer was nearly 2.5 times that of the Ni layer, i.e.
the diffusion lengths for Sc and Ni atoms migrating into the partner lattices were different,
which made it complicated to clarify the underlying physics for the observed asymmetric
behaviour.

To exclude the influence of the difference in layer thickness, we investigated another case
of a Scy9Ni7; multilayered sample in which the thicknesses of the individual Sc and Ni layers
were approximately the same, corresponding to similar diffusion lengths for the Sc and Ni
atoms diffusing into their partners. Similar IBM experiments were performed and the same
intermediate state was observed in the Scy9Ni;; multilayered sample—i.e. after irradiation to
a dose of 3 x 10'* Xe* cm~2, the corresponding SAD pattern showed one halo together with
some very weak diffraction lines from Sc, meaning that in this intermediate state, the Ni lattice
has already become disordered in forming the observed Sc—Ni amorphous phase, while a trace
amount of Sc still remained in the crystalline structure, confirming again an easier disordering
of the Ni lattice than the Sc lattice in the Scy9Ni;; multilayered sample. On the basis of the
understanding that a crystalline lattice would collapse when the solute concentration exceeds
its critical value, it was deduced that the Sc atoms should have diffused faster into the Ni lattice
than the Ni atoms into the Sc lattice in the Sc,9Ni7; multilayered sample, since the thicknesses
of the Sc and Ni layers as well as the critical solid solubilities of Sc in Ni and Ni in Sc were
approximately the same.

It was thought that in the Sc—Ni multilayers, the atomic collision triggered by ion irradiation
would induce intermixing between the Sc and Ni metal layers, as a great number of Sc and
Ni atoms were excited by the impinging xenon ions into motion and so migrate, crossing the
interfaces, thus resulting in Sc dissolving into Ni and Ni into Sc. In our case, the sample was in
an arrangement of Sc—Ni multilayers and the initial energy of the irradiating xenon ions was of
200 keV. When the irradiating xenon ions penetrated the sample, the energy of the irradiating
ions varied due to the energy loss in the sample. Employing the TRIM program [18], it was
calculated that the energy of the xenon ions was reduced gradually and eventually reached a
value of about 9 keV at the end of the Sc—Ni multilayered sample. For the approximation,
the Sc—Ni multilayers were divided into twelve single layers (or six bilayers) and the ratio of
the vacancies to ions in each single layer was calculated using the respective energy values
according to the energy-loss calculation. Take the third Sc—Ni bilayer as an example; using the
energy of irradiating xenon ions of 100 keV, the ratio of the vacancies to ions in the Ni layer
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was calculated to be 284.3, which was more than three times that in the Sc layer, calculated
to be 91.6, indicating that there existed a sharp radiation damage gradient across the Sc—Ni
interface. Similar calculations were also performed for the other five bilayers. It turned
out that although the numbers of vacancies and ions in individual Ni and Sc layers changed
slightly, the damage gradient across the Sc—Ni interfaces basically remained the same, i.e.
the damage ratio in the Ni layers was more than three times that in the Sc layers. In other
words, the number of vacancies created in the Ni layers was considerably higher than the
number created in the Sc layers. It is known that the radiation damage would help in inducing
disordering in the materials and that the heavier the damage, the more readily the materials
become disordered. In the present case, the damage in the Ni layers was heavier than that
in the Sc layers, which could therefore help in producing a faster disordering of Ni lattice
than in the Sc lattice. Nonetheless, for the Ni lattice transforming into an amorphous state,
the dissolving of Sc atoms should also be considered; this is discussed further in the next
paragraph.

On the basis of the above experimental results, we proposed the following mechanism: in
the Scy9Niy; multilayers, so sharp a damage gradient across the Sc—Ni interfaces could drive
a differential interdiffusion, i.e. the Sc atoms could migrate faster into the vacancy sites in the
Ni layers than in the Sc layers, because the vacancy density in the Ni layers was much higher
than that in the Sc layers. In the interdiffusion process, the moving Sc and Ni atoms could be
either lattice atoms (jumping into vacancies) or interstitials (jumping into vacancies). Since
the solid solubilities at the Ni end and the Sc end were quite similar, the solute concentration
of the Sc atoms in the Ni lattice could therefore exceed the critical solid solubility faster than
that of the Sc atoms in the Ni lattice, which in turn resulted in an asymmetric growth of the
Sc—Ni amorphous phase. The proposed interpretation was apparently in good agreement with
the experimental observations mentioned above. Incidentally, the concept of radiation damage
gradient has also been employed in explaining the interfacial reaction between deposited metal
layers on silicon substrates [19].

One may suggest another mode of mutual diffusion as follows. Since there were more Ni
interstitials than Sc, more Ni atoms would diffuse into and reside in the interstitial sites in the
Sc layers. If such a mechanism were operative, the Sc lattice would have become disordered
faster than the Ni lattice, which is not compatible with the experimental observations. Another
alternative is that both Ni and Sc interstitial atoms jump into the vacancy sites of the Sc and
Ni layers, respectively, and therefore the jumping speed should be in positive proportion to the
numbers of vacancy sites available in the Sc and Ni layers for the Ni and Sc atoms to reside in,
respectively. Since the vacancy density in the Ni layers was more than three times that in the
Sc layers, the diffusion speed of Sc atoms into Ni layers would be faster than that of Ni atoms
into Sc layers. This interstitial-vacancy jumping mechanism has already been included in the
above model proposed by the present authors.

Also, for another two Sc—Ni multilayers, the individual Sc layers were thicker (because
of the higher Sc contents) than that in the Scy9Ni7; sample. From the above damage gradient
model, it was deduced that the irradiation doses required to effect complete amorphization
in these samples should be higher than that for the Scy9Ni;; multilayered sample and this
deduction was in excellent agreement with the experimental results listed in table 1.

Incidentally, in the defect creation upon ion irradiation, there were equal numbers of
interstitials and vacancies in Sc and Ni layers. It is known that during the defect creation
process, some of the interstitials could be combined with vacancies, resulting in a reduction
of the existing numbers of interstitials and vacancies in both Sc and Ni layers. Nonetheless, a
sharp damage gradient across the Sc and Ni interfaces could still be created and not eliminated
by such a recombination process. As long as there was a sharp damage gradient, it could drive
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a differential diffusion and result in an asymmetric growth of the Sc—Ni amorphous phase as
observed in the IBM experiments.

5. Summary

In conclusion, we have shown that in the Sc—Ni system, in which the maximum solid solubilities
at both extremes were essentially identical, a sharp damage gradient created across the Sc—
Ni interfaces by ion irradiation played a predominant role in governing the asymmetric
amorphization behaviour, i.e. under similar irradiation conditions, the metal subjected to higher
damage density would collapse faster than its less damaged partner metal, because the more
highly damaged metal would reach its critical solid solubility faster by dissolving the solute
atoms than the less damaged metal.
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