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Abstract—The problem of increasing the recording density in magnetic storage devices is considered. It is
shown that nanograi ned magnetic film mediaare candidate material s for magnetic data carriers. For these mate-
rialsto completely meet the requirements for super-high-density magnetic carriers, appropriate structure order-
ing must be set in the films. To thisend, it is suggested to take advantage of the high adsorbability of 3d metal
nanoparticles on high-molecular compounds. To produce the carriers based on these materials with arecording
density of as high as 10'° bit/cm?, nanoparticles of size <5 nm should be embedded in a polymer matrix. To do
this, it is necessary to combine chemical and physical methods for nanocomposite production. © 2001 MAIK

“ Nauka/lInterperiodica” .

INTRODUCTION

It seems quite realistic that science and technology
of the 21st century will deal with nanometer- or even
angstrém-size (quantum) objects, since many of the
conventional  microelectronic  technologies are
approaching or have already reached the fundamental
(classical) limits of miniaturization. This stimulatesthe
search of alternative lines of attack. Sincethe properties
of asolid depend on its chemical composition, atomic
structure, and dimensionality, the transition from a 3D
(massive) body to an object whose dimensions in one,
two, or three directions are as small as severa inter-
atomic spacings leads to a change in the physicochem-
ical properties of the material. The specific properties
of materials structured on the nanolevel (hereafter
called nanostructured materials) provide the basis for
the devel opment of new-generation electron devices as
microelectronics is now steadily passing from the
micro- to the nanometer scale. An exampleisthe break-
through in the recording density of magnetic storage
devices.

THE TRANSITION FROM MAGNETOOPTIC
RECORDING TO LONGITUDINAL MAGNETIC
RECORDING

In 1983, the US Commission on Magnetic Materials
was established with the aim to judge the worldwide
and national levels of research in thefield of magnetism
and outline directions of further development. The brief
report of the Commission wasissued in 1985 [1]. It was
stated, in particular, that fundamental research on the
physics of magnetic phenomenon is of great impor-
tance, since magnetic materialsare “ perfect systemsfor
studying and verifying the basic concepts of the physics
of solids.” On the other hand, it was reported that the
market of devices based on magnetic materials progres-

sively expands. Among new promising applications of
magnetic materials, emphasis was placed on external
magnetooptic computer memories.

This direction is closely related with further
advances in computer technology, whose potentialities
depend on the performance of datawriting, storage, and
processing devices. At that time, optical technology
was considered as a very promising way of increasing
the RAM capacity. As aternative materials (carriersfor
regenerative magnetooptic storage devices), film aloys
of rare-earth and transition metals were brought to the
fore. The parameters of these films met the require-
ments of RAM designers completely [2, 3]. In these
devices, datawriting and reading are carried out with a
laser beam. The recording density is restricted by the
diffraction limit of optical radiations used and amounts
to =108 bit/cm? [4]. The predictions of RAM designers
wereto agreat extent realized: early in the 1990s, mag-
netooptic memory devicesfilled their nichein the com-
puter market [5].

Next item on the agenda was to devise till denser
memories. In 1990, the idea of developing magnetic
memory with a record density of =1.5 x 10® bit/cm?
based on longitudinal recording was put forward [6]. In
1992, the technology of a magnetic memory with a
record density of =1.5 x 10° bit/cm? was el aborated [7].
The new high technologies required novel materials
whose properties depend on appropriately arranged
structural nanoblocks. Let us consider the requirements
for a magnetic carrier of recording density 1.5 x
10° bit/cm?.

Asisknown, magnetically ordered materials consist
of uniformly magnetized regions (domains) and transi-
tion regions (domain walls), where the magnetization
varied from point to point. For a magnetic medium to
be utilized for recording to the maximal extent, domain
walls should be asthin as possible. The wall width Wis
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Fig. 1. Distribution of hexagonal grainsin the ZX plane. The
arrows indicate the directions of the easy axes of uniaxial
anisotropy.

a

defined as W = (A/K)Y2, where A is the exchange
parameter and K is the anisotropy constant. The sim-
plest way to makethewall thinner isto decrease A. This
is easy to do in nanograined film materials where mag-
netic particles are separated from each other by a non-
magnetic spacer. Here, the particle size D is of great
importance, since it specifies the signal-to-noise (S'N)
ratio upon reading data. The value of D is calculated by
the formula[8]

S/N = 10logS/D?,

where Sisthe area per bit. For arecord density of 1.5 x
10° bit/cm? and SN = 3040 dB, D = 10-15 nm.

Now let us determine the basic magnetic parameters
(coerciveforce H,, remanent magnetization M, , and the
shape of hysteresisloop) of the nanograined films with
the particles of the nanometer size. Since in longitudi-
nal magnetic mediathe magnetization vector liesin the
carrier plane, a large demagnetizing field arises. The
value of H. should therefore be selected as a trade-off:
on the one hand, it must exceed this demagnetizing
field; on the other hand, the capabilities of the read head
must be taken into account. For the given recording
density, H. = 3000 Oe. The value of M, is determined
by the formula[9]

a = [M,d(h+8/2)/mH]"™,

FROLOV

where a is the width of the transition region between
bits, histhe head—carrier spacing, and & is the width of
the magnetic layer of the carrier.

For a= 13 nm, h=20nm, 8 = 10 nm, M, =500 G.
The carrier al'so must have arectangular hysteresisloop
with a high ratio M,/M,, where M, is the saturation
magnetization. The feasibility of producing nan-
ograined filmswith such magnetic parameters has been
discussed by Zhu and Bertram [10]. They estimated the
effect of the magnetic film microstructure on magneti-
zation reversal and the hysteresis shape. The thin-film
medium is represented as the planar arrangement of
hexagonal nanograins shown in Fig. 1. Here, d is the
width of the film, which coincides with that of the
grains, D isthegrain sizein the ZX plane; d istheinter-
granular spacing; and a = d + D is the lattice constant.
Each of the grainsisasingle-domain particle where the
magnetization is reversed by the coherent rotation of
the magnetic moment. The calculation involves the
coupled dynamic equations with the Landau-Lifshitz
phenomenological damping parameter. In this model,
the effect of the microstructure on magnetic hysteresis
shows up through exchange and dipole—dipole interac-
tions between the particles (Fig. 2). The inclusion of
both interactions leads to an increase in the ration
M,/M, and a decrease in H.. If, however, the dipole—
dipole interaction is significant, magnetization reversal
causes a vortica domain structure to appear and the
quadratic shape of the hysteresis loop becomes dis-
torted. Strong exchange interaction between particles
widens the transition region between the domains.
Thus, it has been shown that the nanograined filmswith
an appropriate microstructure can have parameters nec-
essary for high-density memory applications.

Subsequently, such devices have been created. Fig-
ure 3 shows a typical structure of the carrier used in
advanced memories with longitudinal writing [11]. The
carrier consists of several layers of which we are inter-
ested primarily in the Cr underlayer and the Co mag-
netic layer. The grain size in the magnetic layer
depends on the microstructure of the underlayer
(Fig. 4). The underlayer is usualy made of Cr and
NiAl. As the magnetic layer, Co-based aloys with Cr,
Ta, Pt, etc. admixtures are employed. With such carri-
ers, a recording density of 34 x 10° bit/cm? [12, 13]
has been attained. Memories with a recording density
of up to 1.5 x 10° bit/cm? are predicted to appear in the
former half of the current decade [14]. Several years
ago, the problem of creating memory devices with a
recording density as high as =10 bit/cm? has been
posed [15, 16].

REQUIREMENTS FOR MAGNETIC CARRIERS
WITH A RECORDING DENSITY
OF >10% bit/cm?

Asacarrier for super-high-density memories, quan-
tum magnetic disks have been suggested [15]. In these
TECHNICAL PHYSICS Vol. 46
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disks, bits are single-domain particles in the form of a
column or a strip that are evenly spaced in a nonmag-
netic matrix. The shape and the form of each of the bits
are selected such that their magnetic moments have
only two oppositely directed quantum states of the
same amplitude. Theideaof quantum magnetic disksis
by far very promising but requires much investigation
into writing and reading processes and the devel opment
of the reliable technology.

It therefore seems logical to consider the potentiali-
ties of nanograined magnetic films as a medium for
super-high-density (=10'° bit/cm?) devices. Consider
the requirements for the parameters of the films. Since
the bit size decreases as the recording density grows,
the demagnetizing field in longitudinal-writing media
naturally increases, hence, H, must be no less than
5000 Oe[16]. To keep theratio SN at ahigh level dur-
ing data reading, the size of the magnetic particles must
not exceed 5 nm. This raises the question as to whether
thereisapossibility of obtaining the desired parameters
in the films considered.

It is known that the properties of the nanograined
films depend on the properties of the nanoparticles and
on the interactions between them. Let us see how the
magnetic properties (M, H., and the Curie temperature
Te) vary asthe particle size decreases. The variation of
M in nanoparticles was discussed as early as in the
1960s[17]. By comparing the exchange energy, which
is the energy of magnetic ordering, with the energy of
zero-point oscillation, it has been found that the ferro-
magnetic properties of 3d metal particles of size<l nm
disappear at any temperature. Later, the magnetization
of free 3d metal clusters containing from 10 to
300 atoms was measured. The < 1-nm clusters were
found to be magnetized at temperatures between 100
and 200 K [18], and the magnetization may even
exceed M of the bulk material [19]. This effect is
related to the increased number of localized 3d elec-
trons in the nanoparticles [20].

In the 1980s, works where the effect of the particle
size on the Curie temperature was considered appeared.
Although T, of the nanoparticles is lower than in the
bulk material, it was estimated at 500600 K even for
particles of size 1.0-1.5 nm [21].

Asthe magnetic particle size decreases, the coercive
force becomes more difficult to measure. A typical H,
vs. D dependenceis shown in Fig. 5 [22]. As the parti-
cle size diminishes from 40 to 20 nm, H, grows,
because the particles pass into the single-domain state.
On further decreasing D, the coercive force sharply
drops. Thisis associated with growing thermal fluctua-
tionsin the directions of the magnetic moment M of the
particle. The magnetic moment M tends to align with
the direction of easy magnetization, which isdefined by
the magnetic anisotropy of the particle. For M to devi-
ate from this direction, it is necessary to overcome the
energy barrier KV (V is the particle volume). The mag-
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Fig. 2. Hysteresis loop for volume-disordered anisotropy
axes. (a) Exchange interaction between the grainsis absent,
d/a= 0.5, dipole-dipoleinteraction M/H, = (1) Oand (2) 0.4
(Hy is the anisotropy field); (b) M/H, = 0.4, &/a = 0.75,
exchange interaction is (1) 0 and (2) 0.15.

Lubricant (0.5-4 nm)
Overlayer (10—20 nm) —
Co magnetic layer (20-30 nm) —>|<| >|<|>[>|<

Cr underlayer (100—150 nm)

Substrate (1.3—1.9 mm)

Fig. 3. Carrier for longitudinal writing.

netic moment direction starts to noticeably fluctuate
when the mean thermal energy kT (kg is the Boltz-
mann constant) becomes comparable to the energy of
anisotropy. At ks T, = KV (T, is the blocking tempera-
ture), a magnetic particle ensemble subjected to an
external magnetic field and temperature behaves as a
paramagnetic molecular gas with the only exception
that the directions of the magnetic moment of the parti-
cles, not molecules, vary in the particle ensemble. This
phenomenon has been called superparamagnetism[17].
Inthis case, the temperature dependence of the coercive
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Fig. 4. Effect of the underlayer structure on the magnetic
layer structure.
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Fig. 5. Coercive force vs. Fe grain size. The particles were
deposited in the (1) O, and (2) N, atmosphere.

forceisgiven by [11]
Heol 1 - (T/Tp)"Y.

Asfollows from this expression, the coercive force
can beincreased by increasing the temperature of tran-
sition to the superparamagnetic state. To do this, one
must raise the magnetic anisotropy constant of the par-
ticles. This can be done in three ways. (1) by using
materials with a high crystallographic anisotropy (Co—
Sm, Co—P, and like aloys), (2) by varying the shape of
the particles (from spherical to elongated [23]), and (3)
by inducing the anisotropy in a particle ensemble via
exchange and dipole—dipole interactions. While the
first two approaches have already been applied in pro-
ducing novel magnetic carriers, the last one has not yet
been implemented. For example, the effect of exchange
and dipole-dipole interactions on the hysteresis loop
has been considered only for the case of a one-layer
nanostructured film [10]. At the same time, the interac-
tion between magnetic particles has received much
attention. Let us address ourselves to the results
obtained in [24].

In [24], the conditions for ferromagnetic ordering in
a set of single-domain particles interacting with each
other are found in the mean field approximation. The

H, =

FROLOV

set is comprised of spherical ferromagnetic particles of
radius D/2 embedded in a solid nonmagnetic matrix.
The distribution of the particles in the matrix is smu-
lated under the assumption that their centers occupy
(with a praobability p) the sites of the tetragonal lattice
having the periods d, (along the X and Y axes) and d,
(along the Z axis, which isthetetrad axis). It isassumed
that the interaction between the particles is magnetic
dipole, the particles are uniaxial, their axes of easy
magnetization are perpendicular to the XY plane, and
the dynamics of the magnetic moment for any of the
particlesisdescribed by the stochastic LandauL ifshitz
eguation.

It has been established the ferromagnetic ordering in
this system takes place at d,/d; < 1. Asthe radius of the
particles grows, the superparamagnetic—ferromagnetic
phase transition temperature T, rapidly approaches the
Curie temperature of the bulk material. For example,
for a set of single-domain Co particles (p = 1, d,/d; =
0.5, and d, = 3D/2), theratio T, /T changes from 0.25
to 0.7 with D/2 varying from 2.5 to 3.5 nm.

The physical reason for the presence (at d,/d; < 1)
or absence (d,/d; = 1) of ferromagnetic ordering in this
system is the competition between magnetic dipole
interactions between the particles. The particles sur-
rounding some arbitrary chosen one can be subdivided
into two groups according to their positions. Those of
the first group produce a mean magnetic dipole field at
the central particle chosen, this field being parallel to
the magnetization vector, while the particles of the
other group produce an antiparallel field. Ferromag-
netic ordering occurs when the particles of the first
group make a major contribution to the total dipole
field, which takes place at d,/d; < 1.

The result obtained indicates that a certain structure
ordering in a set of interacting magnetic particle sub-
stantially raises the superparamagnetic—ferromagnetic
phasetransition temperature. With the beneficial effects
due to the first and second approaches added, one may
expect a significant rise in this temperature even for
<5 nm particles.

From the aforesaid, it can be concluded that nan-
ograined magnetic films with an ordered arrangement
of the nanoparticles can meet the requirements for lon-
gitudinal recording carriers with a recording density
above 10 bit/cn??.

FORMATION OF AN ORDERED STRUCTURE IN
NANOGRAINED MAGNETIC FILMS

Ways for tackling the problem should be looked for
in the new field of chemistry, so called supramolecular
chemistry [25]. The subject of supramolecular chemis-
try is the synthesis and study of molecular ensembles
(including clusters) with the self-organization proper-
ties. While conventional chemistry deals largely with
reactions that break or produce vaence bonds,
supramolecular chemistry studies almost exclusively
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Fig. 6. Au nanoparticles are assembled into the (a) bce and (b) t-fec lattice.

nonvalent interactions, such as weak hydrogen bonds,
electrostatic interaction, etc. The energy of these bonds
are one to two orders of magnitude lower than the
energy of valence ones; however, when combined,
many such bonds may produce associates that are sta-
ble and at the same time readily change their structure.

Metal nanoparticles are highly reactive and have the
developed surface. Accordingly, they are involved in a
variety of spontaneous processes. To improve their sta-
bility isabasic challenge. For this purpose, various sta-
bilizers are employed. One widely used approach is to
stabilize metal nanoparticleswith high-molecular com-
pounds. The result is composites where ultradisperse
particles or clusters are randomly distributed in a poly-
mer matrix [26].

In recent years, the ensembles of passivated metal
nanoparticles with the self-assembly properties have
received much attention. Luedtke and Landman [27]
studied the structure, dynamics, and thermal dynamics
of ensembles of akyl siloxane—passivated gold nano-
particles. The position and the concentration of the
monolayers passivating the faces of the gold nan-
ograins indicated that the monolayers are assembled
like molecular packets of preferred orientation. On
heating, this ordered state reversibly passes to the ran-
dom intermolecular distribution. The equilibrium
arrangement of adsorbed nanograins depends on the
length of a molecular chain involved in passivation. If
passivation is through a chain of Au,44(C,HgS)s, mole-
cules, the bec superlattice forms at room temperature
(Fig. 6a), which transforms into the fcc one on heating.
At T = 300 K, the equilibrium superlattice of
Auy0(CoH5S)g, Nanograins represents the tetrago-
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nally distorted fcc structure (t-fcc in Fig. 6b). The
strength of the superlattices is due to the interaction
between packet molecules. The superlattice parameters
area=2.9nmforthebccanda=b=4.3nm,c=5.1nm
for the t-fce. Such ordered structures may be stable up
to T =800-900 K [28].

Subsequently, Yin and Wang [29] produced super-
lattices based on 3d metal nanograins. However, their
technology concealed the danger of oxidizing 3d metal
nanoparticles. To refine the resulting mixture, the metal
particles were extracted by magnetic separation. There-
fore, superlattices based on CoO nanoparticles were
studied. The particles had the form of atetrahedron (the
edge length =4.4 nm) and form the fcc superlattice
(with the parameter a = 12 nm). On heating to 600°C,
the ordered structure breaks down, and a mixture of
Co,C and Co4C nanograins instead of CoO results.

The material s described above were produced by the
chemical method (the solution reduction of the metal
compounds in the presence of stabilizers). This method
isinappropriate for producing purely magnetic materi-
als. Therefore, the need for physical methods (phase
transitions of the first order in the absence of chemical
reactions) to obtain nanograined magnetic films has
emerged. Here, condensation methods have received
the widest acceptance. Their essence is the assembly of
the nanoparticles from individual metal atoms with the
use of molecular or cluster beams. The atoms are then
grouped together to produce a cluster that becomes a
nucleus of the new phase once it has reached a certain
size and exhibited the clear-cut physical interface.

At first glance, the cluster beam technology seems
to be the most adequate solution to this problem. Mate-
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Fig. 7. Setup for evaporative deposition of the films from a
neutral cluster beam. |, cluster generation chamber; 11, clus-
ter transport tube; I, chamber of cluster ion detector;
1V, deposition chamber; 1, pulsed laser; 2, target; 3, tube
and valve for pulsed injection of helium; 4, nozzle; 5, skim-
mer; 6, cluster flux; 7, excimer laser; 8, accelerating grids;
9, cluster ion flux; 10, detector; 11, substrate; 12, evaporator
of matrix material; 13, ion beam for cleaning the substrate;
14, Auger spectrometer; and 15, diffractometer.

Fig. 8. Setup for evaporative deposition of the filmsfrom an
atomic beam. 1, Vacuum chamber; 2, pulsed laser; 3, target
(cathode); 4, circular electrode (anode); 5, substrate;
6, capacitor bank; 7, bank charger; 8, to pump; and 9, work-
ing gasinlet.

rials thus obtained are thin films where clusters are
embedded in an inert matrix. This technology has been
applied by Perez et al. [30, 31]. They used alow-energy
cluster beam to deposit nanograined films (including
films of 3d metals). The associated setup is depicted in
Fig. 7.

The generation of clusters is the most effective
under nonequilibrium conditions, when the gas con-
denses into the bulk phase by cooling and the process
ceases at the intermediate stage. Such conditions are
the easiest to set when the gas or vapor freely flows out
of anozzle and expandsto form acluster beam. Thetar-
get materia is evaporated by alaser shot. Atoms evap-
orated are mixed with a buffer gas flow, and the subse-
guent expansion of the mixture into a vacuum through
anozzle leads to the formation of clusters. The mass of
the clusters is measured with a time-of-flight mass
spectrometer. Before the measurements, the clustersare
irradiated by an excimer laser, ionized, accel erated, and
directed to the measurement chamber. The neutral clus-
ter flux strikes the substrate placed in the evaporation
chamber.

FROLOV

The character of cluster—substrate interaction
depends on the particle energy [32]. If the energy islow
(<1 eV/atom), the cluster, when touching the surface,
behaves as aliquid drop: initiadly, it adheres to the sur-
face and produces a planar contact. Then, the surface
(outer) atoms of the cluster spread over the surface due
to diffusion, forming a thin film. When the cluster
energy is high, the collision with the surface causes an
appreciable shift of adjacent atoms, which resultsin the
erosion of the surface material, followed by its evapo-
ration. Therefore, low-energy cluster beams are used
for depositing thin films. If several materials are sput-
tered simultaneously, a complex ensemble of solid
clusters embedded in the matrix will condense. With
this approach, nanograined films of various materials
have been obtained in [30, 31, 33, 34].

However, the condensation of low-energy cluster
beams to obtain nanograined films of 3d metals is a
very complicated technology. Moreover, it does not
have any obvious advantages over other simpler pro-
cesses. The point isthat the nanograin size in the result-
ing film depends largely on thermodynamic conditions
under which the condensate forms rather than on the
vapor flux type (atomic or cluster) [30, 31]. Asaresult,
the nanograins have the same size when the films are
deposited from atomic and cluster beams, all other
things been equal .

To obtain nanograined magnetic films, we have sug-
gested the method of pulsed plasma evaporation at a
pressure of 107 torr [35—40]. Our setup is shown in
Fig. 8. The method features a high condensation rate
(~10% nm/s) at a pulse duration of ~10~* sand at acool-
ing rate as high as ~10® K/s. This approach has turned
out to be very efficient, since high vapor overcooling is
the necessary condition for obtaining nanocrystalline
systems [32]. In our method, a plasma is generated
between the water-cooled anode and a 3d metal target
being sputtered when a high-capacitance capacitor
bank is discharged in the target vapor. An initial small
amount of the vapor is produced by the laser evapora-
tion of the target. The pulsed radiation of an LTI-207
solid-state laser partially evaporates the cathode mate-
rial, producing the medium through which an electric
current passes. The atoms evaporated are ionized in the
discharge plasma. Theresulting ions of the target atoms
bombard the cathode, knocking out anew portion of the
atoms. The evaporation process lasts for atime exceed-
ing the pulse width by three or four orders of magni-
tude.

The novelty of our method is the proper choice of
the ultimate dispersion of the crystalline structure when
the number of originating nuclei islarge and the radius
of acritical nucleus coincides with that of coalescence.
Films obtained with this method grow continuous,
starting from thicknesses of 2 to 3 nm, and are com-
prised of nanograins of approximately the same size.
This stems from the in situ measurements of the resis-
tivity and the examination of the structures in tunnel
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and high-resolution transmission el ectron microscopes.
The parameters of the 3d metal films obtained with our
method are similar to those of the films produced by the
cluster beam technology: the grain sizes are equal, the
local anisotropy constant is large, and the exchange
parameter isrelatively low.

Note, however, that the nanograined films of 3d met-
als obtained by the condensation of cluster and atomic
beams have alow coercive force obviously because of
the superparamagnetic effect. To rise the temperature of
this transition, the films must be appropriately ordered.
The ordering may be accomplished by taking advan-
tage of the high adsorbability of the nanoparticles on
high-molecular compounds. For example, one may
deposit the metal nanoparticlesin an appropriate atmo-
sphere or sputter the metal and the polymer in parallel.

In this case, the new phase forms through the phase
transition, but the synthesis of the final product involves
chemical reactions [26]. Thin composite films may be
prepared under conditions when the polymerization of
related compounds and the vacuum evaporation of met-
als proceed concurrently. For example, the metalic tar-
get is sputtered in the glow discharge plasma of a poly-
mer or compounds that will be used as matrices are
sputtered in metal vapors. There can be versions where
the vapors of a metal and of an organic solvent are
codeposited onto a cooled substrate and the resulting
condensate is heated to a certain temperature. In most
of these cases, the material grows disordered. It
becomes clear that the synthesis of structurally homo-
geneous nanocomposites is impossible if the matrix is
not specially prepared. Therefore, a number of prob-
lems related to the vacuum condensation of the metal-
lopolymeric phase and to the examination of its struc-
ture should be solved before the reliable technology of
nanograined magnetic films with orderly arranged
nanoparticles that combines physical and chemical
methods is developed.

CONCLUSION

Thus, we showed that nanograined magnetic film
mediawith nanoparticles of size <5 nm are competitive
with magnetic quantum disksin the production of high-
density magnetic memory devices.

The temperature of transition to the superparamag-
netic state can beincreased if certain structure ordering
is established in these materials. To do this, one can
take advantage of the high adsorbability of the nanopar-
ticles on high-molecular compounds. In principle, the
problem can be solved by chemical methods; however,
dry (solution-free) processes for the formation of nan-
ograined structurally ordered magnetic fields seem to
be more appropriate for applications. Therefore, it is
suggested to use technologies of vacuum deposition
that combine physical and chemical methods.
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Note, in conclusion, that ordered nanocomposites
are not only of applied interest but also offer consider-
able scope for fundamental research.
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