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PLD-Assisted VLS Growth of Aligned Ferrite Nanorods, Nanowires, and
Nanobelts—Synthesis, and Properties

1. Introduction

Advances in growth and characterization techniques have led
to the production of modern magnetic materials which reveal a
range of fascinating phenomena. These phenomena are derive
from the advantages of the spin component of electrons in fo
addition to charge, providing an extra level of complexity in
physics and an extra degree of freedom in device design. In the
nanoscale, where the influence of surface effects is much
enhanced, novel properties, such as increased magnetization
superparamagnetism, are often obsefvBdoperties of single
nanostructures can be tailored to specific needs by varying size
composition, or growth morphology. For arrays of nanowires,
spatial control and alignment with respect to the substrate are
critical for integration into electronic and photonic technologies.
Single-crystalline structures are also essential since the presenc
of grains and grain boundaries will affect magnetic domain
structure and electron transport such that a polycrystalline
nanowire behaves more like an aggregated chain of particles
rather than a true one-dimensional (1D) nanostructure.

Nanoscale magnetic ferrites are of particular interest due to
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We report here a systematic synthesis and characterization of alighetD; (hematite) ¢-Fe,03, and FgO,
(magnetite) nanorods, nanobelts, and nanowires on alumina substrates using a pulsed laser deposition (PLD)
method. The presence of spherical gold catalyst particles at the tips of the nanostructures indicates selective
growth via the vaporliquid—solid (VLS) mechanism. Through a series of experiments, we have produced

a primitive “phase diagram” for growing these structures based on several designed pressure and temperature
parameters. Transmission electron microscopy (TEM) analysis has shown that the rods, wires, and belts are
single-crystalline and grow alori@ 110, or [110 directions. X-ray diffraction (XRD) measurements confirm

phase and structural analysis. Superconducting quantum interference device (SQUID) measurements show
that the iron oxide structures exhibit interesting magnetic behavior, particularly at room temperature. This
work is the first known report of magnetite 1D nanostructure growth via the vdjgpid—solid (VLS)
mechanism without using a template, as well as the first known synthesis okiBagD; nanobelts and
nanowires.

enhancemerft!%11The stability and electronic properties of the
more common hematiten{Fe,0O3) make it an ideal candidate
as a photocatalyst and as a photoelectrode in solar energy
8onversion application.

Much work is also focused on developing ferrite nanoparticles
r ultrahigh density memory storatfé* and advanced com-
munications device¥ Ferrite nanoscale materials are favored
over other rare-earth alloys to aid in addressing the current need
to overcome superparamagnetic limits in conventional recording
Cfue to their relatively low cost, stability, low toxicity, and most
importantly, high resistivity, reducing unfavorable eddy current
'energy losd8 e-Fe0;3 is well suited to such applications due it
its very high room temperature coercivity (maximutg = 20
kOe)16.17|n fact, at low magnetic saturatioMg), nanorods of
e-Fe03 exhibit greater coercivity than “model” hard magnetic
fhaterials, such as barium hexaferrite and HCPLTdnlike
a-Fe0s, e-Fe0s is considered a rare and metastable form of
iron oxide® and, until now, has only been observed in small
nanorods or nanoparticles. It is ferrimagnetic at room temper-
ature T ~ 510 K), and due to its magnetic moment coupled
with an orthorhombic non-centrosymmetric structuré;e03

their size and chemical compatibility with biological tissues and g expected to also exhibit piezoelectric, magnetoelectric, optical,

their unique combination of electronic and magnetic properties.
In bulk, magnetite (F#,) has a high Curie temperatur&.(~
850 K) and nearly full spin polarization at room temperafure,

and pyroelectric behaviors. Such coupling of spontaneous
magnetization and electronic polarization promises exciting
advances in such areas as electric/magnetic field tunable devices

which make it appealing for giant magnetoresistance and spin ,, multiple state memors?

valve devices. Current biomedical applications of magnetite
nanoparticles include targeted drug delivéPyltra-sensitive
bio-agent detectioh! gene therapy§f hyperthermic cancer
treatment;>°and magnetic resonance imaging (MRI) contrast

Still, many current or proposed applications that utilize ferrite
nanoparticles require a set of properties not achievable through
available particle sizes and morphologi&é€? Current technolo-
gies relying on magnetic iron oxide particles or quantum dots

could be greatly improved through enhanced magnetic and
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ferrite nanorods and nanowires, 1D nanostructured ferrites are

expected to exhibit many properties unlike those of particles of [ T
the same phasé:26 Recent research has shown that the high
aspect ratio of magnetic nanowires can produce a larger
magnetic moment than that observed in particles of the same
volume, providing significant benefits in numerous applica-
tions?” Biomedical applications, for example, could potentially
benefit greatly through the use of such nanostructures, allowing
advances both in the lab and in the clinical setting. In fields
such as local drug delivery, improved magnetic properties would

allow the ability to deliver drugs more quickly and accurately, T Au-coated ]

enabling treatment of smaller areas with lower dosages and substrates  Fe 0, To pump
decreased side effects. Novel ferrite properties could likewise Cooling Source Cooling
benefit current communications, defense, memory storage, and Water Water

energy technologies, among others. The large coerci#ity (  Figure 1. Schematic showing PLD synthesis apparatus. Laser energy
observed in nanoparticles efFe,03, for example, is believed is directed through a treated glass window to a pressed magnetite target.
to be the result of the material's large magnetocrystalline Vapors are released'and re-condensed as 1D nanostructures nucleated
anisotropy!®:17 One-dimensional morphologies provide an ad- ©n 90ld catalyst particles.
ditional component of magnetic anisotropy, the shape anisot-
ropy 2 Often dominant in nanoscale materials, shape anisotropy ot the constituent elements or compounds of the target. Also,
contributions could produce 1D structuresesfe,0; capable  pacayse of the high heating rate of the ablated materials, laser
of properties far exceeding those observed in nanoparticle yonsition demands a much lower substrate temperature than
morphologies. One-dimensional nanostructures of magnetite, jinar evaporation growth techniquésDespite the degree of
hematite, and-FeO3 also provide ideal theoretical systems for o] granted by the PLD method, to date, literature has not
funda_mental studies of electron spin and magnetic be_hawor Ofpreviously reported synthesis of single-crystalline magnetite
materials near quantum levels. Magnetic characterization of 1D ,5nowires or nanobelts via evaporation methods without the
ferrite nanostructures is essential both as a step toward exploitayiq of 4 template.
tion of desirable properties for new and improved applications | this paper, we have successfully applied the PLD-assisted
and also as a means to better understand electronic behavior igethod for growth of aligned hematite and magnetite nanorods,
the nanoscale regime. nanobelts, and nanowires. We have also achieved by this method
Although iron oxide nanowires and nanorods have been the first known synthesis afFe,O; long nanobelts. Through a
fabricated through a variety of methods, such as templ&tify,  series of experiments, we have produced a primitive “phase
hydrothermal synthesi®, thermal decompositioft, and sot- diagram” for growing these structures based on several designed
gel®17.20 techniques, these methods are often plagued by pressure and temperature parameters. This work is the first
undesired contaminants, lack of control over morphology, size, known report of magnetite 1D nanostructure growth via the
and orientation, grainy structures, and the need for annealingvapor-liquid—solid (VLS) mechanism without using a template.
treatments post-synthegfs3? Oxidation of iron has been used The structure of the nanowires has been investigated by
to produce arrays af-Fe,O3 nanowires: however, this method  transmission electron microscopy (TEM) and X-ray diffraction
does not allow for location-specific selection of nanowire (XRD). The magnetic properties of the synthesized nanostruc-
growth. Controllable vapor deposition processes are promisingtures have been investigated by superconducting quantum
candidates for scalable industrial production in the future, due interference device (SQUID).
to their simplicity and low cost, and have been employed to
overcome many of these obstacles in simple chemical systems2. Experimental Method

: 35,36 38 i _ _ .
such as ZnG>** ZnS?>% and CdSE/* yet evaporative The iron oxide nanorods, nanowires, and nanobelts were
methods in the synthesis of iron oxide 1D nanostructures hayesynthesized via pulsed laser deposition (PLD), using a pellet
produced limited success. Magnetite nanowire fabrication, in ¢ pressed magnetite powder as target. Approxirgaiet) of
particular, has proven difficult due to the thermodynamic driving Fe;O, powder (Alfa Aesar 98%) was pressed in a 9.5 mm
force for crystallization of vapors into the more stablé-e,03 _diameter steel die at680 kg pressure to form a cylindrical
phase. The PLD method has shown some recent success ifg|let. The FgO, target was placed in a quartz tube in the center
magnetite synthesis, however, only with the aid of a template, of 5 single-zone horizontal tube furnace. A schematic of the
necessitating fabrication of either core/shell or tube-like struc- pasijc apparatus is shown in Figure 1. Next to the target was
tures?®3%In addition,e-Fe&03 has until now been observed only  pjaced a quartz boat containing polycrystalline alumina wafer
in nanoparticle and short nanorod morphologies, regardless ofsypstrates coated with 2 nm of Au film to form catalyst islands.
method. PLD-assisted VLS growth, such as that reported for The tube ends were closed and water-cooled to maintain a
the first time here, allows for simple synthesis of hematite and ynjform thermal gradient, with one end connected to a rotary

evaporation of the target irrespective of the evaporating point

magne“te 1D nanostructure arrays and |6+‘@203 nanObe|tS, vacuum pump and the other to a gas Supply To minimize
lacking many of the problems encountered with other methods, resjdual oxygen, the tube was evacuated to?tobar and held
while still granting spatial and size control. for 1 h prior to running the experiment. Argon gas (99.999%)

The PLD method allows an additional level of control to the was intermittently added during this time at a flow rate of 50
researcher due to the ability to maintain stoichiometry defined sccm to facilitate reduction of adsorbed oxygen and then stopped
by a premixed target material. The ability of PLD to retain the to allow the system to return to a low pressure of around 0.02
target stoichiometry in the deposited structure is the result of mbar. The furnace was then allowed to heat up at a rate of 20
the extremely high heating rate of the target surfac®08 K/s) °C/min to the desired maximum temperature under a well-
due to the pulsed laser irradiation. This leads to the congruentmaintained ambient pressure prescribed according to the chart
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system reached room temperature, nitrogen gas was pumped

(@) P, (mbar) |P,, (mbar) |P,, (mbar)|P,, (mbar)|P,, (mbar) : -
— = = into the tube to equilibrate the pressure, the tube was opened,
Tonsx 0 10 100 300 o00 and the substrate with the deposited sample was carefully
1000 °C collected and loaded onto an SEM stub for analysis. It was noted
930 °C that most samples appeared red/orange to gray in color with
900 °C rainbow-like fringes on the substrate radiating away from the
350 °C leading edge.
500 °C The as-synthesized sample was directly imaged using a LEO
— 1530 field emission scanning electron microscope (SEM) with
= ;‘C a resolution of 1 nm. The accelerating beam voltage was limited
00 c to 3 kV to reduce sample charging and potential damage. Some
630 °C nanobelts were observed to interact with the electron beam,
600 °C occasionally vibrating and later breaking if under beam focus.
300 °¢C Several images as well as EDS data on the sample were
400 °C collected.
300 °C Grazing incidence X-ray diffraction measurements were
- performed on each sample using a PANalytical X-Pert Pro MRD
200 °C - o . o
. with Cu Ko radiation. A T grazing angle was used to minimize
100 ¢ substrate signal noise, along with a parabolic mirror, 0.27

parallel plate collimator with a flat graphite crystal diffracted
beam monochromator. The monochromator was utilized to
reduce iron fluorescence under Cu radiation. Measurements were
taken with a tube power of 45 kV and 40 mA, from 28 to®60
20, with a 0.04 26 step size and a 100 s count time.

For detailed local structural analysis, a carbon film coated
copper grid was swept over the sample and loaded into an JEOL
4000EX high-resolution transmission electron microscope (TEM)
operating at 400 kV. Electron diffraction patterns as well as
high-resolution images of several nanostructures were recorded
and developed on film. EDS coupled with a Hitachi HF-2000
(FEG) TEM provided further evidence for chemical identifica-
tion of the sample.

3. Results and Discussion

3.1. Systematic Synthesis Studylo better understand the
conditions necessary for 1D nanostructure growth using the
' ! — B - VLS-assisted PLD method, we undertook a series of experiments

\ f Wy : =" in which nanostructure growth was correlated to systematic
L = ol E— variations in experimental parameters. As Figure 2a shows, the
Figure 2. (a) Table showing tested pressure/temperature combinations parameters most explored were the maximum ambient temper-
and observed outcomes. Each cell represents a unique experimenty; ,ra Tmay inside the tube and the controlled equilibrium

Green cells indicate combinations that produced high-density 1D . . .
nanowire growth. Red cells indicate no or very low growth. White cells pressure Reg) during laser ablation. Each cell in the table

indicate untested parameter combinations or those in which results were'€Presents a possible unique experiment keeping all other
inconclusive. All other parameters were kept constant in these experi- variables, such as substrate type, catalyst density, target species,
ments. (b) SEM image showing short rods synthesized at*@)@0 Ar flow rate, temperature ramp rate, ablation time, laser energy,
mbar. (¢) SEM image showing long belts synthesized at 90,010 and laser frequency, constant. After each experiment was
magf(ug)seermég?/gfngg?g'ggrﬁﬁi?;%r tsoel‘j(s’[j‘gf‘% %?r%ﬁoﬂirtilrﬁg complete, samples were examined in the SEM to determine the
at 900°C, 10 mbar. (¢) SEM image showing no 1D growth at 80 ability of the chosen parameters to sustain growth of 1D f_errlte
10 mbar, without laser energy. nanostructures. In the figure, red cells correspond to experiments

in which nanowire growth was unsuccessful, green cells
shown in Figure 2a. Argon flow gas was simultaneously correspond to parameters yielding successful growth, and white
introduced into the system at 50 sccm and was maintained cells correspond to untested parameter combinations, or those
throughout the duration of the synthesis. in which results were inconclusive.

Once the temperature and pressure had stabilized, pulsed laser Since the ferrite nanostructures grew only on catalyst particles,
energy generated by a Compendex series excimer 102 laser (28uccessful growth was measured primarily according to nano-
Hz, 30 kV, ~300 mJ) was directed through a transparent structure length rather than density. For the purposes of this
window on one end of the tube and focused toward the sourcestudy, a successful experiment was defined as one showing
material placed in the beam path. The laser spot on the targetuniform high-density growth of nanostructures with length
measured approximately 1 mm wide by 5 mm long in most dimensions at least 3 times that of the catalyst particle diameter.
experiments. The laser was then allowed to ablate the targetin fact, the smallest nanorods found in these experiments
for 60 min, while pressure and temperature remained constant.displayed lengths far greater than the minimum described. The
After 60 min, the laser, furnace, and flow gas were turned off, best 1D ferrite nanostructure growth was reliably found to occur
and the system was evacuated back down to 0.02 mbar. A fanfrom 700 to 950°C at 10 mbar pressure. Experiments utilizing
was placed near the tube to ensure rapid cooling. After the these parameters were repeated several times with consistent
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results. Figure 2b and ¢ shows length variation of nanostructures #
according to chamber temperatufie.{,) at time of synthesis. 5
Nanorods grown at 70CC, as shown in Figure 2b, were aligned,
and single-crystalline ones, just like those shown in Figure 2c, i‘w
grown at 900°C, with the only difference being nanostructure %%
length. This result illustrates our ability to control ferrite
nanostructure size simply by varying reaction chamber temper-
ature.

Although Peq and Tax were the primary parameters inves-
tigated in this study, we also examined the effect of laser &
ablation time on 1D nanoferrite growth. Results of experiments &%
carried out at 900C and 10 mbar showed that increasing
ablation time from 60 to 90 or 120 min did not significantly
increase mean nanostructure length, but instead increasec
branching and secondary growth in the sample. Figure 2d
demonstrates this finding with an SEM image taken from a
sample ablated for 120 min at 90C, 10 mbar, the sameq .,...
and Tmax combination shown in Figure 2¢ after the normal 60 ’ :
min ablation time. We were also curious to test our hypothesis [ '-f 4

that the laser energy is the primary energy source for nanowire
growth, and whether instedlthax was producing growth before

or in addition to the target's exposure to laser energy. To answer
this question, we conducted an experiment in which the
procedure was followed exactly as in other runs; however, the &
target was not exposed to laser energy. This experiment wasgly i
conducted at 10 mbar, 900C, a parameter combination ",-',-
previously shown to produce very high density ferrite nano- L ¥
structures when laser energy was applied. The results of this
test are shown in Figure 2e. Clearly, there is no growth at all p®
on the substrate, confirming our hypothesis that the laser ¥
irradiation is the principle energy source responsible for target
vaporization and resulting nanostructure growth. This result alSO gy o
indicates the ability for greater control over growth time in the [[S SRS
PLD process relative to thermally driven vapor evaporation
growth techniques in which critical growth initiation temperature
is often unknown.

3.2. Electron Microscope Characterization of Magnetite
and Hematite Nanostructures.Figure 3 shows typical SEM L
images recorded from an as-synthesized sample with the inse3®
containing EDS data gathered from TEM. The EDS data taken
from TEM analysis indicate the presence of Fe, Mg, and O,
with Cu and C radiation originating from the sample grid, and " — .
Si peaks due to the signature of the detector. We were able toFigure 3. SEM images of Mg-doped and pure iron oxide 1D
grow both Mg-doped and pure ferrite nanostructures via this nanostructures. (a) Low-magnification SEM image of aligned iron oxide
method. Images in Figure 3a,b illustrates ferrite nanowires, Nanowires doped with Mg showing local alignment along alumina

. . . . crystallites. Inset shows EDS chemical signature. (b) Higher magnifica-
including some nanobelts with approximately 6 atom % Mg tion SEM image showing aligned Mg-doped iron oxide nanorods. (c)

present, while Figure 3c,d shows pure iron oxide nanostructures.sgm image showing long nanobelt structure most likely havifg:0s

As these images demonstrate, both pure and Mg-doped 1Dmicrostructure, without presence of Mg. (d) SEM image showing group
ferrites are of high-quality single-crystalline nanostructures. Mg of aligned iron oxide nanowires with Mg absent.

incorporation seems to occur almost exclusively in the longest

nanobelts. Nanowires and nanobelts in Figure 3 were grown atorientations in or near grain boundaries. Density of these
a maximum ambient temperature of 900. Although nano- structures likewise increased at elevated temperature.
structure dimensions varied greatly within samples, nanowires Note the uniform length and alignment of the nanorods
and nanobelts grown at 90C were generally highly dense, localized on different alumina grains as seen at low magnifica-
and on the order of &m long x 30 nm wide, with the longest  tion in Figure 3a. Interestingly, each grain promotes aligned
nanowires growing up to approximately &m. Most long growth in a specific direction relative to the plane of the
structures appeared to possess a rectangular cross section, givingubstrate. It appears that some grain faces are more favorable
them a belt-like morphology; however, those with more circular and initiated growth earlier, as nanostructures are longer in some
cross section were observed, as well, especially at the higherorientations relative to others. This effect is not due to simple
temperatures. Under the 70Q condition, nanorods were the vapor flow variation as evidenced by the observation that
prevalent morphology with typical dimensions of 500 nm long nanostructures growing on adjacent grains commonly exhibited
x 30 nm wide. Long nanobelts up to 7 microns in length and significant length differences. The nanostructures’ preference
averaging around 100 nm in width were observed under bothto grow at specific orientations and according to substrate
temperature conditions and appeared to grow in random crystallography indicates that researchers should be able to
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(a)

- &

Figure 4. TEM data on magnetite and hematite nanostructures. (a)
Low-magnification bright field TEM image of magnetite nanowire. (b)
High-resolution TEM image of nanowire taken from the side edge of
the wire in (a), illustrating high-quality single-crystalline nature of the
wire. (c) Low-magnification bright field TEM image of hematite
nanorods with Au particle tips. (d) Electron diffraction image taken
from dark rod in previous image shows single-crystalline nature of the
rod. (e) High-magnification TEM image of the section outlined in (c),
showing well ordered structure and very little amorphous material on
the nanorod surface.
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Figure 5. XRD data taken from samples grown at 8GD, 10 mbar,
and 750°C 10 mbar, respectively. (a) XRD signal from grazing
incidence measurements of iron oxide nanobelts and nanowires grown
on polycrystalline alumina. (b) Similar measurements on iron oxide
nanostructures grown on@plane sapphire substrate.

" 25 30

is not surprising given reports that addition of column I cations,
such as Sr or B&*, to e-FeO; stabilized the phase and allowed
for growth of larger nanocrystal§:l” In our samples, EDS
analysis did not reveal Mg in all long-Fe,O3; nanobelts,
indicating that its presence is not necessary{be,03; nanobelt
formation using this method.

Figure 4a-e shows TEM data of magnetite and hematite
nanowires. Both hematite and magnetite nanostructures were
found within the same sample, with no observable local phase
domains. Although early samples were shown to contain a
majority of hematite structures, predominantly magnetite samples
were later synthesized by flowing Ar (50 sccm) for-120 min

exactly control the angle of growing nanostructures relative to intervals during initial tube evacuation to better eliminate
the substrate by carefully engineering surface orientation on residual oxygen in the system. Adding a piece of iron foil to
single-crystalline substrates. In fact, later synthesis-plane the chamber to act as an oxygen “getter” was also helpful in
anda-plane sapphire (single-crystalline 28;) produced high increasing the relative magnetite yield. This finding indicates
density arrays with perpendicular and in-plane growth, respec- that phase can be controlled through careful variation of oxygen
tively. Figure 3b also clearly shows each nanowire tip terminated partial pressure within the tube. In Figure 4a, one can see a
with a spherical gold particle. The ability to determine nanowire bright field image of a magnetite nanowire with the spherical
location through precise placement of catalyst material provides gold catalyst particle visible at the tip. The high-resolution TEM
further spatial control over the nanowire synthesis. image of this structure seen in Figure 4b illustrates the near
Figure 3c is a typical image of the frequently observed long perfect single-crystalline arrangement of atoms in the nanowire.
nanobelts found in our samples. Electron diffraction analysis Very little amorphous material is present on the surface. The
(not shown) as well as XRD data indicate that these long electron diffraction pattern in the inset provides further evidence
nanobelts exhibit ar-Fe0s; phase of iron oxide. Some were  for the single-crystalline nature of this nanowire and shows that
shown in EDS to contain a small amount of Mg species as the wire grew along the [11] direction. This is not the sole
mentioned previously. Mg incorporation into these nanobelts growth direction of magnetite nanowires in the sample, as others



Growth of Ferrite Nanorods, Nanowires, and Nanobelts J. Phys. Chem. B, Vol. 110, No. 43, 20081677

(a (b)
20 3x10°
5 nanorod 18
21071 T=5K

= 10 T=300K B
g = 1x10°]
g 3
©_ 00 £ 0
o o wr
'

2 -1x10° et
= 1.0 [E:w"

4a0°-

-2x10°
20 y T T v 3x10°+————r i
00 S5 0 5 10 108 6420 2 46 810
H (kOe) H (kOe)
(©
100/ 3x10° ()
T=300K 20°] Trog
5 &0 T=5K
g 5 1X10°]
9 00 ] £ 0
=) ¢ 9 o
= 2 -1x10°; =
E 5.04 =1IX E:‘
2x10° B
-10.04 "“”...m....:w.;)uu
. . . , 3x10° 4 —————— R ...
10 5 0 5 10 108 6 420 2 4 6 810
H (kOe) H (kOe)

Figure 6. Magnetic hysteresis behavior of iron oxide nanostructures grown atG@PMeasured with SQUID. (&)1—H loop at 300 K showing
ferromagnetic behavior and wasp-waist shape most likely derived from multiphase nature of the sarivpteH (bpp & 5 K with low-field region
expanded, showing soft magnetic behavior. Right indét:H loop from—5 to 5 T. (c and d) Similar results in a sample prepared at°@dn

(c), the presence of the soft phase is more pronounced, consistent with observations of increased hematite concentration in this sample.

characterized by TEM (not shown) were found to grow along five known phases: Au (PDF#4784), hematite (F®s

the (1100directions. PDF#33-664), a magnetite-like phase (closest match PDF#19
Presence of magnetite rather than maghemiteg,O3 defect 629), an orthorhombic iron oxide (K&s PDF#52-1449) found

spinel) in the samples was confirmed through careful determi- to correspond toe-FeOs;, and a cubic iron oxide (R©s;

nation of lattice parameters from TEM diffraction data as well PDF#39-238). The cubic iron oxide phase has been identified

as XRD phase analysis. Both electron diffraction and XRD can as a BCC phase. Since the current paper focuses on the physical

distinguish the structures based on differences in the spacechemistry involved in the synthesis, detailed structure analysis

groups exhibited by each structure, with;8g and y-Fe,03 of the new phase will be presented elsewhere.

corresponding td-d3m (227) andP4,32 (208), respectively. Quantitative analysis performed using the reference intensity
Thed spacing of FgO, is about 0.48 nm, while that of-FeO3 ratio (RIR) method on a similar sample yields a weight fraction

should be 0.59 nm. ratio of 0.57 hematite to magnetite. It should be noted that

Figure 4c shows a bright field TEM image of several hematite previous XRD analysis of the clean alumina substrate (not
nanorods. Again, Au catalyst particles are observed at the tips,shown) indicates small amounts of a spinel aluminum oxide
indicating VLS as the dominant growth mechanism in the phase within the corundum AD; wafer. Most likely, this is a
sample. The high-resolution image in Figure 4e clearly shows MgAl,O4 phase added to aid in sintering and is the source of
the ordered arrangement of atoms and the lack of a significantthe Mg seen in some of our long nanobelt structures.
amorphous layer at the surface. The nanorod in this figure grew  3.4. SQUID Characterization of Ferrite Nanostructures.
along the [01] direction as seen in the electron diffraction SQUID (superconducting quantum interference device) mea-
pattern shown in Figure 4d. surements on samples created at 70010 mbar, and 90€C,

3.3. XRD Characterization of Ferrite Nanostructures. 10 mbar, are shown in Figures 6 and 7, respectively. Figure 6
X-ray diffraction characterization of several samples is given demonstrates magnetic hysteresis behaviors of these samples
in Figure 5. The image in Figure 5a shows XRD data from a at 300 K (room temperature) and 5 K. Data for nanostructures
sample grown at 708C, 10 mbar, on a polycrystalline alumina  created under the 700 condition are shown in Figure 6a,b,
substrate. The diffraction pattern was analyzed with Jade with Figure 6c,d correlating to the 90C synthesized sample.
software. Although the polycrystalline alumina peaks are As shown in Figure 6a, the nanostructures grown at 700
predictably the strongest, the pattern clearly shows the presencexhibit strong ferromagnetic behavior at room temperature. The
of gold, magnetite, and hematite, confirming our assessmentkink, or “wasp waist”, shown at approximately 4 kOe in the
though electron diffraction studies. Figure 5b shows a similar curve indicates presence of two compatible magnetic phases.
pattern performed on an iron oxide nanowire sample grown at The diamagnetic nature of the alumina substrate is most likely
750°C, 10 mbar, on &-plane sapphire substrate. Sapphire was the cause of the curve’s decay at high field strengths. While
used in this example to eliminate the influence of the substrate ferromagnetic behavior of the kind shown here is expected for
on the XRD diffraction pattern. The structures in this sample the magnetite 1D nanostructures, above the Morin temperature
grew primarily perpendicular to the substrate in a high-density of hematite ¢263 K bulk), magnetic moments are canted
nanowire array tipped with gold particles. Phase identification slightly away from the antiferromagnetic axis, resulting only
of the diffraction pattern in Figure 5b using MDI Jade7.5 yields in a very small net positive magnetization. This effect should
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(a) 3x10% seen earlier disappear. This result indicates the presence of two
phases with different temperature-dependent magnetic behaviors.
- This figure provides further evidence for the presence of

—0—FC

g magnetite ande-FeO3 as magnetic phases in the sample.
£

Sanmple 18

2x10%1 ¢ Previous reports or-Fe03; observe an unusual temperature
H=1 kOe dependence in which the coercivity decreases significantly below
oo, 100 K. This effect is described by Gich et al. to be due the
"-Q:::;:1:;:;«:%.,%,,,““1:“ Arrhenius nature of domain wall motion. The critical magnetic
Bk domain size may reduce to a value below the size of the
nanostructure ag and therefor&K (the reaction rate constant)
decrease, causing an inhomogeneous state and loss of single-

0 50 100 150 200 250 300
T(K)

(b)  gx10*] Sample 19 domain characté® The inset shows the expanded-¥ loop,
. zc indicating magnetic saturation around 50 kOe.
= ax10™ o Figure 6¢,d shows similar data for the 903 sample. In
g this sample, the magnetic response from the softer phase has a
= 310 : H=1 kOe greater influence on the overall hysteresis curve. Quantitative
210 "n’:%%o_’ XRD measurements show that the hematite concentration in this
e IR 40000000000 sample is greater than that in the previous one, indicating that
ot hematite nanostructures may be contributing to the change in
0 50 100 _150 200 250 300 magnetic response. Long nanobelts were also observed in large
(© 3.0 TK density on this sample, however, indicating that the influence
! Sample 18 of the e-FeO3 phase cannot be ignored. The stronger soft
5 & ard magnetic response is further evident in Figure 6d, in which the
§ ? area contained within the loop is observed to be smaller than
2 29 ﬁK that in the other sample.
= 1 It should be noted that further SQUID studies on small
£ \_%“"*’»MMMMH 100 e portions of samples shown in Figure 6 demonstrate typical
10 et 0.0 0 o+ § TV TS0 hysteresis behavior, such as that of a soft magnetic material

with small remnant magnetizations. It is very likely that these
small portions contain a local phase domain such that the
Figure 7. Temperature-dependent magnetization under-ZFC (zero magnetic be_haV|0r again appears like that of a homogeneous
field cooling—field cooling) conditions at applied field of 160000 group of ferrite nanowires. In these samples, SQUID measure-
Oe. (a) Effect of temperature on magnetization for iron oxide nanowire ments revealed saturation around 15 kOe when exposed to
sample on alumina substrate prepared at 700at 1000 Oe field temperatures from 5 to 300 K.
strengt_h. (b) Effect of temperature on magnetization for iron oxide The temperature dependence of the magnetization under
nanowire sample on alumina prepared at 9G0under 1000 Oe. (c) ZEC—FC field lina-field i dit £ 1000
ZFC—FC curve for same sample as (a) under 100 Oe field strength. ? (Zerlo 'E? cooling-field cooling) conditions & i

Oe is shown in Figure 7a,b. The same sample shown in Figure

not be diminished by the small size of the nanowires studied rais measu[red again at 1OQ O_e_, and Fhe resu_lt 'S shown in Figure
/c. These figures show significant irreversibility from room

here. In fact, the Morin temperature has been found to decrease : th FC d trating Curie-like i
as particle size decreases in hematite samples, depressing thigmperature, wi curves demonstraling Lurie-like increas-

transition further away from the temperature shown in this Ing. In Figure 7c, it i_s eyident th_at the irrgver;ibility oceurs at
figure. Publications reporting magnetic characterization of 220 K. The magnetic field application direction should have

hematite nanowires and nanoparticles show only very weak little effect on these results since the nanowires are aligned only
ferromagnetic or paramagnetic behavior at room temperature,loc‘f’1|Iy accordlng to ea_\ch grain, but globally they should appear
quite unlike our sample’s hysteresis behavfgri! Therefore, asin random orientations. Strangely, these curves appear quite
it is possible that the two compatible magnetic phases displayedun“k.e those f%rzsogrggg 4|{on oxide hanostructures pupllshed n
in the graph shown in Figure 6a are not magnetite and hematite,'t)he Igeraturg?; “>H35%and no Verwey transition point can
but rather magnetite and the nanobelts of the ferrimagnetic € observed.

e-Fe03 phase. The figure shows &, value of about 4 kOe
for this sample. This value is much less than the maximum

reported room temperature coercivity of 20 kOe #eFe;O3 In this work, we report the first known PLD-assisted template-
nanoparticles. The decrease in coercivity may be due to free growth of single-crystalline magnetite and hematite nano-
interactions with the magnetite and hematite phases and theyjires and nanobelts. We further report the success of the PLD
relatively low yield ofe-Fe,Os compared to other phases in this  method in the first known synthesis of lorgFe,0; and Mg-
sample. Since the reported 20 kOe value was obtained instapilized e-Fe,O3 nanowires and nanobelts. This technique
samples containing IIA metal ions with much lower values offers many benefits over previous synthesis methods, including
reported for pure phase sampléshe absence of Mg may also  higher quality structures, higher density structures, greater spatial
provide some explanation for the lower coercivity demonstrated and size control, ability to grow complex structures, and no need
by this sample. for a template. In addition, the PLD method should allow
Figure 6b shows the MH behavior of this sample at 5 K. It synthesis of even more complex chemistries due to its ability
is clear that, at this low temperature, the hysteresis behaviorto maintain the stoichiometry of the target material in the
disappears, producing a curve that looks much like a soft growing nanostructure. We include a primitive phase diagram
magnetic material. At 5 K, the magnetic response from the hard for the synthesis of these structures and show how different
phase seen at room temperature disappears, so that the kinksariables affect the size, morphology, and phase of the grown

0 50 100 150 200 250 300
T (K)

4., Conclusions
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product. This information should be helpful both for those
interested in utilizing this technique and for those hoping to
further elucidate the underlying mechanisms behind VLS
nanowire growth. We show high-density-aligned growth on 97
polycrystalline alumina and report that the growth direction of
the iron oxide n.ano.WIres can b.e controlled through use of (19) Tronc, E.; Chaneac, C.; Jolivet, J. P.Solid State Chenl998
different planes in single-crystalline substrates. SQUID mea- 139 g93.

surements on these samples indicate novel and interesting (20) Gich, M.; Frontera, C.; Roig, A.; Fontcuberta, J.; Molins, E.;
magnetic properties which could be beneficial to many current Bellido, N.; Simon, C.; Fleta, ONanotechnolog?00§ 17, 687.

(15) Chen, R. S.; Yung, E. K. N.; Ji, F.; Dou, W. Bit. J. Infrared
Millimeter Waves 2003 24, 813.

(16) Jin, J.; Hashimoto, K.; Ohkoshi, $.Mater. Chem2005 15, 1067.

(17) Ohkoshi, S.; Sakurai, S.; Jin, J.; HashimotoJKAppl. Phys2005

(18) Gich, M.; Roig, A.; Frontera, C.; Molins, E.; Sort, J.; Popovici,
M.; Chouteau, G.; Marero, D. M. Y.; Nogues,J.Appl. Phys2005 98.

and future technologies based on ferrite and magnetic materials.
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