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biguously from fitting Equation 2 to the experimental data. The 2PA
cross-section ¢ is determined by means of the expression

o =hvB/N “

where N is the number of molecules per cm® and Av is the excitation
photon energy. Usually, d is expressed in Goppert Mayer (GM) units,
in which 1 GM=1x10"° cm*s nm, using an optical parametric ampli-
fier (TOPAS, from Light Conversion) pumped by 150 fs pulses at
775 nm, delivered by a commercial Ti:sapphire chirped pulse ampli-
fied system CPA-2001 from Clark-MXR Inc., operating at a 1 kHz
repetition rate. The full width at half maximum (FWHM) pulse dura-
tion was 120 fs, and the spatial profile of the laser beam presented a
Gaussian distribution. The beam waist size and pulse irradiance were
determined via Z-scan measurements on fused silica (1.2 mm) [36].
The transmitted signal was monitored using a simple silicon positive
instrinsic negative (PIN) photodetector coupled to a lock-in amplifier.

Two-photon-induced fluorescence measurements from 500 to
730 nm were carried out using the same laser system described above
operating at 770 nm. The emission was dispersed by a monochroma-
tor and collected by a standard photomultiplier coupled to a lock-in
amplifier. 2PA fluorescence emission intensity versus incident inten-
sity was performed by changing the laser power with polarizers. Opti-
cal limiting measurements were carried out with the pump laser beam
from the above-mentioned laser at 770 nm focused on a 2 mm thick
quartz cuvette. The pump intensity was controlled with the same at-
tenuator used in the fluorescence measurements. All measurements
were performed at room temperature.
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optical devices.' Among magnetic metals, iron oxide is
becoming more and more attractive because of its intrinsic
half-metallic ferromagnetic nature, which can be widely used
in catalysts,”! biological assays,'>'* chemical sensors,'*!!
and superparamagnets.'! In the past years, much effort has
been devoted to the preparation of nanoparticles, thin films,
and bulk materials. But just a few approaches[”'z” have been
developed to prepare one-dimensional magnetite nanowires,
nanorods, and nanotubes. For example, Kumar et al.ll”! pre-
pared magnetite nanorods by ultrasound irradiation of iron
acetate solutions. By using the supercritical fluid phase inclu-
sion technique, Crowley et al.'8! grew magnetite nanotubes in
mesoporous silica powder. Single-crystalline Fe;O,4 nanowires
were synthesized in an autoclave through hydrothermal
processes.[lg’m] Xue et al.?!! also fabricated polycrystalline
magnetite nanowires in an anodic aluminum oxide (AAO)
template by electrodeposition. However, highly ordered sin-
gle-crystalline magnetite arrays were not reported until now.
Here, we present the fabrication of large-scale, single-crys-
talline Fe;O, nanopyramid arrays by CH, and N, plasma
sputtering of hematite (0001) wafers without using any tem-
plate or catalyst. The morphology, structure, and magnetic
properties of magnetite nanopyramids were characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and vibrating sample magnetometry
(VSM). The possible growth mechanism is also discussed.
SEM images of magnetite samples synthesized on a hema-
tite [0001] substrate at different growth times are shown in
Figure 1. Large-area Fe;O, nanopyramid arrays were ob-
tained by controlling the experimental conditions. As shown
in Figure 1A, after a two-hour sputtering time, large-area,
aligned magnetite nanopyramids stand vertically on the hema-
tite substrate. The side view of the Fe3;O, nanostructure is
shown in Figure 1B, in which one can see that the structures
have a uniform, pyramid-like shape with a length of about
3 um. It can also be found that the diameter of the Fe;O,4
pyramid gradually decreases from 500 nm (the cap) to
100 nm (the bottom) vertically. The profile of the nanostruc-
ture looks like an “Egyptian pyramid” with many layers. To
investigate the detailed morphology, the top view of the nano-
pyramids is given in Figure 1C, and a high-resolution SEM
image of the top part of a typical Fe;O04 nanopyramid is shown
in Figure 1D. It can be seen that the cap of the nanopyramid
is a perfect pyramid consisting of four triangular faces and
one rectangular base. The mean size of the cap is about 400—
500 nm. For analyzing the influence of growth time on the
sample morphology, we prepared a series of samples at differ-
ent reaction times. Figure 1E is an SEM image of the sample
sputtered in the plasma for five minutes. One can see that the
bulk Fe;O, structure with a pyramid shape was formed on the
Fe,O; substrate. Figure 1F is a typical SEM image of the
sample sputtered for 20 min, indicating that more and more
nanometer-sized Fe;O,4 pyramids came into being during the
reaction. In the inset in Figure 1F, the initial stage of Fe;04
nanopyramid growth is clearly observed on top of the bulk
pyramid. From the images of Figure 1, we can conclude the

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. SEM images of Fe;O, structures at different growth times.
A) Low-magnification image of large-area Fe;O, nanopyramid arrays
(2 h). Scale bar: 5 um. B) Side view and C) top view of the nanopyra-
mids. Scale bars: 1 um (B) and 0.5 um (C). D) High-resolution image of
the nanopyramid cap. Scale bar: 100 nm. E,F) SEM images of the sam-
ples at growth times of 5 and 20 min. Scale bars: 10 um. Inset in (F):
high-magnification image of the sample (20 min). Scale bar: 2 um.

sputtering of the plasma on the a-Fe,O5 substrate might be
beneficial for the formation of the magnetite nanopyramids.

www.advmat.de Adv. Mater. 2005, 17, 18931897



In order to determine the detailed crystalline structure,
TEM and high-resolution TEM (HRTEM) measurements
were employed to investigate the sample. A typical TEM
image of a Fe;O4 nanopyramid is shown in Figure 2A. The
diameter of the nanopyramid gradually decreases from the
top to the bottom, which is in good agreement with the image
shown in Figure 1B. Figure 2B provides the corresponding
selected-area electron diffraction (SAED) pattern. Our ener-
gy-dispersive X-ray absorption spectroscopy results show that
this novel structure is composed of Fe and O. From the SAED
pattern, the crystal structure of this novel nanomaterial is
identified to be the Fe;O,4 phase, which is consistent with the
data of the Joint Committee for Powder Diffraction Standards
(JCPDS) card No. 19-629. Moreover, the pattern indicates
that the magnetite nanopyramids grow along [001] and the
nanopyramids are perfect single crystals. By analyzing the
HRTEM image (Fig. 2C), we prove that the Fe;O4 nano-
pyramid has an inverse spinel structure and the spacing, d,
between adjacent (001) growth planes is 2.095 A. To clarify
the chemical composition of the nanopyramid, the electron
energy-loss spectroscopy (EELS) analysis is shown in Fig-
ure 3. It reveals that the characteristic oxygen K-shell ioniza-
tion edge (~532¢V, 542 ¢eV) and the ionization edge
(=712 eV, ~726 eV) corresponding to the Fe L, and FelL;
shells, respectively. The Gatan EELS Analysis software pro-
vided with the TEM (Tecnai F20) is used to quantitatively
analyze the EELS spectra of several nanopyramids. It demon-
strates that the average atomic ratio of the Fe to O elements
is 3:4, which further confirms the as-prepared nanopyramid to
be the Fe;O,4 phase.

A measurement of the magnetic properties of the sample at
room temperature is presented in Figure 4. It can be clearly
seen that the nanopyramid has a saturation magnetization of
52.5 emug™ and a coercive field of 79.0 Oe, which is lower
than the values of bulk Fe;O,4. The saturation magnetization
and the coercive field of bulk Fe;O,4 are about 85-100 emu g’1
and 115-150 Oe, respectively. The deviation is likely due to
the sample nanostructure because the magnetization of sam-
ples consisting of small particles decreases with decreasing
particle size. The increase of the dispersion in the exchange
integral reaches a superparamagnetic state wherein each par-
ticle acts as a big spin with a suppressed exchange interaction
between the particles.[zz]

Figure 2. TEM and HRTEM images taken from the magnetite nanopyramid. A) Typical TEM image
of the nanopyramid. Scale bar: 100 nm. B) The corresponding SAED pattern. C) HRTEM image of
the same sample. Scale bar: 10 A.
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Figure 3. EELS spectrum of the Fe;O4 nanopyramid, indicating the oxy-
gen K-shell ionization edge (~532 eV, 542 eV) and the Fel, and Fel;
shell ionization edges (~712 eV, ~726 eV).
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Figure 4. The room-temperature magnetic hysteresis curve of the nano-
pyramid. It has a saturation magnetization of 52.5 emug™ and a coer-
cive field of 79.0 Oe. (1 emu=10" Am? 1 Oe=10*/4w Am™".)

The morphology of Fe;O4 nanopyramids is distinctly differ-
ent from the nanowires and nanorods. Moreover, catalysts, a
mixture of metal and metal oxide, or reaction gases including
iron element were not used during the reaction process.
Therefore, the vapor-liquid-solid (VLS), vapor-solid (VS), or
oxide-assisted growth (OAG) mechanisms cannot be used to
explain the growth of the nanopyramid. We speculate that the
nanopyramid growth mainly resulted
from the plasma sputtering of the
Fe,03(0001) substrate during the reac-
tion process.

Why does the magnetite pyramid
form on the surface of the a-Fe,O3 sub-
strate? To understand the growth mech-
anism, a schematic diagram of the possi-
ble growth process is shown in Figure 5.
1) The mixed gas of N, and CH,4 forms
the plasma under microwave irradiation
and reconstruction from o-Fe,O3(0001)
to Fe304(111) tends to take place on

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematic illustration of the growth process for magnetite nanopyramids. Bulk pyra-
mid-like structures form in Step 1. In Step 2, more nanopyramids with nanometer size come
into being. In Step 3, nanopyramids begin to grow along the [001] orientation. Large-area

nanopyramid arrays are prepared in Step 4.

the substrate under reductive conditions. Pyramid-like bulk
Fe;O,4 structures are fabricated, then reconstruction on the
0-Fe,05(0001) surface takes place. Figure 1E provides evi-
dence of this stage. 2) The surface covered by many big Fe;04
pyramids changes into a surface consisting of many nano-
meter-sized magnetite nanopyramids during the bombard-
ment of the mixed gas plasma, which is consistent with the
SEM image shown in Figure 1F. 3) The base plane of Fe;Oy4
nanopyramid grows epitaxially on the a-Fe,O3(0001), and the
initial growth stage of nanopyramid arrays occurs when the
reaction proceeds. The existence of this stage is also proven
by the SAED pattern. 4) High-density magnetite nanopyra-
mid arrays are prepared in the orientation perpendicular to
the hematite substrate.

We propose the following to explain the formation of
Fe;0,4(111) under reductive conditions. First, the close-packed
oxygen layer lying parallel to the Fe;O4(111) (surface con-
stant: 5.03 A) is similar to a-Fe,03(0001) (surface constant:
5.92 A) crystallographically.***! Second, the plasma bom-
bardment removes more oxygen atoms from the surface
region than iron atoms, thereby creating a disordered and re-
duced selvedge where Fe;O,4 reconstruction takes place.[24’25]
On the oxygen-deficient surface, partial octahedral iron sites
in a-Fe,Oj; are possibly replaced by ordered tetrahedral iron
sites,[?] inducing the transition in the appearance of Fe;O,.
Last, the Fe;04{111} plane is the most energetically stable

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystalline plane in nature. Possible reasons
for the appearance of multilayered struc-
tures are as follows: The plasma sputtering
possibly takes fewer atoms from the {111}
plane than it does from other planes and
makes the side planes tend to be {111}, be-
cause the most stable plane for magnetite is
{111}. In addition, the sputtering velocity is
so rapid that the growth fronts do not have
enough time to complete the growth of per-
fect pyramid-like structures. In this way,
multilayered, pyramid-like structures grow-
ing along [001] form. In our work, the align-
ment of nanopyramids might be attributed
to steric overcrowding[26’27] or a mutual re-
pulsion force existing among these mag-
netic nanopyramids.

Plasma sputtering of hematite (0001) sub-
strates provides a simple approach to the
fabrication of large-area Fe;O,4 nanopyra-
mid arrays. The as-prepared nanopyramids
perpendicular to the substrate are single
crystals growing along the [001] direction.
They are perfect Fe;0, crystals with inverse
spinel structure and their mean length is
about 3 um. Based on our results, the possi-
ble growth mechanism of magnetite nano-
pyramid arrays is discussed. This novel
Fe;0,4 nanostructure may have potential
applications in constructing nanoscale magnetic devices and
high-density storage media.

Experimental

A 2450 MHz microwave plasma chemical vapor deposition
(MPCVD) system developed in our laboratory [28] was used to pre-
pare the Fe;O4 nanopyramid arrays. The a-Fe,O5 [0001] wafer was
used as the substrate. After being washed 10 min with acetone, alco-
hol, and deionized water in an ultrasonic cleaner, the hematite
substrate was placed vertically on a quartz holder in the vacuum
chamber. When the base pressure in the system was lower than
0.1 Pa, the mixed gas consisting of CH, and N, was introduced into
the vacuum chamber at a flow rate ratio of 1:100 sccm (standard cubic
centimeters per minute). The power of the microwave plasma was
retained at 850 W and the deposition pressure of the mixed gas was
kept at about 2600 Pa. After 2-3 h reaction time at a temperature of
800 °C, a dark film formed on the surface of the hematite substrate.

A field-emission type scanning electron microscope (XL-SFEG,
FEI Corp.) was used to observe the morphologies of the Fe;O4 nano-
structures. Transmission electron microscopy (Tecnai-20, FEI Corp.)
and high-resolution transmission electron microscopy (Tecnai F20,
FEI Corp.) were employed to investigate the Fe;O4 nanostructures.
The room-temperature magnetic curve of the sample was obtained in
a Lakeshore 7400 Series VSM System. Before the measurements of
the magnetic properties were carried out, the sample was scratched
from the substrate because hematite is also magnetic.
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Microstructure and Electromechanical
Properties of Carbon Nanotube/
Poly(vinylidene fluoride —
trifluoroethylene — chlorofluoro-
ethylene) Composites™*

By Shihai Zhang,* Nanyan Zhang, Cheng Huang,
Kailiang Ren, and Qiming Zhang

Their nanometer-scale dimensions, along with their large
shape anisotropy, high mechanical strength, and very high
thermal and electrical conductivity, make carbon nanotubes
(CNTs) an excellent material choice for nanocomposites, in
which even a very small amount of CNTs can induce signifi-
cant changes in the material’s properties.[1'3] Whereas most of
the reported studies were focused on the enhancement of
mechanical properties and/or electrical conductivity of com-
posites, in this communication we investigate the influence of
CNTs on the microstructure and electromechanical properties
of the electrostrictive terpolymer poly(vinylidene fluoride—
trifluoroethylene —chlorofluoroethylene), abbreviated
P(VDF-TrFE-CFE). It will be shown that the crystallinity,
Young’s modulus, dielectric constant, electrostrictive strain,
and elastic energy density of P(VDF-TrFE-CFE) can be simul-
taneously improved by inclusion of only 0.5 wt.-% CNTs.

PVDF-based ferroelectric polymers are well known for
their strong piezoelectricity. They can perform efficient elec-
trical-to-mechanical energy conversion and generate large
mechanical actuation in response to external electrical stimu-
lation. Therefore, these polymers are attractive for a broad
range of applications, such as sensors, actuators, artificial mus-
cles, ferroelectric memory devices, and integrated microelec-
tromechanical systems.[*’] Recently, by employing defect
modifications, such as by introducing a bulky third monomer
CFE, it has been shown that the normal ferroelectric P(VDF-
TrFE) can be converted into a ferroelectric relaxor P(VDF-
TrFE-CFE), and the electromechanical response can be
significantly enhanced.!®”) For instance, a hysteresis-free
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