
Ion-mixing-induced amorphization in an immiscible Au - Mo system with a small size

difference

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1996 J. Phys.: Condens. Matter 8 383

(http://iopscience.iop.org/0953-8984/8/4/005)

Download details:

IP Address: 171.66.16.179

The article was downloaded on 13/05/2010 at 13:08

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/8/4
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter8 (1996) 383–388. Printed in the UK

Ion-mixing-induced amorphization in an immiscible
Au–Mo system with a small size difference

F Pan†‡ and B X Liu†‡
† Department of Materials Science and Engineering, Tsinghua University, Beijing 100084,
People’s Republic of China
‡ Centre of Condensed Matter and Radiation Physics, China Centre of Advanced Science and
Technology (World Laboratory), Beijing 100080, People’s Republic of China

Received 22 September 1995

Abstract. Amorphization in immiscible Au–Mo multilayered films with a very small atomic
size difference was achieved by 200 keV xenon ion mixing at 77 K. The experimental results
revealed that Au/Mo multilayered films can be amorphized in the Mo content range 75–85 at.%
upon ion mixing. Thermodynamically, the excess interfacial free energy stored in multilayered
films was responsible for the formation of amorphous alloys.

1. Introduction

Amorphous materials are expected to have novel properties in many aspects, because of
their non-crystalline structure containing no vulnerable grain boundaries. Since the first
amorphous alloy obtained by rapid quenching of the melt in 1960 [1], various techniques
have been developed to produce new amorphous materials, such as physical vapour
deposition, laser quenching, ion implantation and solid state reaction (SSR) [2, 3]. In the
last two decades, ion-beam mixing (IM) has been used as a powerful means to produce
amorphous alloys and to study the amorphization mechanism of the binary systems [4].
On the basis of the extensive experimental data so far obtained, it has been commonly
recognized that, in metal–metal systems, there is good correlation of the amorphous-alloy-
forming ability in IM with thermodynamic and structural properties of the material systems,
i.e. amorphous phase formation tends to occur in systems with large negative heats (1Hm) of
mixing and large size differences [5]. Here the large negative1Hm between the constituents
was the thermodynamic driving force for the formation of amorphous alloys during IM, and
the large size mismatch prevented the formation of the simple structured solid solution
competing against amorphization. It is naturally deduced that an amorphous alloy would
not form in a binary system with a positive1Hm and with a small size difference, as the
free-energy curve of the amorphous alloy phase is convex in shape and always higher than
that of the two crystalline metals.

Recently, amorphous alloys have been formed in several systems with positive1Hm,
e.g. Zr–Nd [6], Cu–Ta [7, 8], Au–Ru [9], Au–W [9] and Y–Mo [10]. In our recent study, it
was also found that the Fe–Cu [11, 12] and Au–Ta [13] systems with a very small atomic
size difference can be amorphized by IM and SSR, respectively. The above observation
indicated that both a negative heat of mixing and a large atomic difference are not the
only essential conditions for amorphization. Thus, an investigation of the thermodynamic
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and kinetic conditions of amorphization in binary metal systems with a positive1Hm and
a small size difference is interesting and needed. This study was therefore dedicated to
investigating the possibility of amorphous phase formation in the Au–Mo system by IM
which has a positive1Hm = +5 kJ mol−1 and a small size difference (RMo/RAu = 0.95).

2. Experimental procedure

The Au/Mo multilayered samples were prepared by depositing alternately pure (99.99%)
molybdenum and pure (99.99%) gold at rates of 0.1–0.2 nm s−1 onto a NaCl single-crystal
substrate (with a freshly cleaved surface) in an electron-gun evaporation system with a
vacuum of 5× 10−7 Torr. The total thickness of the films was about 40 nm. Each
Au/Mo multilayer system consisted of nine molybdenum layers and nine gold layers, i.e. the
modulation wavelengths of the Au/Mo multilayers were about 4.4–4.5 nm, and the first layer
on the substrate was molybdenum. Five stoichiometries were selected to carry out the IM
experiment, i.e. alloys with 30, 60, 75, 85 and 92 at.% Mo. The relative layer thicknesses of
their films were Au(3.2 nm)/Mo(1.3 nm), Au(1.9 nm)/Mo(2.6 nm), Au(1.2 nm)/Mo(3.3 nm),
Au(0.7 nm)/Mo(3.7 nm) and Au(0.4 nm)/Mo(4.0 nm), respectively. The composition of the
films was controlled by adjusting the relative layer thicknesses of constituent metals and were
later confirmed by energy-dispersive spectroscopy (EDS) and Rutherford back-scattering
(RBS) analysis within an experimental error of 5%. After deposition, the deposited films
were then irradiated with 200 keV xenon ions at 77 K at doses ranging from 5× 1014 to
1 × 1016 Xe+ cm−2 in an implanter with a vacuum level of the order of 10−4 Pa. During
irradiation, the ion-beam current density was controlled to be less than 1µA cm−2. The
NaCl substrates were dissolved with deionized water and the metal films were held onto Cu
grids. The structural and morphological changes of the samples were analysed by selected-
area electron diffraction (SAD) and bright-field examination. The camera constant of the
transmission electron microscopy (TEM) SAD was calibrated by x-ray diffraction results.

Figure 1. Typical TEM SAD patterns of Au25Mo75 multilayered films: (a) as deposited film;
(b) film formed by IM by 200 keV xenon ions at a dose of 7× 1014 Xe+ cm−2; (c) film formed
by IM by 200 keV xenon ions at a dose of 5× 1015 Xe+ cm−1.
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3. Results and discussion

Figure 1(a) is a typical SAD pattern of the as-deposited Au25Mo75 multilayers, i.e. the
[Au(1.2 nm)/Mo(3.3 nm)]9 films (the subscript indicates the number of Au/Mo bilayers and
is used similarly hereafter), showing the crystalline structure of Au and Mo metals. The
as-deposited samples were then irradiated with 200 keV xenon ions at 77 K. The electron
diffraction patterns of all the irradiated samples revealed that microstructural changes took
place in the samples on increase in the irradiation dose. The Au25Mo75 multilayered films
were partially amorphized at a dose of 5× 1014 Xe+ cm−2 and, when they were irradiated
at a dose of 7×1014 Xe+ cm−2, the SAD pattern showed that the films had been completely
amorphized. Figure 1(b) exhibits typical SAD patterns of the Au25Mo75 amorphous phases
formed by 200 keV xenon IM at a dose of 7×1014 Xe+ cm−2. When the films were further
irradiated at a dose of 5× 1015 Xe+ cm−2, each amorphous halo changed into two separate
haloes and diffration lines of FCC Au appeared in the SAD pattern shown in figure 1(c),
indicating that the amorphous phase formed by IM transformed back to crystalline phases.
Au15Mo85 ([Au(0.7 nm)/Mo(3.7 nm)]9) multilayers were also completely amorphized at
a dose of 1× 1015 Xe+ cm−2 and the amorphous Au15Mo85 cannot be crystallized even
when the dose was higher than 2× 1016 Xe+ cm−2. Figure 2 shows the SAD pattern
of the amorphous Au15Mo85. For the Au40Mo60 ([Au(1.9 nm)/Mo(2.6 nm)]9) films, the
sample could not be completely amorphized by IM. On the Au-rich side, the Au70Mo30

([Au(1.9 nm)/Mo(2.6 nm)]9) films transformed into an Au-based solid solution with FCC
structure upon xenon IM and, on the Mo-rich side, the terminal solid solution also formed in
the Au8Mo92 ([Au(1.9 nm)/Mo(2.6 nm)]9) films by IM, indicating that the IM can increase
the solid solubility between Au and Mo. Table 1 lists the phase changes of the Au–
Mo multilayers upon 200 keV xenon IM at various doses at 77 K. One sees clearly that
amorphization can be achieved in some multilayered films in the immiscible Au–Mo system
with a small atomic size difference by IM. The Mo content range obtained for amorphization
by IM was around 75–85 at.%.

Figure 2. The typical SAD pattern of amorphous Au15Mo85 formed by 200 keV xenon IM at
a dose of 5× 1015 Xe+ cm−2.

To interpret the above observations, a free-energy diagram of the Au–Mo system was
constructed on the basis of the model of Nissenet al [14] and the method proposed by
Alonso and Simorar [15]. Figure 3 is the free-energy diagram calculated for the Au–Mo
system at room temperature. From this figure, one can see that the free-energy curve of the
amorphous phase is lower than those of the two terminal solid solutions within a narrow
Mo content range 75–90 at.%. Simply taking this range as a measure of the glass-forming
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Figure 3. The calculated free-energy diagram of the Au–Mo system.

Table 1. Amorphization in Au–Mo multilayers by IM: A, completely amorphized; PA partially
amorphized.

Amorphization in the following
Dose
(1014 Xe+ cm−2) Au70Mo30 Au40Mo60 Au25Mo75 Au15Mo85 Au8Mo92

As deposited Au+Mo Au+Mo Au+Mo Au+Mo Au+Mo
5 Au Au+A PA PA Mo
7 Au Au+A A PA Mo

10 Au Au+A A A Mo
30 Au Au+A PA A Mo
50 Au Au+A A+Au A Mo

ability, the Mo content range favouring amorphization for the Au–Mo system is therefore
from 75 to 90 at.%, which is in good agreement with the narrow Mo content range revealed
by IM experiments. Therefore, the free-energy calculation can serve as a semi-experimental
explanation for amorphization in the Au–Mo system.

From figure 3, one can also see that the free energy of the amorphous phase and the two
terminal solid solutions is always higher than that of the ground state of a mixture of Au and
Mo crystalline phases. How can we explain the physical mechanism of IM amorphization
in a binary metal system with a positive heat of mixing? It has been commonly recognized
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that the thermodynamic driving force for amorphous alloys with a positive heat of mixing
was provided by some non-equilibrium processes, because it has been estimated that the
effective cooling rate can be as high as 1013–1014 K s−1 in the IM process; IM can produce
many defects in the films and thus enhance the diffusion for formation of the amorphous
phase, etc. So far, many possible models have been proposed for the formation of the
amorphous phase, e.g., ballistic mixing, thermal spike models, radiation-enhanced diffusion
and radiation-induced segregation. These hypotheses agree fairly well with many of the
experimental results. However, these hypotheses are not entirely successful, and several
examples exist for a metastable phase transformed to stable phase upon IM; for example,
in our experiment, when the Au25Mo75 amorphous films were further irradiated at a dose
of 5× 1015 Xe+ cm−2, the amorphous phase formed by IM transformed back to crystalline
phases. Since all the observed amorphization upon IM took place in multilayered films
consisting of a certain number of interfaces, which should have played some role, yet this
has been omitted in previous studies. It is known that the atoms at the interfaces are in
a metastable configuration and thus possess a higher free energy than those in the bulk
[16], and the influence of the interfacial free energy stored in the multilayered films should
be evaluated [10]. Following the well documented literature [10], the free energy of the
Au–Mo multilayered films with 17 interfaces (the total thickness of the film is 40 nm) was
calculated and the free-energy curve of the multilayers was added to figure 3. Thus, from
this figure, one can see that the free-energy curves of the amorphous phase and two terminal
solid solutions are lower than that of the as-deposited multilayered films, which can provide
the thermodynamic driving force for the amorphous phase transformation. Therefore, it can
be thought that the interfacial free energy may be one of the main thermodynamic driving
forces for the formation of the amorphous phase.

4. Conclusion

In summary, we have shown the amorphization of Au–Mo multilayers with very small
atomic size difference upon IM. Whether the amorphous phase formed or not in a binary
metal system depends on the thermodynamically and kinetically competing results of various
equilibrium phases, non-equilibrium crystalline phases and amorphous phase.
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