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INTRODUCTION

TUDY of ultrafine metal particles having

diameters in the range 10 ~200A dispersed
in various media have attracted considerable
attention in recent years because of their techno-
logical importance!™. These materials also pro-
vide theoretically interesting systems to
understand the physics of micro metal
particless™,

Cermets which are composite materials of
metals and insulators with the metal phase hav-
ing submicroscopic dimensions are used as elec-
trical resistors because of the wide range of
resistivity values that can be obtained in them
and their low temperature coefficients of resisti-
vityZ. Small metal clusters dispersed on the sur-
face of a suitable refractory oxide comprise an
important group of catalysts which are exten-
sively used in the chemical industry4. Electrolyti-
cally coloured anodic alumina coatings with a
fine dispersion of cobalt metal are widely used in
the building materials industry8. Cobaltalumina
cermets are produced on an industrial scale for
use in solar photothermal collectors because of
their selective absorption of solar energy®.

Dispersion of micro metallic granules in oxide
glass media 1s exploited to make photo-sensitive
glasses!?, glass-ceramics!® photochromic
glasses!! polychromatic glasses!? and solar con-
trol coatings3. In this paper we survey the various
preparational methodsdeveloped so far for mak-
ing ultrafine metallic particles, the important
physical properties of these systems and the theo-
retical models used to explain the same.

METHODS FOR PRODUCING
ULTRAFINE METAL PARTICLES

Evaporation technique:

In this method!3 a discontinuous film of the

metal concerned is deposited on a suitable sub-
strate (e.g. glass) under ultra high vacuum condi-
tions (< 10™torr) by evaporation from a
resistively heated!4 or electron beam heated
source!s. The thickness of the films 1s in the range
10 200 A. The metallic island size varies between
I0A and 100A. The formation of these islands
takes place by nucleation at many sites on the
substrate followed by growth brought about by
absorption of single atoms either impinging on
the nucleus or migrating by surface diffusion on
the substrate!¢. Island structure of metals such as
copper!?, silver!8, and gold!? have been investi-
gated extensively. A variation of the above
method is the discontinuous multilayer tech-
nique in which there are several layers deposited
every second layer being a metal film inits island
stage of growth!7:20, The remaining layers con-
sist of insulating continuous films.

Recently an 1nert-gas evaporation technique
has been developed for making ultrafine metal
particles in reasonable quantities by heating a
large quantity of the metal in a temperature-
stabilized oven?!, The nucleation and growth in
this method take placein a noble-gasatmosphere
e.g., argon. The metal vapour is cooled rapidly
because of the collision of metal atoms with
those of the gas. The critical size of the metal
nuclei depends on the cooling of the metal atoms
relative to the source temperature. As a result,
critical diameters can be as low as a few ang-
stroms if the metal particles are cooled by a few
hundred degrees. These nuclet then grow in a
fayer above the surface of the hot metal. Ultra-
fine metal particles of Al, Mg, Zn, Sn, Cr, Fe,
Co, Ni, Cu and Ga have been prepared by this
technique and their structural features investi-
gated by electron microscope?!. Distribution of
metallic particle sizes has been analysed which
obeys the log-normal distribution function
(LNDF) i.e. the fractional number of particles n
per logarithmic diameter interval is given by,
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where x is the statistical median diameterand is
the geometric deviation. This distribution is
shown to arise due to the growth of particlesbya
liquid-like coalescence?!. Such a growth modelis
found to account for the size distribution of par-
ticles produced by other methods such as col-
loids, discontinuous films and supported
catalysts.

Closely related to inert-gas evaporation is the
method of preparing fine metallic particles by
exploding wires with current pulses in a noble-
gas atmosphere. Examples are silver??2 and
copper?. Particles have also been produced by
homogeneous nucleation of metal vapour
expanding with an inert carrier gas through a
supersonic nozzie e.g., zinc®,

Cermets are prepared by rf sputtening from
composite metal insulator targets ~ 15 cm. in
diameter. Typical frequency? used is [2.56 MHz
and the Ti sputtering is performed in purified A
gas at a pressure 1073 torr26, The substrates used
are fused-quartz plates. Some of the cermet films
prepared by this technique for detailed structural
and electrical property investigation? are
Ni—SiOz, Pt-‘SiOz Au—-Al;,O_-,-, W—A1203.
Cermet films of Ni-Al,O;%. Au-MgO3s,
Cr-Cr30;?” have been made and their optical
properties delineated.

Chemical Methods

In most of the chemical methods of prepara-
tion, the ultrafine metal particles are dispersed in
an inert medium-either a liquid or a solid—the
latter being mostly a glassy substance.,

In the Svedberg electrochemical method? a
high frequency electrical arc 1s struck between
metal clips under either a polar or a nonpolar
liquid?!, The metal gets vaporized, condenses in
the liquid and ultimately goes into suspension as

tiny colloidal particles. Colloids are also pre-
pared by chemical vapour deposition techniques.
The structure of gold sols made by the reduction
of AuCl, with formaldehyde?%:30 has been inves-
tigated?'. A similar approach is adopted for pre-
paring catalysts consisting of small metal clusters
of platinum, osmium or iridium dispersed on the
surface of alumina in a high surface area form?i!.

Metals such as copper, silver, gold, platinum
and bismuth can be obtained in colloidal form, in
oxide glasses, if the latter are suitably reduced
during melting3?,33, The reducing agent used is
either SnO or Sb, 0. In the case of bismuth no
reducing agent is necessary.

Metallic micro-granules can also be precipi-
tated in a surface layer (thickness of the order of
a few micrometers) of an oxide glass by subject-
ing the latter to an ion-exchange and reduction
treatment3%»7 The requirement in thismethod is
the availability of some alkaliions (e.g., Na+Li‘*')
within the glass which can be exchanged with an
easily reducible ion (e.g., Ag™ Cu*) present in a
molten salt. The metal granules are formed in the
glass by a nucleation and growth mechanism??,
The nucleus density is found to be markedly
dependent on the phase separation characteris-
tics either incipient or induced by the ion-
exchange step in the parent glass.

Photochemical methods:

In photosensitive glasses metallic colloids of
copper, silver and gold respectively can be pre-
cipitated by subjecting the glasses to ultra-violet
radiation followed by a suitabl¢e heat treat-
ment32. The photosensitivity can be improved by
the inclusion of a small amount of sensitizere.g.,
CeO;, Sb,0;. The reaction involved in the case
of production of copper atoms, for instance, can
be represented by,

Cedt -+ Cut 4 Av — Cet* + Cu (2)

In photochromic glasses which bave a silicate
network, a dispersion of crystals of silver chlo-
ride or a mixed halide (e.g., AgCl-AgBr)1sdeve-
loped by heat treatment* around 560° C. These
crystals get decomposed by incident light into
silver and halogen atoms. The darkening effect
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caused 1s due to the presence of minute silver
particles. A small amount of copper serves as a
sensitizer for the above process. The reaction can
be represented by
hv,
Agt -+ Cut = Agb 4 Cu?t (3)
hv
A vanant of the above method is the two stage
u.v. exposures with heat-treatment schedules in
between, as used for making polychromatic
glasses35, The first exposure followed by the heat
treatment leads to the precipitation of colourable
pyramidal NaF (Na, Ag)X crystals (X: halogen
atoms). The second exposure gives rise to the
formation of silver specks at the tips of the
pyramidal crystals.

PROPERTIES
(1) Electrical

Electrical properties of ultrafine metallic gra-
nules are usually analysed by considering these
particles to be dispersed in an insulating medium
thereby forming a composite3s. The example
taken for developing detailed theoretical model
1s that of granular metals or cermets2. These
materials3? show a metal—non-metal transition
of the percolative type at a critical volume frac-
tion value of 0.4-0.5 i.e., there 1s a sharp rise 1n
the electrical conductivity at this point. These
values are higher than 0.15 which 1s expected for
continuum percolation in three dimensions.
Such a large percolation threshold has been
ascribed to be due to the formation of oxide
coatings on the metallic grains, though electron
microscopic investigation does not confirm this,
A more realistic explanation has been that the
segregation of the metallic species into grains 1s
incomplete so that some metal remains ran-
domly dispersed in the oxide matrix?8.

For volume fraction below the percolation
threshold, the structure of the composite consists
of small, 1solated metal particles dispersed in a
dielectric continuum. Electrical conduction in
this case takes place by the transport of elecrons
and holes by tunelling from one isolated metal
grain to the next. The resistivity? for low electric

fitelds is given by,

p = poexp [ 2 (CIkT) 27 (4)

In this equation P, can be assumed to be a
constant to a first order approximation and

= XsE ., (5)

l;z
zif}, (6)

m being the electronic mass, ¢ the effective bar-
ricr height and % the planck’s constant; s 1s_the
separation between the grains, F f 1s the energy
required to generate a pair of fully dissociated
positively and negatively changed grains and 1s
given by,

where X = [

Eb.= 2.2/Kd, (7)
where K = € [14(dj25)], (8)

¢ is the dielectric constant of the insulating
medium and d the grain size.

The above equations have been found to pre-
dict results which are in reasonable agreement
with experimental data for cermet systems?
Ni-Si0,, Pt-S10,, Au-Al,0, and oxide glass-
bismuth33,40+4! and oxide glass-silver particulate
systems42,

Electrical conduction in granular metals at
high electric fields increases because of the addi-
tional mechanism of field-induced tunnelling.
The expression? for electrical conductivity as a
function of the electric field E is given by,
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where s, and d ,are the most probable values of s
and d resepctively. Measurements of resistivity
upto a field ~ 104 V/cm at temperaturesranging
from 300K to 1.4K in the case of Ni-S10; and
Pt-SiO; cermets confirm the validity of the
above theoretical model.

Glass-metal particulate systems with bismuth
as the metallic species exhibit memory switch-
ing44+, The threshold field is of the order of 104
V/em and the resistance change between the
“off ”and “on™states is about two to three orders
of magnitude. A particle stretching model has
been used to explain this behaviour4:46,

In the case of superconducting metals(e.g., Al,
Ga), there is a substantial enhancement in the
transition temperature Tc when the volume frac-
tion is larger than the percolation threshold?’.
This has been attributed to softening of the
phonon modes4849,

(1) Magnetic

Ni-Si0O, cermets exhibit bulk ferromagnetism
for metal volume fraction greater than 0.75%53%,
An interesting property observed in this system
for a volume fraction of 0.48 i1s a peak in the
transverse magnetoresistance around 200K for
an applied magnetic field of 2700e°. Such a
behaviour is due to a shift in the conduction path
with temperature(at low temperatures 1t is super-
paramagnetic and at higher temperatures it 1s
ferromagnetic).

The magnetic moment of small indium parti-
cles with a diameter ~ 50 A embedded in paraf-
fin has beeninvestigated at temperatures [.5 K to
4.2 K in magnetic fields vpto 50 KGS3. The low
saturation field observed for obtaiming the satu-
ration paramagnetic moment cannot be
explained on the basis of electronic quantum size
effects.

(ii1) Oprical

Extensive studies have been carried out on
optical transmittance characteristics of cermet
films like MgO-Au2s, Ni-A},0;26»32 and ultra-
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fine nickel particles for developing selective
black absorbers with high solar absorptivity and
low infrared emissivity with a view to increasing
the efficiency of flat-plate solar collectors. The
measurements are¢ usually made in the wave-
length range 0.3-30 um. The general feature of
the results is high absorption over the solar spec-
trum and low absorption in the thermal infrared
range. In the case of ultrafine gold particles®4, a
large transmittance mimimum is found around
0.6 m, whereas the samples show very little
absorption at wavelengths above 1.5¢m.
Copper microparticles precipitated within an
oxide glass by ion-exchange and reduction treat-
ment show two absorption bandsat (.43 ¥ mand
0.57% m respectively3?, Silver granules in oxide
glasses precipitated by the same method show an
absorption maximum at around 0.4 ¢ m55,

Optical properties of an assemblage of
micrometallic granules can be described in terms
of an effective medium which comprises, a spa-
tial average over the dielectric permeabilities for
the metal islands ( € ) and for their surrounding
material { €,,). This 1s vahid because the particles
under consideation have dimensions which are
orders of magunitude smaller than the wave-
lengths of optical radiation. The simplest effec-
tive medium theory used to analyse experimental
results in different systems>® is that of Maxwel-
1-Garnett8s5657 according to which the effective
dielectric permeability € MG for spherical par-
ticles 1s given by,

—MG

£ _—tm ¢ "TE_ZEEM#

MG E-+4Cm {13)
e +2€,.

where f is the volume fraction of the metallic
phase. The above equation has been generalized
further to take into account the size distribution
of the spherical particles and the consequent size
dependence of the dielectric permeability of the
metallic species’? as follows,

2
e i
E = En — (14)
1-——--%-21';{“
J
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The subscnpt j denotes particles having a mean
diameter x;; and the J;’s are a set of fractional
filling factors normalized bj,f2 fi [ o¢1s pro-

portional to the po]anzab111ty of particles in the
Jur class and for spheres is given by,

a . —-

(15)
J 1
S + "-"3—' (Ej

_""Em)-

The Maxwell-Garnett model is valid only for
very small filling factors. A self-consistent effec-
tive medium theory which removes this restric-
tion and which has been used extensively in
recent years*3%39 is the one originally put for-
ward by Bruggeman®, The effective dielectric
permeability in this model is given by,

1

_ iy ds

—BR l=F+32f 4

£ = Em 21 : (16)
l-—f—-T?j}aj

The above effective medium theories give
qualitative agreement with experimental data.
The computed results can be brought into fair
agreement with the expenments by using suita-
ble values of the plasma frequency for the parti-
cles and effective sample thicknesses. Further
improvement can be effected by assuming that
the samples consist of a mixture of close-packed
clusters, infinite linear chains and independent
single particles®4. Electron microscopic data do
support existence of such geometrical configura-
rions.
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