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The influence of external magnetic field on themorphology ofα-Fe2O3 thin film formed at liquid–vapor interface
has been investigated. Application of magnetic field during the growth of film resulted in the magnetic moment
ordering of constituent nanoparticles. Thus formedα-Fe2O3 thin filmwas transferred to a glass substrate, which
upon annealing converted into one dimensional (1D) nanostructured thin film due to the oriented attachment of
magnetically orderednanoparticles. The effect of dopants viz. Ni2+ and Co2+ on thedirectional growth, andmag-
netic properties of nanostructures has also been investigated. The Ni2+ and Co2+ doped α-Fe2O3 1D nanostruc-
tured thin films show superparamagnetic and ferromagnetic behavior, respectively, whereas undoped α-Fe2O3

film exhibits superparamagnetism. From the room temperature magnetization measurements of films, it is
found that the magnetization depends upon the morphology and magneto-crystalline anisotropy attributes of
the film nanostructures.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Owing to outstanding electrical, magnetic and optical properties the
nano/micro sized structures of iron oxide have attracted great attention
as compared with the bulk counterparts [1–2]. Among iron oxides, he-
matite (α-Fe2O3) is typically nontoxic and environment friendly iron
oxide with band gap Eg= 2.1 eV [3]. In the case of film, themorphology
and size of constituent α-Fe2O3 nanoparticles have great impact on its
physical and chemical properties. The nano/micron sized structures of
α-Fe2O3 have applications in diverse fields including catalysis [4], sen-
sors [5], lithium-ion batteries [6], and environment protection, etc. [7].

Since the nanomaterials exhibit shape and/or size dependent proper-
ties [8], therefore, various efforts have been made to synthesize one-
dimensional iron oxide structures for specific applications [9]. Here, we
quote some of the methods reported for the growth of one-dimensional
(1D) iron oxide structures, such as solution method [10–11], thermal ox-
idation [12–14], forced hydrolysis [15–16], hydrothermal [17–18] chemi-
cal precipitation [19], and solvothermal method [20]. For practical
applications, such as integrated devices, these one-dimensional nano-
structures (nanowires and nanorods) should be grown on substrate to
form vertically aligned arrays. Still now, despite of tremendous efforts, it
is challenging to develop a simple and versatile way to form α-Fe2O3

thin film composing 1D structure. However, for the synthesis of
structured iron oxide film, the magnetic field may be considered as one
of the synthesis parameters alike to the temperature and pressure. The
appliedmagnetic field is not sensitive to the surface charges and solution
pH, therefore, it does not influence the reaction mechanism as the other
parameters do (electric field or current).

There are few reports where the magnetic field has been employed
for the synthesis and assemblies of 1D and two-dimensional (2D) ag-
gregates. During synthesis, the applied magnetic field enhances the
dipole–dipole interaction by decreasing the surface energy, which re-
sults in the directional growth along the easy axis of magnetization.
The effect of magnetic field is more in the case of materials possessing
highermagnetic susceptibility due to their easy formation in the system,
which is due to themagnetic field effect on Gibbs free energy leading to
tremendous impact on structures and properties of materials [21]. The
spin state of ions in the crystal structure can be changed by applying
magnetic field during the synthesis process. Appliedmagnetic field gen-
erates novel magnetic domains in sample. In literature also, the applica-
tion of magnetic field is reported an elegant way to orient and assemble
disordered structures into highly ordered structures [22–30]. Nowa-
days, magnetic fields have been widely employed in the nanomaterials
research area [31–34]. The response ofmagnetic field is different for fer-
romagnetic, paramagnetic and diamagnetic materials. In the case of fer-
romagnetic/ferrimagnetic materials, the growth of nanostructures in
the presence of weak magnetic fields can induce anisotropy leading to
the formation of 1D growth of nanostructures in the easymagnetization
direction. The field strength and orientation can be varied or kept
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constant, for each of thesemagnetic nanomaterials in space and time or
in both.When themagnetic field is applied, the Brownianmotion on the
surface of the solution gets diminished due to magnetic field lines, and
the applied magnetic field forces the nucleated nanoparticle to align
along their easy axes parallel to magnetic field.

Here, we report the formation of nano/micro structures on the
surface of α-Fe2O3 thin films by applying external magnetic field
during the film formation process. Along with undoped α-Fe2O3

thin films, films doped with Ni2+ and Co2+ were also formed in the
presence of external magnetic field. The effect of Ni2+ and Co2+ dop-
ing on the morphology and magnetic properties of the formed iron
oxide structures is studied. The as prepared nanostructured thin
films were studied for structural, morphological and magnetic prop-
erties. The present study gives a newmethod of directional growth of
one dimensional nanostructures, opening up a new way for con-
trolled synthesis of nanostructured thin films with various dimen-
sionalities and morphologies.

2. Experimental

Initially, a precursor solution containing 24 mM FeCl2, 22 mM
FeCl3·6H2O and 64 μM of polyvinyl alcohol (PVA) was formed. The
measured pH value of solution was 2.8. The solution was placed in
Fig. 1. Schematic presentation of the thin film formation process at the surface o
an ice-chamber to reduce the thermal fluctuations [35]. After cooling
the solution, an out of plan magnetic field (~0.8 T) was applied on
the surface of solution by using an electromagnet (with poles diam-
eter 2 in.). A gap of 2.5 mm was kept between the solution surface
and electromagnetic pole. Then to form a thin film on the surface of
solution, NH3 vapor (6 volume %) was introduced into the chamber.
The NH3 vapor interacts with the Fe3+ ions in precursor solution re-
siding on the surface, and forms an iron oxide-poly vinyl alcohol
(PVA) composite thin film (as shown in schematic of Fig. 1). The ob-
tained film was transferred to the glass substrate, and then annealed
at 500 °C in a horizontal tube furnace.

The thin film formation method, described above, was also applied
to obtain doped (Ni2+ and Co2+ doping) iron oxide nanostructured
thin films. The salts of NiCl2 and CoCl2 were taken in 15 molar percent,
and added to the precursor solution, in two separate experiments.
Thus obtained undoped and doped iron oxide thin films were also
formed for horizontal magnetic field (in plane). Finally, these nano-
structured thin films were characterized for structural properties by
using X-ray Diffraction (XRD, PANanalytical X'pert-PRO) employing Cu
Kα (λ = 1.5406 Å, 2θ = 20 to 60°) radiation, and for morphological
study using Scanning Electron Microscopy (SEM, Hitachi, S-4700). The
elemental composition and magnetic properties of the prepared sam-
ples were analyzed by Energy Dispersive X-ray spectroscopy (EDX,
f solution in the presence of magnetic field (B) and ammonia (NH3) vapor.



Fig. 2. SEM images of iron oxide thin films formed (a)withoutmagneticfield, (b)withmagneticfield (out of plane), (c) 15%Ni2+ dopingwithmagnetic field applied, (d) 15% Co2+ doping
with magnetic field applied and (e) XRD, and (f) VSM of the corresponding films (inset shows the magnetic behavior at the low magnetic field). All the films were annealed at 500 °C.
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Oxford instruments, INCA PENTA FETX3) and Vibrating Sample Magne-
tometer (VSM) PAR 155.

3. Results and discussion

To estimate the effect of appliedmagnetic field, iron oxide thin films
were formed both in the absence, and presence of external magnetic
field. Fig. 2(a) and (b) shows the iron oxide thin film formed in the ab-
sence and presence of external magnetic field, respectively. The mag-
netic field was applied out of plane on the liquid–vapor interface. The
films formed in the presence of external magnetic field possessing
nanostructures (Fig. 2(b)) indicate that the external magnetic field has
an effect on the surface morphology of the film. The iron oxide thin
film is composed of nano and micrometer size particles. However, we
observed that before annealing, both of the films that are formed in
the absence and in the presence of magnetic field have similar surface
morphology. But when annealed, the surface of the latter covered
with nanostructured, whereas the former remained the same. Since
the change in surfacemorphology appeared only after annealing, there-
fore, it may be inferred that the applied magnetic field has an effect on
the magnetic moments of nanoparticles during the formation of film,
which upon annealing resulted in nanostructured surface. Themagnetic
moment of iron oxide film can be enhanced by addingNi2+ and Co2+ in
the film [36–37]. In the present study, we also included Ni2+ and Co2+
ions in the precursor solution, and investigated their magnetic
moment's effect on the morphology of iron oxide films.
Fig. 2(c) shows the SEM image of Ni2+ doped iron oxide thin film. In
this case, one dimensional nanostructures can be observed on the top
of the film, whereas the film formedwithout any doping has nanoparti-
cles on its surface. The Ni2+ in this case enhanced magnetic moment of
nanostructures, and leaded to one dimensional form of nanostructures.
Similar results were observed in the case of Co2+ doping. However, in
the case of Co2+ doping, the surface was covered with microstructures
as shown in Fig. 2(d).

Fig. 2(e) is XRD intensity patterns corresponding to undoped, Ni2+

and Co2+ doped iron oxide thin films. From the XRD pattern, it is ob-
served that all the films are well crystalline, and match their diffraction
peakswith those ofα-Fe2O3 (JCPDS no. 89-8104). Also, there is no other
secondary phase due to Ni2+ and Co2+ doping. The crystalline size cal-
culated using Scherrer's formula, Dhkl = 0.9/β cosθ is 6.7 nm,7 nm and
6.3 nm for α-Fe2O3, Ni2+ and Co2+ films, respectively. To study the
magnetic behavior of the fabricated films, the M-H measurements
were performed at room temperature. The M-H curve of undoped and
doped iron oxide thin films is shown in Fig. 2(f). Both the undoped
and Ni2+ doped samples show superparamagnetic behavior. In
the magnetic curves, the undoped sample saturates at 7.95 × 105 A/m
(or 10,000 Oe, as shown in the graph), whereas Ni2+doped sample sat-
urates above than 13.5 × 105 A/m (or 17,000 Oe). Also, the
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magnetization value in the case of Ni2+ doped sample is higher than
undoped sample. In the case of Co2+ doped sample, a ferromagnetic be-
havior with relatively larger coercivity value of 7.95 × 104 A/m (or
1000 Oe), and larger remanence is observed. The observed higher coer-
civity and remanence in Co2+ doped sample are attributed to enhanced
shape of structures and relatedmagneto-crystalline anisotropy [38].We
know that the magnetic iron oxide film doped with Co2+ ions has a
stronger spin-order interaction than Fe2+ ions [39]. The doping of
Co2+ ions decompensates the antiferromagnetic order of the lattice,
which leads to an enhanced effective magnetic field seen by the Fe3+

nucleus [40]. Due to higher value of magneto-crystalline anisotropy of
Co2+ ion, the post synthesis annealing resulted in large directional
growth of nanostructure which prevented them from magnetizing in
the directions other than that along their easy magnetic axes, leading
to a higher directional growth and coercivity. The presence of Ni2+

and Co2+ was confirmed by EDX analysis. Fig. 3 shows the EDX of
Ni2+ and Co2+ doped structures, these nanostructures have Ni2+ and
Co2+ with the atomic percent of 15 and 14, respectively.

In literature, different magnetic behaviors of α-Fe2O3 nanostructure
are reported. There are few studies [41,42], which indicate α-Fe2O3

nanostructures synthesized via sol–gel and hydrothermal methods to
be superparamagnetic. However, the other studies report that α-Fe2O3

nanostructures are ferromagnetic [43,44]. In this study, we have obtain-
ed undoped and Ni2+ doped α-Fe2O3 structures which show
superparamagnetic behavior, and doped with Co shows ferromagnetic
behavior. In our case, the undoped thin film has small size of α-Fe2O3

nanocrystals, which should have uncompensated surface spin at their
boundaries. The uncompensated spins lead the undoped α-Fe2O3 thin
film to be superparamagnetic.

In the case of Co doping, due to smaller ionic radii of cobalt (72 pm),
as comparewith iron (74 pm), itmay occupy the interstitial positions or
sit on the grain boundaries. The XRD data indicates polycrystalline na-
ture of the sample, possessing large number of grain boundaries. Here,
the Co atoms will destroy the crystalline structure, which results into
a decreased crystalline size, and therefore disappearance of the (116)
and (018) peaks from the data. The Co with electronic configuration
[Ar] 3d74s2 has one electron in excess than Fe ([Ar] 3d64s2) which has
less energy of d state. When Co2+ with spin down electron substitutes
Fe3+ ion, the spin down d band gets completely filled with remaining
one d electron in the spin up band, which results in a net magnetization
of 1 μB [45]. The increase in the magnetization value of Co-doped Fe2O3

takes place due to the canting of spin structure. The canting of spin
structure is created by the imbalance resulted from the incorporation
of Co2+ in Fe2O3 lattice [46]. A similar increased magnetization value
behavior has been observed by Wieslaw A. Kaczmarek et al. (1996)
[47]. The canting of spin produces an uncompensated magnetic mo-
ment of Fe3+ cation, resulting in a ferromagnetic behavior of the
sample.

Similarly, in the case of Ni doping, the d bands of Ni (3d84s2) have
lower energy than those of Fe. Here, the five d states in the down spin
channel are occupied, and the remaining two d electrons are on the t2g
states of the Ni2+ site which are 2/3 filled. The local moment on the
Fig. 3. The EDX of (a) Ni2+ doped and (b) Co2+ doped α
Ni2+ is 3 μB, and is polarized in the same direction as that of substituted
Fe3+, which gives a net magnetic moment of 2 μB in the direction oppo-
site to the magnetic moment of the substituted Fe3+ [45]. The increase
in the saturation magnetization of Ni2+ substituting at Fe3+ sites is due
to the higher surface spins of electron. This occurs due to the increase in
surface spin that causes an enhancement of the magnetization of anti-
ferromagnetic nanoparticles. The over occupancy of Ni2+ ions in the tet-
rahedral sites of α-Fe2O3 creates more dense structure of pinning
centers and discourages irreversible domain wall movement, and de-
creases the coercivity of Ni2+ doped α-Fe2O3 [45] resulting in a
superparamagnetic thin film.

To estimate the effective direction of applied magnetic field, which
give rise to the structured surfacemorphology of the film,we also inves-
tigated the effect ofmagnetic fieldwhichwas applied parallel (in plane)
to the liquid–vapor interface. Fig. 4(a) shows the corresponding SEM
images ofα-Fe2O3 thinfilm formed in the presence ofmagneticfield ap-
plied parallel to the liquid–vapor interface; the corresponding film ob-
tained after annealing is shown in Fig. 4(b).

The formation of worm like nanostructures ofα-Fe2O3 on the film
surface took place after annealing the Ni2+ and Co2+ doped samples
(Fig. 4(c) and (d)). The worm like structures are formed due to the
crack formation on the film surface during the synthesis process in
the presence of external (in plane) magnetic field, and size of the
nanostructures changed due to the change in magnetic moment by
doping.

4. Mechanism of the nano/micro structure formation

To ensure the formation of structures on the film surface due to
annealing, we investigated thinfilm samples at different annealing tem-
peratures. For this study, Co2+ doped iron oxide thin film was selected,
and annealed at 100, 300 and 500 °C temperature. Fig. 5 shows SEM im-
ages of films formed after annealing at different temperatures. From the
SEM images, it can be seen that without annealing, no nanostructure
protudes on the film surface (Fig. 5(a)) but for the film annealed at
100 °C, small grains started to agglomerate on the film surface as
shown in Fig. 5(b). For 300 °C of annealing temperature, one dimension-
al structures emerge out of the film surface (Fig. 5(c)), which enhanced
to a length of micrometers at 500 °C as shown in Fig. 5(d). These results
show that the growth of nanostructure takes place during the annealing
process, and the applied magnetic field induces a directional magnetic
moment inside the oxide nanoparticles during the formation of film.

The effect of external magnetic field on themagneticmoment of nu-
cleated nanoparticles can be understood in the followingway.Weknow
that themagnetic force F(z) onmetal ions at a position z is expressed by
[40];

F zð Þ ¼ χnH zð Þ ∂H zð Þ
∂z

: ð1Þ

Where n is number mole of Fe ions, χ is magnetic susceptibility, and
H(z) is applied magnetic field. When magnetic field is employed on
-Fe2O3 structure formed on the surface of thin film.



Fig. 4. The SEM images ofα-Fe2O3 thinfilms (a) un-annealed and (b) annealed at 500 °C (c) 15%Ni2+ dopedα-Fe2O3, and (d) 15% Co2+ dopedα-Fe2O3 formedwith the externalmagnetic
field applied parallel (in plane) to the liquid–vapor interface.
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liquid–vapor interface, it creates a change in the transport of Fe3+ ion
and changes the Gibbs free energy of the reaction.

When a magnetic field is applied in a solution phase, the Fe3+

ions preferentially migrate and start to agglomerate along the mag-
netic line of force due to magnetic attraction, and the reaction occurs
along the magnetic line of force. Thus the grain orientation of mate-
rials with magnetic anisotropy can be enhanced by applying a
Fig. 5. SEM images of Co2+ doped iron oxide thin films (a) un-annealed,
magnetic field as the material in the presence of magnetic field will
produce magnetic energy [40]. The difference in magnetization di-
rections produces different magnetic energy. The energy difference
could be described as [40]:

ΔE ¼ −
1

2μo
ΔχVB2: ð2Þ
and annealed at (b) 100 °C, (c) 300 °C and (d) 500 °C temperature.
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This orientation effect of a magnetic field is applicable to all (ferro-
magnetic/ferrimagnetic material, paramagnetic and diamagnetic)
materials.

If themagnetic anisotropy is greater than the thermal energy, nucle-
ated units will orientate with easy axes parallel to the applied field. For
ferromagnetic and paramagnetic materials (χ N 0), the largest magnetic
susceptibility direction is parallel to themagnetic field direction and op-
posite for diamagnetic (χ b 0) materials. Obviously, the orientation ef-
fect is associated with magnetic anisotropy and magnetic field
intensity which influence the free energy (ΔGM) of a chemical reaction,
as given by [40]:

ΔGM ¼ −
1
2
μo ΔχMð ÞH2: ð3Þ

Here,ΔχM is the change in the susceptibility during reaction. The ap-
pliedmagneticfield determines the direction of any chemical change by
controlling the ΔGM. The generation of magnetic field effect is also due
to the Zeeman interaction of the unpaired electron spins in Fe3+ ions
with an externalmagneticfield. The increases length (L) in the presence
of the applied magnetic field is given by the equation [48]:

L ¼ Lo þ δL 1−e−αHapp
� �

: ð4Þ

This equation shows dependence of L on the Boltzmann distribution
factor ‘e−αHapp’ i.e. the ratio of Zeeman energy over thermal energy
(αHapp). Zeeman energy of Fe3+ ions being in competition with the
thermal activation energy in the presence of magnetic field [40] results
to the nucleation of nanoparticles in the direction of easy axis that can
minimize the energy of magnetization vector ofmaterial. Therefore, ap-
plied magnetic field might induce nucleation of α-Fe2O3 grains along
the easy magnetic axis, which upon annealing results in the formation
of 1D nanostructure due to orientation arrangement. The 1D nanostruc-
ture results due to the oriented growth of materials determined by the
surface energy of the material and experimental conditions.
Fig. 6. Schematic of nanostructures formation mechanism on the surfac
The overall growthmechanism of 1D structure formation can be un-
derstood schematically by Fig. 6. Initially, when nomagnetic field is ap-
plied, the iron oxide grains have magnetic moments oriented in the
random direction, which after annealing do not show a directional
growth (Fig. 6(a)). But when an external magnetic field is applied dur-
ing the film formation, the nucleated grains might be having their mag-
netic moments aligned in the direction of magnetic field as shown in
Fig. 6(b). These films upon annealing give directional growth due to ori-
ented attachment of nanoparticles [49] as shown in Fig. 6(d).The high
temperature annealing, evaporates PVA content from the film, and the
magnetized grains arrange themselves to reduce their magneto-
crystalline anisotropy energy, and results in a directional growth of
the nanostructures.

5. Conclusions

Nano/micro structures are produced on the surface of thin film due
to the application ofmagnetic field. The appliedmagneticfield produces
an effect on themagneticmoment of nucleated iron oxide nanoparticles
inside the film. The induced magnetic moment of nanoparticles align
them along the direction of applied magnetic field, and upon annealing
an oriented attachment nanoparticles form one dimensional structure
on the film surface. Thus formed α-Fe2O3 and Ni2+ doped α-Fe2O3

films are superparamagnetic, whereas Co2+ doped film is ferromagnet-
ic. The magnetic moment of α-Fe2O3 film is successfully enhanced with
the doping of Ni2+ and Co2+ ions. A larger value of magneto-crystalline
anisotropy in Co2+doped samples as comparedwith undoped andNi2+

doped iron oxide films results in enlargement of 1D structures on the
film surface.
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