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One of the most widely researched topics over the last dec-
ades has been magnetic nanoscale systems, but recent break-
throughs in high-resolution imaging techniques in modern
computing and electronics towards continuously smaller
devices have nourished a booming in the quest for new mate-
rials and their novel applications. It is unambiguous that the
interest for tailor-made and properly functionalized particles
is very wide and expected results will be of enormous benefit
for the global economy. Still, researchers should improve the
manufacture of nanomaterials on a larger scale at a lower
cost. In nanotechnology, methods to produce some desired
structure must satisfy certain conditions, such as speed,
performance, and precision. Although computer modelling
may provide a hint in finding a structure that minimizes the
internal energy, control of nanoscale phenomena in real time
remains a puzzle in most cases. In this regard, even if certain
prerequisites should be fulfilled for specific applications,
magnetic nanoscale systems exploitation lays in the control
of their interface properties.

Nanomagnets may enter in the production of almost
every product we use, as standard magnets do. Among them,
magnetic nanoparticles deserve special attention because of
their extended applicability not only for data storage and
nanoscale spintronics applications but also for healthcare.
Medical researchers are actively seeking to develop improved
tools for diagnosis (gene sequencing, high contrast agents
for imaging) and new therapies such as hyperthermia where
functionalized magnetic nanoparticles may target only the
tumors without harming the healthy tissues or could be used
in synergy with chemotherapeutic drug delivery.

This special issue provides a carefully selected compi-
lation of original research papers as well as review articles

in understanding and insight of magnetic properties at na-
noscale interfaces. Our scientific goal was to collect articles
focusing on chemical and magnetic interfaces of nanostruc-
tured materials, in determining their influences on intrinsic
magnetic properties, and to trace the role of these issues in
the macroscopic behavior of nanostructures.

We did our best to conduct review and editing processes
according to international standards, and we believe this
special issue addresses a novel emerging technology, namely
the control, functionalization, and analysis of nanometer-
sized magnetic materials. Eventually, it turned out that about
50% of submitted papers have been finally accepted for
publication. Finally, we would like to thank all the reviewers
for their prompt and substantial involvement and all the
authors for the interesting and fruitful results presented in
this issue and we hope that especially young scientists will
benefit from this multidisciplinary special issue, which is
relevant to various up-to-date and future nanotechnologies.

M. Angelakeris
O. Crisan

C. Martinez-Boubeta
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The results of research on new magnetic materials for biomedical applications are discussed. These materials are porous silicate
glasses with magnetic fillers. To ensure the smallest number of components for subsequent removal from the body, the magnetic
fillers are bare magnetite nanoparticles (Fe3O4). The magnetic properties of these materials have been investigated using the
ferromagnetic resonance method (FMR). The FMR analysis has been complemented by scanning electron microscope (SEM)
measurements. In order to examine the effect of time degradation on filling the porous glass with bare magnetite nanoparticles the
FMR measurement was repeated five months later. For the samples with high degree of pore filling, in contrast to the samples with
low degree of pore filling, the FMR signal was still strong. The influence of different pH values of magnetite nanoparticles aqueous
suspension on the degree of filling the pores of glasses is also discussed. The experimental results are supported by computer
simulations of FMR experiment for a cluster of N magnetic nanoparticles locked in a porous medium based on a stochastic
version of the Landau-Lifshitz equation for nanoparticle magnetization.

1. Introduction

The ferrimagnetic magnetite (Fe3O4) nanoparticles are con-
sidered among the promising materials for biotechnological
and medical applications because of their biocompatibility
and low toxicity [1, 2]. An obstacle in the direct use of bare
magnetite nanoparticles is their tendency to degradate their
magnetic properties with time when exposed to atmospheric
air. Therefore, it is necessary to cover the magnetic nanopar-
ticle’s surface with a nonmagnetic protective layer. On the
other hand, in some medical applications such as magnetic
nanocapsules for drug delivery, it is more desirable to use
materials with the smallest number of components for sub-
sequent removal from the body. Taking this into account, the
study of magnetic properties of bare magnetic nanoparticles
for different nonmagnetic matrices is an important goal of
research.

In the following, we show that bare magnetite nanopar-
ticles can be fillers of a porous silicate glass without the
need for additional protective layer of nanoparticles. In this
case, the nonmagnetic porous surrounding of the magnetic
nanoparticles acts as a protective layer and magnetic proper-
ties of such materials may remain unchanged for a long time.
In order to determine the magnetic properties of the samples
under consideration we use the method of ferromagnetic
resonance (FMR) [3]. It is known that FMR spectroscopy
is a very efficient tool to study the magnetic properties
of magnetic agglomerates in nonmagnetic matrices [4, 5].
Recently, magnetic nanopowders placed in various nonmag-
netic polymer matrices have been proposed as the new types
of smart materials which combine mechanical properties of
polymer matrix and magnetic response of nanoparticles, for
example, in hyperthermia treatment, in magnetic nanocap-
sules for drug targeting or intracellular manipulation, and so
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Table 1: Parameters of the porous glass texture.

Parameter Glass B Glass D

Specific area, m2/g 28.9 5.9

Pore volume, cm3/g 0.44 0.47

Average diameter, nm 45 320

Porosity, % 50 48

Figure 1: SEM visualisation of the porous silicate glass surface area
(sample D).

forth (e.g., [6, 7]). The silica-based materials are currently
implemented in medical and biotechnological applications
such as bone-repairing devices and drug delivery systems
[8, 9].

2. Experimental

Two types of porous silica glass samples (B and D) were
studied and they were obtained as a leaching product from
one sodium-borosilicate glass with a chemical composition
as follows: 90–91% SiO2, 8.3–8.7% B2O3, 0.3–0.6% Na2O
(%mol). For phase separation glass B was heated at 490◦C for
165 hours and glass D was heated at 650◦C for 100 hours. All
the samples were etched in hydrochloric acid and rinsed in
deionized water. Then both types of glasses were immersed
in KOH [10]. The texture of obtained porous glasses was
essentially different (Table 1). In Figure 1 the example of a
pore structure in the case of sample D is shown.

In the experimental stage, which refers to filling the pores
of porous glass by magnetic nanoparticles, glass samples
(with dimensions 10 × 10 × 0.5 mm3) were immersed in an
aqueous suspension of magnetite nanoparticles (Fe3O4) for
about 48 hours. The experiment was repeated for different
values of pH of the aqueous solution. The glass samples were
filled with magnetite nanoparticles as a result of a diffusion
process from the magnetic suspension. The initial pH value
of the water solution with the nanoparticles was adjusted by
adding an appropriate amount of the hydrochloric acid or
sodium hydroxide. In this work, five samples of porous glass
filled with magnetic nanoparticles at different pH values were
selected for investigation. They were denoted as sample 1,
sample 2, sample 3 (glass type B, pH values 7.92, 8.78, 9.04,

resp.), and samples 4 and 5 (glass type D, pH values 7.90
and 7.94, resp.). Samples 4 and 5 were filled with magnetic
nanoparticles at approximately the same pH value but
sample 5 was subjected to an external constant magnetic field
from a permanent magnet (Bsat ∼ 0.5 T) during the filling
process.

The nanoparticles were synthesized according to the
Massart’s method [11]. Their diameter was smaller than
20 nm. The size of the magnetic nanoparticles has been
measured by using semicontact Ntegra Aura system (Scan-
ning Probe Microscope) with a 100 × 100 × 10μm closed-
loop sample scanner. In Figure 2, two images on the sample
of Fe3O4 nanoparticles, which has been presented on the
fresh mica surface by using drop-coating method after being
dispersed into ethanol solvent, are shown. In (a), a small
2.0 × 2.0μm area has been shown with many tiny magnetic
nanoparticles and two of them have been chosen for a
detailed investigation in (b). A Si cantilever was used in these
measurements with a force constant of ∼ 2.0 N/m and a
resonance of ∼120 kHz. The curvature of the Si tip is 10 nm.
Two representative magnetic nanoparticles have dimensions
of 14.94 nm and 12.82 nm.

For measurements of FMR spectra of the samples of
porous glass filled with magnetic nanoparticles the glass
plates were broken into pieces with average dimensions 2 ×
2 × 0.5 mm3. Next, these pieces were subjected to FMR
measurements. The FMR spectra were recorded using X-
band ( f ∼ 9.4 GHz) EPR spectrometer of the SE/X-2013
type (RADIOPAN, Poznań, Poland), operating in high-
frequency (100 kHz) modulation mode of magnetic field
at room temperature. In addition to FMR measurements
the morphology of the porous glass samples has been
investigated using the scanning electron microscope (SEM)
JEOL 7600F with the energy-dispersive X-ray spectroscopy
(EDS) system integrated into it to examine both sample’s
surface and interior. The latter was the cross-section of the
samples after they have been broken in smaller pieces.

3. Discussion of Results

Our method of filling the porous glass is a direct immersion
of the samples of porous glasses in an aqueous suspension of
magnetic nanoparticles. The filling takes place at a given pH
value of the water solution and pH value is one of the most
important parameters for controlling the process of diffusion
of magnetic nanoparticles from the solution to the pores of
glasses and their adsorption into them. It is known that both
magnetite nanoparticles and porous glass samples possess
a pH-dependent surface charge after contacting aqueous
solution. The charge is positive for pH < PZC, where
PZC represents the point of zero charge and the charge is
negative otherwise. The values of PZC for the silicate glass
samples (PZCg) and magnetite nanoparticles (PZCm) are
substantially different, PZCm ∼ 7.9 (in the literature PZCm

ranges from 6.3 to 7.9 [12–15]) whereas PZCg ∼ 1.8 for the
silicate glasses [16, 17]. In our case, the process of filling the
pores by magnetic nanoparticles was carried out for pH >
PZCg for both pH < PZCm and pH > PZCm. This means that
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Figure 2: Investigation of Fe3O4 nanoparticle by Ntegra Aura system (Scanning Probe Microscope): (a) sample of Fe3O4 nanoparticles in
2.0 × 2.0 μm scanning area, (b) two nanoparticles have been measured and the dimensions are 14.94 nm and 12.82 nm.

60 μm

Figure 3: SEM visualisation of a large surface fragment of the sam-
ple 2 (glass of type B), where three rectangular areas were selected
for whom EDS analysis was carried out (Table 2).

porous glass surface was always negatively charged whereas
the surface charges of magnetic nanoparticles were positive
or negative unless pH = PZCm. We have observed that the
best filling of glasses of type B takes place when pH � PZCm,
that is, when the surface charge of magnetic nanoparticle is
positive. Close to pH ∼ PZCm the electrostatic repulsion
between the magnetic nanoparticles weakens and magnetic
dipolar forces causes them to aggregate. The filling process
appeared to be inefficient for glasses of type D at pH ∼
PZCm. It is interesting that in the latter case we have observed
the improving of the degree of pore filling after the magnetic
nanoparticles were exposed to a weak external magnetic field,
which introduces an additional aggregation of magnetic
nanoparticles. Note that the average pore diameter for
samples D is several times larger than the average diameter
of the synthesized magnetite nanoparticles opposed to type B

Table 2: Elements identified by SEM on the surface of sample 1 in
three regions denoted as Spectrum 1, Spectrum 2, Spectrum 3 in
Figure 3.

Element Weight% Atomic%

Spectrum 1
O K 25.48 54.41

Fe K 74.52 45.59

O K 28.20 56.27

Spectrum 2 Si K 4.73 5.38

Fe K 67.07 38.35

Spectrum 3
O K 55.08 68.28

Si K 44.92 31.72

samples. In the case of type B samples the external magnetic
field prevented insertion of nanoparticles inside the pores of
the glass because the size of the magnetic aggregations that
have been created exceeded the pore diameter.

We examined the surface of five samples of silica glass
with magnetic fillers, samples 1–5 which have been defined
in Section 2, using SEM (scanning electron microscope).
We have observed that large areas of the surface of the
porous glass samples with linear dimensions of micrometers
have been coated with a homogeneous layer of magnetic
nanoparticles. In Figure 3, it has been shown the surface of
sample 2, where three rectangular areas were selected for
whom EDS analysis was carried out (Table 2). It is evident
from the SEM data in Table 2 that there are large surface areas
occupied by magnetic nanoparticles, like the one in a window
called Spectrum 1.

Using the SEM/EDS visualisation we obtained also infor-
mation concerning the filling of pores of porous glass in the
range of a few micrometers below the surface layer of glass.
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Electron image O

Si Fe

Figure 4: SEM/EDS images of the surface of the cross-section (4.5 × 6.0 μm) of porous silicate glass sample which was obtained after
breaking the sample. The first photo shows an SEM visualization of the cross-section surface. The remaining three photos represent space
distribution of different elements, Si, O, Fe, identified in this cross-section with the respective color saturation corresponding to the actual
density of the identified elements.

This has been done by breaking the glass sample and ob-
serving the distribution of elements in the resulting cross-
sections. The results of this analysis have been shown in
Figure 4 and it is evident that the inner layers of the porous
glass are very homogeneously filled with the magnetite na-
noparticles.

Some information on the magnetic properties of the
silica glass filled with nanoparticles can be obtained from
the analysis of the absorption lines in FMR experiment. They
represent the imaginary part χ′′ of the complex ac magnetic
susceptibility

χ = χ′ − iχ′′. (1)

In the FMR experiments, the absorption lines derivatives,
dχ′′/dHdc, with respect to the external dc magnetic field are
measured instead of direct measuring of χ′′. It is always the
case that Hdc is transverse to an external ac magnetic field
Hac which is rotating with a frequency f . The ferromagnetic
resonance condition takes place when

f = γ

2π
Heff, (2)

where γ = 2.21 × 105 s−1 (A/m)−1 denotes the gyromagnetic
ratio and Heff represents the net magnetic field experienced
by a magnetic moment of magnetic nanoparticle.

The FMR experiment technique [3] is one of the basic
methods for determining the magnetic properties of mag-
netic agglomerates dispersed in nonmagnetic matrices. Usu-
ally, the main peak corresponding to the uniform resonance
mode in the FMR spectra is accompanied by a series of
other peaks which originate both from a spin-wave exchange
model [18, 19] and dipolar interparticle interactions and
they can as well be coupled with the magnetoelastic phe-
nomena. The latter case has been discussed in [20] in the
case of the γ-Fe2O3 ferrimagnetic nanoparticles embedded
in a multiblock poly(ether-ester) copolymer nonmagnetic
matrix. The results suggested that some additional peaks in
low temperatures originate from the orientational anisotropy
of frozen polymer blocks. The same interpretation of the
presence of additional peaks in the case of materials with
random agglomerates of magnetic nanoparticles can be
found in theoretical papers, for example, [5, 21], where the
stochastic version of the Landau-Lifshitz equation [22, 23]
has been used to model the ferromagnetic resonance. In the
papers, there is a discussion on the shape of the ferromag-
netic resonance spectra for the ensemble of the randomly
distributed magnetic anisotropy axes and their dependence
on temperature. In particular, it is observed the multimodal
FMR signal and its broadening for the randomly distributed
magnetic anisotropy axes as compared to the magnetic
nanoparticles which all have the same orientation of the
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magnetic anisotropy. These theoretical models adequately
can explain the asymmetric and multimodal FMR spectral
line shape which we have received for the agglomerates of
magnetite nanoparticles in porous glasses in the case of
Figures 5 and 6. Note that qualitatively the same topology
of the FMR signal, as in Figures 5 and 6, has been shown
in Figure 7, which is a result of the computer simulation
of the random clusters consisting of N = 80 and N =
200 magnetic nanoparticles, respectively. In the same figure,
there have been also plotted the spectral lines of the single
chains consisting of N = 40 magnetic nanoparticles. The
single chains were oriented in the direction of the field Hdc

(dot-dashed line in the figure) and transversely to it (dashed
line in the figure), respectively. The simulation results suggest
that in the case of the silica glass filled with magnetic
nanoparticles (Figures 5 and 6) there are large magnetic
agglomerates inside them which have the orientation of
anisotropy axis aligned with the direction of the field Hdc

and there are also large clusters where the orientation is set
transversely to the direction of the Hdc. In the computer
simulations, the dc magnetic field has been chosen into z-
direction (Hz = Hdc) and the ac magnetic field into x-
direction (Hx = Hac = H0

ac cos(2π f ))). In this case, the
components of the complex ac susceptibility (1) have been
calculated by performing the Fourier transform on the time
averaged x-component of the magnetization, that is,

χ = 1
τH0

ac

∫ τ

0
dtMx(t)e−i2π f t, (3)

where τ = 1/ f . The values Mx(t) are calculated with the help
of the Landau-Lifshitz equation ([5, Equation (12)]) describ-
ing the magnetic nanoparticle magnetization dynamics in
the case of the frozen orientation of its magnetic anisotropy
axis.

The experimental results in Figures 5 and 6 concern the
newly synthesized porous glass and magnetic nanoparticles.
In view of the potential applications of such material to
the magnetic nanocapsules important is the question of the
degradation of the magnetic material in these nanocapsules
since magnetite nanoparticles degradate with time if they are
exposed to atmospheric air. We have measured the FMR sig-
nal from the selected samples of porous glass with magnetic
fillers after the expiry of five months. In general, we observed
that in the cases where the magnetite nanoparticles are
mainly deposited on the surface of porous glass (samples of
type D) the FMR signal decreased. The signal from the mag-
netic nanoparticles inside the glass remained just as strong
as five months earlier. These trends are evident in Figures 8
and 9 for samples 1 and 5, respectively. The main resonance
amplitudes of the ageing samples decrease and they are
shifted towards higher values of the magnetic field Hdc as
compared with the newly synthesized samples. The ageing of
the samples introduces additional averaging of the FMR sig-
nal possibly due to the reorientation of magnetic anisotropy
axes as it is suggested by computer simulations (Figure 7).
This signal averaging effect is greater for sample 5 (Figure 9)
with pores of large diameter than for sample 1 (Figure 8)
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Figure 5: The examples of the dependence of the absorption lines
derivatives, dχ′′/dHdc, on dc magnetic field Hdc. The spectral lines
were recorded for three different samples of porous glass of type B
in the case when magnetic nanoparticles filling the samples come
from the magnetic aqueous suspension with pH value 7.92, 8.78,
and 9.04, respectively.
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Figure 6: The dependence of the absorption lines derivatives,
dχ′′/dHdc, on dc magnetic field Hdc for two samples of type D. The
plot made by dashed line relates to magnetic nanoparticles, which
in the course of filling the pores of the porous glass were subjected
to an external magnetic field of a permanent magnet (Bsat ∼ 0.5 T).
It was not the case for the plot made by continuous line.

with a small pore diameter. The results confirm the impor-
tance of porous structure to prevent degradation of the mag-
netite nanoparticles. This property is promising for using
the porous silica glasses filled with magnetite nanoparticles,
for example, for the radiofrequency heating applications.
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Figure 7: Absorption lines derivatives, dχ′′/dHdc, resulting from
the computer simulations in the case when magnetic anisotropy
axes orientations represent a chain-like structure of N = 40 mag-
netic nanoparticles oriented into z-direction, chain-like structure of
N = 40 nanoparticles oriented into x-direction, or they represent a
random cluster consisting of N = 80 and N = 200, respectively.
The parameters of the computer simulation have only a qualitative
meaning and they have been taken the same as in [5].
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Figure 8: Visualization of the effects of ageing of magnetite nano-
particles in porous silicate glass of type B (sample 1) in terms of the
FMR signal for the same samples after the expiration of five months.

4. Conclusions

We have described the procedure of preparation of silica
porous glasses filled with magnetite nanoparticles. We have
shown that the magnetic nanoparticles do not degradate for
long time, and therefore we suggest the possibility of a simple
production of such systems for medical purposes, while
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Sample 5. Glass type D. pH = 7.94
Sample 5. Glass type D. pH = 7.94 (after 5 months)

Figure 9: The same as in Figure 8 but for sample 5 of the glass of
type D.

ensuring no chemical pollutants typical of other methods
of coated nanoparticles synthesis. The ability to control the
average pore diameter during the synthesis of porous glass
provides additional opportunities for specialization of such
systems.
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Ab initio calculations using the local spin density approximation and also including the Hubbard U have been performed for
three low-energy configurations of the interface between LaAlO3 and TiO2 anatase. Two types of interfaces have been considered:
LaO/TiO2 and AlO2/TiO, the latter with Ti termination and therefore a missing oxygen. A slab-geometry calculation was carried
out, and all the atoms were allowed to relax in the direction normal to the interface. In all the cases considered, the interfacial
Ti atom acquires a local magnetic moment, and its formal valence is less than +4. When there are oxygen vacancies, this valence
decreases abruptly inside the anatase slab, while in the LaO/TiO2 interface, the changes are more gradual.

1. Introduction

Complex oxide heterostructures have been the subject of
many recent papers, both experimental and theoretical, as
their interesting interface properties promise to pave the
way towards novel electronic devices. With the current
available experimental techniques, oxide thin films can
be produced with a high degree of crystallinity, and the
electronic structure of their surfaces and interfaces can be
precisely determined. The most studied system of this type
has been LaAlO3/SrTiO3 (LAO/STO) that consists of two
perovskite structures stacked along the (001) direction [1,
2], in which they present alternate layers of LaO, AlO2,
TiO2, and SrO with a very small lattice mismatch between
them. A similar but less studied interface is that of LAO
with TiO2 anatase that presents an even smaller lattice
mismatch, namely less than 0.1%, along the (001) direction
[3]. TiO2 is a key material for most applications, including
catalytic and optical devices, sensors, optoelectronics, and
spintronics. Anatase thin films are frequently grown over
LAO by pulsed laser deposition. It seems therefore important
to perform a careful characterization, both from theory
and experiments, of the film/substrate interface. Just to

mention one example where this study may be relevant,
room temperature ferromagnetism has been obtained from
doped and undoped anatase films grown over LAO, and the
results strongly depend on the growth conditions [4].

There are two possible interfaces for the system LAO/
TiO2-anatase, namely, LaO facing TiO2 and AlO2 facing TiO2

[5, 6]. Due to the ionicity of the component oxides and, in
particular, to the fact that the layers of LAO (AlO2 and LaO)
have alternating formal charges (−1 and +1, resp.), there is an
interfacial formal excess charge that should be compensated
either by the presence of terraces with different stacking, or
by oxygen vacancies or by atomic interdiffusion.

Experimental work [6] has shown that, in the case of
LAO/TiO2-anatase, terraces with both types of interfaces
appear and approximately in the same proportion. For the
theoretical modeling of this system, the fact that the TiO2-
anatase layers along the (001) direction are not strictly planar
must be taken into account. As a consequence, the anatase
interface can be either oxygen terminated and thus neutral
(with formal valence +4 for the interfacial Ti ion), or Ti-
terminated. The latter situation is equivalent to considering
surface oxygen vacancies and gives rise to a change in the
valence of the interfacial Ti ion.
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Figure 1: Slab structures for three low energy configurations. (a) interface LaO/TiO2; (b) interface AlO2/TiO, with Ti atom in the hollow
position; (c) interface AlO2/TiO, with Ti atom in the bridge position. Oxygen atoms are coplanar with La and Al ions and 0.4 Å off-plane in
the Ti layers. O1 and O2 are below and above the Ti plane, respectively. Oxygen O2 is closer to LAO, and it is removed in cases (b) and (c).

In this paper, we study the electronic and magnetic
properties of interfaces for different stackings of LAO/TiO2

using density functional theory [7] in the local density
approximation (LSDA) and also considering electronic cor-
relations in the framework of the LSDA+U approximation.

2. Method of Calculation

To simulate the interfaces, we use a periodically repeated slab
geometry with 5 layers of each of the component materials
and enough empty space between slabs so that they do not
interact with each other (see Figure 1). The cell parameters
in the plane of the interface are kept fixed to those of the
experimental bulk LAO (3.79 Å) [3], and the positions of all
atoms are allowed to relax in the out-of-plane direction until
the forces are smaller than 0.05 eV/Å.

As in our previous work [5, 8], we use an odd number
of layers of LAO to avoid the formation of a large dipole
moment, but we are aware that with this procedure it is
difficult to assure whether the interface will be conducting or
not. The reason lies in the fact that an LSDA calculation for
a positively (negatively) charged system will locate the Fermi
level in the conduction (valence) band.

We use the Wien2k code, that is, an implementation
of the full-potential linear-augmented plane waves method
(FP-LAPW) [9]. The calculations are scalar relativistic, and
the parameters used are listed in [10]. It is well known
that in the case of oxides there is a band gap underesti-
mation when using local exchange correlation functionals
within density functional methods. For this reason, we
have performed calculations with both the LSDA and the
LSDA+U approximations [11], using U = 0.4 Ry for the
Ti d orbitals [8, 12], as in previous works. The comparison
between the two procedures will evidence whether there is
a qualitative difference in the interfacial properties due to
electron correlations as, for example, a change in the valence
of the Ti ions.

3. Results

The total energies of different possible structures (at 0K
and with collinear spins) have been evaluated in previous
works [5, 6], and in this paper, we present the results for

the lowest energy ones. For the interface in which LaO faces
TiO2 (Figure 1(a)), the oxygen termination for anatase is
preferred. However, when AlO2 faces TiO2, the lower energy
is for the Ti termination, thus with oxygen vacancies [5, 6].
Two types of Ti-terminated interfaces are studied: one where
the interfacial Ti atom faces the hollow site of the Al atoms
in the AlO2 layer (Figure 1(b)) and another one where the Ti
atom faces a bridge position of the Al sites in the AlO2 plane
(Figure 1(c)).

In all the cases considered, there is a total formal charge
of +1 arising in (a) from the LAO slab, while in cases (b) and
(c), it is due to the contribution of both the LAO slab and the
oxygen vacancy in the anatase slab. We point out that there
are more possible structures for each type of stacking, and
that in this work, we consider three of the lowest-energy ones,
those that require more energy to separate LAO from anatase.
LaO/TiO2 has the lowest energy, followed by AlO2/TiO where
oxygen vacancies are present [13] (i.e., O2 is removed in
Figures 1(b) and 1(c)). In the hollow structure, one oxygen
atom from the AlO2 layer moves towards the interfacial Ti,
thus increasing its number of neighbors. This relaxation
decreases the total energy of the system with respect to the
bridge structure by 0.2 eV in LSDA and 0.4 eV in LSDA+U.

Figure 2 shows the densities of states (DOSs) for the three
structures depicted in Figure 1. We present the results for
the LSDA+U approximation as they are similar to the LSDA
ones, and if there are any differences, they are mentioned in
the text. On the left side of Figure 2, we present the total
DOS and the partial contributions from the La atoms. On
the right side, the DOSs projected on the Ti atoms are shown
in a zoomed-in region close to the Fermi energy (Ef ). As in
the case of pure anatase, the valence band is mostly from
the oxygen atoms and the conduction band from the Ti
atoms, with the d orbitals clearly separated by symmetry:
the t2g levels closer to Ef and the eg ones at higher energies.
There are no Al states close to Ef , but oxygen atoms from
LAO contribute significantly to the higher-energy part of the
valence band.

3.1. LaO/TiO2 Interface. In this interface (Figure 1(a)), Ef

is in the conduction band, as expected due to the formal
charge in the LAO slab. The largest contribution to the
occupied states close to Ef comes from the interfacial Ti
ion, and the rest of the Ti atoms contribute less as the
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Figure 2: Densities of states for the three slabs of Figure 1 in the LSDA+U approximation. (a) Top: LaO/TiO2, (b) middle: AlO2 hollow, (c)
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(a) (b) (c)

Figure 3: LSDA+U charge density of states close to Ef in the plane defined by the Ti-Ti bonds for one unit cell. The occupied states in the
energy range: [Ef−1.5 eV, Ef ] are plotted for the three structures in Figure 1, namely, (a) LaO/TiO2, (b) AlO2 hollow, and (c) AlO2 bridge.
Charge isolines are spaced 0.01, from 0.01 to 1.00. In each case, the Ti interfacial atom is placed at the center of the figure, so as to make them
comparable.
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Figure 4: Magnetic moment inside the Ti muffin-tin spheres as a
function of the penetration in the anatase slab. The interface is at
layer 0, and the surface is at layer 4.

distance to the interface increases, as shown in Figure 2
(top right). This is true for both LSDA and LSDA+U
approximations. It is interesting to note that similar layer-
projected DOSs were obtained for LAO/STO [14] even
though in that structure, the TiO2 planes alternate with SrO
layers. The authors also find that the charge distribution
is not affected by the inclusion of correlation. There is
certainly no contribution from the interfacial La ions to the
occupied states, as that peak is shifted towards the right when
compared with the La atom at the free surface of the slab (see
Figure 2(a)). The charge density at the interface is plotted in
Figure 3(a) and shows clearly the shape of the Ti d orbitals.
The main occupation comes from dxz and d3z2−r2. A

small total magnetic moment is obtained for the unit cell,
distributed among all the Ti atoms (see Figure 4).

3.2. AlO2/TiO-Hollow Interface. This interface (Figure 1(b)),
presents a difference between LSDA and LSDA+U approxi-
mations. In LSDA+U, the majority spin of the interfacial Ti
dxy orbital shifts towards lower energies, so that the system
becomes a semiconductor with a small gap of 0.1 eV (see
Figure 2(b)). This shift is smaller in the LSDA, so that the
system is metallic. In Figure 3(b), we show the charge density
at the anatase side of the interface where the dxy symmetry
is evident. Both the charge and the magnetic moment at the
Ti ions are large at the interface and decrease abruptly inside
the anatase slab (see Figure 4).

3.3. AlO2/TiO-Bridge Interface. In this interface (Figure
1(c)), Ef lies in the conduction band, and the La peaks
are further away from it, overlapping the t2g orbitals of
the Ti atoms. The same result is obtained with LSDA. The
interfacial Ti orbitals have different symmetry from those of
the hollow case, being of eg character: dx2−y2 and d3z2−r2,
as can be seen in Figure 2 and Figure 3. In this case, the
eg levels split into two regions: one occupied band close to
Ef and another one at energies above the t2g orbitals, in
the conduction band. The extra charge and the magnetic
moment are both localized at the interface, near the oxygen
vacancy, and their magnitude decreases abruptly inside the
anatase slab as can be seen in Figure 4. In this case, the
interfacial Ti formal valence and the magnetic moment are
smaller than in the hollow structure.

It is interesting to note that in AlO2/TiO interfaces, there
is no contribution of the Ti atom at the free surface in the
occupied region of the conduction band, showing that a slab
with 5 layers is a good enough approximation to account for
interface properties.

There has been some controversy concerning the appear-
ance of interfacial ferromagnetism in the LAO/STO interface
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[15], which may also be the case here. For this reason,
we performed calculations with a double-size unit cell (54
atoms), for the AlO2/TiO interfaces which present localized
magnetism at the interface. We studied the magnetic inter-
action between the interfacial Ti atoms within the LSDA+U
method, setting them both in parallel and antiparallel con-
figurations. The two solutions exist, but the antiparallel one
is lower in energy, indicating that a long-range ferromagnetic
interaction will not arise from the considered concentration
and distribution of oxygen vacancies in AlO2/TiO interfaces.
We do not exclude the possibility of ferromagnetism in
LaO/TiO2, but it would be minor, and due to the fact that all
the Ti atoms have local magnetic moments, many magnetic
configurations should be considered for this study.

To explore the consequences of a lower vacancy concen-
tration, and also of a formally neutral system, we considered
the double-size unit cell in the hollow configuration with
only one interfacial oxygen vacancy. In this calculation, none
of the Ti ions resulted Ti+3, and no magnetic moments
appeared. Thus, a charge imbalance is needed to obtain Ti+3

ions and is also a necessary (but not sufficient) condition for
the appearance of magnetism.

4. Conclusions

The principal conclusion of this work is that whatever the
origin of the charge at the interfaces, its main effect is to
change the valence of the Ti atoms, either if it is due to
the layered structure of LAO or to the presence of oxygen
vacancies in anatase.

In AlO2/TiO, there are interfacial oxygen vacancies, and
the interfacial Ti atom close to the vacancy position acquires
an extra charge. In LaO/TiO2, there are no oxygen vacancies
as they are not electrostatically favored, and the extra charge
is distributed among all Ti atoms, with decreasing value as
the distance from the interface increases. Our results indicate
that the LaO/TiO2 interface spans through several anatase
layers, while the AlO2/TiO one is more localized and presents
large local magnetic moments.

In experimental samples, coexistence of the studied
interfaces and possibly others as well is expected. As a
consequence, small patches with different magnetic order
might appear [16], thus giving rise to sample-dependent
results.
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Nd12.3Fe81.7−xTixB6.0 (x = 0.5–3.0) ribbons have been prepared by rapid quenching and subsequent annealing treatment. Effect
of Ti substitution and annealing treatment on the microstructure, magnetic properties, and crystallization behavior of the
ribbons was systematically investigated by the methods of differential scanning calorimeter (DSC), X-ray diffraction (XRD),
transmission electron microscopy (TEM), and vibrating sample magnetometer (VSM). It is found that Ti addition may increase
the crystallization temperature and stabilize the amorphous phase. Ti element inhibits the grain growth during crystallization
process and finally refines the microstructure. The exchange coupling interactions and magnetic properties of the ribbons
increase with increasing x from 0.5 to 1 and then decrease with further increasing x ≥ 1.5. Optimum magnetic properties with
(BH)max = 151.6 kJ/m3, Hci = 809.2 kA/m, Jr = 1.02 T are achieved in the Nd12.3Fe80.7Ti1B6.0 ribbons annealed at 600◦C for 10 min.

1. Introduction

Nanocomposite Nd-Fe-B permanent magnets have attracted
considerable attention as a probable new generation of
permanent magnets because of their high remanence, high
maximum energy product, and low cost [1, 2]. The presence
of the soft phases such as α-Fe and Fe3B increases the
remanence but the coercive field is decreased, so that their
application is limited [3]. The alloys with Nd content higher
than 11 at %, that is, close to the stoichiometry composition
of Nd2Fe14B and usually believed to be single phase structure,
are being studied to further improve coercivity. Since the
discovery of the nanocrystalline Nd-Fe-B magnets, extensive
efforts have been made to improve magnetic properties of
Nd2Fe14B-based magnets [4–6]. However, the obtainable
(BH)max is still significantly lower than that predicted by
theory. This phenomenon can be practically attributed to the
difference between practical microstructure and theoretical
model, which is of fine mixture of aligned hard magnetic
grains and two ferromagnetic phases suitably dispersed, crys-
tallographically, coherent, and mutually coupled. Elements
such as Zr and Nb have been found to improve overall hard

magnetic properties effectively by refining the microstruc-
ture [7–10]. Chang et al. [11] have reported that Zr and Ti
addition can modify phase constitution and refine the grain
size of the Nd-Fe-Ti-Zr-B rod fabricated by direct casting
method, and to lead to the enhancement of the magnetic
properties of the rods. The effect of Ti&C addition on
the phase composition, microstructure, magnetic properties,
temperature characteristics, and corrosion behavior of rapid-
quenched Nd-Fe-B alloy has been investigated [9, 10, 12].
The combined addition of Ti and other elements such as
C and Zr has been discussed a lot. However, the report of
the single addition of pure Ti to Nd-Fe-B alloy is seldom. In
this work, we present our research about the crystallization
behavior, microstructure, and magnetic properties of single-
phase Nd12.3Fe81.7−xTixB6.0 ribbons.

2. Experimental

The ingots with nominal composition of
Nd12.3Fe81.7−xTixB6.0 (x = 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0) were
prepared by arc melting pure constituent elements under
high-purity Ar atmosphere. The ingots were remelted four
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Figure 1: XRD patterns of Nd12.3Fe81.7−xTixB6.0 ribbons quenched
at various wheel speeds.

times to ensure homogeneity. Ribbons with a width of 2–
4 mm and thickness of 30–50 μm were obtained by ejecting
the molten alloys from a quartz tube with an orifice diameter
about 0.6 mm onto a copper wheel at a surface speed (Vs)
of 22 m/s. The melt spun ribbons were then sealed in a
quartz tube under a vacuum of 4 × 10−3 Pa and annealed
at 550–800◦C for 10 min to crystallize and develop desired
fine nanoscale microstructure. Thermal analysis of the rib-
bons was carried out using NETZSCHSTA449 differential
scanning calorimeter at a heating rate of 10◦C/min to
determine the crystallization temperature. Phases’ analysis
of the samples was characterized by D/max-rB X-ray diffrac-
tometer (Cu Kα radiation). The microstructure of the rib-
bons was performed using with H-800 transmission electron
microscopy (TEM). The thin foils for TEM observation
were made by Ar-ion beam polishing. Hysteresis loops of the
ribbons were measured using an LDJ 9600 vibrating sample
magnetometer (VSM) with an applied field of up to 2 T
(1600 kA/m). The length direction of the ribbons was para-
llel to the applied field in order to minimize the demagnet-
ization effect. Wohlfarth’s remanence analysis was employed
to determine the strength of exchange-coupling interactions
of the materials obtained.

3. Results and Discussion

3.1. Phase Analysis. Figure 1 shows XRD patterns of the as-
spun Nd12.3Fe81.7−xTixB6.0 (x = 0, x = 1) ribbons with Vs
of 22 m/s and 30 m/s. It can be seen that the ribbons are
composed of amorphous phase and some Nd2Fe14B phase,
and the quantity and the relative intensity of diffraction
peak for 2 : 14 : 1 decreases with increasing Vs from 22 m/s
to 30 m/s and the addition Ti element, suggesting that the
amount of 2 : 14 : 1 phase decreases and amorphous phase
increases with increasing Vs and Ti content. The ribbons
with x = 0 melt-spun by 30 m/s consist of hard magnetic
2 : 14 : 1 phase and some amorphous phase. The XRD pat-
terns of the ribbons with x = 1.0 melt-spun by 20 m/s and
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Figure 2: XRD patterns of as-cast Nd12.3Fe80.7Ti1B6 alloy annealed
at 1050◦C for 10 h.
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Figure 3: DSC curves of as-spun Nd12.3Fe81.7−xTixB6.0 ribbons at
30 m/s.

30 m/s present primarily amorphous phase. This indicates
that Ti addition improves significantly the amorphization
tendency of Nd12.3Fe81.7−xTixB6.0 alloys. Figure 2 shows XRD
patterns of as-cast Nd12.3Fe80.7Ti1B6 alloy annealed at 1050◦C
for 10 h. It can be seen that amorphous phase transforms
completely to 2 : 14 : 1 phase.

3.2. Effect of Ti on Crystallization Process and Microstructure.
Figure 3 shows the differential scanning calorimetry (DSC)
curves of the melt-spun Nd12.3Fe81.7−xTixB6.0 ribbons at a
heating rate of 10 K/min from room temperature to 1073 K.
The ribbons with x = 0 and 1 show one exothermic peak cor-
responding to transformation from amorphous to 2 : 14 : 1
structure. Compared to the ribbon with x = 0, the crystal-
lization temperature peak Tp for the ribbon with x = 1
increases by approximately 20 K, indicating that Ti element
enhances the thermal stability of amorphous phase in Nd-
Fe-B alloy. Enrichment of Ti atoms along grain boundary
stabilizes amorphous phase in the melt-spun and annealing
process of the ribbons, which is believed to be a main reason
that thermal stability is enhanced by Ti addition in the stud-
ied nanocrystalline Nd12.3Fe81.7B6 magnets.
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(a) (b)

Figure 4: TEM images of Nd12.3Fe80.7Ti1B6 (a) and Nd12.3Fe81.7B6 (b) ribbons annealed at 600◦C for 10 min.
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Figure 5: Variation of the Jr , Hci and (BH)max with Ti content of
as-spun Nd12.3Fe81.7−xTixB6.0 ribbons.

Figure 4 shows TEM bright field micrographs of (a)
Nd12.3Fe80.7Ti1B6 and (b) Nd12.3Fe81.7B6 ribbons annealed at
600◦C for 10 min. The Nd12.3Fe81.7B6 alloy shows an average
grain size of around 80 nm and the grain size distribution
is nonuniform. Large grains up to about 260 nm are pre-
sent in the microstructure of the sample, which decreases
exchange coupling interactions between neighbor grains.
The average grain size is estimated to be 25 to 35 nm for
the Nd12.3Fe80.7Ti1B6 alloy and the grains become more uni-
formly distributed. Thus, it can be concluded that the addi-
tion of a small amount of Ti to the ternary alloy is effective for
reducing the grain size of the magnets, which enhances the
coercive field and remanence. So the best magnetic property
with (BH)max = 151.6 kJ/m3 is obtained for the sample.

3.3. Effect of Ti Content on Magnetic Properties of Ribbons.
The Jr , Hci, and (BH)max of the Nd12.3Fe81.7−xTixB6.0 melt-
spun ribbons by 22 m/s are shown in Figure 5. It is clear that

the magnetic properties of melt-spun ribbons increase first
with increasing Ti content, reaching the maximum value at
x = 1.5, and then decrease with further increasing Ti content.
The sample with x = 3.0 shows a very low coercivity and
remanence.

The intrinsic coercivity Hci, remanence polarization Jr ,
and maximum energy product (BH)max of the melt-spun
ribbons are relatively low, which can be ascribed to incom-
plete crystallization of the ribbons, as evidenced by the sup-
erposition of broad peaks of amorphous precursor alloy and
the characteristic of 2 : 14 : 1 peaks shown in Figure 1. In
order to achieve the best magnetic properties for each alloy,
a thermal treatment was employed individually to quenched
ribbons to induce a fine grain structure crystallizing from the
amorphous state. Figure 6 summarizes the effect of annealing
temperature Ta and Ti content x on Hci, Jr , and (BH)max

of Nd12.3Fe81.7−xTixB6.0 ribbons. It can be seen that Hci, Jr ,
and (BH)max increase first with increasing Ta and Ti content
x, until reaching the maximum values, then decrease with
further increasing Ta and Ti content x. Optimum magnetic
properties with (BH)max = 151.6 kJ/m3, Hci = 809.2 kA/m,
Jr = 1.02 T are achieved by annealing the melt-spun ribbons
with x = 1.0 at 600◦C for 10 min, which are much higher
than the magnetic properties of Nd6Pr1Fe80B13 ribbons with
Ti&C addition reported by Ohkubo et al. [13].

Table 1 shows the variation of the optimum Jr /Js, Jr , Hci,
and (BH)max with Ti content of the Nd12.3Fe81.7−xTixB6.0

(x = 0.5–3.0) ribbons. It can be seen that Ti addition sig-
nificantly affects the magnetic properties of the samples.
The Jr /Js, Jr , Hci, and (BH)max of optimally processed
Nd12.3Fe81.7−xTixB6.0 ribbons initially increase with increas-
ing Ti content from x = 0.5 to 1.0, but all of them decrease
with further increasing Ti content. The Jr and Hci increase
from 0.79 T and 616.1 kA/m for the sample with x = 0.5
to 1.02 T and 809.2 kA/m for the sample with x = 1.0,
respectively. The (BH)max of the 1.0 at.% Ti-doped sample
increases from 76.2 kJ/m3 to 151.6 kJ/m3. Ti elements are
benefit to refine grain sizes and enhance exchange coupling
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Figure 6: Magnetic properties of Nd12.3Fe81.7−xTixB6.0 ribbons annealed at various temperatures for 10 min.

Table 1: Magnetic properties of Nd12.3Fe81.7−xTixB6 (x = 0.5, 1.0,
2.0, 3.0) ribbons annealed at 600◦C for 10 min.

x (BH)max (kJ/m3) Hci (kA/m) Jr (T) Jr /Js

0.5 76.2 616.1 0.79 0.73

1.0 151.6 809.2 1.02 0.74

2.0 96.7 730.2 0.86 0.71

3.0 84.5 777.2 0.85 0.67

interactions between the neighbor grains. But the strength of
exchange coupling interactions in the ribbons is determined
by two opposite factors: (1) grain refinement and (2) mag-
netic dilution and grain isolation especially at higher Ti con-
tent.

3.4. Effect of Ti on Exchange Coupling. The exchange cou-
pling interaction is often evaluated using δM plots, which
can be defined as md(H)-(1-2mr(H)); where md is demag-
netization remanence and mr is isothermal magnetization
remanence [14]. Both of these values are normalized by
the saturation remanence. According to Wohlfarth’s analysis,
higher positive δM peaks indicate stronger exchange cou-
pling interactions. Figure 7 shows the δM plots with respect
to the applied magnetic field of the Nd12.3Fe81.7−xTixB6.0

annealed ribbons, respectively. The positive peak in the δM
plots suggests the existence of exchange coupling interaction
between Nd2Fe14B and Nd2Fe14B phases. It can be seen that
the strength of exchange coupling interaction is significantly
enhanced at a dilute Ti-substitution (1.0 at.% Ti) and then
weakened when Ti content is further increased. This trend



Journal of Nanomaterials 5

0 500 1000 1500

0

0.5

1

1.5

2

−0.5

H (kA/m)

δ
M

Ti1

Ti2
Ti3

Ti0.5

Figure 7: The δM(H) curves of Nd12.3Fe81.7−xTixB6 (x = 0.5, 1.0,
2.0, 3.0) ribbons annealed at 600◦C for 10 min.

agrees well with the variation of magnetic properties with
Ti content previously shown in Figure 6. Hence, the changes
in magnetic properties of the samples on increasing Ti con-
tent may mainly arise from the variation of the exchange-
coupling interaction in the samples. Meanwhile, it is worth
noting that the decrease of saturation magnetization with
increasing Ti content also contributes to the reduction of Jr
and (BH)max, in the samples with higher Ti substitution.

4. Conclusion

The effect of Ti addition and annealing treatment on the
magnetic properties and microstructure of nanocrystalline
Nd12.3Fe81.7−xTixB6.0 (x = 0.5–3.0) alloys has been systemati-
cally investigated. The remanence polarization Jr , intrinsic
coercivity Hci, and maximum energy product (BH)max of
optimally processed Nd12.3Fe81.7−xTixB6.0 ribbons increased
first with an increase in Ti content, reached the maximum
values at x = 1.0, then decreased with further increasing Ti
content. The excellent magnetic properties with (BH)max =
151.6 kJ/m3, Hci = 809.2 kA/m, Jr = 1.02 T were obtained by
annealing a melt-spun amorphous Nd12.3Fe80.7Ti1.0B6.0 alloy
at 600◦C for 10 min. The variation of magnetic properties
with increasing Ti content can be attributed to both the vari-
ation of the exchange coupling interactions and the decrease
in saturation magnetization in the ribbons.
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A soft/hard FePt/Fe/FePtAg and Fe/FePt/FePtAg trilayers with perpendicular magnetization were prepared on a glass substrate.
Inserting disordered FePt layer allowed modification of magnetic anisotropy of the Fe/FePtAg sharp interface to Fe/FePt/FePtAg
stepwise interface. The out-of-plane coercivity field was modulated as a function of the FePt thickness because of the interface
coupling attenuation between Fe and FePtAg. The coercivity was inversely proportional to the FePt thickness as evidenced by the
pinning effect at the stepwise interface. Additionally, the out-of-plane magnetization was controlled by domain wall pinning effect.
The in-plane magnetization reversal processes occurred in two steps like in exchange spring systems and attributed to the domain
wall nucleation and its propagation from Fe/FePt layer into FePtAg layer.

1. Introduction

Exchange spring media and exchange coupled composite
(ECC) media were introduced to reduce the write field
requirement and maintain the same thermal stability and
greater tolerance to easy axis distribution. ECC media and
exchange spring media seem to be methods of achieving
area densities of several (Tbit/in2) [1–5]. In ECC composite
media, an intermediate nonmagnetic layer modulates the
exchange coupling between the hard and soft phase. In
exchange spring media, a direct exchange coupling between
hard and soft phase occurs where the interface between
hard- and soft-magnetic materials can be ideal or graded
[6, 7]. Theoretically, the coercivity field is proportional to
the gradient of the densities of domain wall energy [8–
11]. In graded media, the switching field can be tuned and
thus enhance the exchange coupling between the hard- and
soft-magnetic layer. In experimental studies, the exchange-
spring soft/hard bilayer has been discussed extensively in
Fe/L10 FePt bilayer systems [12–16].

This work discusses, first, the Fe magnetic interlayer
thickness effects on magnetic properties of (disordered
FePt)/Fe/(ordered FePtAg) trilayer. Although, the addition of
a ferromagnetic intermediate layer in not suitable to tailor
the coupling efficiency of an exchange-coupled bilayer, this

study focuses on the effect of an additional soft magnetic
layer and its effect on perpendicular magnetic anisotropy
features. The interface effects are studied with the variations
of in-plane and out-of-plane magnetic hysteresis loops.
Second this work addresses the disordered FePt thickness
effects on the magnetic properties of Fe/FePt/FePtAg trilayer.
The variation of the out-of-plane coercivity was fitted by
a model considering domain wall pinning and nucleation.
The shape of in-plane demagnetization curves is varying
with FePt thickness and correlated with inverse domain
nucleation and corresponding domain wall propagation.

2. Experimental Procedures

The FePt(2 nm)/Fe(t)/FePtAg(10 nm) (t = 0, 0.5, 1, 2, 3,
5 nm) and Fe(2 nm)/FePt(t nm)/(FePtAg)(10 nm) (t =
0, 1, 3, 5, 7 nm) trilayers were fabricated with DC (direct
current) magnetron sputtering. The base pressure of the
sputtering system was 2 × 10−8 Torr and the working
pressure was 1.5 × 10−3 Torr under high purity argon gas.
The FePt alloy target and Ag element target were used
and the Ag(1 nm)/FePt(10 nm) bilayer was deposited on a
glass substrate. The film chemical composition was Fe48Pt52

measured by energy dispersive spectroscopy (EDS). After
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Figure 1: GID patterns of (a) FePt/FePtAg film, FePt/Fe(t)/
(FePtAg) film, (b) t = 0.5 nm, (c) t = 1 nm, (d) t = 2 nm, (e)
t = 3 nm, (f) t = 5 nm.

deposition, the films were annealed by a rapid thermal
process (RTP) at 800◦C for 3 minutes and formed the
FePtAg alloy film. There are two types of soft magnetic
structures fabricated following two different procedures.
Procedure I : Fe layer with different thicknesses from 0.5 nm
to 5 nm was deposited on L10FePtAg at room temperature
and capped with 2 nm of a disordered FePt layer. Finally,
the FePt/Fe/FePtAg sandwich layer structure was formed.
Procedure II: FePt layer was deposited on L10FePtAg layer
and finally Fe layer with thickness of 2 nm was deposited
on disordered FePt (t nm) layer at room temperature. The
crystal structure of the samples was identified using grazing
incident X-ray diffraction (GID) with Cu Kα radiation and a
standard X-ray diffraction (XRD) technique (BRUKER, D8
Discover). Magnetic hysteresis loops were measured at room
temperature using a vibration sample magnetometer (VSM,
Lakeshore 7400) with a maximum magnetic field of 2 Tesla.
The film microstructure was observed using transmission
electron microscopy (TEM, Philips Tecnai F30).

3. Results and Discussion

From standard XRD pattern in previous work, the (001)
superlattice diffraction peak and the (002) fundamental
reflection of the L10 FePt are clearly observed in FePtAg
film [17, 18]. The XRD profiles suggest that the L10

FePt crystal has a [001] texture. The ordering param-
eter, S can be estimated from 0.492[I(001)/I(002)]1/2,
{[(I(001)/I(002) ]obs/[I(001)/I002]cal}1/2 or is proportional
to the ratio I(001)/I(002) [19]. The GID was used to
tailor the surface structure variation of Fe/(disordered FePt)
or (disordered FePt)/Fe layer. Figure 1 show GID patterns

Figure 2: GID patterns of (a) Fe/(FePtAg) film, Fe/FePt(t nm)/
(FePtAg) film, (b) t = 1 nm, (c) t = 3 nm, (d) t = 5 nm, (e)
t = 7 nm.

of FePt/Fe(t)/(FePtAg) (t = 0, 0.5, 1, 2, 3, 5 nm) films. In
Figure 1(a), the FePt/FePtAg bilayer was preferred oriented
at [001] direction and the relative intensity of (111) peak
was low. Without the intermediate Fe layer, the interface
anisotropy variation between FePt and FePtAg layer was
expected to be sharp. In Figures 1(b)–1(f), the Fe layer
with thickness 0.5, 1, 2, 3, or 5 nm was inserted between
FePt/FePtAg bilayer. The relative intensity of diffraction
peaks were almost not changed when the Fe layer was
inserted. The FePt/Fe/FePtAg trilayers have (001) texture
and the (111) diffraction peaks were the summation of
disordered FePt and ordered FePtAg layers. Figure 2 show
GID patterns of Fe(2 nm)/FePt(t nm)/(FePtAg)(10 nm) (t =
0, 1, 3, 5, 7 nm) films. In Figures 2(a)-2(b), the FePtAg
single layer and Fe/FePtAg bilayer was preferred oriented
at [001] direction and the relative intensity of (111) peak
was low. Without disordered FePt intermediate layer, it
is supposed that the interface anisotropy between Fe and
FePtAg layer was sharp. In Figures 2(c)–2(f), the FePt
layer with thickness of 1, 3, 5 or 7 nm was inserted between
Fe/FePtAg bilayer. When the thickness of disordered FePt
layer increased to 3, 5, 7 nm, the (111) diffraction peak was
become rough and the full width of half maximum (FWHM)
of (111) peak was increased. The disordered FePt phase
existed and was proved in the variation of (111) peak. The
interface anisotropy was stepwise from ordered FePtAg to
disordered FePt and Fe layer. To prove the layer structure of
films, the cross-section TEM images of Fe/FePtAg bilayer and
Fe/FePt(3, 5 nm)/FePtAg trilayers were shown in Figure 3.
With increased FePt thickness, the interface between Fe/FePt
bilayer became rough but the smooth interface between
FePt/FePtAg was maintained as shown in Figures 3(b)-3(c).
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Figure 3: Cross-section TEM images of (a) Fe/FePtAg bilayer, (b) Fe/FePt(3 nm)/FePtAg trilayer, and (c) Fe/FePt(5 nm)/FePtAg trilayer.

From morphology, the reversed domain wall may originate
from the rough interface between soft Fe/FePt. Based on
the different magnetocrystalline anisotropy in Fe, FePt, and
FePtAg individual layer, the magnetization was reversed
stepwise from soft- to hard-magnetic layer. The coercivity
was influenced more in Fe/FePt thickness and less in interface
morphology.

Figure 4 show the in-plane and out-of-plane magnetic
hysteresis loops of FePt/Fe/FePtAg films measured at room
temperature. The in-plane and out-of-plane magnetization
of glass substrate was linear with negative slope and the
diamagnetic effect in FePt/glass films was computationally
subtracted. In Figure 4(a), the FePt/FePtAg bilayer shows
perpendicular magnetization and the out-of-plane Hc is
10.5 kOe. The disordered FePt layer with thickness of 2 nm
contributed both to magnetization, in-plane and out-of-
plane coercivity in FePt/FePtAg bilayer. The amount of soft-
magnetic phase (FePt/Fe) increased with Fe layer thickness.

The in-plane and out-of-plane coercivities decreased with
amount of soft magnetic phase (FePt/Fe) or Fe layer thick-
ness. In Figure 4(b), the Fe layer with thickness of 0.5 nm
was inserted and the magnetic properties were similar to
Figure 4(a). Figure 4(c) shows magnetic hysteresis loops of
FePt/Fe(1 nm)/FePtAg film. For a soft magnetic Fe layer with
1 nm thickness, the out-of-plane Hc is 11.1 kOe and in-plane
Hc is 3.2 kOe. The in-plane hysteresis loop is near linear
and the out-of-plane hysteresis shows high perpendicular
magnetization but not better than coupling of Fe/FePt bilayer
in previous work [15]. The FePt/Fe/FePtAg trilayer was
coupled with rigid magnetization in remanence (Mr). The
remanence ratio measured at 2T is 0.72 high enough but
relatively smaller than 0.98 presented in previous work on
bilayer [15].

In Figures 4(d)–4(f), the FePt/Fe(2, 3, 5 nm)/FePtAg
film maintains perpendicular magnetization but in-plane
hysteresis also appears. The slight shoulders were measured
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Figure 4: In-plane and out-of-plane magnetic hysteresis loops of (a) FePt/FePtAg film, FePt/Fe(t)/(FePtAg) film, (b) t = 0.5 nm, (c) t =
1 nm, (d) t = 2 nm, (e) t = 3 nm, (f) t = 5 nm.
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Figure 5: In-plane and out-of-plane magnetic hysteresis loops of (a) FePtAg film, (b) Fe(2 nm)/FePtAg film, and Fe/FePt(t)/(FePtAg) trilayer,
(c) t = 1 nm, (d) t = 3 nm, (e) t = 5 nm, (f) t = 7 nm.
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Figure 6: The out-of-plane Hc, as a function of (a) Fe/FePt thickness, (b) 1/t (t: thickness of disordered FePt layer).

in the Mr of out-of-plane hysteresis loops. The nucleation
field (HN ), the switching fields of soft magnetic FePt/Fe
layer (HA) and hard magnetic FePtAg layer (HB), and the
magnetization change (ΔM) from HN to HA be marked in
Figures 4(c)–4(f). The HA and HB mean the applied field of
point A and B in Figures 4(c)–4(f). In the in-plane hysteresis
loops, the magnetization reversal process seems to change
to two-step reversal processes. The reversal domain wall
was first nucleated at nucleation field (HN ) in soft-magnetic
FePt/Fe layer and the magnetization of FePt/Fe was reversed
at HA field. Then the domain wall was propagated from the
FePt/Fe layer into the FePtAg layer. The magnetization of
FePtAg layer was switched at HB field. Moreover, the values
of positive HN and ΔM were increased with inserted Fe
layer thickness due to the amount of soft magnetic phase
FePt/Fe(t). The Fe layer was used to test the maximum
amount of soft phase FePt/Fe. Above the limited Fe layer
thickness, the two steps magnetization reversal was appeared
in in-plane loop and the shoulder or remanence declination
was evidenced in out-of-plane loop.

Figure 5 shows in-plane and out-of-plane magnetic
hysteresis loops of FePtAg film and Fe/FePt(t nm)/(FePtAg)
trilayer measured at room temperature. In Figure 5(a), the
FePtAg film shows perpendicular magnetization and the
out-of-plane Hc is 12.8 kOe. Figure 5(b) shows magnetic
hysteresis loops of Fe(2 nm)/(FePtAg) bilayer. The out-of-
plane Hc is 11.7 kOe and in-plane Hc is 0.12 kOe. Without
disordered FePt layer, the in-plane loop is linear shape due to
less amount of soft magnetic phase. Both in-plane and out-
of-plane coercivity deceased with the thickness of disordered
FePt layer. The in in-plane hysteresis loops deviated from
a linear shape, indicating that the amount of soft-magnetic
phase Fe/FePt(t) increased and the magnetization turns
easily to the in-plane direction under an applied field.
In Figures 5(c)–5(f), the interface coupling was changed
to exchange-spring like behavior in the in-plane hysteresis
loops. The magnetization reversal process was changed
from a single switching field to two-step reversal processes.
The reversed domain wall appeared in positive nucleation

field (HN ) and the magnetization of soft Fe/FePt layer was
switched at HA field. The varied magnetization in-between
HN and HA increased with the thickness disordered FePt.
Finally, the domain walls were propagated from the Fe/FePt
layer into the FePtAg layer. The magnetization of hard
FePtAg layer was reversed at HB field.

Figure 6(a) shows the soft magnetic layer (Fe/(disordered
FePt)) thickness effect on the out-of-plane coercivity
field of Fe/FePt/FePtAg composite films. The coercivity
is reduced from 12.8 kOe to 6.5 kOe for FePtAg film
and Fe/FePt(7 nm)/FePtAg composite film, respectively. The
coercivity field is reduced drastically by a factor of 2
when the total thickness of Fe(2 nm)/FePt(7 nm) bilayer
reaches 9 nm. This behavior is a typical two-phase system
in which the soft layer thickness exceeds the Bloch wall
domain wall width of hard phase [3, 9]. According to the
analytical result with modified coefficients, Hc(Fe/FePt) =
[10.5/(t1.27

soft + 8.6) + 0.17], the measured coercivities were
fitted approximately by a 1/t1.27

soft relation [6, 7]. The measured
coercivities were fitted by a 1/d1.27

soft relation. In Figure 6(b),
the out-of-plane coercivity of Fe/FePt/FePtAg film is plotted
against (1/tFePt). The linear relationship is optimally obtained
in Hc versus (1/tFePt) curve which was due to pinning at
stepwise interface created by disordered FePt layer. The
slope of line is given by 4.34. The value of the saturation
magnetization (Ms) and the exchange stiffness constant
(A) were assumed to be 1600 emu/cm3 and 10−6 erg/cm3.
The maximum hard phase magnetocrystalline anisotropy
energy (Ku) is 2.7 × 106 erg/cm3 that derived from slope in
Figure 6(b) with equation (AK)1/2/(2Ms) [4, 9]. Nucleation
controlled magnetization reversal is expected in 1/t2

s law and
the magnetization reversal of Fe/FePt/FePtAg film is suppose
to follow 1/tFePt law evidenced in Figure 6.

The results obtained previously by Kronmüller and Goll
[8] for the thickness dependence of the nucleation fields
are 1/d and 1/d2. Fullerton et al. [12] clearly show that
the coercivity field decreased strongly by a factor of 3 or 4
for soft-magnetic layer thickness up to 4 nm. Experimental
results of the thickness dependence of the coercivity field of
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composite films have been determined by Goll and Breitling
[6, 7] for the ledge-type Fe/FePt system indicating a d−1.38

law for the thickness dependence.

4. Conclusions

In conclusion, FePt/Fe/FePtAg and Fe/FePt/FePtAg films
with perpendicular magnetization were prepared on glass
substrate. The Fe interlayer thickness increased the amount
of soft magnetic phase in (disordered FePt)/Fe/(L10 FePt-
Ag) film. When the thickness of Fe layer is kept under
1 nm, the perpendicular anisotropy was maintained. In
Fe/FePt/FePtAg trilayer, the disordered FePt layer was
inserted as pinning layer and actually reduced the coupling
between Fe and FePtAg. The coercivity field was modu-
lated and found inversely proportional to the thickness of
FePt layer. The in-plane magnetization reversal process of
exchange spring like Fe/FePt/FePtAg film was interpreted
by domain wall-assisted depinning and motion around the
hard/soft interface. Finally, the inserted disordered FePt or
Fe layer only increased the amount of soft magnetic phase
and acted as an attenuating mechanism of the perpendicular
magnetization of bilayer revealing thickness-dependent vari-
ations of magnetic properties.
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It is advantageous to achieve positive contrast images instead of negative contrast images in superparamagnetic iron-oxide (SPIO)
nanoparticles-based MR imaging in order to distinguish the signal surrounding SPIO nanoparticles from the dark signal due
to local field inhomogeneity and the artifacts due to tissue interface and background noise, eliminate the inherent defects in the
traditional MRI such as partial-volume effects and large void volume for reliable visualization, and increase contrast-to-noise ratio.
Many methods generating positive signal with SPIO nanoparticles have been developed in the last decade. This paper provides an
overview of current visualization methods and states their advantages and disadvantages. In practice, these techniques have been
widely applied to cell labeling and disease diagnosis and monitoring. However, there is still a need for an ideal method to achieve
both accuracy and sensitivity.

1. Introduction

Biocompatible superparamagnetic iron-oxide (SPIO) na-
noparticles have been becoming an important class of
magnetic resonance imaging (MRI) contrast agents in clinic.
The size of these particles ranges from tens to 100 nm,
allowing the particles to achieve longer circulation time than
other contrast agents such as gadolinium chelates in vivo
[1]. These particles consist of iron oxide cores, which are
coated with dextran [2] or siloxanes [3] encapsulated by
a polymer [4] such as polyethylene glycol (PEG) [5] and
further modified to facilitate internalization. Due to their
low toxicity and high relaxivity (i.e., lower concentration) in
medical practice, they display favorable nanosize-dependent
properties beyond gadolinium chelates for MRI diagnosis.
However, in the practical use, magnetic heterogeneity is
inevitable in the region of interest (ROI) around SPIO
nanoparticles due to their superparamagnetic property. Such
local field inhomogeneity shortens both T∗2 and apparent T2

relaxation times since spins can relax through different paths,
thus giving dark signal in MR images. Meantime, many
other factors such as tissue interfaces and background noise
can also result in signal loss by inducing local incoherence,
which confounds the detection efficiency [6]. Moreover,

these negative contrast agents suffer from partial-volume
effects, and the void volume for reliable visualization must
be larger than voxel size which depends critically on the
resolution of the image. Therefore, it is necessary to produce
SPIO-specific-positive contrast in order to distinguish the
signal surrounding SPIO nanoparticles from the dark signal
derived from local field inhomogeneity and reduce the
artifacts due to tissue interface and background noise,
eliminate the inherent defects in the traditional MRI such
as partial-volume effects and large void volume for reliable
visualization, and increase contrast-to-noise ratio (CNR).

2. Magnetic Properties of SPIO
Nanoparticles in MRI

SPIO nanoparticles are sufficiently small so that their magne-
tizations can randomly flip in direction at room temperature.
Similar to paramagnets, they can be magnetized by an
external magnetic field. However, they have much larger
magnetic susceptibility than paramagnets, thus once the
external magnetic field disappears, the magnetism of SPIO
nanoparticles will reduce to zero immediately.
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Because SPIO nanoparticles are easily magnetized in
a static field and tend to agglomerate, a local magnetic
field will be correspondingly produced surrounding SPIO
nanoparticles when SPIO nanoparticles are magnetized. The
magnetic field is approximately equal to the dipole field from
a magnetized sphere [7, 8]. Moreover, the range of the mag-
netic field patterns from a collection of SPIO nanoparticles
will reduce steeply with the radius of collection. In practice,
an agglomeration of SPIO nanoparticles could not be treated
as a sphere, but it may be considered as summing patterns
from a group of spheres [9].

For the existence of local magnetic heterogeneity, the
protons surrounding SPIO nanoparticles are actually in
a heterogeneous field with different precession frequency,
which leads to faster dephasing. Meanwhile, there are inter-
actions between dipoles of protons and electronic dipoles of
SPIO nanoparticles. Accordingly, the T2 of protons shortens,
which will induce dark signal in the area around SPIO
nanoparticles in the conventional MRI.

3. Positive Contrast Imaging of
SPIO Nanoparticles

In the conventional MRI, SPIO nanoparticles give negative
signals that are often confounded by the presence of artifacts
due to hemorrhage, air, and partial-volume effects. To ad-
dress these issues, many attempts have been made to generate
positive contrast in the last decade. However, these positive-
contrast methods can be classified into three categories
as perturbation of magnetic field gradient-based, proton
precession frequency-based, and phase (postprocessing)-
based according to the main theory (see Table 1 for details).
It is necessary to have a detailed introduction and evaluation
of these methods for a suitable application.

3.1. Positive Contrast Based on Perturbation of Magnetic

Field Gradient

3.1.1. Gradient Echo Acquisition for Superparamagnetic Parti-
cles (GRASP). The GRASP is a typical method for generating
positive signal via the perturbation of magnetic field gradi-
ent. Originally, Seppenwoolde et al. obtained MR images in
which Dy2O3 marker acted as positive contrast agents [10].
They conserved the signal surrounding the Dy2O3 marker
and dephased the background signal with a slice gradient,
and this method was name “white marker”. Mani et al.
applied this “white marker” to generate positive signal in the
presence of SPIO nanoparticles, which was called GRASP
[11]. The GRASP sequence is a little different from the
conventional gradient echo (GRE) sequence, as shown in
Figure 1. It decreases the amplitude of the rephasing gradient
(e.g., to 25%), which is normally 100% as slice selection
gradient to compensate the slice selection area. The signal
of normal circumstances will be effectively weakened due
to the gradient imbalance. However, the signal near SPIO
nanoparticles will be enhanced, for the gradient balance is
restored by added negative local gradient induced by the
dipole field of SPIO nanoparticles. The GRASP sequence

effectively highlights the regions where SPIO nanoparticles
are presented and suppresses the signal of background.

The phantom experiments demonstrated the success of
the GRASP sequence in generating positive contrast of SPIO
nanoparticles both in 1.5 and 3 T clinical MRI systems
[11, 12]. Basically, the GRASP sequence can be performed
on conventional MRI scanner within short acquisition time,
but preliminary experiment is needed to optimize the
amplitude of the rephasing gradient. The GRASP sequence
is sensitive to field inhomogeneity and background noise
is unavoidable. Moreover, it is more effective and sensitive
at a moderate field (1.5 T) than at a higher field (3 T) due
to the higher baseline R∗2 values at 3 T; therefore the field
changes produced by the control cells is actually similar
to that from the cells incubated with low concentration of
SPIO nanoparticles at 1.5 T [11, 12]. High localization and
relatively low concentration of SPIO nanoparticles may give
optimal enhancement effect [13].

3.1.2. iDQC Anisotropy Map Imaging. In general, inter-
molecular double-quantum coherences (iDQCs) are sensi-
tive to local magnetic field gradients [14, 15]. Bouchard
et al. obtained three images with the coherence selection
gradients oriented in three orthogonal directions (Gx, Gy ,
and Gz), and combined these images to detect the anisotropy
in structured samples [14, 16]. Branca et al. applied this
method to generate positive contrast of SPIO nanoparticles
called iDQC anisotropy map imaging [6]. The iDQC signal
of isotropic media has a spatial dependence (1 − 3cos2θ),
where θ is the angle between the direction of the coherence
selection gradient and the external magnetic field B0. When
the correlation gradient is set along the magic angle (x + y
+ z), the iDQC signal should be null in the combined image
of Gx + Gy + Gz (or Gy + Gx − Gz) since the image of Gz

is twice as strong as the images of Gx and Gy . However, the
intensity and phase of a structured sample is not zero in the
combined image but reflects the local sample structure [16].

The iDQC anisotropy map imaging was proven effec-
tive in simulation, phantom, and animal experiments [6].
By using the iDQC imaging techniques, positive signal
surrounding SPIO particles can be generated even in a
heterogeneous magnetic field, and this technique is insen-
sitive to susceptibility gradients present in most in vivo
environments. Therefore it is promising to image the highly
heterogeneous areas such as breast tumor and prostate
tumor tissues. In addition, the iDQC imaging is feasible for
differentiating the focal region (the live part of the tumor)
from the background necrotic area in the tumor tissue.
It shows exciting possibilities for tumor stage assessment
through MRI with specially targeted SPIO nanoparticles
[6]. Nevertheless, the major limitation of this method is
lower signal-to-noise ratio (SNR) relative to the standard
methods. In addition, this method needs a long echo time
(TE) for sampling; thus it is unsuitable for tissue with very
short T2. Promisingly, iDQC imaging could be improved
by incorporating new methods for sensitivity enhancement
[17–20].
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Table 1: Advantages and disadvantages of the currently used positive contrast imaging methods with SPIO nanoparticles.

Perturbation of magnetic
field gradient based
methods

Proton precession frequency based methods Phase (postprocessing) based methods

GRASP iDQC SR-SPSP ORS IRON SSFP PSM SWI SGM/PGM

Effective and
sensitive

Fair Low Fair Fair Fair Fair High High High

Sensitivity to
field
inhomogeneity

Yes No Yes Yes Yes Yes Yes Yes Yes

Sensitivity to
susceptibility
gradients

Yes No Yes Yes Yes Yes Yes Yes Yes

Suppression of
background
signal

Poor Good Fair Fair Fair Fair Poor Fair Fair

Suppression of
water signal

Poor Good Good Good Fair Good Poor Fair Fair

Signal-to-noise
ratio

Fair Low High High High High Fair Fair High

Intrinsic
drawback

Low sensitivity
in high field

Require
long TE

Two acqui-
sitions

required

Spurious signals
from field

inhomogeneity

RF

Excitation pulse Acquisition

t

(a)

t

Slice select gradient

Modified rephasing

gradient (GRASP)

Local negative gradient

caused by SPIO

Conventional
 rephasing gradient

Z-gradient

(b)

Figure 1: Diagram illustrating the gradients on the slice-select axis for conventional GRE imaging and GRASP sequence for bright imaging
of SPIO, regenerated according to the description in [11].

3.2. Positive Contrast Based on Proton Precession Frequency

3.2.1. Selective Excitation Imaging. The SPIO nanoparticles
will create large magnetization aligned with the static mag-
netic field, thus inducing an anisotropic resonance frequency
distribution with a very well-defined spatial distribution

over a short (microns) distance scale surrounding the SPIO
nanoparticles [21]. Cunningham et al. used a 90◦–180◦ pulse
pair to selectively excite and refocus a narrow band of water
molecules [9]. The sequence they used also gave millionfold
(120 dB) suppression of on-resonance water (Figure 2). A
frequency selective was used in this sequence [22], and the
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Figure 2: (a) Magnetic-field lines induced outside a magnetized sphere; (b) water molecules selectively excited by 90◦–180◦ pulse pair,
regenerated according to the description in [9].

90◦–180◦ pair only excites and refocuses a thin shell of
spins located at a particular frequency offset surrounding
the SPIO nanoparticles [9]. Because the sources of off-
resonance outside the slice of interest result in interfering
signal, Balchandani et al. developed a self-refocused spatial-
spectral (SR-SPSP) pulse [23], instead of 90◦–180◦ pair,
to achieve slice-selective spin-echo imaging of off-resonant
spins. The spatial selectivity achieved by the SR-SPSP radio
frequency (RF) pulse not only eliminates background signal
from regions outside the slice of interest but also reduces the
on-resonant water suppression requirement. Such pulse has
been tested with phantom and in vivo experiments [23].

The images from phantom and in vivo experiments
demonstrated the feasibility of selective excitation imaging
on generating positive contrast [9]. Since the sequence never
excites on-resonant spins and limits water suppression only
in region of interest, water suppression is more efficient
[9, 23]. By changing the transmit frequency and spectral
offset of the pulse, it is possible to select flexibly the exciting
frequency range with no need to modify the sequence or
pulse and gradient waveforms in any static field. However,
one limitation of this technique is that two acquisitions
are required to eliminate unrefocused components of the
magnetization, thus doubling the minimum scan time. In
addition, the SR-SPSP pulse lasts 31.8 ms, which leads to
another limitation that the minimum achievable repetition
time (TR) of the whole pulse is ∼43 ms, which is ∼20 ms
longer than the TR of the selective excitation imaging used
by Cunningham et al. spurious signals from other off-
resonant sources are still unavoidable [23]. Moreover, its
applicability needs to be further investigated due to the
employment of high-energy RF pulses that yield increased
specific absorption rate (SAR) compared with other methods
such as the GRASP sequences.

3.2.2. Off-Resonance Saturation (ORS). Zurkiya and Hu
presented a diffusion-mediated off-resonance saturation
method to generate positive contrast of ultrasmall SPIO
(USPIO) nanoparticles [24]. A 6 ms Gaussian pulse was
applied in each TR prior to imaging pulses to achieve off-
resonance irradiation. To quantify the magnitude of the
ORS effect, the ORS ratio, 1 − (Msat/M0), was calculated,
where Msat was the values of amplitude with off-resonance
saturation, and M0 was values of amplitude without off-
resonance saturation. Since the ORS ratio goes linearly
with concentration below saturation concentration, the ORS
approach can be used to quantify nanoparticles in an image.
This method not only allows assessment of pathophysiolog-
ical states but also allows reveal of the evolution of disease
[25, 26].

The ORS demonstrated the favorable feasibility to gen-
erate positive signal correlated with USPIO nanoparticle
concentration by agarose gel phantom experiments [24, 27].
The ORS effect is highly dependent on diffusion, suggesting
that this approach may be useful for the assessment of patho-
logical changes correlating with alteration of the diffusion
[28]. However, the use of high-energy RF pulses in this
method limits its application due to the increased specific
absorption rate.

3.2.3. Inversion-Recovery with On-Resonant Water Suppres-
sion (IRON). Stuber et al. developed another technique
to visualize the surroundings of SPIO nanoparticles with
positive enhancement [29]. As depicted in Figure 3, it was
achieved by adding a broadband dual inversion prepulse
for fat and on-resonant water suppression to a conventional
imaging sequence, thus the signals from fat and background
were attenuated significantly. Simultaneously, the area of
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Figure 3: Diagram illustrating IRON sequence. Regenerated according to the description in [29].

the positive signal can be controlled by changing the pulse
parameters.

IRON imaging facilitates the use of either GRE or fast
spin echo (FSE) imaging protocols, for it is unnecessary
to modify the imaging part of the sequence [29]. Even
so, the prolonged TE may lead a weaker positive signal
when IRON is combined with a GRE acquisition. Moreover,
when IRON is added to a FSE acquisition, there will be
a further increase in absorption rate, especially at higher
magnetic field strength. The IRON imaging has been proven
to be effective in cylindrical gelatin phantom and in vivo
experiments [12, 30]. The signal of IRON is twice as the
signal obtained using selective excitation method because
the positive signal is simultaneously contributed from pos-
itive and negative frequency components. Additionally, the
volume of positive signal shows highly correlated with the
concentration of SPIO-labeled cells in vitro [29]. Therefore,
IRON may be feasible to quantify the amount of SPIO-
labeled cells. However, the volume of positive signal depends
on the local concentration and spatial distribution of SPIO-
labeled cells which may change quickly in vivo. As a result,
the volume of positive signal is not exactly correlated with
the number of SPIO-labeled cells in vivo. Moreover, as one
of the sequences that use signal dephasing or off-resonance
as a way of selecting SPIO signal, spurious positive signal
could be unavoidable at tissue borders or air-tissue interfaces
during IRON imaging, and residual background noise due
to B1 inhomogeneity could also lead to local “over/under
tipping” of the magnetization [29]. Furthermore, because the
time of T1 recovery during the RF excitation train suffers
from the dual inversion for fat suppression, the broadband
dual inversion needs to be replaced with another spectrally
selective prepulse for fat saturation to achieve more effective
on-resonant water suppression. Finally, the threshold of
detectability of SPIO-labeled cells is not clear yet for IRON
imaging.

3.2.4. Balanced Steady-State Free Precession. Alternative dual
inversion prepulse and on-resonant water suppression pulse
was proposed by Dharmakumar et al. to generate positive
contrast from off-resonant spins with steady-state free
precession (SSFP) magnetic resonance imaging [31]. On
that basis, Mascheri et al. got positive contrast imaging of
USPIO-labeled macrophages with a low-tip-angle balanced

steady-state free precession (bSSFP) sequence at clinical field
strength (1.5 T) and resolution (0.8 × 0.8 × 3 mm3) [32].
Further, Çukur et al. presented an improved method, positive
contrast with alternating repetition time steady-state free
precession (PARTS) [33], which coupled low tip angles for
generating off-resonant signal with alternating repetition
times [34, 35] for water suppression. This sequence is
combined with a separate acquisition where the stopband is
instead centered at the fat resonance.

Both PARTS and bSSFP shows effective in phantom
and in vivo experiments [32, 33, 35, 36]. PARTS improved
background suppression, thus allowing quantitative positive
contrast measurements in vitro [33]. However, absolute
quantification in vivo may be impossible due to the
unexpectable processes such as the migration, clustering,
proliferation, or death of cells. Meanwhile, PARTS is difficult
to fit with higher field strength unless giving shorter TRs.
Spurious signals from considerable field inhomogeneity and
susceptibility boundaries are inescapable in PARTS images
as other off-resonance techniques, which limit the specificity
of positive contrast images with PARTS around the SPIO-
labeled cells. Based on a low-tip-angle alternating repetition
time (ATR) SSFP sequence, PARTS has higher SNR, lower
specific absorption rate, and lower flow sensitivity than other
off-resonance methods. The acquisition time of PARTS is
extraordinarily short, even four to five times shorter than
GRE sequences. Furthermore, PARTS can produce three-
dimensional high-resolution images with positive contrast
within less than one minute. The smallest number of cells
detectable with the method (0.1 million in vitro) is not
inferior to other methods [9, 29], but the detectability
thresholds are yet to be determined.

3.3. Positive Contrast Based on Phase

3.3.1. Phase Slope Magnitude (PSM) Imaging. Exploiting the
characteristic of phase or susceptibility is another feasible
approach to generate positive signal of sites surrounding
SPIO nanoparticles, which is one of postprocessing methods.
The PSM image applied a high-pass filtering to the phase
images [37, 38], which preserved image resolution and
improved quantification sensitivity simultaneously.

The PSM imaging was proven to be effective in gel phan-
tom and mouse experiments [37, 38]. Extraordinarily, the
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images exhibit a 1- to 8-fold CNR improvement in regions
containing the SPIO deposits. Moreover, it benefits from the
increased sensitivity to magnetic susceptibility effects while
retaining the critical anatomic backdrop by superimposing
PSM images onto magnitude images. Unlike many other
positive contrast imaging methods, PSM imaging does not
require any modification to acquisition, and it can be
combined with any imaging sequence. However, there are
several inherent drawbacks for the PSM method. Firstly,
the spurious signals which derived from some tissue inter-
faces will be unavoidable. Secondly, computational artifacts
caused by rapid spatial changes in phase angle are possibly
introduced into PSM images under the existence of highly
relaxative SPIO nanoparticles [25]. If image resolution is too
low to sample the rapid phase changes induced by highly
relaxative SPIO nanoparticles in phase angle, undersampling
will occur, which can potentially cause phase unwrapping
problem, thus leads to an additional phase to each phase
image pixel with multiple of 2π. Finally, as a postprocessings
method, the PSM images are more sensitive to motion
artifacts than those mentioned above [39].

3.3.2. Variation of Susceptibility-Weighted Imaging (SWI).
Eibofner et al. proposed a positive contrast technique
combining the magnitude image with phase image of a
gradient-echo dataset [40]. It is a variation of SWI technique
developed by Haacke et al. [41]. A mask generated from the
values of phase is multiplied by the values of amplitude,
resulting in the susceptibility weighted image. By changing
the properties of the phase mask, the sites surrounding SPIO
nanoparticles can be highlighted against the homogeneous
sites. Three different masks defined zero on phase values,
Hanning mask, V-shaped mask, and step function mask were
implemented in order to suppress the on-resonant spins
which were defined on a certain phase shift to keep signals
from protons surrounding SPIO nanoparticles.

The SWI method for SPIO nanoparticles showed good
potential for positive contrast imaging on agar phantom
and ex vivo bovine liver experiment [40]. This method can
be regarded as a simple version of PSM imaging [40, 42].
Moreover, this postprocessing is insensitive toward an inac-
curate shimming or inhomogeneous magnetic field because
the phase filter procedure removes the low spatial frequency
components. Another advantage of this technique is that
the negative and the positive dipole distortions contribute
positive signal simultaneously, which is accomplished by
the symmetrical phase mask. However, the accuracy of this
technique is limited by the inhomogeneities of the tissues
around the SPIO nanoparticles and the inhomogeneity of
the magnetic field, even the excitation profile of the coil.
In inhomogeneous tissues such as bovine liver, due to a
complete suppression of the background signal, the smallest
number of SPIO-labeled cells detected significantly increases
to 23,000 while concentration of 1000 cells/20 mL could be
visualized in agar phantom [40]. Furthermore, this method
can only be applied to the gradient echo sequence, in which
lower readout bandwidth (BW) and longer TE would be
better.

3.3.3. Susceptibility Gradient Mapping (SGM) and Phase
Gradient Mapping (PGM). Dahnke et al. presented another
postprocessing method called SGM [42], which was based
on the fact that susceptibility-induced field gradients could
be visualized after applying Fourier transform on image
subsets [43]. Zhao et al. introduced an improved method
PGM in which a fast Fourier transform (FFT) approach
was implemented and no phase unwrapping procedure was
required [44]. The PGM method generates effective positive
contrast maps coming from the susceptibility gradients
associated with SPIO particles. The PGM method generates
positive signal with sensitivity higher than that of SGM at
medium and low concentrations of SPIO, while SGM is more
sensitive than PGM at longer TEs.

Both PGM and SGM show accurate estimation on the
SPIO concentration from phantom dataset [12, 42, 44].
These postprocessing methods offer additional information
from a T∗2 -weighted image without any extra measurement.
Moreover, they can be used to discriminate hypointensities
induced by susceptibility gradients from others though the
provided susceptibility gradient map has a lower resolution
than the original image. PGM and SGM show a great
potential to detect the susceptibility induced by contrast
agents or medical devices [45]. However, the unavoidable
spurious signal from some tissue interfaces and the detected
threshold of cells from inhomogeneous tissues are still a
concern practical application.

4. Application of Positive Contrast
Imaging with SPIO Nanoparticles

The traditional MR image could be significantly improved by
positive contrast imaging of SPIO nanoparticles as contrast
agents, and that has stimulated an increasing number of new
techniques. Their applications have been expanded to the
field of disease diagnosis and monitoring even clinical use
[32], with tracking transplanted cells in various organs being
the most widely investigation [46–48].

Cunningham et al. [9] and Balchandani et al. [23]
achieved frequency-selective excitation positive signal of
SPIO-labeled cells, in which the cells were injected into the
hind limbs of a living mouse. Stuber et al. obtained three-
dimensional IRON FSE images of rabbit hind limbs with
250,000 and 125,000 SPIO-labeled stem cells, respectively
[29]. Both injection sites can be readily detected as areas
of hyperintense signal at 3 T. Suzuki et al. compared off-
resonance (OR) positive contrast with GRE acquisition of
SPIO-luc-mESC (mouse embryonic stem cell transfected
with luciferase reporter gene) transplanted to mice and
calculated the SNR and CNR obtained from OR and GRE
acquisition. Both SNR and CNR from OR acquisition are
significantly higher than those from GRE acquisition [49].
Çukur et al. tracked SPIO-labeled human bone marrow
stromal cells injected into mice with PARTS sequence [33].
No longer satisfied with locating the site of cells, Brisset
et al. quantified cells with GRASP sequence in mouse
brains [50]. They found that the measurement of cloverleaf
artifact volume was significantly related to the given range
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of cells. Zhao et al. used PGM and SGM images to quantify
SPIO-labeled cells which were injected subcutaneously and
bilaterally into the flanks of rats [44]. Besides tracking cells,
positive contrast imaging with SPIO nanoparticles shows
effective in detection of burn infection [51], atherosclerosis
[52, 53], crush injury [13], and so on.

Although positive contrast imaging with SPIO nanopar-
ticles solves some problems in conventional MRI, such as
differentiation of SPIO nanoparticles and other noise, some
problems still need further investigate, such as accuracy of
detection, dependability of cells tracking with long-term,
spurious signal, and elimination of susceptibility boundaries.

Besides, the research of multifunctional materials is very
active in last years. Some multifunctional SPIO materials
have been produced as T2-agent in MRI, biological indi-
cators, rhodamine B isothiocyanate, T1-agent (dual MR
contrast), and antibacterials [54–59]. These materials will
bring many fresh applications of positive contrast imaging
with SPIO.

5. Conclusions and Future Work

It is advantageous to achieve positive contrast images
of SPIOs. An ideal SPIO-based positive-contrast imaging
technique ought to (1) have high sensitivity and good
specificity, (2) have insensitivity for field inhomogeneity
and susceptibility gradients not associated with SPIOs, (3)
have good suppression capability for background and on-
resonant water signals, and (4) have high signal-to-noise
ratio. In reality, no method will meet all these requirements
as shown in Table 1 but a good positive-contrast method
ideally should meet as many criteria as possible in the
specific application. In practice, positive contrast imaging
with SPIO nanoparticles has been successfully applied to
tracking cells and disease diagnosis and monitoring. In
all currently used methods, every method has its advan-
tages, but a better method is expected to detect the SPIO
nanoparticles with improved accuracy and sensitivity. It
is clear that the best choice would be to take advantages
of the combination of some existing methods. It is pre-
dictable that such integrate method will become increasing
important and facilitate the clinical application in the
future.
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Magnetic separation has gained much attention due to its implications in different fields, becoming feasible as an alternative to
existent technologies at the industrial and lab scale. Substantial efforts are focused to improve the magnetic particles used in
these applications. Here we show how a relatively simple and low-cost simulation strategy (tracer simulations) can be employed
to predict the effect of various key factors in magnetic separation processes, namely, particle properties and magnetic separator
designs. For concreteness, we consider here specific problems in magnetic separation. The first one is the effect of different profiles
of the magnetic field in the separation of magnetic nanoparticles, and the second one is the magnetophoresis of colloidal particles
in a dispersion of magnetic nanoparticles.

1. Introduction

The manipulation of magnetic particles by the use of inho-
mogeneous magnetic fields has emerged as a topic of great
interest in a wide range of research and technological areas
[1]: from wastewater treatments [2, 3] or pollutants re-
moval [4] to biomedical applications like protein isolation,
drug delivery, magnetic hyperthermia, or magnetic particle
imaging [5, 6]. The use of inhomogeneous magnetic fields to
drive magnetic particles apart from solution, what is known
as magnetic separation or magnetophoresis, has provided
new techniques capable to improve standard technologies,
especially in biotechnological applications [7].

The idea behind magnetic separation is to take advantage
of the distinctive magnetic response of the particles in solu-
tion to remove them from complex mixtures by the use of
applied inhomogeneous magnetic fields [8]. In a wide range
of applications, magnetic particles are typically functional-
ized with proper chemical groups, designed to bind to spe-
cific nonmagnetic components, thus enabling the separation

of nonmagnetic materials by combining the use of mag-
netic particles and magnetic fields. This combination has
many advantages over traditional fixed-bed separation meth-
ods, such as activated carbon adsorption for organics and
affinity chromatography for proteins. In particular, magnetic
nanoparticles offer large exposed surface areas without the
use of porous materials, which are often plagued by high
mass transfer resistances [9]. Therefore, it is not surprising
that magnetic separation has been presented as an alternative
to typical centrifugation and filtration steps in industrial pro-
cesses as well as in lab applications. In the biomedical field,
magnetic separation may help to overcome some disadva-
ntages of standard column liquid chromatography in the
separation of proteins and peptides, and it serves as a basis of
various immunoassays systems. Moreover, magnetic separa-
tion can also be used to concentrate large volumes of diluted
protein solutions in a very gentle way [7].

The basic ingredients in any magnetic separation applica-
tion are two: the selection of appropriate magnetic particles
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and the design of the magnetic separator. Typically, the par-
ticles employed in these applications are superparamagnetic
particles. One has to bear in mind that superparamagnetism
emerges as a quantum effect in some ferromagnetic and fer-
rimagnetic materials, below the single domain size. This im-
plies that this phenomenon is limited to nanocrystals of size
below a certain critical size which depends on the material
[10]. Since the magnetic force is proportional to the particle
magnetization, superparamagnetic nanoparticles with large
magnetic response are desired. A standard way to enhance
the magnetic response of the carrier particles is to synthesize
larger particles by embedding superparamagnetic nanocrys-
tals in a matrix of nonmagnetic material (such as polystyrene
[11] or silica [12]), thus preserving the superparamagnetic
behavior of these crystals and guaranteeing the stability and
biocompatibility of the solutions. In this manner, particles
with larger magnetizations are obtained, increasing the mag-
netic response under an external field. Nevertheless, one has
to balance this increase on the magnetic response (which
could enhance the separation process) with the reduction on
the active surface area of the particles, implying a reduction
on the capture and retention of target entities. Actually, a
wide range of different particles are already commercially
available (from nanoparticles to larger superparamagnetic
colloids) combining different magnetic response, size and
decorated surfaces designed to target specific components.

A second issue about the separation process is the ap-
plication of a specific magnetic field over the target sample,
inducing a magnetic moment in the carrier particles. This
magnetic field has not only to induce a magnetic moment
but also to generate a magnetic gradient (which produces
a magnetic force on the particle) in order to drive carrier
particles apart from solution. Then, the conditions to be
fulfilled by the magnetic field source are two: it has to
induce large magnetizations but also a gradient in the inten-
sity of the magnetic field. The simplest option to induce
magnetophoresis in a lab tube or vial is by the application
of a simple bar magnet, but this option is highly inefficient,
since typically only those particles near the magnet really
experience enough magnetic force to move. However, it is
possible to obtain efficient magnetic separators by combining
permanent magnets in convenient arrangements in order to
generate magnetic fields suitable for magnetic separation.
Among the possible arrangements of the magnets, we will
discuss here the advantages and drawbacks of two possible
cylindrical tube geometries, which have been called open and
closed arrangements. Essentially, the closed structure con-
sists of an arrangement of magnets around the tube con-
taining the suspension, which generates a uniform magnetic
gradient pointing towards the wall of the tube (see, e.g.,
[13–17]). In this case, one obtains uniform magnetophoretic
conditions, a desirable feature in order to characterize, mod-
el, and scale-up the magnetophoresis process. The open-type
magnetic separator [18, 19] is similar to the previous one, but
in this case the design contains an aperture, that is, there is a
region near the tube walls which does not contain magnets.
These open structures are designed to operate directly to test
tube racks and helps on the visual monitoring of the process.
In a preliminary communication [20], we noted that these

two different separator designs induce substantial differences
in the dynamics of the magnetic separation process.

Here, we propose a simple simulation methodology
which allows to model the magnetophoretic separation of
nanoparticles inside different designs of magnetic separators.
As a first application, the methodology proposed here will be
employed to compare the performance of open and closed
separator designs. In a second one, we will study the magnet-
ophoretic separation process of a mixture containing parti-
cles with different sizes and magnetic responses.

2. Tracer Simulation of Magnetophoresis of
Superparamagnetic Nanoparticles

2.1. Basic Equations and Simulation Methodology. Let us start
by describing the equations of motion of superparamagnetic
nanoparticles (NPs) in a liquid dispersion under the effects
of an external magnetic field. In this situation, NPs will move
in the direction of the magnetic gradient (magnetophoresis).
As shown experimentally and theoretically in previous works
[13, 17], we have two different kinds of magnetophoretic
separation processes. The first case is called cooperative
magnetophoresis, and it is characterized by fast separation
times (magnetophoretic velocities can be roughly estimated
as of the order of a cm per minute) which depend strongly on
the concentration of the sample. It is usually found for com-
posite colloids of several hundreds of nm in diameter (made
of magnetic NPs embedded in a nonmagnetic matrix) and
its driving force is the reversible formation of chains of col-
loids under the magnetic field [13]. The second case corres-
ponds to noncooperative magnetophoresis, and it is typically
found for dispersions of small NPs [17]. In this case,
magnetophoretic velocities are much lower, and they do
not depend on particle concentration; instead, they depend
strongly on the magnetic gradient and the design of the mag-
netic separator [17, 20]. In this case, the magnetophoretic
separation process is ruled by the individual motion of
the superparamagnetic NPs. In addition to experimental
characterization of both situations, we have formulated a
mathematical criterion which allows us to predict whether
we will observe cooperative or noncooperative magnetopho-
resis. This criterion (see [17] for details) establishes that co-
operative magnetophoresis is observed when the aggregation
parameter N∗ verifies N∗ > 1. This parameter is given by

N∗ =
√
φ0eΓ−1, (1)

where φ0 is the initial volume fraction of particles in sus-
pension, and Γ is the magnetic coupling parameter charac-
terizing the strength of magnetic interaction of particles at
contact as compared with thermal agitation and defined as

Γ = μ0m2
s

2πd3kBT
. (2)

In (2) μ0 is the permeability of the free space, ms is the mag-
netic moment of a particle at saturation, d is its diameter, and
T the absolute temperature.

In this work, we will consider only the noncooperative
case characterized by N∗ < 1, which is typically the case for
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dispersions of NPs. For example, a 10 g/L dispersion of super-
paramagnetic γ-Fe2O3 NPs (diameter 12 nm) employed in
[17] provide Γ = 2.5 and N∗ = 0.1.

Under these conditions, we thus need to consider only
the individual motion of NPs in the magnetic gradient to
obtain the magnetophoretic behavior, ignoring the interac-
tion between NPs. The magnetophoretic velocity of a NP
immersed in a fluid with viscosity η submitted to a magnetic
gradient can be obtained as follows. The magnetic force
acting on a magnetic particle can be written as

�Fmag = μ0Vρp
(
�M(H) · ∇

)
�H , (3)

where �H is the magnetic field, V is the volume of the particle,

ρp is its density, and �M is the magnetization of the particle
per unit mass. Notice here that this expression assumes that
the magnetization of the particle is uniform [8] so that the
magnetic moment is given by

m(H) = VρpM(H). (4)

Nevertheless, in the case of a superparamagnetic particle,
its total magnetic moment aligns parallel to the applied
magnetic field and (3) can be written as

�Fmag = μ0VρpM(H)�∇H , (5)

where H is the modulus of the magnetic field. On the other
hand, the viscous drag force exerted by the solvent over a
single spherical particle of radius R is

�Fvis = −6πηR�v. (6)

The magnetophoretic velocity of a particle in the steady
state is obtained by balancing the magnetic force Fmag and
the viscous drag force Fvis exerted by the solvent:

�v = 2μ0ρpM(H)R2

9η
�∇H. (7)

In order to apply (7) in a real situation, one needs to know
not only the profile of the applied magnetic field but also a
full characterization of the magnetic response M(H) of the
NPs. In our calculations, we will assume that the magnetiza-
tion M(H) of a single superparamagnetic nanoparticle under
an external magnetic field H is described within a good
approximation by a Langevin function typical in theoretical
descriptions of this superparamagnetic behavior [10, 21–23]

M(H) =MsL
[
bμ0H

]
, L[x] = coth x − 1

x
, (8)

where Ms denotes the saturation magnetic moment per unit
mass, and b is related to Ms and R by (see [17, 22])

b = ms

kBT
= 4πR3Msρp

3kBT
. (9)

The value of b−1 can be interpreted as a characteristic
magnetic field required to reach saturation. Equations (7)–
(9) allow one to predict the magnetophoretic motion of a

superparamagnetic NP if the spatial profile of the magnetic
field of the magnetic separator is known.

In the case of a very simple geometry for the magnetic
field, it has been possible [17] to obtain analytically an exact
equation for the trajectory of a NP inside a magnetic sepa-
rator and also obtain the kinetics of the separation process
(number of particles remaining in solution as a function of
time). However, for a general magnetic field geometry, find-
ing an analytical solution is not possible. The option explored
in this paper will be to perform simulations of tracer particles
under known magnetic profiles. In this simulation method,
each particle tracer is not intended to represent a real particle
but it effectively describes the dynamics of a given particle
under the external conditions imposed (tracer simulations
are common in fields such as fluid mechanics, see, e.g., [24]).

The simulation technique is as follows. First of all, we
need to know the geometry of the magnetic separator and
the magnetic field H(�r) in all points inside the magnetic
separator. Then, we consider the motion of Np tracers inside
the given geometry and magnetic field. Initially (t = 0),
the positions �ri(t = 0) (i = 1, . . . ,Np) of these tracers are
generated to be distributed uniformly inside the magnetic
separator. The simulation then proceeds by assuming that
each of these tracers behaves as a superparamagnetic NP. The
position �ri(t) of a tracer evolves obeying

d�ri
dt
= �v(�ri), (10)

where the magnetophoretic velocity �v(�ri) is computed from
(7)–(9) taking into account the local value of the magnetic
field and the magnetic gradient evaluated at position �ri. The
equation of motion of the tracers ((10) supplemented with
(7)–(9)) is integrated numerically in discrete time steps Δt
by employing a Verlet [25] type integration algorithm which
provides good accuracy at a reasonable cost of CPU time. All
these calculations were implemented in a C code developed
in house, which is available under request to the authors.

2.2. Validation of the Simulation Methodology. In this subsec-
tion, we will consider a magnetophoretic separation problem
for which we obtained both experimental results and an ana-
lytical solution. Comparison of the results of our simulations
with previously known results is a necessary step in order
to ensure the validity of our simulation approach. After this
validation step, we will employ our simulation method in
the following subsection to explore other situations in which
previous theoretical results are not available.

Here we consider the closed geometry for the magnetic
separator, similar to the actual separators employed in
recent experimental works [13, 15–17]. The geometry of the
separator is a cylinder (radius L = 1.5 cm), and it contains
a magnetic field increasing from zero in the center to a
maximum value at the walls, as shown in Figure 1 (see also
inset in Figure 2 for a sketch of the separator). Note that
the gradient of the modulus of the magnetic field is appro-
ximately uniform inside the system (≈30 T/m). The param-
eters for the simulation were selected in order to match
the experimental system considered in Figure 1 of [17]. In
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Figure 1: Profile of the magnitude (modulus) of the quadrupolar magnetic field in Tesla (a) and its gradient in Tesla/m (b) for the closed
type magnetic separator (top view) employed in the simulations. Note that the magnitude of gradient of the field intensity corresponds to
≈30 T/m in most regions of the separator; however, inhomogeneities due to the quadrupolar nature of the field can be clearly seen.
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Figure 2: Magnetophoretic separation of superparamagnetic γ-
Fe2O3 NPs of diameter 12 nm inside a 30 T/m magnetic separator.
Comparison between the simulations performed here, the analytical
solution and the experimental results reported in [17] for the
evolution of the fraction of particles remaining in the separator.
Inset: sketch (top view) of the magnetic separator.

this experiment, a 10 g/L dispersion of superparamagnetic γ-
Fe2O3 NPs (diameter 12 nm) was placed inside the separator.
The magnetization curve for these NPs was given also in
[17], and it was shown that they obey (8) and (9) with
ms = (4/3)πR3ρpMs = 3 × 10−19 J/T and b = 68 T−1. The

employed solvent was water (with viscosity η � 0.001 Pa · s at
298 K). Our tracer simulations were performed considering
Np = 103 tracer particles and a time step of Δt = 102 s. The
simulations were performed until a simulation time of 2 ×
105 s. The calculations required only 26 min of CPU running
in a single core of an AMD Opteron Magny Cours 6136 pro-
cessor. During the simulation, we saved the trajectories of the
tracer particles for further analysis. From these results, we
estimated the concentration profile of the NPs at different
times and we also computed the time evolution of the
fraction of particles inside the dispersion (i.e., the number
of tracers which have not reached the walls of the system
divided by the total number of tracers). This last quantity is
compared in Figure 2 with the experimental results obtained
in [17]. We also show the results corresponding to the ana-
lytical expression developed in [17]. Our simulation results
are in good agreement with these previous results, thereby
validating our simulation technique.

2.3. Comparison between Different Separator Designs. Now,
we employ our simulation methodology to compare the per-
formance of two different designs of magnetic separators.
The first design we consider here is the one considered in the
previous subsection, which we will call “closed type” sepa-
rator from now on. As we said previously, the main advantage
of this geometry for the magnetic separator is the fact that
the magnetic gradient is approximately uniform inside the
system. The second design we will consider here is an “open
type” separator. In this case, the geometry of the separator is
the same as the closed type considered in the previous sub-
section, but now part of the magnets were removed. As we
have mentioned in the introduction, this partial removal
of magnets is made in commercial separators in order to
facilitate visual contact with the dispersion during the sepa-
ration process so that the separation can be monitored easily
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Figure 3: Profile of the magnitude of the magnetic field B in Tesla (a) and its gradient in Tesla/m (b) in the open-type magnetic separator
employed in the simulations.

t3t2t1t0

Figure 4: Series of snapshots extracted from simulations comparing the time evolution of the separation process in the closed-geometry
(upper row) and open-geometry (bottom row) schemes. The snapshots are taken from a top view of the cylindrical separator with radial
geometry. The different snapshots correspond to different times during separation (t0 = 0, t1 = 1× 105 s, t2 = 2× 105 s and t3 = 5× 105 s).

by eye inspection [19] (in closed type separators as the one
considered in the previous subsection, monitoring of the
separator process is made by an optical sensor, see, e.g., [13]).
In Figure 3 we show the profile of the magnetic field gen-
erated by a hypothetical open-type magnetic separator con-
structed by removing half of the magnets from the closed
type magnetic separator employed in the previous subsec-
tion. In this open case, the magnetic gradient is far from
uniform. It is again about 30 T/m near the magnets, but now
it is less than 10 T/m in a substantial part of the separator
(the region far from the magnets). We will employ these
profiles of magnetic field and gradient in order to compare
the performance of the open and closed separator designs in
a simulation of a specific example of magnetic separation.

In order to compare the different performance between
the open and the closed type separators, we consider the
same suspension of γ-Fe2O3 NPs of diameter 12 nm describ-
ed in the previous subsection. Now we perform simulations
for this suspension in the case of open-type geometry of the
magnetic separator. The technical details (number of tracer

particles, time step, etc.) were the same as employed in the
simulation of the previous subsection. Here, the simulations
were performed until a simulation time of 1.2 × 106 s, and
the calculations required 39 min of CPU in a AMD Opteron
Magny Cours 6136 processor. The corresponding results are
presented in Figure 4 (snapshots) and Figure 5 (fraction of
remaining particles as a function of time). The differences
between results for both types of separators are clear. In
the closed type geometry, the motion of particles is much
more uniform since the magnetic gradient is nearly uniform
in the whole system. In this case, separation proceeds by a
radial motion of the particles towards the wall (following the
magnetic gradient, see (7)), leaving a circle of “clear” solution
(free of particles) which increases with time. In the open-type
case, the distribution of particles becomes inhomogeneous
as separation proceeds, because of the inhomogeneities in
the magnetic gradient (see Figure 3). Particles close to the
magnets move faster than the ones placed far from the mag-
nets (Figure 4, top) since they experience larger magneti-
zations and larger magnetic gradients (see Figure 3). Also,
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Figure 5: Comparison of the fraction of particles in solution as a
function of time as obtained in tracer simulations for open and
closed type magnetic separators with magnetic profiles shown in
Figures 1 and 3 (see text for details).

these slow-moving particles have to travel distances larger
than the cylinder radius in order to reach the walls of the
system and become separated from the liquid. As a con-
sequence, separation times are substantially longer in open-
type separators than in closed type separators, as shown in
Figure 5.

3. Magnetophoresis of Colloidal Particles in
a Magnetic Fluid

3.1. Motivation and Basic Equations. The problem we would
like to consider in this section is the motion of colloidal
particles (with sizes of the order of hundreds of nm or larger)
in a dispersion containing superparamagnetic NPs. This
particularly asymmetric mixture has a fascinating behavior
which has received significant attention in recent years. For
example, it is possible to induce the assembly and transport
of nonmagnetic colloids immersed in a dispersion of super-
paramagnetic NPs by applying external magnetic fields [26,
27]. Physically, this interesting behavior is due to the fact that
a nonmagnetic colloidal particle, immersed in a suspension
of NPs, behaves as a magnetic hole with an effective dipole
pointing in a direction opposed to that of the local magneti-
zation of the NPs. Hence, after the application of a magnetic
field, a nonmagnetic colloid immersed in a dispersion of
NPs behaves as an effective super-diamagnetic particle. This
effect is not only found in nonmagnetic colloids but also it is
possible in the case of composite colloidal particles made of
superparamagnetic NPs embedded in a nonmagnetic matrix
(e.g., polymer or silica). As demonstrated in [8, 28, 29]

theoretically and experimentally, a colloidal particle in a
dispersion of superparamagnetic NPs under a magnetic field
H behaves as having an effective magnetic dipole given by

meff(H) = mc(H)− 4
3
πR3

cnpmp(H), (11)

where mc(H) is the intrinsic magnetic dipole of the colloid
(the one observed when the colloid is not embedded in
a dispersion of NPs), Rc is the radius of the colloid, np is
the local concentration of NPs (in number of particles per
unit volume), and mp(H) is the magnetic dipole of the
NPs induced by the external field H . Equation (11) can be
interpreted as a magnetic buoyancy effect due to the differ-
ent magnetic response of the colloid and its surroundings,
as discussed in [8]. Note that a nonmagnetic colloid
(mc = 0) will have always meff < 0, that is, a super-diamag-
netic behavior with an effective dipole opposite to that of
the superparamagnetic NPs. In the case of mc > 0, the be-
havior of the colloids can be tuned to an effective super-
paramagnetic (meff > 0) or super-diamagnetic (meff < 0) be-
havior depending on the concentration of NPs.

Here, our interest will be the study of the behavior of a
mixture of colloidal particles and NPs in a magnetic sepa-
rator. Experimentally, this system has been studied in [30]
in the case of a closed type separator. The magnetophoretic
velocity of the superparamagnetic NPs will obey the same
equations discussed in Section 2. In particular, the NPs will
move in the direction of the magnetic gradient with a velo-
city given by (7). The magnetophoretic velocity of a colloidal
particle vc can be easily obtained using the same relations
derived in Section 2 but taking into account that the mag-
netic dipole of the colloid is described by meff as given by
(11). The result is given by

�vc
(
�r
) = �vp(�r)Rp

Rc

[
mc

mp
− 4

3
πR3

cnp
(
�r, t
)]

, (12)

where �vp(�r) is the magnetophoretic velocity of a NP located
at �r, and np(�r, t) is the local concentration of NPs at �r and
time t.

3.2. Simulations: Methodology and Results. The simulation
methodology employed here is based on particle tracers
simulations as developed in the previous section. Now, we
will have two different types of tracer particles, one corre-
sponding to NPs and another one corresponding to colloidal
particles. For simplicity, we will consider the simulation
of this mixture only in the case of closed type magnetic
separators. The profile of the magnetic field is shown in
Figure 1. As we have seen in the previous section, this case
is more easy to understand due to the near uniformity of
the magnetic gradient. In this case, the magnetic gradient
is pointing in the radial direction, and it has a constant
magnitude. Hence, (7) gives the following expression for the
radial velocity of a NP at a radial distance r from the center
of this cylindrical separator:

vp(r) = 2μ0R2
pρpM(H)

9η
∂H

∂r
, (13)
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where M(H) is given by (8) and (9). In the case of the colloi-
dal particles, the radial velocity can be obtained from (12)

vc(r) = vp(r)
Rp

Rc

[
mc

mp
−Nf (r, t)

]
, (14)

where Nf is the number of NPs “excluded” by the presence
of a colloidal particle, and it is given by

Nf
(
�r, t
) = 4

3
πR3

cnp
(
�r, t
)
. (15)

Due to the symmetry of the problem, we consider only
the radial motion of the particles so the simulations can be
performed in 2 dimensions (the vertical coordinate z was
ignored). As in the previous section, the equation of motion
of the tracer NPs, dr/dt = vp(r) was solved using the Verlet
integration scheme. Also, we have to solve the motion of the
tracer particles corresponding to the colloids. This is done
as follows. At each time step (after updating the position of
the NPs), we compute the concentration profile of NPs, and
the function Nf (r, t) is updated in the following way. The
value of Nf (r, t) is given by the initial value N0

f multiplied
by the ratio between the NPs density found in the region
comprised between r and r + δr and the initial NPs density.
Different combinations of integration time step and δr values
were tested. The results reported here correspond to δr =
L/100 where L is the radius of the magnetic separator. Once
this function is updated, the velocity of each colloidal tracer
is calculated as follows. A first estimate of the velocity for
each latex particle at a given time step v1(tn) is calculated
according to the NPs concentration at time tn. Then, each
latex particle is moved to a new virtual position according
to this initial estimate v1(tn). Also, we update the position
for each NP at time tn+1, the new NPs concentration is
computed, and a new estimation of the velocity of each
latex particle (located at their virtual positions) is calculated
v2(tn+1). Finally, the real velocity used to calculate the
position at tn+1 for each latex particle is calculated as the
average of these two estimates of the latex velocities that is,
v(tn) = (v1(tn) + v2(tn+1))/2. This two-steps, methodology is
necessary in order to account for the effect of variations in
NPs concentration during the motion of the latex particles.

In this case, we have performed a single simulation for a
particular case of interest which is now being realized exper-
imentally [30]. We have considered a mixture containing a
dispersion of nanoparticles identical to that considered in the
previous section (10 g/L dispersion of superparamagnetic γ-
Fe2O3 NPs of diameter 12 nm) and colloidal particles similar
to commercial latex micro spheres (1 g/L dispersion of col-
loids with diameter 900 nm). In these conditions, the initial
value of the quantity Nf defined in (15) is N0

f = 868 in all the
system. As we said before, the magnetic separator considered
here is the same closed type separator with a gradient of
approximately 30 T/m discussed in Section 2.2. Under these
conditions, the behavior of the NPs is the same as discussed
in Section 2.2. The behavior of the latex colloids depends
strongly on the value considered for mc. The most interesting
case corresponds to the case with mc/mp < Nf . In this situa-
tion, (14) predicts that the initial motion of the colloidal par-
ticles will be in the opposite direction to that of NPs. In our

simulations, we have focused in the particular case mc/mp =
500, which we have found realizable experimentally [30].

We have performed different simulations with a total
number of 106 tracer NPs together with 104 tracer latex parti-
cles. The initial system configuration was prepared by placing
all the particles at random positions inside the separator
of radius 1.5 cm. As in previous simulations, the solvent
viscosity was set to 0.001 Pa · s which corresponds to the
viscosity of water at 298 K. The integration time step was set
to Δt = 5 s, and the positions of the particles were recorded at
intervals of 50 s. The simulation was performed until a simu-
lated time of 2.9× 105 s, which required 131 min of CPU. At
this point, we recall that all our calculations were performed
by a C code developed in house, which is available under re-
quest to the authors.

Experimentally [30], it was observed that the latex parti-
cles behave in an interesting, nontrivial way. First, it was ob-
served that latex colloids generate a sort of ring-shaped struc-
ture. Then, this ring of latex particles experiences a thinning
process, and later it moves towards the walls of the system.
This experimental behavior is also found in our simulations,
as seen in the snapshots in Figure 6, and also it can be seen
in the movies provided as supporting online information
(see the movies provided in supplementary material available
online at doi:10.1155/2012/678581).

The observed profiles of latex particles can be understood
from the analysis of the trajectories of individual tracers.
Typical trajectories for the radial distance r(t) of latex
particles are shown in Figure 7. Latex particles move initially
towards the center of the system due to the fact that initially
meff < 0 (see (11)). As time advances, the latex motion is
slown down and at certain point (different for each particle),
the motion is reversed. For example, a particle starting near
the center of the system (r = 0.1 cm) reverses its motion after
1 h, reaching the wall after a total of 31 h. A particle starting
at the wall (at r = 1.5 cm) reverses its motion after 10 h, at
a distance r = 0.7 cm and reaches the wall (r = 1.5 cm) also
after 31 h. This reversal of latex motion is due to the radial
motion of the NPs towards the walls, which changes the
local concentration of NPs. The reversal of the trajectory of a
latex particle occurs when it founds a decreased local concen-
tration of NPs at which meff = 0 ((12) gives a threshold NP
concentration of 5.8 g/L for our case). This initial motion
towards the center of the system generates the observed
formation and thinning of the ring profile of latex particles
shown in Figure 6. The subsequent motion of the ring profile
of latex towards the wall corresponds to the time at which
all latex particles have inverted their motion. All this process
is also illustrated in the accompanying movies, showing the
motion of latex particles superimposed to the evolution of
the concentration profiles of NPs.

3.3. Simplified Model. Although our simulations described
in the previous section are not particularly costly from the
computational point of view, they require the use of relatively
large amounts of disk space to store the tracer trajectories and
later analysis to obtain relevant quantities such as concentra-
tion profiles and number of particles remaining inside the
magnetic separator. For this reason, it could be convenient to
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Figure 6: Snapshots from simulations of the magnetophoresis of an aqueous dispersion of γ-Fe2O3 superparamagnetic nanoparticles (grey)
and latex polystyrene particles (orange) under a magnetic gradient of 30 T/m at different times (1 h, 10 h, 20 h, and 24 h resp.).
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Figure 7: Examples of 15 trajectories obtained in simulations
corresponding to tracer latex particles immersed in a dispersion of
NPs starting from different distances to the center of the system (see
details in the text.)

develop a simplified approach amenable of solution without
the need of performing computer simulations.

The motion of the latex particles observed in the simula-
tions can be described with reasonable accuracy with a sim-
ple equation. The basic idea is to disregard the radial depen-
dence in the magnetophoretic velocity of the NPs in (13) and
assume that the NPs move at constant velocity vsp which is
the magnetophoretic velocity at magnetic saturation

vsp =
2R2

p

9η
μ0

(
∂H

∂r

)
Msρp. (16)

This approximation is justified by the observation that the
magnetic field observed in most parts of the magnetic separa-
tor (see Figure 1) is large enough to saturate the NPs. In
the case of the 10 g/L suspension of γ-Fe2O3 NPs under
30 T/m considered in our previous subsection, we have vsp =

7.9×10−8 m/s. Within this approximation, the concentration
profile of NPs is given approximately by

np(r, t) = n0

(
1− vspt

r

)
for r > vpt, (17)

np(r, t) = 0 for r < vpt. (18)

Using (16)–(18) in (14), we obtain that the trajectory of a
latex particle obeys the differential equation

dr

dt
= vc(r) = vsp

Rp

Rc

[
mc

mp
− 4

3
πR3

cn0

(
1− vspt

r

)]
. (19)

Equation (19) is a first-order differential equation which can
be solved numerically to obtain the trajectory r(t) for a latex
particle initially at a position r(t = 0) = r0. In Figure 8 we
compare the predictions of (19) with the results obtained
from tracer simulations. In general, numerical solutions of
(19) give a reasonable approximation to colloid trajectories
with differences of the order of 10% with simulations. This
result is remarkable in view of the apparently strong appro-
ximations involved in their derivation (see (16) and (18)).
Therefore, in order to estimate systematically the effect of
the different parameters of the system (e.g., the effect of
the value of mc), it could be convenient in practice to solve
numerically (19) instead of performing a full simulation.
However, for more complex magnetic field geometries, to
get analytical solutions becomes much more difficult, and
numerical simulations as the ones presented here would be
necessary.

4. Conclusions

In this work, we have presented a low-cost simulation strat-
egy based on the concept of particle tracers aimed to tackle
the magnetophoresis process in the noncooperative magne-
tophoretic regime. We have successfully validated this sim-
ulation approach by comparing the results obtained against
existing experimental and also analytical results obtained for
the separation process of a colloidal dispersion of γ-Fe2O3

superparamagnetic nanoparticles in an aqueous solution.
Thanks to this methodology, we have been able to evalu-
ate different key factors involved in the magnetophoretic
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Figure 8: Comparison of trajectories of two tracer latex particles as
obtained in the simulations and by numerical solution of (19).

separation process. Regarding the separator design, we have
shown that the homogeneous magnetophoretic conditions
created by a closed type separator (high magnetic field over
almost the whole sample and constant magnetic gradient)
enhance the separation process, providing more control over
the process and reducing the expected separation time when
compared to the open-type version of the separator. We
have also extended that methodology to solutions of col-
loidal particles in aqueous solutions of superparamagnetic
nanoparticles in the closed type geometry. The simulation
performed in this case is able to account for the ring-
like structure expected in some experimental situations and
agrees with the simplified numerical model proposed.
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The magnetostrictions of the single TbFe layer and coupled Py/TbFe2 bilayers were measured by using laser deflectometry. The
dependences of the magntostriction performance on the driving magnetic field direction have been investigated. The relationship
studies between the saturation bending angle and torsion angle of the single layer with perpendicular anisotropy and coupled bilay-
ers with in-plane uniaxial anisotropy have been conducted. Interesting “jump” reflecting the spin dynamics is observed in the mag-
netostriction loops of the coupled bilayers.

1. Introduction

Magnetostrictive films have already shown promising appli-
cations in micromechanical devices since the discovery of
giant magnetostriction in the Laves phase of TbFe2 by Clark
and Belson in 1972 [1, 2]. In the past, extensive experimental
studies were undertaken to investigate the relationships bet-
ween the observed magnetostrictive properties and the film
composition, preparation conditions, anisotropy, and so
forth, [3–8]. In order to reduce the huge magnetic switching
field for TbFe2 alloy and make it suitable for practical appli-
cations, Quandt and coworkers combined the rare-earth-
transition-metal (RE-TM) alloys with soft magnetic mate-
rials, which have high magnetization to form coupled mul-
tilayers [9, 10]. The interfacial exchange-coupling between
the RE-TM alloys and the soft magnetic materials plays an
important role in reducing the magnetic switching field. The
magnetostriction of magnetic exchange-spring multilayers
has been investigated [11–14], but the first and the last
layer are not in the same conditions as the internal layers
in a multilayer system. Thus, their properties represent an
average of different parameters. Eventual technological dif-
ferences in the properties of different layers and interfaces are
also hidden in a multilayer system. It is necessary and very
useful to study the magnetostriction of magnetically coupled
bilayers so as to reach better understanding of the mic-

roscopic spin configuration in such magnetic thin films. In
this paper, the weak magnetostrictive signals of S/Py/TbFe2-
coupled bilayers were obtained successfully and the depen-
dences of the saturation magnetostriction of S/TbFe2-single
layer and S/Py/TbFe2-coupled bilayers on the driving mag-
netic field direction were studied.

2. Experimental

Rectangular Corning glass was chosen as substrate (22× 5×
0.16 mm3), and TbFe2 and Py layers were deposited onto
it from 4 inch targets mosaic by using a Z550 Leybold RF
sputtering equipment with a rotary table technique. During
the film deposition, a static magnetic field (around 0.03 T)
was set along the long axis of the rectangular substrate to
favour in-plane uniaxial magnetic anisotropy in the soft
magnetic film. A 3 nm copper protective layer was grown
onto the samples. The TbFe2 layer is amorphous and sputte-
red under argon gas pressure of 1.2 × 10−2 mbar from an
alloy target with a nominal composition of TbFe2 (99.9% in
purity), while Py is polycrystalline and sputtered under argon
gas pressure of 1.2 × 10−2 mbar from an alloy target with
a nominal composition of Ni80Fe20 (99.99% in purity). The
deposition rates are 6.2 Å/s for TbFe2 layer and 4 Å/s for Py
layer. The single layer and coupled bilayers studied in this
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Figure 1: Outline of the measurement of magnetoelastic deformations (bending and torsion angles). The dashed line indicates the long axis
of the sample. φ is the angle between the long axis of the sample and the driving magnetic field.

paper had the following configurations: [S/TbFe2 (1.24 μm)]
and [S/Py (10 nm)/TbFe2 (10 nm)].

The magnetostrictions of S/TbFe2-single layer and
S/Py/TbFe2-coupled bilayers were obtained by laser deflec-
tometry. Figure 1 outlines the magnetostrictive measure-
ment of the magnetic films. He-Ne laser strikes on the sample
surface and is reflected by the sample to reach PSD (Hama-
matsu S1300 position sensitive detector) surface. When the
magnetic field is applied and deformation of the substrate
occurs, the deflections can be recorded simultaneously. The
PSD gives a voltage proportional to the position of the
laser spot on the detecting surface and provides continuous
position data on both the X and Y axes, so the angular
deformations of the sample (bending angle θb and torsion
angle θt) can be measured [13]. Angle φ is the angle between
the driving magnetic field and the long axis of the rectangular
substrate. In our studies, angle φ can be varied from 0 to
360◦ by rotating the electromagnet. The driving magnetic
field is always kept in the film plane. The hysteresis loops were
performed on a vibrating sample magnetometer (VSM).

3. Results and Discussion

3.1. Single TbFe2 Layer. The magnetostriction loops of the
TbFe2-single layer measured at different angles φ (φ = 15,
75, 90, 105, 165, 195◦) are displayed in Figure 2. When the
driving magnetic field is not applied, no magnetostriction
occurs. The driving magnetic field up to 0.7 T is applied for
the magnetostriction measurement of TbFe2 single layer. If
the magnetic field is not strong enough, the saturation mag-
netostriction of TbFe2 layer cannot be observed for its the
strong anisotropy. In Figure 2(a), θb and θt reach the maxi-
mum negative value at the saturation field, then the absolute
values of θb and θt decrease to zero following the decrease of
the driving magnetic field. After the driving magnetic field
changes to the opposite direction and starts to increase again,
the absolute values of θb and θt increase smoothly till they
reach the same maximum negative values. When the angle
φ is changed by rotating the electromagnet, similar results
are observed except the differences of the saturation magne-
tostriction and the sign of the deformation angle.

Figure 3 shows the saturation magnetostriction of TbFe2-
single layer as a function of angle φ. According to the results,
θbsat(φ) and θtsat(φ) curves have cos2(φ) and sin2 φ character-
istics, respectively. The functions A1(cos2(φ + φ1) + B1) and
A2(sin2(φ + φ2) + B2) are used to fit, where φ1 and φ2 rep-
resent the correction angle of the sample misorientation cal-
culated from bending and torsion angle, and A and B are con-
stants: A means the oscillation amplitude and B indicates the
easy axis deviation from the long axis of the sample. Accord-
ing to fitting, the simulated curves are shown in Figure 3
and the functions for TbFe2 single layer are θbsat(φ) =
−1.05(cos2(φ − 2◦)); θtsat(φ) = −0.41(sin2(φ + 6◦) + 0.24).
According to the equation in [13]

θsat =
6(1 + vs)Lt f

Ests
2 bγ,2, (1)

one can calculate the magnetoelastic coupling coefficient bγ,2

of the magnetostrictive thin films. Here Es and vs are the
Young modulus and Poisson ratio of the substrate, respec-
tively. L is the sample length (20 mm), while ts represents
the glass substrate thickness and t f is the film thickness
(including Py and TbFe2 for coupled bilayers). For the glass
substrate, ts is 0.16 mm and Es = 60 GPa and vs = 0.27. Based
on the results, magnetoelastic coupling coefficient of TbFe2-
single layer in our experiments is bγ,2

single layer = 8.53 MPa,
which is similar to what have been reported before [15].

It is known that the TbFe2 film has a perpendicular easy
axis. Several models including pair ordering [16], anelastic
distortion of magnetic atom environment [17], and hexag-
onal planar units with a preferred axis perpendicular to the
film plane [18, 19] have been proposed to account for the
origin of the perpendicular anisotropy of TbFe2 film. In ideal
ferrimagnetic TbFe2-single layer, the model in Figure 4(a)
can be used to explain the angular response of the saturation
magnetostriction. Hysteresis loops (Figure 4(b)) of TbFe2

single layer with field in plane (φ = 0 and 90◦) have no diffe-
rence. Also the hysteresis loops (Figure 4(c)) of TbFe2 single
layer with field in plane and perpendicular to plane confirm
the existence of the perpendicular anisotropy in the film.
When the magnetic field is applied, the magnetic vectors ro-
tate into the film plane and subsequently change the internal
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Figure 2: Experimental magnetostriction loops of TbFe2 single layer at different driving field angles (φ = 15, 75, 90, 105, 165, 195◦ : (a)–(f)).



4 Journal of Nanomaterials

0 50 100 150 200 250 300 350

0

0.5

−1.5

−1

−0.5

Torsion

Bending

Sa
tu

ra
ti

on
 a

n
gl

e 
(m

ra
d)

Angle (degree)

Figure 3: The saturation bending angle θb and torsion angle θt for TbFe2 single layer as a function of angle φ (φ varying every 15◦ from 0 to
360◦). The experimental data are represented by circles, and the fit is illustrated by line (bending: solid; torsion: dot).

H

Driving field H in the film plane
Length

TbFe2 magnetic vector

(a)

0 0.2 0.4 0.6 0.8

0

1

2

M
/M

s

H (T)

−0.8 −0.6 −0.4 −0.2
−2

−1

0◦

90◦

(b)

0 0.2 0.4 0.6 0.8

0

1

2

Perpendicular to plane

M
/M

s

H (T)
In plane

−0.8 −0.6 −0.4 −0.2
−2

−1

(c)

Figure 4: (a) Schematic drawing of the magnetic vector rotation model for TbFe2 single layer (H: the driving magnetic field); (b) hysteresis
loops of single TbFe2 layer with field in plane (φ = 0 and 90◦); (c) hysteresis loops of single TbFe2 layer with field in plane and perpendicular
to plane.

stress. The different saturation magnetostrictions are caused
by the different TbFe2 spin configurations with varied field
direction. The TbFe2 film has the maximum saturation mag-
netostriction when the TbFe2 vectors rotate into the film

plane along the long axis of the sample, but nearly zero mag-
netostriction is observed when the magnetic field is applied
perpendicular to the long axis of the sample (φ = 90◦).
Such phenomenon results from the rectangular shape of the
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Figure 5: Representative magnetostriction loops (solid line: bending; dot line: torsion) of S/Py/TbFe2-coupled bilayers at different driving
field angle (φ = 15, 75, 90, 105, 165, 195◦ : (a)–(f)); graphical representations (i) and (ii) reveal the deviation of easy axis from the long axis
of the sample.
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Figure 6: The saturation bending angle θb and torsion angle θt of S/Py/TbFe2 bilayers as a function of angle φ (φ varying every 15◦ from 0 to
360◦). The experimental data are represented by circles, and the fit is illustrated by line (bending: solid; torsion: dot).

substrate, and the cantilever structure makes the substrate
hard to distort along the perpendicular direction (The can-
tilever is fixature).

3.2. S/Py/TbFe2-Coupled Bilayers. The angular responses of
HEX (exchange bias) and HC (coercivity) in FM/AFM cou-
pled bilayers have been reviewed by Ambrose et al. [20]. The
angular response of the saturation magnetostriction of
S/Py/TbFe2-coupled bilayers is investigated in this section.
The angle φ is changed every 15◦ from 0 to 360◦, and rep-
resentative magnetostriction loops of the coupled bilayers
measured at different angle φ (φ = 15, 75, 90, 105, 165, 195◦)
are shown in Figure 5. In Figure 5(a), small negative bending
and torsion occur. When φ increases, the exchange-coupling
effect starts to show more clearly, the saturation torsion angle
θtsat in Figure 5(b) is negative, but the saturation bending
angle θbsat becomes positive. The “jump” appears in the mag-
netostriction loop as indicated in Figure 5(b). In the magne-
tostriction loops of the coupled bilayers, the “jump” is only
observed over a restricted range of angle φ. In Figures 5(c)
and 5(d), both the saturation bending and torsion angles
turn positive. And the magnetostriction loops in Figure 5(f)
are the same as that shown in Figure 5(a), implying that
MS(φ) magnetostriction loop is the same as MS(φ + 180◦).
MS(φ) and MS(−φ) magnetostriction loops of the coupled
bilayers are different in our results, which are caused by the
deviation of easy axis from the long axis of the sample (gra-
phical representations in Figure 5). A much smaller magnetic
field can reach the saturation magnetostriction for the coup-
led bilayers and the exchange-coupling effect can reduce the
switching magnetic field effectively.

The coupled bilayers have a uniaxial anisotropy in the
film plane and the maximum saturation magnetostriction
appears when φ is about 90◦, which differs greatly from the
TbFe2 single layer. The difference comes from the exchange-
coupling effect between the Py and TbFe2 layers, which re-
sults in the uniaxial magnetic anisotropy in the film plane.
When the field is applied along the easy axis, the magneti-
zation changes by the 180◦domain wall displacement and

there is no magnetostrictive effect. To the contrary, if the
field is applied along the hard axis, the magnetic vectors
turn by 90◦ and the maximum saturation magnetostriction
is observed. The fitting curves for the saturation magneto-
striction of the coupled bilayers shown in Figure 6 also have
cos2(φ) and sin2φ behaviours. The functions obtained from
the fitting for S/Py/TbFe2 coupled bilayers are θbsat(φ) =
−0.0026 (cos2(φ − 2◦) − 0.77) and θtsat(φ) = −0.00095
(sin2(φ + 6◦) − 0.21). Finally the magnetoelastic coupling
coefficient of the coupled bilayers is calculated: bγ, 2

bilayers =
0.83 MPa.

Stoner-Wohlfarth model can be used to explain the mag-
netostriction results of the coupled bilayers. In the coupled
bilayers, Py and TbFe2 magnetic vectors rotate together
when driving magnetic field is applied [13]. The rotation
of the magnetic vectors will lead to the internal stress
change (magnetostrictive stress) in the film, and then magne-
tostriction occurs (as shown in Figure 7). The “jump” in
some magnetostriction loops is caused by the magnetic vec-
tors aligning along the hard axis of the sample, and it reveals
the spin dynamics in the process of magnetic vectors rotating
from the easy axis to the magnetic field direction. The “jump”
will be affected by the driving magnetic field direction and
the deviation of easy axis from the long axis of the sample.
Further work will be undertaken to explain these features
with a model that is more appropriate than Stoner-Wohlfarth
model.

4. Conclusion

In summary, the magnetostrictions of S/TbFe2-single layer
and S/Py/TbFe2-coupled bilayers were measured by using
laser deflectometry. The dependences of the magnetostric-
tion on the driving magnetic field direction have been esta-
blished. Interesting “jump” reflecting the spin dynamics is
observed in the magnetostriction loops of the coupled bilay-
ers. These results show that magnetostriction measurement
is a very promising technique to reveal the spin configuration
in the thin magnetic films.
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HCl-doped polyaniline powder (HCl-PANI) was synthesized by using a polymerization procedure. Fe nanoparticles were then
deposited on the HCl-PANI at room temperature by direct current magnetron sputtering. After this process the HCl-PANI-
Fe composite was obtained. Fe nanoparticle size in the composite is about 100 nm. HCl-PANI structure is not influenced by
the Fe nanoparticles. The composite pellet has room temperature ferromagnetism and a conductivity of 0.25 S/cm. Temperature
dependence of the conductivity reveals that a carrier transport mechanism in the composite is three-dimensional variable range
hopping. Thermogravimetric analysis reveals that a weight loss of the HCl-PANI-Fe composite is smaller than that of the HCl-
PANI for the same heating temperature when the temperature exceeds 230◦C.

1. Introduction

Polyaniline (PANI) having both electrical and magnetic
features has attracted considerable attention for its potential
applications in electrical, magnetic, and electronic devices as
well as stealth technology and electromagnetic interference
shielding. The conductive and magnetic PANI composites
containing iron oxides such as Fe3O4 and Fe2O3 were mostly
studied, for example, see references [1–10]. As it is well
known, pure Fe is easily oxidized in moist or oxidizing
atmosphere. Thus it is a challenging work to prepare
the conductive PANI composites containing Fe (PANI-Fe).
Izumi et al. [11] chemically polymerized PANI doped with
Fe and found the formation of semiquinone segments upon
coordination of emeraldine base PANI to Fe3+ ions. Li et al.
[12] prepared the PANI-Fe polymer at room temperature
by chemical synthesis in the absence and presence of an
applied magnetic field. The PANI-Fe polymer was a complex
rather than a composite in which Fe nanoparticles were
covered by PANI. The PANI-Fe complex polymer had
both conductive and ferromagnetic behaviors. Fe3+ ions
coordinated mainly with the nitrogen atoms on the quinone

rings. Xue et al. [13] mechanically mixed PANI doped with
4-dodecylbenzenesulfonic acid (DBSA) and Fe nanoparticles
obtaining DBSA-PANI-Fe composites. As the Fe nanoparticle
content increased from 0 to 70 wt%, a conductivity of the
composite pellet decreased linearly from 0.25 to 0.07 S/cm
and the saturation magnetization increased monotonically to
78 emu/g. However, the Fe nanoparticles were partly oxidized
forming iron oxides which were detected by X-ray diffraction
[13]. Thus, in the strict sense, Xue et al. prepared the DBSA-
PANI-Fe-Fe3O4 composites.

Sputter deposition is one of the most important tech-
niques for preparing the thin film because the purity of
the film can be easily controlled and the adhesion of the
film to the substrate can be enhanced. The magnetron
sputtering technique can trap electrons in the region near the
target and can effectively ionize working gas, leading to fast
deposition of the film at room temperature. It was reported
that sputter deposition could prepare dense and pure Fe
thin films and islands [14, 15]. On the basis of the above-
mentioned advantage of sputter deposition, it is desirable to
prepare PANI-Fe composites by sputter-depositing Fe islands
or particles on the PANI. Recently, HCl-PANI-Ni composites
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have been successfully prepared using the well-established
polymerization procedure followed by sputter-deposition of
Ni, that is, using the chemically and physically combina-
tive method [16]. The HCl-PANI-Ni composites had the
conductive and ferromagnetic features. In the present work,
HCl-doped polyaniline powder (HCl-PANI) is synthesized
by using a polymerization procedure. Fe nanoparticles are
deposited on the HCl-PANI at room temperature by direct
current (DC) magnetron sputtering. After this process, the
HCl-PANI-Fe composite is obtained. Structural, magnetic,
and electrical properties of the composite are studied. This
work, besides fabrication and study of the HCl-PANI-
Fe composite, will further confirm the feasibility of the
chemically and physically combinative method to prepare the
PANI composites containing metal nanoparticles.

2. Experimental Procedure

2.1. Preparation of HCl-PANI-Fe Composite. All the reagents
were purchased from Beijing Chemical Works and were
analytical grade. Only aniline was doubly distilled under
reduced pressure and stored in refrigerator (at about 4◦C)
prior to using. The other reagents were used without further
purification. HCl-PANI was chemically synthesized using
the well-established polymerization procedure [17]. Aniline
(0.1 mol) was dissolved in 100 mL aqueous hydrochloric acid
(HCl, 1 mol/L) taken in a three-neck flask. The mixture
solution was cooled and stirred at−3◦C by a magnetic stirrer.
Then 51.5 mL ammonium persulfate solution (2.4 mol/L) in
a constant pressure funnel was slowly added into the mixture
solution for 1 hour in order to avoid heating the reaction
mixture. The reaction proceeded at −3◦C for 8 hours. The
final solution was filtered. The precipitate was washed with
aqueous HCl (1 mol/L) for protonating. The protonated
precipitate was washed with deionized water and acetone
until the washing water and acetone became colorless. Then
the powder was dried at 50◦C in vacuum for two days. The
HCl-PANI powder was obtained.

The HCl-PANI powder was compacted to pellets with
0.2 mm in thickness and 50 mm in diameter. Fe particles or
thin films were deposited on the two surfaces of the HCl-
PANI pellet at room temperature by using a DC magnetron
sputtering system (KYKY Technology Development). The
Fe target (99.99% in purity) with 50 mm in diameter was
inclined at an angle of 45◦ to the pellet. The distance between
the target and the pellet was about 100 mm. The pellet holder
was rotated using a stepping motor during deposition in
order to obtain the uniform distribution of Fe particles or
the uniform thickness of Fe thin film. Prior to deposition, the
working chamber was evacuated to a pressure lower than 2×
10−4 Pa using a turbo molecular pump. An Ar gas (99.9995%
in purity) pressure was 1.0 Pa and a sputtering power applied
to the target was fixed at 100 W. The deposition rate was
about 12 nm/min and the deposition time was 10 minutes.

In order to obtain the HCl-PANI-Fe composite, the HCl-
PANI pellet sputter-deposited Fe particles or thin film was
mechanically milled at an almost same speed in an agate
mortar for 30 minutes in ambient air. According to the
Fe deposition amount and the pellet mass, the nominal Fe

content in the HCl-PANI-Fe composite was estimated to be
about 1.66 wt%. The composite powder was compacted to
pellets with 0.5 mm in thickness and 13 mm in diameter at a
same pressure.

2.2. Analysis of HCl-PANI-Fe Composite. X-ray diffraction
(XRD) (Rigaku, D/Max-RB) was used to analyze the struc-
ture of the HCl-PANI-Fe composite. The XRD measure-
ments were performed in a standard θ–2θ scan using a Cu Kα
radiation filtered by a crystal monochromator (wavelength
λ = 0.15406 nm). Transmission electron microscopy (TEM)
(Philips, F20) was used to observe the structure of the Fe
particles in the composite. The molecular structure of the
composite was characterized by Fourier transform infrared
spectroscope (FT-IR) (Nexus, 670). A magnetization curve
of the composite pellet was measured at room temperature
using a vibrating sample magnetometer (VSM) (Quantum
Design, Versalab). The magnetic field was applied along the
pellet plane during the VSM measurement. A temperature
dependence of the magnetization for the HCl-PANI-Fe
composite pellet was measured from 55 K to 300 K. First,
the composite pellet was cooled down to 55 K at zero field.
Then the magnetization data were taken with warming
up under a magnetic field of 1000 Oe applied along the
pellet plane. The warming rate was approximate to 4 K/min.
The magnetization data of the HCl-PANI-Fe composite was
estimated by subtracting the signal of the sample holder.
Resistance R of the HCl-PANI-Fe composite pellet was
measured at room temperature using a four-point probe
technique. The spacing between the two adjacent probe tips
was 3 mm. The conductivity σ of the composite pellet can be
given by [18]

σ = 1
3.31× R× d

, (1)

where 3.31 × R is the sheet resistance and d is the pellet
thickness, which was measured by a micrometer. A temper-
ature dependence of the conductivity for the HCl-PANI-Fe
composite pellet was measured in the temperature range of
55–290 K using the Cryogen-Magnet system with the four-
point probe (Cryogenic, CFM-5T-H3-CFVTI-1.6 K-24.5).
Thermogravimetric analysis (TGA) (Setaram, Labsy-Evo)
was used to study a weight loss of the composite in air
at heating temperature up to 400◦C. The heating rate was
10◦C/min.

3. Results and Discussion

Figure 1 shows XRD patterns of the HCl-PANI pellet and the
HCl-PANI-Fe composite pellet. As can be seen from Figure 1,
the HCl-PANI pellet and the HCl-PANI-Fe composite pellet
have a crystalline structure of emeraldine salt (ES-I) [19]. For
the composite, the Fe nanoparticles could not influence the
crystalline structure of the HCl-PANI. Furthermore, a weak
Fe(110) diffraction peak can be detected at a diffraction angle
of about 44.76◦. According to the diffraction angle of Fe(110)
peak, the lattice constant of the Fe nanoparticles is calculated
to be 0.2861 ± 0.0006 nm, which is almost equal to that of
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Figure 1: XRD patterns of the HCl-PANI pellet and the HCl-PANI-
Fe composite pellet. � represents the diffraction peaks of HCl-
PNAI.

the Fe bulk (0.28664 nm). No diffraction peaks from the iron
oxides are detected.

Figure 2 shows a TEM microphotograph and an electron
diffraction (ED) pattern of the HCl-PANI-Fe composite. As
can be seen from Figure 2, Fe nanoparticles exist in the
composite and some Fe nanoparticles aggregate. The Fe
particle size is about 100 nm. These Fe nanoparticles were
grown on the HCl-PANI by sputter-depositing. As shown in
the ED pattern of Figure 2, Fe(110), Fe(200), and Fe(211)
diffraction rings are observed. According to these diffraction
rings, the lattice constant of the Fe nanoparticles is calculated
to be 0.287 ± 0.003 nm, which is almost equal to that of
the Fe bulk (0.28664 nm). The result is consistent with the
XRD result. It should be noted that a halo ring shows on
the inner side of the Fe(110) diffraction ring. According
to the radius of the halo ring, the plane spacing of the
atomic short-range order region is estimated to be 0.251 ±
0.002 nm, which is approximate to the plane spacing of
Fe3O4(311) (0.25312 nm). Therefore, it is considered that the
halo ring is attributed to amorphous Fe3O4 formed on the Fe
nanoparticle surface [20]. Figure 3 shows a high-resolution
TEM (HRTEM) image of the HCl-PANI-Fe composite.
Using the HRTEM image, the (110) plane spacing of Fe
nanoparticle is calculated to be 0.202± 0.003 nm. The (110)
plane spacing of the Fe nanoparticle is almost equal to that of
the Fe bulk (0.20268 nm). This result is consistent with both
the XRD and ED results. The HRTEM image definitely shows
the Fe nanoparticle formed in the composite.

Figure 4 shows FT-IR spectra of the HCl-PANI and the
HCl-PANI-Fe composite. The FT-IR spectroscopy is a pow-
erful tool for analyzing the molecular structure and the oxi-
dation state of PANI [21, 22]. As can be seen from Figure 4,
for both the samples, the absorption peak positions of FT-IR
spectra are the same. The peak at 1587 cm−1 is related to the
quinone structure and that at 1471 cm−1 is characterized by
benzene ring stretching. Therefore, it demonstrates that the
aromatic structure of PANI is retained in the HCl-PANI-Fe
composite. An intensity ratio of the peak at 1587 cm−1 to that
at 1471 cm−1 is a quantitative measurement of the oxidation

HCI-PANI

Fe particles

400 nm
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Fe(110)

Fe(200)

Fe(211)

21 nm
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Figure 2: TEM microphotograph and ED pattern of the HCl-PANI-
Fe composite.

state of PANI [21]. The intensity ratios of the HCl-PANI
and HCl-PANI-Fe composite are almost the same, meaning
that it does not appear any indication for severe change
in the oxidation state for the HCl-PANI-Fe composite.
It has been reported that for the PANI-Fe the Fe3+ ions
coordinate mainly with the nitrogen atoms on the quinone
rings leading to the peak of the quinone units shifting to a
higher wave numbers compared with the PANI [12]. In this
work, however, the peak position at 1587 cm−1 related to the
quinone units is not influenced by the Fe nanoparticles. It
indicates that an interaction between the Fe nanoparticle and
the PANI is predominated by a physical mechanism because
the Fe nanoparticles are sputter-deposited on the HCl-PANI.
Namely, the Fe nanoparticles are physically adsorbed on the
HCl-PANI or adhere physically to the HCl-PANI. The peak at
1295 cm−1 is also attributed to C–N stretching in the quinoid
benzoid rings. The peaks at 1243 and 1115 cm−1 result
from vibrations in the polar structure of the conducting
protonated form [23]. The very weak peak at near 470 cm−1

for the HCl-PANI-Fe composite is attributed to the Fe–O
interaction [24–26]. However, the characteristic peak at 530–
595 cm−1 due to the Fe–O stretching band of iron oxide [24–
27] cannot be detected. Therefore, it is considered that the
Fe nanoparticles are mainly formed in the composite. It is
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pattern in the rectangular area represented in the figure.

consistent with the results of XRD, ED, and HRTEM. The
very weak peak at near 470 cm−1 for the composite might be
due to the Fe–O interaction on the Fe nanoparticle surface.

Figure 5 shows a magnetization curve and a temperature
dependence of the magnetization for the HCl-PANI-Fe
composite pellet. As can be seen from Figure 5, the HCl-
PANI-Fe composite pellet exhibits hysteresis, meaning that
the composite has room temperature ferromagnetism. As a
comparison, a magnetization curve of the HCl-PANI was
also measured by VSM. The HCl-PANI does not show the
magnetic hysteresis loop [16]. The temperature dependence
of the magnetization further proves that the HCl-PANI-Fe
composite has the ferromagnetism even over room tempera-
ture. A study on organic magnets such as PANI is significant
for fundamental and practical viewpoints [28, 29]. It was
found that the HCl-PANI exhibited a paramagnetic behavior
at 10 K and its paramagnetic behavior gradually changed
into diamagnetic with increasing the temperature up to
330 K [30]. It was reported that a new type of polymer
produced from polyaniline and tetracyanoquinodimethane
was ferrimagnetic or ferromagnetic with a Curie temperature
of over 350 K and the magnetically ordered state developed
with aging time [31]. The research and development of the
organic magnets with a high Curie temperature, which has
a magnetic order with strong magnetic interactions, is a
challenging work [32]. In the present work, the HCl-PANI-
Fe composite, which only contains about 1.66 wt% Fe, has
better room temperature ferromagnetism. The saturation
field and the coercivity are estimated to be about 4000 Oe and
300 Oe, respectively. The residual magnetization ratio, that
is, the ratio of the residual magnetization to the saturation
magnetization, is 0.18.

Conductivities of the HCl-PANI pellet and the HCl-
PANI-Fe composite pellet are 0.42 S/cm and 0.25 S/cm,
respectively. Figure 6 shows a variation of conductivity with
temperature for the HCl-PANI-Fe composite pellet, plotted
as lnσ versus T−1/4 . In the variable range hopping (VRH)
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Figure 4: FT-IR spectra of the HCl-PANI and the HCl-PANI-Fe
composite.

model [33–35], a temperature T dependence of conductivity
σ follows the relation

σ = σ0 exp

[
−
(
T0

T

)1/r
]

, (2)

where T0 is the Mott characteristic temperature and σ0 is
the conductivity at T = ∞. T0 and σ0 are determined by
the localization length, the density of state, and the hopping
distance in the material. The r is determined by a dimension
of the researching system. For the one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) systems,
r is equal to 2, 3, and 4, respectively. In the 3D-VRH model,
(2) can be express as

σ = σ0 exp

[
−
(
T0

T

)1/4
]
. (3)

As can be seen from Figure 6, the plots exhibit a good
linear dependence having a correlation coefficient better than
0.9991. It indicates that the 3D-VRH model is suitable for
explaining the carrier transport mechanism of the HCl-
PANI-Fe composite. It has been reported that for the HCl-
PANI the carrier transport mechanism is 3D-VRH [16, 36].
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Figure 5: Magnetization curve and temperature dependence of the
magnetization for the HCl-PANI-Fe composite pellet.
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Figure 6: Variation of conductivity with temperature for the HCl-
PANI-Fe composite pellet, plotted as lnσ versus T−1/4.

Therefore, the Fe nanoparticles do not change the carrier
transport mechanism of the HCl-PANI in the HCl-PANI-
Fe composite. Values of the T0 and σ0 obtained from the
fitted straight line of Figure 6 are equal to 8417719 K and
112420 S/cm. Cl− ions have small size in the HCl-PANI.
Then the interchain separation may be small, resulting in
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Figure 7: Thermogravimetric curves for the HCl-PANI and the
HCl-PANI-Fe composite.
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Figure 8: ED pattern of the heat-treated HCl-PANI-Fe composite.

an existence of strong coherence/coupling between chains
[34]. Therefore, charge carriers could hop from one chain
to the other in terms of the 3D-VRH. The Fe nanoparticles
are nanosized and the nanoparticle amount is less. Thus,
the Fe nanoparticles do not weaken strong coherence/couple
between the PANI chains. As a result, for the HCl-PANI-Fe
composite, the carrier transport mechanism is also 3D-VRH.

The TGA measurements for the HCl-PANI and the HCl-
PANI-Fe composite were carried out in air to study their
thermal stability in atmosphere. Figure 7 shows thermo-
gravimetric curves for the HCl-PANI and the HCl-PANI-Fe
composite. As can be seen from Figure 7, a three-step weight
loss process can be observed for both the samples. The first
step at temperatures up to 110◦C may be due to the loss of
water, the second step in the temperature range of 110–300◦C
can be attributed to the loss of impurities such as HCl dopant
and the third step at the temperatures over 300◦C may be
due to the degradation of the polymer [37]. Furthermore, it
should be noted that for the same heating temperature the
weight loss of the HCl-PANI-Fe composite is smaller than
that of the HCl-PANI after heating over 230◦C. This result
is similar to that of the HCl-PANI-Fe composites mixed
mechanically [38] but differs from that of the HCl-PANI-
Ni composite [16]. The Fe nanoparticles in the composite
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might be oxidized during the TGA measurement. In order
to confirm the oxidation of the Fe nanoparticles in the HCl-
PANI-Fe composite, the composite was heat treated in air
at 295◦C for 30 minutes. Figure 8 shows an ED pattern
of the heat-treated HCl-PANI-Fe composite. As shown in
Figure 8, the diffraction rings from the iron oxide are only
observed, meaning that the Fe nanoparticles in the composite
were oxidized by heat treating. It is consistent with the
result reported previously for the HCl-PANI-Fe composites
mixed mechanically [38]. Therefore, it is considered that
the Fe nanoparticles in the composite are oxidized during
TGA measuring. It was reported that heating led to an
increase in the weight of the Fe nanoparticles due to the
Fe oxidation when the heating temperature exceeded 100◦C
[20]. Furthermore, it has also been proposed that the PANI-
Fe3O4 and PANI-Fe2O3 composites have a better thermal
stability compared with the PANI [6, 9, 39]. However, in the
present work, the reason that the weight loss of the HCl-
PANI-Fe composite is smaller than that of the HCl-PANI
over 230◦C is not clear. Detailed work should be further
done.

4. Summary

The HCl-PANI-Fe composite was successfully prepared by
using the well-established polymerization procedure fol-
lowed by the sputter-deposition of Fe. The Fe nanoparticle
size is about 100 nm. HCl-PANI structure is not influenced
by the Fe nanoparticles. The composite pellet has room tem-
perature ferromagnetism and a conductivity of 0.25 S/cm.
The carrier transport mechanism in the composite is three-
dimensional variable range hopping. The weight loss of the
HCl-PANI-Fe composite is smaller than that of the HCl-
PANI for the same heating temperature when the temper-
ature exceeds 230◦C. Furthermore, this work also confirms
the feasibility of the chemically and physically combinative
method to prepare the PANI composites containing metal
nanoparticles.
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