Microstructure and electron transport properties of Au,Co; _ .
nano-alloys embedded in polyacrylonitrile thin films
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Au,Co; — , nano-alloys with a diameter below 10 nm were fabricated via a vacuum co-evaporation method. The
composition dependence and the effect of heat-treatment on the microstructure of the Au,Co; — , nano-alloys
were investigated by means of electron diffraction analysis. The lattice constant of fcc Au,Co; — , nano-alloys
varied with the composition and heat-treatment. The results revealed that as-deposited Au,Co; — , nano-alloys

were in a thermodynamically metastable state, and the following heat-treatment led to their equilibrium state.
Furthermore, phase transition from fcc solid solution to L1y-type ordered face-centered tetragonal (fct)-
structure partially took place during heat-treatment. The temperature and magnetic field dependences of
electrical resistivity were investigated for polyacrylonitrile (PAN) thin films embedded with Au,Co; — .
nano-alloys, and a TMR value of 80% was obtained at room temperature under appropriate conditions.

Introduction

Nano-sized bimetallic colloids or clusters are of great interest
from both scientific and technological viewpoints, because of
their potential to exhibit novel properties which cannot be
achieved by monometallic nanoparticles. Much effort has been
devoted for the fabrication of several types of nano-alloys in
order to improve the performance of catalytic materials such
as electrocatalysts'™ and catalysts for chemical reactions.”®
Magnetic nano-alloys consisting of ferromagnetic elements
are also investigated for the purpose of anomalous magnetic
properties, for instance, magnetoresistance (MR).>'* Various
types of MR materials are widely utilized in advanced tech-
nology such as read heads for high-density magnetic storage.
Tunneling magnetoresistance (TMR) is one of the MR pheno-
mena originating from spin-dependent tunneling of electrons
among neighboring magnetic particles, which was first inves-
tigated by Gittleman ef al. for Ni-SiO, films."

One of the most interesting features for these nanoscopic
materials, including monometallic nanoparticles and bimetallic
nano-alloys, is the difference in the thermodynamical proper-
ties (melting point or mutual solubility) compared to the
bulk materials. It is well known that the melting point of
monometallic nanoparticles decreases with the decrease of
their size down to the nanometer scale.'®!” Yasuda er al. have
studied the ‘‘spontaneous alloying”, in which extremely
rapid dissolution of solute atoms into nanoparticles takes
place when solute atoms are vapour deposited onto nano-sized
clusters,'®2 as well the stability of alloy phases for nanoscopic
materials.>""** According to their results, it seems that novel
nano-alloys which could not detected in the bulk phase
diagrams can be observed, and further investigations are
required for the development of novel nanoscopic materials
in various fields.

In our previous study,”® we have reported on carbon thin
films containing Au,Co; _ , nano-alloys, prepared by heating
polyacrylonitrile (PAN) thin films deposited with Au,Co; _ .
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nano-alloys through co-evaporation of Au and Co. We found
that Au,Co; _ , nano-alloys dispersed into PAN matrix after
heat-treatment at 200 °C, and we finally obtained carbon
thin films containing Au,Co; — , nano-alloys upon heating at
600 °C owing to carbonization of the PAN matrix. It should be
noted here that the Au/Co binary system is a typical phase
separated system in the corresponding phase diagram.?* In
the present study, we concentrated on the microstructural
investigation of Au,Co; — . nano-alloys, especially on the
composition dependence and the effects of heat-treatment.
Crystal structure and lattice parameter were determined by the
means of selected area electron diffraction (SAED) analysis.
We also describe our investigation on the temperature and the
magnetic field dependences of electron transport properties of
PAN thin films embedded with Au,Co; _ , nano-alloys.

Experimental procedure

A glass vacuum chamber was first evacuated down to 2.0 x
107 Torr, and PAN (Aldrich) with the thickness of 50 nm was
vapour deposited onto the substrates using a resistance-heated
molybdenum boat. Au and Co metals were then co-deposited
onto the PAN layer using two independent alumina-coated
tungsten filaments, and then a PAN layer (50 nm) was again
deposited. The purities were 99.99% for Au and 99.8% for
Co, respectively. The amount and the rate of deposition were
monitored using a quartz crystal microbalance (QCM). During
metal deposition, two independent QCMs were used. The total
metal concentration in the metal/PAN composite film was kept
constant at 5 vol% for each composition. After the deposition,
samples were heat-treated under nitrogen flow in the tempera-
ture range 100-600 °C for 1 h.

For the structural investigation of the co-deposited nano-
alloys, a JEM-2010 (JEOL) transmission electron microscope
(TEM) equipped with an energy dispersive X-ray spectrometer
(EDX, NORAN Instrument, Inc.) was used. The operation
was carried out with an accelerating voltage of 200 kV. The
temperature dependence of the resistivity was measured in
the range 300-75 K with a closed cycle He cryostat (Optistat
CF1204, Oxford). Applied magnetic field dependence of the
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Fig. 1 Typical TEM image of co-deposited Auj sCoy s nano-alloy.

resistivity was measured up to 1.1 T. The magnetic field was
applied in the film plane parallel to the current direction.

Results and discussion
Microstructure of Au,Co; _ , nano-alloys

Fig. 1 shows a typical TEM image of Au-Co co-deposited
nanoparticles (AugsCops), in which nanoparticles with an
average diameter approximately 3 nm and clear lattice fringes
are observed. X-Ray photoelectron spectroscopy and EDX
analysis (not shown here) confirmed that the obtained nano-
particles observed in Fig. 1 were not monometallic Au or Co
nanoparticles, but bimetallic Au/Co nano-alloys. To investi-
gate the crystal structure of Au,Co; _ , nano-alloys in detail,
an SAED study was employed. SAED patterns obtained were
calibrated by using the d-spacing of single crystalline Au thin
film. Fig.2 shows SAED patterns of as-deposited samples
with different composition, in which the SAED pattern of the
reference sample deposited with only Au is also shown. The
reference sample shows a typical diffraction pattern of fcc
structure with a lattice spacing of 4.06 A (Table 1). It can be
clearly seen that each diffraction peak broadens with increasing
Co content. For the as-deposited sample, the lattice parameters
obtained from SAED patterns are found to be relatively close
to that of bulk Au (Table 1). Tsaur et al. pointed out that the
addition of small amounts of Au to Co (even a few atom%)
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Fig. 2 Changes in the SAED patterns with respect to the composition
of Au/Co.

Table 1 Lattice parameters of Au,Co; _ . nano-alloys before and after
heat-treatment at 600 °C. Calculated values based on the Vegard’s law
are also shown

Lattice parameter/A

Composition as-dep. 600 °C Vegard’s law
Au 4.06 4.07 4.079
AuO_gCOO_Z 4.02 3.97 3.972
Aug 5Cog 5 4.02 3.78 3.813
AUO_2C00_3 3.96 3.70 3.652
Co — — 3.545
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Fig. 3 Variation of the SAED patterns for the Auj sCog s nano-alloy
with heat-treatment.

could affect the crystal structure and the resulting alloys favor
the crystal structure of Au.?> Especially for the present study,
this effect seems to be pronounced because Au,Co; — , nano-
alloys have been prepared by vacuum evaporation, which is a
quenching method. As a result, it is suggested that the obtained
Au,Co; _ , nano-alloys are in thermodynamically metastable
state, and their crystal structure is close to that of Au even at
Co contents up to 80%.

Fig. 3 shows the variation of the SAED patterns of
Aug 5sCog 5 nano-alloys with heat-treatment up to 600 °C. The
diffraction position and intensity do not show any significant
changes up to 200 °C, whereas each diffraction peak becomes
sharper and shifts towards lower d-spacing values with
increasing heat-treatment temperature above 400 °C. The
lattice parameter after the heat-treatment at 600 °C, 3.78 A
(Table 1), is no longer close to that of Au. Instead this value is
rather close to the calculated value, 3.813 A, based on Vegard’s
law for an Au/Co solid solution with an atomic ratio of 1: 1. In
this calculation, the lattice parameter of fcc-Co, rather than
hep-Co, was used, since the fcc phase is more energetically
favored than the hcp phase when the particle diameter is below
20 nm.?® This behavior was observed for all the samples with
different compositions. After the heat-treatment at 600 °C,
some weak diffraction peaks assigned to an L1y-type ordered
structure are also observed (indicated with arrows in Fig. 3),
whereas there are no diffraction lines from monometallic Au or
Co. SAED studies reveal that the as-deposited Au,Co; _ .
nano-alloys obtained in the present study are thermodynami-
cally metastable, and the following heat-treatment releases the
internal stress and leads to their equilibrium state, resulting in
the changes of the lattice parameter.

Electron transport properties

The temperature dependence of the electrical resistivity p of
PAN thin films containing Aug,Cog g nano-alloys heat-treated
at various temperatures are plotted in Fig. 4. The electrical
resistivity shows good linear correlation with 7~ 2 for all
the samples. This is a typical relation for electron tunneling
conduction for insulating materials containing metal nano-
particles,>’>° which was previously explained by Sheng ef al.?’
taking into account both temperature-dependent and tempera-
ture-independent components of the tunneling probability.
They calculated the electrical resistivity and obtained the final
formula as:

logp=2(C/kg)"* T~/ +const. 1)

where C = ((2n/h)(2m(p)”2sEc) is the activation energy for
electron tunneling. kg, 7, h and m are Boltzmann constant,
absolute temperature, Planck’s constant and effective electron
mass, respectively; ¢, s and E, represent effective barrier height,
barrier width and Coulomb energy, respectively. From the
gradient of log p vs. T~"? shown in Fig. 4, the activation
energy, C, is estimated to be 0.51 eV for the as-deposited
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Fig. 4 Temperature dependence of electrical resistivity of PAN thin
films containing AugsCoys nano-alloys before and after heat-
treatment.

sample and 0.13 eV after heat-treatment at 400 °C. The
dominant factors for the decrease of C upon heat-treatment is
thought to be the lowering of the barrier height of the matrix
owing to carbonization and the reduction of Coulomb energy
because of particle growth (about 8 nm after the heat-treatment
at 400 °C).

Fig. 5 shows the magnetic field dependence of the electrical
resistivity for as-deposited samples. Here, the MR ratio, Ap/py,
is defined as follows,

_ PlpoH) —p(poH =0)
plpoH =0)

The origin of TMR is via spin-dependent tunneling of electrons
between two magnetic particles, for which the tunneling pro-
bability changes with the relative angle between magnetization
vectors of the nearest neighbor particles. The relative angle,
which changes according to the applied field, is closely related
to the relative magnetization. The relation between the MR
ratio and relative magnetization is expressed as follows:

Ap/py x 100 6)

MR ratiooc (M Ms)> (3)

where M is global magnetization and M, the saturation
magnetization. Assuming that the samples are in a super-
paramagnetic state, the magnetization can be expressed by
using a Langevin function; L(x) = coth(x) — 1/x. If the number
of magnetic particles with magnetic moment m is N in a unit
volume, magnetization can be expressed by using Langevin
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Fig. 5 Composition dependence of the MR curves of PAN thin films
containing Au/Co nano-alloys.
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function L(x) as:
M =NmL(mH [kpT) “4)
Ms=NmL(mHs/kBT) (5)

Here H; is the applied magnetic field where all of the magnetic
vectors arrange in a parallel manner. Solid lines in Fig. 5
represent the fitting data calculated based on the equations (3)—
(5). We obtained an MR ratio of about 80% for Aug,Cog g at
room temperature. On the other hand, only slight changes were
observed for AugysCogs, and plots for the AuygCog, nano-
alloys showed no dependence with applied field, because of the
dilution of the magnetic moment.*

Conclusion

SAED analysis has been used for microstructural character-
ization of Au,Co, — . nano-alloys obtained via the vacuum
co-evaporation method. Fcc structures were found for
as-deposited Au,Co; — , nano-alloys and their lattice constants
were relatively close to that of bulk Au even up to a Co content
of 80%. Although as-deposited Au,Co,; _ . nano-alloys were
thermodynamically metastable, especially for high Co content,
heat-treatment at 600 °C released the internal stress and led to
the equilibrium states, in which the lattice constants of the
resulting Au,Co; _  nano-alloys obeyed Vegard’s law. It was
also noticed that Ll,-type ordered-structure was partially
obtained after the heat-treatment at 600 °C. From the results
of temperature and magnetic field dependences of electrical
resistivity, it was found that PAN thin films embedded with
Au,Co; _ , nano-alloys showed electron tunneling conduction,
with the tunneling probability varying with magnetic field. The
maximum TMR value obtained in the present study was ca.
80% for Aug,Coqg system at room temperature.
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