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Abstract

A novel approach to create ultrathin planar nanoparticulate structures based on the controllable synthesis of nanoparticles directly in
Langmuir monolayer at the gas/liquid interface and subsequent deposition of monolayer is introduced. In this approach, al initial
reagents are present only in monolayer and reactions of nanoparticles synthesis are initiated by decomposition of organometallic
compounds under electromagnetic radiation. The changes in the shape of compression isotherm of stearic acid (SA)/iron pentacarbonyl
mixed monolayer under the varying of the time of exposure to the ultraviolet light have been studied. STM images of mixed monolayers
deposited onto the graphite substrate revealed synthesized iron isotropic and anisotropic magnetic nanoparticles with the characteristic
size varied from 20 to 150 A in dependence on the ultraviolet exposure time and monolayer compression. © 1999 Elsevier Science SA.

All rights reserved.
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1. Introduction

Materials with monodispersed metallic nanoparticles in
a solid or liquid matrix often possess new properties,
important and perspective for wide applications. A number
of methods to prepare ultrafine particles were developed
up to now and were exploited to create different particulate
materials as, for example, ferrofluids and metallopolymers
[1,2].

Langmuir—Blodgett (LB) technique alows to create
multicomponent organized ultrathin molecular films with
incorporated or grown inside clusters and nanoparticles,
what is very promising new material for nanotechnology,
molecular electronics, optic systems, catalysis and coatings
with controlled properties. This approach allows the forma
tion of planar nanoparticulate structures of ultimately small
thickness, corresponding to the dimensions of single
nanoparticle monolayer plane, and to create corresponding
multilayer nanoparticle-containing structures of strictly
controllable thickness, determined by a number of de-
posited nanoparticulate monolayers. We have exploited
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this technique to fabricate mixed monolayer LB films
consisted of inert amphiphile molecular matrix and guest
organometallic clusters to create the reproducible stable
planar nanostructures with different systems of electron
tunnel junctions [3]. The double tunnel junction (DTJ)
structure ‘‘ graphite substrate—cluster—STM tip’’ was stud-
ied [4,5] and corresponding molecular single electron tun-
neling (SET)-transistor was demonstrated at room tempera-
ture [6].

The nanoparticulate LB films were formed as a rule in
two ways; first, with the use of ultrafine particles prepared
prior to their incorporation into the film [7—10]. In another
method, nanoparticles were generated within or at the
interfaces of surfactant monolayers used as templates [11—
13] or inside LB films of fatty acid sats and another
surfactants [14—17]. When Langmuir monolayer served as
template for synthesis of nanoparticles, the initial reagents
were located in a gas and /or liquid phases.

It is known that ultrafine metalic particles can be
prepared by decomposition of organometallic compounds
such as transition metal carbonyls. The decomposition is
caused by introducing sufficient energy into the molecule
to cause bond scission. This can be done mechanicaly,
thermally or by electromagnetic radiation. Thus, ferroflu-
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ids consisting of colloidal suspensions of stabilized metal-
lic nanoparticles were prepared by thermal or ultraviolet
irradiation decomposition of transition metal carbonyls in
presence of surfactant [18—24].

We report here the synthesis of iron magnetic nanopar-
ticles directly in Langmuir monolayer at the gas/liquid
interface when al initia reagents are present only in
monolayer. The nanoparticles were formed by the ultravio-
let decomposition of an iron pentacarbonyl present in
monolayer in a sufficient amount to form a substantial
number of particles per area at the gas/liquid interface in
the presence of monolayer molecular surfactant matrix
(stearic acid, SA). Iron pentacarbonyl and mixed SA /iron
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pentacarbonyl Langmuir monolayers behavior on the water
surface have been studied in dependence on the time of
exposure to the ultraviolet light. The microtopography of
nanoparticulate monolayer deposited and effects of SET
were studied using STM technique at room temperature.
Our STM study reveals that through the systematic control
of the ultraviolet irradiation dose and of the mixed mono-
layer content and compression extent one can manipulate
the growth process of nanoparticles and deposit two-di-
mensional (2-D) ordered nanoparticulate structures. The
effects related to SET and energy quantization of electrons
were observed in formed planar nanoparticulate molecular
structures.
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Fig. 1. (&) The P-A isotherm of pure iron pentacarbonyl on water subphase. (b) The P—A isotherms of mixed Langmuir monolayers consisted of SA and
iron pentacarbonyl on water subphase. Curve 1: control monolayer of pure SA; curve 2: mixed monolayer (Fe(CO);/SA ratio 20:1), compression in the
dark without ultraviolet irradiation; curve 3: mixed monolayer (Fe(CO);/SA ratio 20:1), compression after 3 min exposure to ultraviolet light. Monolayer

area is calculated per molecule of SA. Water subphase pH = 5.6. T = 295 K.
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2. Materials and methods

SA (CH,;—~(CH,),,—COOH) was obtained from Serva.
Iron pentacarbonyl Fe(CO), was obtained from Alfa Inor-
ganic and used without further purification. Water was
purified by a Milli-Q system (Millipore).

Surface pressure—monolayer area (P—A) isotherm mea-
surements and monolayer transfer to solid substrates were
carried out on a full automatic conventional teflon trough
at 18-20°C as described elsewhere [25]. Langmuir mono-
layers were formed by spreading a mixed chloroform
solution of Fe(CO); with SA 2 10~* M on the surface
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Fig. 2. STM topographic images of mixed nanoparticulate monolayers (Fe(CO)s /SA ratio 20:1, 3 min exposure to ultraviolet light, surface pressure under
illumination ~ 1 mN/m) deposited by Shaefer's method onto the surface of graphite substrate. (a) Top view; (b) 3-D image. The scales of images are
shown in the right bottom corner of pictures. T =295 K.
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of purified water (pH = 5.6). After complete solvent evap-
oration, the floating monolayer was compressed by a mo-
bile Teflon barrier at a speed ~ 3 A?/SA molecule min to
different compression extent. The Fe(CO); evolves carbon
monoxide when exposed to heat or light. Mixed
Fe(CO)s/SA monolayer (Fe(Co)./SA ratio varied from
50:1 to 1:1) was irradiated by ultraviolet light for different
time intervals using 100 mwW conventional VR ultraviolet
light source (A =300 nm). Monolayers were then com-
pressed and deposited onto high oriented pyrolytic graphite
(HOPG) substrate at a constant pressure (25 mN/m),
temperature and dipping speed using the conventional
horizontal lifting method with good transfer ratios, to form
monolayer nanoparticulate samples for STM investiga
tions. Multilayer nanoparticle-containing Y -type LB films
were formed by means of vertical lifting deposition onto
polished silicon substrates with natural oxide layer at
surface pressure 25 mN/m. The electron paramagnetic
resonance (EPR) technique was used to study the magnetic
properties of nanoparticulate multilayer LB films. The
EPR spectra were recorded with Varian E-4 spectrometer
at the X band at room temperature.

The STM measurements of the monolayer films de-
posited on a HOPG surface were performed using a modi-
fied Nanoscope-1 scanning tunneling microscope in the
constant current mode. Topographic images of the films
were measured usualy at tip bias voltage 0.5 V and
tunneling current 0.5 nA. The images were stable and
reproducible. The formed planar nanoparticulate molecular
structures were studied spectroscopically by recording tun-
neling current—bias voltage (1-V) curves in DTJ geome-
try, where nanoparticles were coupled via two tunnel
junctions to two macroscopic electrodes (HOPG substrate
and the tip of a STM). The measurement procedure con-
sisted of the obtaining of topographic image and then
positioning the tip above an isolated nanoparticle for the
tunneling spectroscopy measurements. |-V curves were
recorded while temporarily disconnecting the feedback
circuit and, therefore, with constant tunnel junctions pa-
rameters. During the |-V measurements, topographic im-
ages were monitored regularly to ensure that the tip and
the nanoparticle not drift apart. Electrons flowed from the
tip to the substrate for positive V values.

3. Results and discussion

3.1. Surface P—A isotherms

Long-chain fatty acids and their derivatives are known
as classical surfactant compounds to form insoluble mono-

layers at the water /air interface [26]. Using those com-
pounds, high ordered LB films were formed perspective
for device applications in severa diverse areas including
solid state molecular electronics, nanolithography, and dif-
ferent kinds of sensors [27]. Simultaneously, such com-
pounds are widely used as surfactants to stabilize nanopar-
ticles in nanoparticulate materias, for example, in mag-
netic paints and ferrofluids [28]. In our approach, the
properties of fatty acids to form Langmuir monolayer and
to stabilize nanoparticles and prevent aggregation in
nanoparticul ate structures are combined successfully.

Iron pentacarbonyl and mixed SA /iron pentacarbonyl
Langmuir monolayers behavior on the water surface have
been studied in dependence on the time of exposure to the
ultraviolet light. Fig. 1a shows the P—A isotherm of pure
iron pentacarbonyl on the surface of water subphase. It is
clear from this figure that iron pentacarbonyl possess
surfactant properties. We have prepared mixed Langmuir
monolayers consisted of SA and iron pentacarbonyl in
different ratios and studied compression isotherm changes
in dependence on monolayer content and on the period of
ultraviolet light irradiation. Fig. 1b shows the compression
isotherms of control SA and mixed monolayers on water
subphase at 20°C. The course of P-A isotherm of control
pure SA monolayer without iron pentacarbonyl (showed
on curve 1 of Fig. 2) was not changed noticeably after
ultraviolet light irradiation during 25 min. The dark com-
pression isotherm of mixed monolayer (F(CO);/SA ra-
tios was varied from 50:1 to 1:1) without ultraviolet
irradiation was usually shifted to the large monolayer areas
in comparison with control. The typical dark P—A isotherm
of monolayer with Fe(CO);/SA ratio 20:1 is presented in
Fig. 1b (curve 2). The characteristic compression isotherm
of mixed SA /iron pentacarbonyl monolayer exposure to
ultraviolet light is shown in Fig. 1b, curve 3. P-A
isotherms in this case were characterized by suppression of
phase transitions, change in collapse behavior and signifi-
cant increase in A, (value of monolayer area where P
began to increase from 0) in comparison with control.
Those changes give evidence that monolayer structure and
intermolecular interactions are substantially altered by
nanoparticles synthesized under ultraviolet illumination.

3.2. STM measurements

STM have been advantageously used to study microto-
pography of surface and electron transport processes in
molecular and nanoparticulate planar systems [5,12,29].
Molecular structure of samples for investigations of single
nanoparticles by this technique has to be monolayer on the
conducting substrate. STM image of pure SA monolayer,

Fig. 3. STM topographic images of mixed nanoparticulate monolayers (Fe(CO)5 / SA ratio 20:1, 3 min exposure to ultraviolet light, surface pressure under
illumination ~7 mN/m) deposited by Shaefer's method onto the surface of graphite substrate. () Top view; (b) 3-D image. The scales of images are

shown in the right bottom corner of pictures. T =295 K.
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transferred to a graphite substrate from the surface of
aqueous phase by horizontal lifting method, is a quasi-
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planar and very smooth surface without any 3-D structures
included [12]. The mixed monolayers containing synthe-
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Fig. 4. STM topographic images of mixed nanoparticulate monolayers (Fe(CO)5/SA ratio 20:1, 10 min exposure to ultraviolet light, surface pressure
under illumination ~ 1 mN/m) deposited by Shaefer’s method onto the surface of graphite substrate. () Top view; (b) 3-D image. The scales of images

are shown in the right bottom corner of pictures. T = 295 K.
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sized nanoparticles were successfully deposited onto HOPG
substrate using Shaefer’'s method. STM topographic im-
ages of different mixed ultraviolet irradiated monolayers
deposited onto the HOPG substrate revealed synthesized
iron nanoparticles and aggregates. The particle size de-
pended significantly on the mixed monolayer exposure
time to the ultraviolet light. Fig. 2 represents characteristic
STM images of nanoparticulate monolayer (initial
Fe(CO);/SA ratio was 20:1) deposited after 3 min irradia
tion by ultraviolet light at surface pressure ~1 mN/m.
The STM microtopographic images in this case revealed
the formation of small (~ 2 nm size) isotropic platelike
nanoparticles. The size and the shape of nanoparticles were
reproducible and nanoparticles were usualy homoge-
neously distributed in monolayer. The compression of
monolayer of the same content under ultraviolet illumina
tion resulted in formation of anisotropic ellipsoid-like
nanoparticles (Fig. 3). In monolayers (F&(CO);/SA =
20:1) deposited after 10 min ultraviolet irradiation, single
nanoparticles and ordered groups of particles were also
observed. Fig. 4 shows the chain of nanoparticles typically
observed in such monolayer. It is known that particles with
dipole moment aggregate into chains when dipole—dipole
interaction energy exceeds kT (kg: Boltzmann constant).
Chains of magnetic ultrafine particles are usually observed
in magnetic liquids [1,28] and it gives evidence that iron

nanoparticles synthesized in our experiments have notice-
able magnetic moment. The increase of the time of mono-
layer exposure to ultraviolet light or increase of the iron
pentacarbonyl content in monolayer (above 30 for
Fe(CO),/SA ratio) resulted in formation of some random
iron aggregative structures typical one as shown in Fig. 5.

The results presented are in agreement with those ob-
tained previously on decomposition of Fe(CO); in liquids
chemically close to SA [30,31]. It was found that all
nanoparticles formed were multiphase, the major phase
was a-Fe, some types of iron oxides and iron carbide were
present [31]. It was found that in 3-D media after nucle-
ation of an iron particle, it grows very rapidly to a size
large than 4.5 nm [32]. It was shown that the particle size
depends on the type of surfactant molecules used and in
the absence of a surfactant the particle size exceeds 100
nm and the strong total intensive aggregation of particles
occurred [32].

The room temperature tunnel current—voltage (1-V)
dependencies recorded using STM on the small nanoparti-
cle (~2 nm) revealed effects related to single-electron
tunneling and, possibly, energy quantization of electronsin
DTJ structures. Corresponding spectroscopic  results,
namely, the |-V and dl /dV characteristics are shown in
Fig. 6a,b. The curves with pronounced Coulomb-blockade
region near zero voltage were observed only on the
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Fig. 5. STM topographic images of mixed nanoparticulate monolayers (Fe(CO)5/SA ratio 20:1, 30 min exposure to ultraviolet light, surface pressure
under illumination ~ 1 mN /m) deposited by Shaefer’s method onto the surface of graphite substrate. (@) Top view; (b) 3-D image. The scales of images

are shown in the right bottom corner of pictures. T = 295 K.
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Fig. 6. STM tunneling current—voltage (1 -V ) characteristics of nanopar-

ticulate mixed monolayer recorded in DTJ system ‘‘STM tip—mono-

layer—graphite substrate’’ at 295 K. () Characteristic | -V curve recorded

when the tip was positioned on the nanoparticle; (b) tunneling spectro-

scopic dI /dV curve corresponding to curve (a); (c) typical |-V curve

recorded on the mixed monolayer surface area without nanoparticles and
on the SA monolayer.

nanoparticles, whereas identical smooth 1-V curves with-
out noticeable particular features (Fig. 6¢) were obtained
everywhere else except over the nanoparticles. The 1-V
curve shown in Fig. 6¢ is characteristic for SA monolayer

onto graphite substrate and its super linear course is usua
for single tunnel junctions ‘* STM tip—substrate’’ [33]. The
-V curvein Fig. 6ais determined by the tunnel junctions
parameters, the energy separation of highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) in nanoparticle and its combi-
nation with Coulomb single-electron charging effects dur-
ing tunneling. The |-V picture can be complicated also by
molecular orbital anisotropy when tunneling current is
correspondingly dependent on the tip position over the
particle and on the nanoparticle space orientation with
respect to the substrate surface. The curves with sup-
pressed conductivity near zero voltage (the typical one
shown in Fig. 6a may be interpreted as a result of single-
electron tunneling in DTJ system ‘‘STM tip—
nanoparticle—substrate’’. The size of the nanoparticle is
about 2 nm and the capacitance of each tunnel junction can
be estimated as 0.1 aF (10~ '° F) [4]. This value gives the
Coulomb blockade region about 0.3 V which is close to
the experimental value (Fig. 6a). These facts give evidence
that the steps on the |-V curves may be due to the SET
effects.

The single electron charging effects and quantum size
effects in isolated conducting nanoparticles are of principal
importance in development of nanoscale functional sys-
tems (including quantum functional elements and devices).
Each of these effects can be detected when charging
energy and/or electronic level separation exceed the ther-
mal energy kgT. The manifestation of both effects corre-
lates as a rule with decrease in nanoparticle size. Our data
give evidence that the described approach can be used in
development of high temperature SET systems. Concern-
ing electron tunneling in constructed tunnel junctions of
superparamagnetic ultrafine particles, one would expect
also manifestations of magnetotunneling effects in depen-
dence of external magnetic field and interactions of mag-
netic moments of particles.

3.3. EPR measurements

Because of very small magnetic moment of ultrathin LB
film formed, it is hardly possible to register directly the
magnetization curve in these samples. EPR spectroscopy
has been actively used as aternative method in investiga
tions of ferromagnetics because the area under the EPR
absorption curve is proportional to the magnetic moment
of the sample and magnetic ordering causes dramatic
changes in EPR signal [34]. Our first investigations of
magnetic properties of prepared multilayer nanoparticulate
LB films using EPR technique pointed out to the long-range
magnetic ordering of ferromagnetic type in materia
formed. The possibility of ferromagnetic-like ordering was
confirmed by a very close behavior of EPR curves in the
formed films and in control standard ferromagnetic system
— a thin magnetic film of y-Fe,O; particles. The EPR
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signal originated from iron in paramagnetic state was not
detected and the noticeable dependence of microwave
absorption at low magnetic field on the initial magnetiza-
tion of the samples was observed (Fig. 7). There is a shift
in the low externa magnetic field region between EPR
curves of nonmagnetized ferromagnetic sample and of the
same sample preliminary placed in saturating external
magnetic field (> 0.05 TI) due to the existence of the
residual magnetic moment M and corresponding addi-
tional internal magnetic field in magnetized ferromagnetic
sample [35]. As one can see in Fig. 7, the noticeable
hysteresis of microwave absorption at low external mag-
netic field, close to that in the standard ferromagnetic
system (a film of vy-Fe,0,), is observed in formed
nanoparticulate LB films. Ferromagnetic-like behavior of
EPR spectra of the nanoparticulate samples recorded in the
external magnetic field generated by EPR spectrometer can
correspond to superparamagnetic particles with a bound
state of magnetic moments of interacting particles.

The magnetic properties of nanoparticulate LB struc-
tures formed are expected to be close to those reported for
the 3-D material with ultrafine particles of the same nature.
It was shown previously that the magnetic properties of
3-D polymers containing iron nanoparticles are defined
ensemble of superparamagnetic particles (diameter = 5 nm)
and by antiferromagnetism of larger particles [36]. These
magnetic properties closely resemble a spin glass below
freezing temperature [36]. It is known that magnetic prop-
erties of materials with ultrafine particles consisting of
transition metals with magnetic moments are temperature
dependent, and also depend on the metal nature, particle
structure, size and concentration in material volume. Thus,
below a certain critical size, the system of intraparticle
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Fig. 7. Low-field hysteresis of microwave absorption (first derivative) in
nanoparticulate LB film deposited by LB method (F&(CO)5 /SA ratio
1:20, 10 min exposure to ultraviolet light, 50 bilayers on both sides of
silicon substrate) and in magnetic film with y-Fe,O; ferromagnetic
particles (thickness: 0.2—0.5 .m, saturation magnetization |, = 80—100

G for the film as a whole; the coercive force AH =200-240 Oe).
T=295K.

spins appeared to behave as a ferrimagnet and the particles
are superparamagnetic. For amorphous alloy particles ob-
tained by thermal decomposition of Fe(CO)s, this size was
about 4.5 nm at 80 K [37]. For fine particles of the same
nature, the critical size at room temperature was obtained
to be about 100 A [38]. Above the critica size, thereis a
significant spin compensation occurring in the direction of
bulk antiferromagnet at the expense of the superparamag-
netic particles [38]. Superparamagnetic properties of ultra-
fine particles ensemble can disappear with the increase of
the dipole—dipole interactions of magnetic moments of
particles as a result of growth of particle size below its
critical value (and corresponding increase of individual
particle magnetic moment) and increase in particle concen-
tration (decrease of distances between interacting particles).
Below the definite temperature, the dipole—dipole interac-
tions can cause the bound state of magnetic moments of
interacting particles — the effect of magnetic ordering, an
analog of spin-bound state in spin glasses below the spin
glass freezing temperature point [39]. Due to the existence
of internal magnetic field in this case, the EPR spectra of
such material appears to behave as ferrimagnet or ferro-
magnet. This behavior corresponds to the data presented in
Fig. 7.

Our results that magnetic iron nanoparticles, synthe-
sized at the air /liquid interface, can exist in an organized
chain arrangement in the deposited monolayer point out to
the possibilities to create planar structures with linear
chains of metal nanoparticles. The shape of synthesized
particles can be varied by monolayer compression extent.
Such planar material can be important for development of
advanced recording media, advanced coatings with
anisotropic and depth-controlled properties, nanoelectron-
ics and other applications.

In the approach described here, there are wide possibili-
ties to vary the conditions and to control the course of
reactions involved in the interface nanoparticle formation
(by variations in ultraviolet irradiation energy supply,
monolayer content and compression extent, temperature,
etc.). Those give possibility to control the size, shape,
structure and properties of synthesized nanoparticles and to
create reproducible nanostructures. The amphiphile
molecules constituting the Langmuir monolayer serve also
as surfactant, stabilizing the nanoparticles, and prevents
reliably the aggregation of synthesized nanoparticles. The
structure and properties of the nanoparticulate multilayer
LB films were stable for a long time (at least a year).

4. Summary

We demonstrated the possibilities of controlled inter-
face synthesis of ultrasmall metallic nanoparicles. Through
systematic control of the ultraviolet irradiation dose and of
the mixed monolayer content and compression extent, one
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can manipulate the nanoparticle formation process and
deposit 2-D ordered nanoparticulate structures. Different
planar nanoparticulate magnetic systems can be formed by
this approach. Detailed exploration of the described ap-
proach requires additional experiments addressing the
questions about the structural and magnetic properties of
nanoparticulate LB films. The developed approach seems
as being perspective for design and creation of nanoscale
functional systems (including quantum functional elements
and devices) and advanced recording and nanostructured
materials.
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