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Prologue

Nanotechnology has gained great relevance in the last decades, due to the great
variety of applications in medicine, chemistry, physics and biology, among oth-
ers. The main industrial applications include: magnetic recording [1], printing
[2], sealing [3], damping [4], water purification [5|, sensors |6] and communi-
cation |7, 8]. Iron oxide nanoparticles are particularly attractive in medicine,
in the development of novel techniques for early diagnosis [9], non-invasive
therapy [10, 11] and biochemical and physiological studies [12, 13]. In scien-
tific research, the possibility of controlling their size and the particle-particle
separation, allows these materials to be used as model systems for the study
of magnetic properties. There are many examples, such as the physical phe-
nomena arising from their finite size [14], the influence of dipolar interaction
[15], the quantum tunneling [16], the giant magnetoresistance [17], ... just to
mention some of them. The work developed in this thesis deals with some of
these phenomena.

The first chapter comprises a brief description of iron oxides and the mag-
netic properties of nanoparticles. In chapter 2, we provide a short introduction
to the experimental techniques related with the work developed in this thesis.
Then, we present two chapters devoted to antiferromagnetic nanoparticles.
In chapter 3, we analyze the influence of chlorine content in the magnetic
properties of akaganéite nanoparticles. Previous works report that intrinsic
properties, such as the Néel temperature and the effective spin of this antifer-
romagnetic material, are greatly influenced by the amount of interstitial ions.
Based on this idea, we analyze how the magnetic relaxation of the nanopar-
ticles is affected by the amount of chlorine contained in the crystal structure.
In chapter 4, we show that akaganéite nanoparticles posses a thermoinduced
magnetic moment. Antiferromagnetic nanoparticles have a finite magnetic mo-
ment arising from the decompensation of atomic spins. In addition, they may
exhibit a thermoinduced magnetic moment, due to their finite size, which has
the unusual property of increasing with temperature. One of the main compli-
cations in the study of this phenomenon is that the magnetic properties of the
bulk material are often unknown. To overcome this problem we have chosen
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akaganéite nanoparticles as a model system because akaganéite can be pro-
duced in bulk and therefore, its bulk magnetic properties can be determined in
a rather straightforward manner. The following chapters are devoted to studies
on ferrimagnetic maghemite nanoparticles. In chapter 5 we show that the satu-
ration magnetization in this system decreases with the nanoparticle size. This
decrease can be expressed in terms of bulk saturation magnetization, particle
size and thickness of a magnetically disordered layer. The proposed equation
is based on the so called core-shell model, which assumes that nanoparticles
consist of a bulk-like ferrimagnetic core and a shell of disordered spins. The
experimental determination of shell thickness is, in fact, not so straightforward,
because there is a noticeable spreading in saturation magnetization values of
samples prepared by different synthetic procedures. Therefore we have studied
a representative number of nanocomposites, with an average particle size in the
range from 1.5 to 15 nm. We estimate a layer thickness of about 1 nm. Chap-
ter 6 deals with the effect of magnetic interactions in magnetic nanoparticles.
First, we show that the magnetic relaxation becomes faster as the strength
of the interaction increases, in a ferrofluid where dipolar interactions are very
weak. There are some reports showing that the relaxation time increases with
the degree of interaction while other works show the opposite trend. These
discrepancies can be understood following the conclusions deduced from some
theoretical models. These models predict that when the interactions are weak
in relation to the anisotropy, the magnetic relaxation is no longer governed by
the interaction and, actually, becomes faster with growing interactions. In this
section, we show that the relaxation time obtained from magnetization mea-
surements decreases with concentration when the interaction strength is weak.
Second, we propose an experimental procedure to study the influence of dipo-
lar interactions that enables us to switch on the interactions by magnetically
texturing a ferrofluid. This approach allow us to compare the energy barrier
of a ferrofluid without dipolar interactions (before the process of texture) with
the energy barrier in the presence of dipolar interactions (after the texture
process). In addition, we show that the dynamics in a system with dipolar
interactions can not be described by the expressions developed for spin-glass
transitions. Finally, the last chapter summarizes the main findings of this
thesis.

Zaragoza, October 21, 2011



Chapter 1

Introduction

1.1 Iron oxides

The iron oxides are common compounds which are widespread in nature and
readily synthesized in the laboratory. There are 16 known iron oxides. These
compounds are either oxides, hydroxides or oxide-hydroxides, collectively re-
ferred as iron oxides. They consist of arrays of Fe ions (Fe'l and/or Fe'l) and
0% or OH" ions. The arrangement of the sheets of anions in the third dimen-
sion are usually hexagonal close packing (hcp; sheets stacked ABABA...) or
cubic close packing (ccp; ABCABC..). Only akaganéite, with a body centered
cubic (bce) anion arrangement, lies outside the scheme. The sheets of anions
are staked along some particular crystallographic direction. There are twice as
many interstices between the sheets of anions as there are anions in the layer.
The cations fit into the octahedral or the tetrahedral interstices. In particular,
the Fe?* is octahedrally coordinated while the Fe3* has no preference between
the octahedral or tetrahedral coordination. The interstices sites are twice the
number of anions and, as the charge of the iron ions (Fe?* and/or Fe3") is less
than the double of the oxygen ions charge, only a portion of the interstices
sites are occupied. Differences between the structures arise as a result of vari-
ations in the arrangement of cations in the interstices and, to a lesser extent,
differences in the stacking of the sheets of anions.

The type of magnetic interaction between Fe ions on adjacent sites depends
on the state oxidation of Fe and the Fe-O-Fe angle. This interaction proceeds
via the intervening O?~ or OH~ ligands and is termed superexchange. The
intensity of the interaction depends on the Fe-O-Fe bond angle and the Fe-O
bond length. The types of exchange interactions in iron oxides are listed in
Table. 1.1.
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Table 1.1: Exchange interactions in iron oxides according to Ref. [18].

Ton pair Fe-O-Fe bond angle Type of interaction

Fe3*-Fe3* 90° weak antiferromagnetic
120° strong antiferromagnetic

Fe?*-Fe?* 90° weak antiferromagnetic
120 - 180 ° strong antiferromagnetic

We will subsequently describe the basic properties of the iron oxides related
with the work presented in this thesis. For detailed information the reader is
referred to Ref. [18].

1.1.1 Akaganéite

Akaganéite, named after the Akagané mine in Japan, is the naturally occurring
form of S-FeOOH and it is mainly found in Cl-rich environments such as rust
in marine environments. It has a brown to yellow color.

The structure is based on body centered cubic packing of anions (bcp) and
contains either chloride or fluoride ions in the crystal structure. The structure
of akaganéite is similar to that of hollandite, characterized by the presence
of channels parallel to the b-axis. These channels are partially occupied by
chloride anions that give to the crystal its structural stability. Preliminary
studies proposed that akaganéite possess a tetragonal symmetry 14/m. How-
ever the structural refinement obtained by using the Rietveld analysis of x-ray
[19] and neutron diffraction data [20] showed that the unit cell is monoclinic
(symmetry 12/m). The structure of akaganéite, shown in Fig. 1.1, consists
of double chains of edge-sharing Fe**-(0,0H) octahedra. These double chains
share corners with adjacent chains to give a three dimensional structure con-
taining channels with square cross sections that measure two octahedra per
side. The CI” ions reside inside the channels. Post et al [20] performed x-ray
powder diffraction (XRD) at different temperatures. They determined that
there is no thermal expansion up to ~ 225 °C. For higher temperatures, the
unit cell volume gradually decreases. At ~ 290-310 °C akaganéite transforms
into hematite. In this transformation, four molecules of HoO are released per
unit cell.

The exchange interactions between Fe* ions in akaganéite makes it an an-
tiferromagnetic material. The first structural model for the magnetic structure
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‘ :Fe

Figure 1.1: Left; Arrangement of octahedral double chains running parallel to the b
axis with Cl™ ions in the channels. Right; akaganéite unit cell. Images from Ref. [18§].

of 5-FeOOH, shown in Fig. 1.2, was proposed from neutron diffraction studies
[21]. The magnetic unit cell coincides with the chemical unit cell. The align-
ment of the magnetic moments along the b-axis was confirmed by Mossbauer
experiments [22]. In the magnetic structure proposed in Ref. [21] two layers
are defined in a d010 slice: layer A comprising the Fe ions at y=0 positions
and layer B comprising Fe ions at y = b/2 positions. The superexchange in-
teraction between spins belonging to nearest neighbor layers (A-B) propagates
through an angle of ~ 120°. The interaction between the spins of the iron
atoms along b-axis (A-A’) is held through an angle of ~ 104°. Thus the spin
couples antiferromagnetically with six neighbor spins and weakly antiferromag-
netically with two neighbor spins. The interaction between the spins of A-A’
iron atoms along b-axis propagates through an angle much smaller than the
one between the spins of A-B iron atoms and the interaction between A-A’
iron atoms is expected then to be weaker than that between A-B iron atoms.
Previous works on akaganéite have concluded that its physical and chemical
properties are strongly dependent on the ions that fill the channels. In partic-
ular, the Néel Ty and the Curie-Weiss 6 temperatures measured for differently
synthesized materials are found to vary within rather broad ranges, Tn ~ 240
K - 299 K and 6 ~ 300 K - 1000 K. Many previous works on akaganéite have
analyzed their experimental results within the assumption that two differently
coordinated sites are available for the Fe?* ions: those lying close to chlorine
ions and those located near the C1~ vacancies [23]. D. Chambaere and E. De
Grave showed that the Néel temperature strongly depends on the mean num-
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i Oxygen
& Iron

Figure 1.2: Magnetic structure for akaganéite. In the left figure the b axis is point-
ing towards the reader. Interaction between the iron in different layers is antiferro.
Interaction for neighbors running through the b-axis is ferromagnetic.

ber of intersticial water molecules [24]. They associated this dependence to a
reduction of the effective 3d-spin S. They came to the same conclusion: there
are different sites for the Fe?* ions, those near to a vacant site and those close
to the ion occupying the channels. Summarizing, the magnetic structure is as
shown in Fig. 1.2, but the strengths of the exchange interactions are highly
variable and depend upon the chemical conditions held during the synthesis.

1.1.2 Magnetite

Magnetite, FesOy is a black ferrimagnetic material. It is responsible, together
with titanomagnetite for the magnetism of the rocks. It is formed in various
organisms in which it serves as an orientation aid.

The structure is that of an inverse spinel structure. Magnetite has a face-
centered cubic unit cell with a ~ 8.39 A. It contains both Fe'l and Fe''! ions.
The tetrahedral sites (A) are occupied by Fe''! ion and the octahedral sites
(B) are distributed between Fe'l and Fe!'l ions. Its formula is written as
Fel'l[Fel'Fe!']O, where the brackets indicate the octahedral sites. Magnetite
is usually non-stoichiometric in which case it has a cation deficient Fe!'! sub-
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lattice. In stoichiometric magnetite Fell /Fe! = 0.5.

Magnetite has a Curie temperature 7. of around 850 K. Below T, the
spins on the A and B sites are antiparallel. The ferrimagnetism arises since
the magnitude of the spins in A sites are different from that of the B sites. At
120 K the magnetite presents the Verwey transition 7, usually associated to a
charge ordering of the Fe?* and Fe?" ions in the octahedral sites. Above Ty, the
electrons of the Fe are thermally delocalized, which confers high conductivity to
magnetite. The magnetite presents cubic anisotropy. The preferred direction of
magnetization is along the 8 [111] cube diagonals. Its saturation magnetization
is 92-100 emu/g.

1.1.3 Maghemite

Maghemite v-Fea O3 is a red-brown mineral that occurs as a weathering product
of magnetite or as the product of heating other Fe oxides. It has a cubic
cell with @ ~ 8.34 A. Maghemite is isostructural with magnetite. However,
it has no Fe?* i.e. all the iron is in the trivalent state, such that the charge
deficiency produced by the variation of the iron oxidation state is compensated
by cation vacancies. Each cell contains 32 02~ ions, 21 1 /3 Fe''l ions and 2
2/3 vacancies. Eight cations occupy all the tetrahedral sites and the remaining
cations are randomly distributed over the octahedral sites. All the vacancies
are located in octahedral sites. These considerations give to maghemite the
general formula of Feg[Feq3.302.67] Os2.

Maghemite is ferrimagnetic at room temperature. The determination of
T, is difficult because it transforms to hematite in this range of temperatures.
It is estimated to be about 820 to 986 K. The magnetic structure consists of
two sublattices corresponding to the Fe3* located on tetrahedral sites and on
the octahedral sites, respectively. Below T; the spins within each sublattice are
parallel, but those of the two sublattices are antiparallel. Ferrimagnetism arises
from decompensation between the number of Fe ions present in each sublattice.
The magnetite presents cubic anisotropy. Its saturation magnetization is 60-80
emu/g.

1.1.4 Iron oxide nanoparticles

Nanotechnology has gained great relevance in the last two decades due to the
great variety of real and feasible applications in multidisciplinary fields such as
chemistry, physics, medicine, engineering, biology and pharmacy among oth-
ers. Combining the magnetic properties of the iron oxides with the particular
properties of nano-sized materials, the iron oxide nanoparticles have become a
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fascinating system which have been of interest to the scientific community for
a long time.

There are many synthetic routes to produce iron oxide nanoparticles. Some
of them are based on the use of polymers. The resulting iron oxide/polymer
composites can readily be dispersed to form a ferrofluid, i.e. magnetic sta-
ble suspensions of ultrafine ferro- or ferrimagnetic particles. These systems
can be used for instance in medicine for cancer therapy and magnetic reso-
nance imaging. Among the numerous routes to prepare the iron-oxide polymer
nanocomposites [25], the materials studied in this thesis have been synthesized
by in situ precipitation. This procedure profits from the moulding effect of
the polymer. In this route, the matrix is mixed with a molecular metal pre-
cursor and the particles are grown inside the precursor-polymer compound by
addition of a precipitating agent [26-29]. The polymer used here is poly(4-
vinylpyridine) (PVP), that has nitrogen base groups that form coordination
bonds with iron ions. In this way, the hydrolysis reaction is carried out in a
controlled manner. This method is employed for the production of maghemite
[30] and akaganéite [31] nanocomposites. In the former case, the precipitating
agent was sodium hydroxide and the precursor salt was iron bromide. In the
latter, the precipitating agent is the same, while the precursor is iron chloride.

Ferrofluids of magnetic nanoparticles can also be produced in organic sol-
vents by decomposition of iron coordination compounds. The stabilization of
these particles is achieved through a surfactant which hinders the particles
from flocculation and sedimentation. This synthetic route has the advantage
of producing nanoparticles with a very narrow size distribution. This fact
makes them ideal materials in fundamental magnetism research. The iron
oxide nanoparticles produced is this way can also be used for biomedical appli-
cations after coating them with a biocompatible shell. The ferrofluids studied
in this thesis have been prepared following the Hyeon method [32], that is based
on the thermal decomposition of iron pentacarbonyl in the presence of oleic
acid. This method allows the control of particle size with the iron/surfactant
ratio.

1.2 Magnetic nanoparticles: basic principles

Bulk ferromagnetic materials develop a domain structure below the ordering
temperature. This domain configuration arises from an equilibrium situation in
which the creation of domains diminishes magnetostatic energy (demagnetiza-
tion energy) but increases exchange and anisotropy energies. In the following,
we consider only the completely ordered magnetic state, that is, at tempera-
tures far below the ordering temperature. The magnetostatic energy is a func-
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tion of particle volume and the exchange and anisotropy energies depend on
the surface of the domain walls separating different magnetic domains. Then,
when the volume is reduced below a critical size, the energy needed to create a
domain wall (an action that increases anisotropy and exchange energies) does
not compensate the reduction in magnetostatic energy. In this situation, the
monodomain configuration becomes the most stable one [33]. Particles of such
size and smaller are called single-domain particles and they are superparamag-
netic. Such critical size depends on the balance between anisotropy, exchange
and magnetostatic energies and therefore is characteristic of the material.

Let us consider the simplest case of a single-domain particle with uniaxial
anisotropy under zero magnetic field and at 7' = 0. The energy term depending
of the anisotropy can then be written as

E(0) = KVsin?0 (1.1)
A
= *
o K*V
+M ; -M
1 Y 1
p

Figure 1.3: Energy of a single-domain particle with uniaxial anisotropy.

where V' is the particle volume, 6 is the angle between the magnetization
and the easy direction of ferromagnetic alignment and K is a constant that
depends on the type of anisotropy dominant in the material. The minimum
energy orientations correspond to 8 = 0 and § = 7. They are separated by an
energy barrier of height U = KV. Therefore, the magnetization will remain
stable and lie along the direction defined by 6 = 0 or § = 7 unless a perturbing
energy, like for example thermal agitation, can take the magnetization over the
barrier.

If we apply a magnetic field along the easy magnetization axis, the energy
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expression is then modified to
U(H) = KVsin® - uHcos# (1.2)

where 6 is the angle between the easy axis and the magnetization vector. Either
0 = 0 or 6 = 7 are still directions of minimum energy, but one of them becomes
more favorable than the other.

H E = KV sin'0 - uH cos 0

Egﬁﬁymﬁe

0 /2 T

0

Figure 1.4: Energy of a single-domain particle with uniaxial anisotropy for a magnetic
field along the easy axis.

Let us assume that at temperature 7' = 0 the system is in a metastable
minimum of energy. Then, the spin will remain in this minimum until the
magnetic field suppresses the energy barrier. The location of the maximum

energy is at cosf = —% = —Hik, where Hy is the anisotropy field. The energy
barrier is )
uH]
UH) = KV |1- 22 1.3
(H) [ 2KV (13)

The situation for the magnetic field along a direction at an angle ¢ with
the easy axis is shown in Fig.1.5. In this case the minimum position deviates
from 6§ = 0 or § = 7 and the height of the energy barrier at low enough fields
can be approximated by [34],

w(1)
Ll ] (1.4)

U(H,’(/J)ZKV[l—m

where the new critical field that suppresses the energy barrier is H.(v) —
H(sen?/31) + cos®/3p) =312

1.2.1 Relaxation time

At finite temperature, overcoming the energy barrier by magnetization is the
more likely to occur the smaller the particle volume is. This process can be
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Figure 1.5: Magnetic moment orientation under the influence of a magnetic field for
a monodomain particle with uniaxial anisotropy.

characterized by a relaxation time 7.

Consider a powder sample of uniaxial particles whose easy axis lie all along
the z-axis. If we apply a magnetic field along the positive z-axis direction the
powder is magnetized in this direction to saturation Mg,;. Upon removal of
the magnetic field the magnetization will decay according to M = Msate‘t/ T.
If 7 is very large M ~ Mg, for all times and the system remains magnetized to
saturation. If 7 is small M rapidly vanishes. Now, 1/7 is the probability (or
frequency) of a transition of magnetization between -z and z directions. This

probability should be proportional to the Boltzmann factor e~ U/ksT

~U/kgT

/T =v=we - 1 = peV /8T (1.5)

This expression that describes the dependence of the superparamagnetic relax-
ation time with the temperature, where U is the height of the energy barrier,
was first proposed by L. Néel (1949) [35]. It was later modified by W. F. Brown
[36] and W. T. Coffey [37] to introduce the dependence of 7y with temperature
and anisotropy.

1.2.2 Blocking temperature

At finite temperature T it is possible to define a critical energy
Ug = kgT'n (7ex/70) (1.6)

Particles with volume or anisotropy small enough will have an energy barrier
smaller than this critical energy so that their magnetic moment can freely
rotate like in a paramagnetic material. There are also some particles whose
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energy barriers are higher than this critical energy U > Ug. They cannot sur-
mount the barrier within the experimental time so that their magnetic moment
is blocked at an energy minimum.

Similarly a blocking temperature T3 is defined for a single domain-particle
as the temperature at which the superparamagnetic relaxation time is compa-
rable with the experimental time. At temperatures lower than the blocking
temperature, the magnetic moment can not surmount the energy barrier and
becomes blocked.

The height of the energy barrier is proportional to the particle volume.
Therefore, in a sample of particles with a distribution of sizes, we also have a
distribution of blocking temperatures.

1.2.3 Magnetization of superparamagnetic nanoparticles

Consider a system of N monodomain particles at temperature 71" such that all
the particles have their magnetic moments in thermodynamic equilibrium. The
magnetic moment of the particles is free to rotate and each particle behaves as
a paramagnetic atom with a very large magnetic moment. The magnetization
of N isotropic paramagnetic atoms of magnetic moment J, with a magnetic
field H is given by [38]

JH
M:Ng,uBJBJ(g'uB—) (1.7)
kgl
where
g,uBJH) 2J+1 (2J+lg,uBJH) 1 (g,uBJH)
B - th( 2222 IEBYT) L~ otn (ZEB2 2 1.8
"( kpT o7 N\ Tos kT )T 27 CagieT (18)

is the Brillouin function and gugJ is the maximum magnetic moment of the
atom. The magnetization of an ensemble of N noninteracting superparam-
agnetic particles without magnetic anisotropy can be obtained by means of
a simple translation of the paramagnetic theory. Similarly to paramagnetic
atoms the magnetization can be written in the form

2J+1 oth(2j+ 1 guBJH) ~ icoth(g'uBJH)]
2J 2J  kgT 2J 2JkpT

M:NguBJ[ (1.9)

The maximum magnetic moment for the paramagnetic ion is ¢ = gugJ. There-

fore the magnetization of an ensemble of N superparamagnetic nanoparticles
of magnetic moment p in a magnetic field can be described by

H 1 H
M=Npu coth(#—)——H ENML(,u—) (1.10)
B o B
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where p is the magnetic moment of the particle, kg is the Boltzmann factor
and T is the temperature. L(ukBiT) is the Langevin function. In the super-
paramagnetic regime we can neglect as a first approximation the influence of
the anisotropy, size distribution and interparticle interactions. Then the mag-
netization can be described by Eq. (1.10) so that when magnetization curves
are plotted as a function of H/T they superimpose on a single master curve in
the whole temperature and field ranges.

At low values of the magnetic field uH << kg7,

H 1 1 u?H
M =Ny coth(“—)-— SN (1.11)
3 kpT

that corresponds to the Curie law, typically the linear response limit. At high
fields pH/kgT >> 1, all the particles have their magnetic moments aligned
with the magnetic field and then

B uH 1
M—N,u!coth(kB—T)—E]eNu (1.12)
kT

Influence of the particle size distribution

In a more realistic sample we do not have an ensemble of N identical particles
of volume V' but we usually have a size distribution. We can take into account
the size distribution calculating the total magnetization as a superposition
of Langevin contributions from each particle size fraction. Let f(D) be the
distribution function of particles of diameter D. In the superparamagnetic
regime, the total magnetization is then given by:

(u) _ Jo w(D,H,T)f(D)dD

M(H) = 1.13
( ) Vsample ‘/sample ( )

where the function f(D) is defined as,
fo f(D)dD = N (1.14)

For particles not very small (Natoms > 50) we can consider that u = MV,
where V is the particle volume and Mj is the saturation magnetization of the
bulk material. Therefore

M(H) =

Jo uw(D,H.T)f(D)dD 1 00 )
Viample ™ Voo fo V(D)M(D,H,T)f(D)dD =
(1.15)
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IV (D)ML (pily ) £(D)dD
- [° V(D) f(D)dD

(1.16)

that describes magnetization for a sample with a distribution of particle sizes.
The effect of size distribution on the analysis of magnetization curves should
not be ignored, otherwise erroneous variations of the fitting parameters with
temperature can be obtained [39]. We remark that, as we have a superposi-
tion of Langevin functions, the magnetization isotherms measured at different
temperatures should still superimpose when represented as a function of H/T.

Influence of the magnetic anisotropy

As a first approximation magnetization of an ensemble of magnetic nanopar-
ticles can be described by a Langevin function of equation (1.10). By taking
the size distribution into account and calculating the total magnetization as
a superposition of Langevin contributions, a better agreement between cal-
culated and experimental data may be obtained. However discrepancies are
still observed at the intermediate field region and at low temperatures. These
discrepancies can be sometimes explained by the influence of the magnetic
anisotropy [40—42|. In these systems the differences between Langevin model
and experimental data appear in an intermediate field region: far from the
linear and saturation limits. In the limits of high and low fields the magne-
tization approaches the Langevin function. Actually, the magnetic anisotropy
makes certain directions more favorable for the magnetization alignment such
that magnetization curves plotted versus H /T deviate from the ideal behavior
as it is shown in Fig. 1.6 for uniaxial anisotropy.

1 7 T T T 1
N Langevin ] WS s
field parallel \___ ]
0.8 o t0 easy axi - 0.8 -

0.6 . F 0.6
random easy axis

04 L 0.4] -
field perpendicular  KufkpT=2 field paralfel
0.24 to easy axis N 0.2+ to easy axis N
0 il 1 ] 1 mHS kg 0 1 " 1 ] \ HH kg T
o 2 4 & 8 10 0 2 4 6 8 10

Figure 1.6: Figures taken from Ref. [43]. Anisotropy influence in magnetization
curves versus uH /kgT for a magnetic field parallel and perpendicular to the easy axis;
anisotropy influence in magnetization curves versus pH /kgT with parallel magnetic
field for different values of anisotropy parameter KV /kgT.

We will now derive an expression for the magnetization that includes the
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contribution from the magnetic anisotropy. The energy of a monodomain par-
ticle with magnetic moment p in an external magnetic field is given by the
Zeeman term

E=-i-H

that including the anisotropy contribution leads to

E = KVsin0 - pHcosa (1.17)

eas)y axis
unitans vector

s magnetic field
unitany vector

Figure 1.7: Magnetic moment of the particle with a magnetic field.

In thermal equilibrium conditions and for a given orientation of the easy
axis, the probability of finding the magnetic moment along a given direction
is proportional to the Boltzmann factor,

v =exp{-E/kpT} = exp{-(KVsin*0 - pHcosa)/kgT} (1.18)

The expected value for the projection of the magnetic moment along the di-
rection of the magnetic field is given by the Boltzmann statistics,

(Mn(€))r 027r do [ cosae B80T 5ingdg
Moy T [T e B(@0.0)ksT 5inddo

(1.19)

No analytical solution is possible for the magnetization M (H,T, 1) and the
expression is usually solved through numerical integration [40, 42|. Analytical

solutions for small and very large values of anisotropy are derived by Garcia-
Palacios [43].

Neglecting the effect of anisotropy on the analysis of magnetization curves
can lead to erroneous fitting parameters also [41]. However, in a sample with
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randomly oriented easy axis, the initial susceptibility does not depend of the
anisotropy [44]. Then we can avoid problems associated with the analysis
of the full magnetization curve using the initial susceptibility for example to
determine the possible temperature dependence of L.

1.2.4 AC susceptibility

Different experimental techniques can be used to study superparamagnetic
relaxation. They include dc susceptibility (with 7ex around 100 s), ac suscep-
tibility (7ex in a variable range from 0.1 s to 107 s), Mdssbauer spectroscopy
(time window from 1077 s to 107 s), magnetic resonance (7ex = 107 s) and
neutron diffraction (time window from 1078 s to 1072 s depending on the
experiment). The choice of the experimental technique depends on the ex-
perimental time we are interested in. In this section we will briefly describe
susceptibility measurements.

The equilibrium susceptibility describing the linear response to an magnetic
field h, is related to the fluctuations of the magnetic moment by

(1.20)

where the 0 subscript means average at zero field and € and h are unit vectors
along the magnetic moment and magnetic field. The term < (&-h) > = 0 and
developing < (- h)? >¢ for large values of ¢ = KV /kgT one can write for the
susceptibility [45],

x =sen?yy, + COSQT,Z)X” (1.21)
where the field is applied with an angle ¥ with respect to the easy axis and
M2V R MV R-R
= — = 1.22
MZ%T R ™ kT 2R (1.22)

are the equilibrium susceptibilities parallel and perpendicular to the easy di-
rections, respectively. The function R(c) = fol exp(cx?)dz introduces the
influence of anisotropy and R’ is its derivative. Formula (1.21) is averaged
over a distribution of the particle easy axis orientations,

X = {sen) x. + (cos”v) x (1.23)

Let us consider now the application of a magnetic field ﬁ) = ﬁosenwt that
oscillates with time. The ac susceptibility has two components: the in-phase
susceptibility and the out-of-phase susceptibility, dephased 7/2 with respect
to the magnetic field. The in-phase component X’ is the linear response of the
magnetization to the magnetic field.
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For the linear response, we can separately consider the contributions to the
magnetic moment induced by the field components along the easy axis and per-
pendicular to it. The response of the longitudinal and transverse components
have very different characteristic times 7 and 7, respectively. M.I. Shliomis
and V.I. Stepanov [46] proposed a generalization of Eq. (1.23) that consists of
attaching Debye-like factors to each component,

XL ccostp > X]

X =< sean > - S—
1+ iwTr, 1 +iwT)

(1.24)

The transverse field component just shifts the energy minima from their initial
positions at # = 0 and 0 = 7 towards 7/2. The magnetic response involves then
only transitions between orientations located on each potential energy well. It
can be considered instantaneous with 7, ~ 79. By contrast the response to the
parallel component requires overcoming the anisotropy energy barrier which
leads to a 7 increasing exponentially as T" decreases. So that averaging over
easy axis orientations (sen?i)) = 2/3 and (cos*¢) = 1/3 we get for the ac
susceptibility,
Xl

1+wr I

1
x=gl2a+ (1.25)

When 7 << Tex the susceptibility takes the equilibrium value we calculated for
2
the isotropic case (Eq. (1.11)) Xeq = %. When 7 >> T we have x; =

MZ[2K and x| = xo - MZ/K.

In a polydisperse sample the susceptibility is obtained averaging the ‘monodis-
perse’ susceptibility over the distribution of particle sizes. The susceptibility
can then be written as [47, 48]

= [ a2 [Ta@niar )

T
X” ~ §kBTXeq(T, Us)f(Us) (1.27)

where ¢, and x, are as defined previously and Ug is defined in Eq. (1.6).

The magnetic anisotropy gives rise to an energy barrier, as we described in
Sec. 1.2.2. Below a temperature T the magnetic moments are blocked and at
higher temperatures the magnetic moments can freely rotate. This blocking
temperature depends with the frequency. And when we plot the out-of-phase
component of the ac susceptibility x”(7,w) as a function of temperature we
obtain different blocking temperatures for different frequencies. Therefore at
temperatures such that all the particles have their magnetic moment deblocked
X" (T,w) vanishes and x'(7T,w) curves measured at different frequencies super-
impose.
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The equilibrium information about the average magnetic moment of the
sample is the only component of the in-phase susceptibility x'(7,w) and

_ [ f(D)u*(D)/3kgTdD
Xea =TT F(D)VAD

(1.28)

The equilibrium susceptibility can be determined from the dc magnetic mea-
surements at low fields as we explained in Sec. 1.2.3 and from ac magnetic
measurements.

1.2.5 Dipolar interactions

Often, the magnetic nanoparticles are close enough such that dipolar inter-
actions become relevant. If the concentration of particles is high, the dipole-
dipole interactions affect the superparamagnetic relaxation, susceptibility and
magnetization curves. The interpretation of the results from the experiments
is somewhat complicated. However, different models have been proposed that
describe the effect of interactions on superparamagnetic relaxation and equi-
librium properties.

Effect of interactions on the magnetic relaxation

Two controversial models that predict opposite effects are usually followed to
describe the effect of interactions on the magnetic relaxation. The Dormann-
Bessais-Fiorani model [15] and the Mgrup-Hansen-Tronc model [49]. In the
Dormann-Bessais-Fiorani model (DBF) the relaxation time is written accord-
ing to a Néel law with a modified effective energy barrier. This effective energy
barrier includes the anisotropy barrier of the single-particle plus the dipolar
interaction energy between the magnetic moment of the particle with that of
the neighboring particles. The effect of interaction is the polarization with
the neighbor magnetic moments. They propose an expression for the energy
barrier due to the interactions [50]

Eging ~ )i EniL By /knT) (1.29)
J

where nj is the number of jth neighbors and Eg; =~ p?/d? where d is the aver-
age distance between particles. Two regimes of medium and weak interactions
are distinguished according to the value of a mean field magnetization factor
[a1 M2V [kpT], where a1 ~ ¢y/\/2 accounts for the relative orientation of mag-
netic moments in the particles arrangement. In both regimes the interaction
effect is strong enough to increase the energy barrier as compared to that for
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the non-interacting particle. Therefore an increase of the relaxation time with
increasing interactions strength is predicted.

In the Mgrup-Hansen-Tronc model (MHT) the interaction strength is as-
sumed to be weak enough to neglect any polarization between magnetic mo-
ments and the particle magnetic moment is just exposed to a dipolar field,
which has contributions from the neighboring particles. The total magnetic
energy is calculated adding to the energy barrier of the single-particle energy
barrier E},o the energy arising from the interaction of the particle magnetic
moment with this dipolar field. In this model the variation of the relaxation
time with the blocking temperature is also described by a Néel law with a
modified energy barrier as

2
T = Tpexp [a— ?(1—%&‘1)] (1.30)

where a = Epo/kpT and B2, = 2[(po/4m)*u?u?3d;8]/(kgT)? in which V is
the mean particle volume, p is the average magnetic moment and dy, is the
distance between the particle and its nearest neighbors. We make use of the
definition of Mgrup for ¥d.;% = ¢ %D%%a % where Ya,® depends on the
geometrical arrangement of particles that is taken of the order of ~ 10-20 and
€D is the average particle-particle distance €2D? = V/c,. The mean magnetic
moment g = MgV, where Mg = Mg(T =0)(1-bT") can be calculated from dc
magnetization measurements. The energy barrier obtained for o > 1 decreases
with increasing strength of interactions. Let us notice that in this model the
dependence of 7y with temperature is not taken into account [36] as noticed by
J. L. Dormann [51] and then values obtained for 7y are usually unreasonably
small.

Another theoretical approach is the model proposed by P. E. Jonsson, J.
L. Garcia-Palacios, M. F. Hansen and P. Nordblad (JGP) [52]. It describes
the influence of dipolar interactions in the magnetic relaxation and also in the
initial susceptibility. They analyze the effect of weak dipolar interactions by
a local thermodynamic average of the dipolar field. The expression for the
relaxation time is

7= 0e7[1+1/26], + 1/4AF (A" /)¢ (1.31)

where )\ is the damping constant, < 5/2/ >=¢R/3, <2 >=¢2/32R and F(a) =
1+ 2(2(126)1/2“27(1+1/2a2, 1/2a?), where 7 is the incomplete gamma function
and R is the factor that describes the particles arrangement. The factor 4 =
pop? [4ra’kgT is the dipolar field at the temperature T, in which a is the
mean particle-particle distance, and p is the particle magnetic moment. The
anisotropy barrier of the single-particle is included through o = KV /kgTg. In
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a simple cubic lattice structure arrangement of particles R = 16.8 [52]. The
expression for the attempt time 79 = 7p ﬁag/ 2 where 7p is the relaxation time
of an isotropic spin. Let us notice that in this model the blocking temperature
decreases for increasing interaction as it is shown in Fig.1 of Reference [52| for
A = 0.1 (typical value assumed for ultrafine particles).

Another model which involves numerical calculation is developed by D. V.
Berkov and N. L. Gorn [53]. In this model the temperature dependence of
the ac susceptibility is simulated numerically for various particle concentra-
tions and single-particle anisotropy strengths. They take as a starting point
the stochastic Landau-Lifshitz-Gilbert equation for the motion of each mag-
netic moment. The effective field in the equation includes the external field,
the anisotropy field and the particle-particle dipolar interaction. The ther-
mal fluctuations are included through the so-called ‘fluctuating field’. In this
model they distinguish two anisotropy regimes depending on the value of the
factor § = 2K/MS2 For values of 8 > 1 this corresponds to moderate and large
anisotropy regime in which they show that the peak of the out-of-phase suscep-
tibility component shifts towards lower temperatures with increasing particle
concentration. Besides, in these systems another interesting feature is ob-
served: the out-of-phase susceptibility component x” displays a non-monotonic
dependence of the peak height on the particle concentration. The dependence
of the peak height of x” with the frequency is also very unusual as shown
for p = 2 [53]. With increasing frequencies the peak position is shifted to
higher temperatures and the peak height decreases. The main conclusion of
this model is that dipolar interactions can either decrease the energy barri-
ers, when single-particle anisotropy is very large and dominant or increase the
energy barriers when dipolar interactions dominate over the anisotropy.

The influence of dipolar interactions on the magnetic relaxation is also
studied by Monte Carlo simulations by O. Iglesias and A. Labarta |54]. In
particular, they determine the energy barrier distributions for different dipolar
interaction strengths. They found that there exist a weak interaction regime
and a strong interaction regime. For weak interactions the distribution be-
comes wider and the mean effective barrier shifts towards lower values as the
interaction increases. When entering the strong interaction regime the distri-
bution becomes distorted and the distribution shifts to larger energy values.
This results are in agreement with the numerical simulations of D. V. Berkov
and N. L. Gorn [53].
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Effect of dipolar interactions on the magnetization curves

In some systems of ferromagnetic nanoparticles, the magnetization curves do
not seem to follow a superparamagnetic scaling law M (H/T) at temperatures
much higher than those defined for the blocking regime. We already mention in
Sec. 1.2.3 that deviations to this law may arise from non-negligible anisotropy.
But deviations produced from anisotropy are noticeable at intermediate fields.
Actually, at low fields in a system with randomly oriented easy axis the effect of
anisotropy in the initial susceptibility cancel out. There exist some systems in
which differences in the initial susceptibility are also observed. The decrease of
the initial susceptibility in dc magnetization with the increase of the strength
of dipolar interactions have been observed in Montecarlo simulations by H.
Kachkachi and M. Azeggagh [44].

An analytical model that describes the influence of magnetic interaction
on the susceptibility is that proposed by P. E. Jonsson, J. L. Garcia-Palacios,
M. F. Hansen, P. Nordblad (JGP) [52]. They give an expression for the equi-
librium susceptibility for an interacting system of nanoparticles with random
anisotropy and spherical sample shape

Xeq = Hopt” [3kpT'(1 - 1/1865R) (1.32)

in SI units, where the parameters of this expressions have been cited above.

A phenomenological model used in the description of the influence of these
interactions on the initial susceptibility and magnetization curves is that pro-
posed by P. Allia et al [55]. They suggested that the fitting of magnetization
curves with a superposition of Langevin functions is not appropriate in sys-
tems with non negligible magnetic interactions. Besides, they state that the
fact that the magnetic moment obtained in the fits increases with temperature,
is actually a consequence of the inappropriate use of the Langevin functions.
P. Allia et al proposed that the description of the influence of these interac-
tions can be modeled introducing a slight transformation in the argument of
the Langevin function,

_ pH
M_NML(kB(TJrT*)) (1.33)

This T is a temperature related to the energy of the dipolar interaction of a
nanoparticle with its neighbors,

kpT* = ep = api®/d? (1.34)

where d is the average particle-particle distance and a accounts for the geo-
metrical distribution with the neighboring magnetic moments (actually it is
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the factor Xa,% in the MHT model). So that T* reflects the strength of the
interactions.

Equation (1.33) can be written as

M = Ny L (““H)
kgT

where

TX‘
fa = — and Na:(1+?)]\f (1.35)

1+T

Two temperature regimes can be distinguished. At temperatures T'> T~ the
tq ~ i and M /Mg scales with H/T, so that we are at the superparamagnetic

regime. At temperatures T' <T” the magnetic moment p, = =571 increases

T+T*
with temperature and we are in the interacting-superparamagnetic regime.

From low field expansion of Eq. (1.33) the expression for the initial sus-
ceptibility is obtained,

N2
=— > 1.36
X k(T + T7) (136)
For a system with a magnetic moment distribution Eq. (1.33) becomes
M=N f dyu =N, f . ( ) 2)djta
(k (T+T*))f(u) = 1 f(pa)dp
(1.37)

where relations (1.35) hold. Magnetization isotherms are fitted with this ex-
pression (assuming N, independent of temperature) to determine p,. The
expression for the equilibrium susceptibility Eq. (1.36) is also modified, so
that the reciprocal susceptibility becomes,

P T

where p =< p? > | < p >?=< p2 > | < pg >2 The parameter T can be
determined by fitting Eq. (1.38) to the experimental reciprocal susceptibility.
With the parameters p, and T, the actual magnetic moment p is calculated.
If magnetization curves are not available, we can determine from expression Eq.
(1.38) the actual magnetic moment u from inverse susceptibility fits. But then
the value of p should be known in advance. For a ferromagnetic material we
can assume j o< V so that p = < V2 > / <V >2. Fitting of inverse susceptibility

to the expression Eq. (1.38) gives a and then

e [(5_30‘) 31;\377’]_1/2 (1.39)
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Then, if size distribution is known, N and p can be determined and u calculated
from the latter expression.

This model was reexamined by M. El-Hilo et al [56] showing that conclu-
sions about particle interactions should be drawn carefully. They calculated
an analytical expression for the inverse equilibrium susceptibility in the super-
paramagnetic regime. They reported that x follows an expression similar to
Eq. (1.36) such that 7 has two distinct contributions, from blocking and from
the interactions, T* = Tg — T;. Then, a negative T* = Ty is obtained even in
absence of magnetic interactions. Besides, the T* = 0 does not imply negli-
gible magnetic interactions but just that interaction effects are compensated
with that of blocking.

Therefore the model of P. Allia et al [55] can be used to qualitative study
the influence of interactions in the initial susceptibility. But one should be
careful with the conclusions drawn from it.

1.2.6 Antiferromagnetic particles

In antiferromagnetic materials the magnetic moment of an atom interacts with
that of its nearest neighbors in such a way that magnetic interaction tend to
align the moments antiparallel. The direction of ordering is defined by the
easy axis of magnetization. In the simplest case an antiferromagnet can be
regarded as two identical sublattices, say A and B. The magnetic moment of
atoms from sublattice A interact antiferromagnetically with the magnetic mo-
ment of atoms from sublattice B. And the magnetic moment of atoms from
sublattice A can interact ferro or antiferromagnetically with the magnetic mo-
ment of sublattice A. At temperatures below the ordering temperature, called
the Néel temperature (Tx), the antiferromagnet is in its ordered state. In this
situation magnetization of each sublattice are antiparallel to one another. The
magnitude of the resultant spontaneous magnetization tends to zero at T' = 0.

Consider we apply an external magnetic field along the easy direction.
At absolute zero temperature the net magnetization is still zero. But, if we
apply at T = 0 the external magnetic field perpendicular to the direction of
the easy axis the magnetic moments of both sublattices will tend to align
with the external magnetic field. So that in bulk antiferromagnetic materials
there exist a non zero contribution to the magnetization, arising from the
sublattices canting by the perpendicular component of the magnetic field, even
at T'= 0. At temperatures below Ty the magnetization of an antiferromagnet
is linear with the magnetic field, M =xarpH where xar is the antiferromagnetic
susceptibility. For a random distribution of easy magnetization axis, xar =
1/3x )+ 2/3x.. The perpendicular component Y, is temperature independent,
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Figure 1.8: Magnetic moments for an antiferromagnet when the magnetic field is
parallel and perpendicular to easy direction.

but x,; increases with temperature up to Ty where it meets the value of x;.
Then in a bulk antiferromagnetic material x o increases with temperature up
to T' = Tk, decreasing for T' > Ty following a Curie-Weiss law.

As the size of the antiferromagnetic material decreases, the particles start
to show magnetic phenomena different from that of the bulk. This behavior
was first discussed by L. Néel [57-59]. He proposed that an additional contribu-
tion from the decompensated magnetic moments exists for antiferromagnetic
nanoparticles fiper atom (Natoms)” wWhere fiper atom 1S the magnetic moment of
each magnetic atom and Nytoms is the number of atoms per particle. The
parameter x range from 1/3 to 2/3 depending on how the decompensated mag-
netic moments are distributed in the crystal. This parameter x is taken as
1/2 for disordered spins and 1/3 when the disorder arises from the surface (in
the surface there are Ngyrr = th/jms spins). This additional component to the
magnetic moment experiences the energy barrier due to the coupling with the
antiferromagnetic moments such that a relation similar to that of the equation
(1.5) holds: 7 = meV/%8T This contribution to the magnetic moment does
not increase with temperature [60].

S. Mgrup [61, 62] proposed the existence of another contribution to mag-
netic moment in antiferromagnetic nanoparticles that has the unusual property
of increasing with temperature. This contribution will be described in the fol-
lowing section.

Néel [58] modeled the magnetization response of small antiferromagnetic
particles under an external magnetic field. He concluded that it is a com-
plicated combination of both bulk and nanoparticle response. However, at
low enough fields if uH/kgT « 1 and (x. —X//)H2/2kBT « 1 it is just a lin-
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ear combination of bulk volume susceptibility xar and nanoparticle Langevin
contribution (see Eq. (1.11)),

1< p?>
= +N-
X = XAF 3 kT

(1.40)

The dependence of the magnetic moment can therefore be calculated from equi-
librium susceptibility for the antiferromagnetic nanoparticle if xap is known.

1.2.7 Spin waves in antiferromagnets: thermoinduced mag-
netic moment

The exchange interaction in a ferromagnet tends to align the spins parallel to
one another along the easy axis such that at 7' = 0 the system is completely or-
dered. At finite temperatures the system can access to higher energy states, so
that it can be perturbed from its fully ordered configuration. These states can
be described classically considering the spin as a classical vector of magnetic
moment oriented at T' = 0 along the anisotropy direction. In the excited states,
the magnetic moment vector deviates its orientation and precesses around the
easy axis. The exchange interaction favors this deviation in the spin direction
to propagate as a wave.

Figure 1.9: Spin wave propagation in the direction kin a ferromagnetic material.
Figures taken from Ref. [38].
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In an antiferromagnet the exchange interaction tends to align the spins in
the same direction but with opposite senses. Let us assume that we can neglect
the anisotropic contributions so that the energy of the system is completely
determined by the exchange interaction. As in a ferromagnet, at T = 0 the
system is completely ordered, but at finite temperatures each spin precesses
around its initial orientation. Since the momenta are oppositely aligned, the
resultant precessions would be in opposite senses. The exchange interactions

XX XXX

Figure 1.10: Spin wave propagation in an antiferromagnetic material : mode not
allowed. Figures taken from Ref. [38].

therefore do not sustain this motion and indeed it can be shown that this
spin wave is not a normal mode of the system. To form normal modes it
is necessary to allow the two sublattices to precess with unequal amplitudes
[38, 63]. The precession amplitude depends on the energy of the mode. The

=[x

Figure 1.11: Spin wave propagation in an antiferromagnet: allowed normal mode.
Figures taken from Ref. [38].

excitation energy of spin waves for antiferromagnets is given by [38§]

1/2
1 =
hwk=guB[(HE+HAN)2—H%{;ZCOSk'am}Q] cgupH =~ (1.41)

2k2a?

1/2
):| + gupH (1.42)

where Hf is the exchange magnetic field, Han is the anisotropy field and H
is the external magnetic field. The summation is over all lattice vectors G,

= guB [(HE + Hax)? - HE (1 -

that connect an ion with its z neighbors. In finite nanosized materials wave
vectors that can propagate are limited, like in a stationary wave in a closed
tube. Therefore only those modes that fulfill the condition A/2 = L/n — |k| =
27/X = nm/L can propagate through the material. Actually, modes with k —
0 are also possible and they have a non-zero magnetic moment that increases
with increasing temperature.
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Thermoinduced magnetic moment

S. Mgrup et al calculated semi-classically the temperature dependant suscep-
tibility for an antiferromagnetic system in which just the uniform mode is
populated [61, 62]. The calculation is completely developed in Ref. [62] so
that we will just give a brief description here. In this calculation any un-
compensated magnetic moment other than the ones arising from the thermal
population of spin waves, is neglected. The contribution from uncompensated
magnetic moment is further taken into account in Ref. [64].

In the absence of a magnetic field, the energy of the homogeneous mode
with £ = 0 is

heo = gup [(2Hg + Hax) Han]"? = gup\/2Hp Hax (1.43)

When this uniform state is excited the magnetization vectors of both sublat-
tices precess around the easy axis with angles 05 and 6 such that 05 + 0
and

sinHA

H
~1+8 where 6=4q/2°2Y

1.44
sinHB HE ( )

This leads to a non-zero magnetic moment for the antiferromagnetic nanopar-
ticle with absolute value

lpar| = MsV]cosfa — cosfg| ~ MgV ésin0y (1.45)

where Mg is the sublattice magnetization. To obtain this last expression it
is assumed that 6 is small and sinf is expanded. This assumption is valid
at low temperatures such that only small values of 6 are populated. The
precession modes are characterized by angles cosfg = 1, 1-¢, 1-2¢, ..., 1-(N-1)¢,

where & ~ 3 Agj’; 5~ is the smallest allowed change in cosf and N = 1/£. At low

temperatures, sin?fp ~ 2né and |uar(n)| = MsV62né. When a magnetic field
is applied along the easy magnetization axis we have different probabilities, p*
and p~, for the magnetic moment to be parallel of antiparallel to the magnetic
field. The thermal average of the magnetic moment is then

N-1
(nar) = ZO lar () |p(n)[p* —p7] (1.46)
where
p(n) — ]Ve_xlp(_4an§) 4 |:U‘AF(TL)|B€CCt) (147)

1
and p*=~— (1
SN exp(—dand) 2 knT

and a = KV [kgT. Introducing the expression

N-1
F(a) = ln( > exp(—4na§))

n=0
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the initial susceptibility can be calculated as

2
dzj;(;‘) N (dljlff‘)) ] (1.48)

_ (MgV6)?
© T kgT

in the CGS system of units. The obtained initial susceptibility increases with
temperature. We should stress that in this derivation, modes with zero net
magnetic moment as ( ») have not been taken into account. In addition, the
zero point energy is not included in the derivation of the thermal average of
the magnetic moment. As a consequence, the magnetic moment tends to zero
at T'= 0.

The susceptibility associated with the population of the uniform mode can
also be calculated using statistical mechanical formulae as follows. The energy
of this mode under the influence of a magnetic field is

En.=(n+1/2)hwo . = +gupHo + hwy where hwg = gup [Han(2Hg + HAl@]&‘éa

The magnetic moment of mode n, is -(n+1/2)gup and that corresponding to
mode n_ is (n+1/2)gup. Then, the partition function under the influence of a
magnetic field Hy is

N-1
7 - Z (e—ﬁ(n+1/2)hwo+ + e—,@(n+1/2)hw0_) _ (1.50)

n=0
B 75,)1@% 1- e—ﬁhwo,+N i h“’ZO— 1- e—ﬁhwo_N L5l
¢ 1- eiﬁh’wO* +e 1- e*ﬂhwo_ ( . )

The variable N was already defined in Mgrup derivation. Now,

F= %IHZ and M = —g—g = %%g—g (1.52)
The susceptibility can then be obtained as,
X:a_M :l%‘B:OZO_(g_g‘B:O)Q (1.53)
0H, Ho-o P Z2
The expression g_g‘B:O = 0 because at B = 0 wgy = wg_ = wyg so that
X = 1% (1.54)
B Zo

that leads for the susceptibility to the expression

-3 (gpp)? 1-2¢7Phw0 _7¢-26hw0 _(2N+1)2e PrwoN 1 (8N2+16 N+2)e Prwo(N+1) _(4N2 112N -7)e Phwo(N+2)
X 4 (l_e—ﬁhuoN)(l_e—Bhwo)Q
(1.55)
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We can approach
N-1 Bnh 1
e Iy 1.56
7;) 1 — e~Phwo (1.56)

so we get for the susceptibility the following expression

_ B(QMB)Z —Bhwo —Bhwo
——4(1_675%)0) 1+ 3e +4e 1= o Fhan

1 + ¢ Bhwo
te (1.57)

The thermoinduced magnetic moment is parallel to the easy axis. There-
fore, the equilibrium susceptibility for a nanoparticle with the easy axis ran-
domly oriented is xy = % Xth + XAF, Where x;pn refers to that obtained in expres-
sions Eq. (1.48) or Eq. (1.55) or Eq. (1.57). The thermoinduced moment iy,
can be determined from the parallel susceptibility as follows

2
< Min 2T
= —4 1.58
Xth kT ( )
Fig. 1.12 shows that the magnetic moment calculated through Mgrup
semi-classical method and the one calculated through the statistical mechanic
calculation using the expression Eq. (1.58).

0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

T(K)

Figure 1.12: p calculated with semi-classical (o) and statistical mechanical calcula-
tions for infinite N approximation (w).

The data were calculated using parameters similar to that valid for the
akaganéite nanoparticles studied in this work. We take Han = 10.5 x 103
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Oe, Hy = 6 x 10° Oe, Mg = 520 emu/cm?® and a particle volume of V =
298.5 nm®. We notice in Fig. 1.12 that the uniform mode gives at T = 0
a non zero contribution, p(0) = %guB for the magnetic moment calculated
through statistical method. The dependence of p with the temperature is
similar differences being noticeable at low temperatures between the results
obtained by these two calculations.

We can therefore conclude that the semi-classical method is a good approx-
imation. However, for antiferromagnetic systems the statistical mechanical
calculation would be more accurate.
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Experimental methods

In this chapter the experimental methods used in the following chapters are
briefly described.

2.1 X-ray powder diffraction

X-ray powder diffraction (XRD) was used in this thesis to characterize the
crystallographic structure of materials and to determine the average particle
size [65].

The XRD measurements were performed at the Servicio de Difraccion de
Rayos X y Andlisis por Fluorescencia of the Universidad de Zaragoza. We used
a D-Max Rigaku diffractometer equipped with a CuKa12 (A = 1.54 A) radi-
ation source. Diffraction patterns were recorded at room temperature. Solid
samples were prepared by grinding and spreading the powders onto a glass
holder. Liquid suspension samples were previously precipitated and washed
with acetone and then dried at room temperature. Crystallite phases present
in the sample were determined by comparison with database diffraction pat-
terns. The size of crystalline domains (‘XRD particle size’ from here on) was
estimated by fitting the strongest reflection peak to a Lorentzian. From the
fitting we obtain ¢ and A and, by using the Debye-Scherrer’s equation, we
determine the average size of the nanoparticles.

2.2 Thermo-gravimetric analysis

We used thermo-gravimetric analysis (TGA) to determine the weight percent-
age of maghemite in organic ferrofluid samples.
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The experiments were performed at the Servicio de Andlisis Térmico of
the Instituto de Ciencia de Materiales de Aragon (CSIC - Universidad de
Zaragoza). We used a TGA 5000 apparatus from TA Instruments. These
measurements on liquid samples were performed on an alumina sample holder,
in nitrogen atmosphere.

2.3 Fourier transform infrared spectra

The IR spectroscopy technique was used together with XRD as a means of
identification of compounds in a sample.

In this thesis, Fourier transform infrared spectra (FTIR) were acquired in
a Spectrum One (Perkin Elmer) instrument in the Department of Inorganic
Chemistry of the Universidad de Zaragoza. Measurements were carried out on
KBr pellets with about 5wt% of sample.

2.4 Atomic emission spectroscopy

We used the atomic emission spectroscopy to determine the metal content in
the samples.

The experiments were performed at the Laboratorio Central de Andlisis of
the Universidad de Zaragoza. We used an inductively coupled plasma optical
emission spectrometer (ICP-OES) Perkin-Elmer Plasma 40. The samples were
dried and dissolved in concentrated HCI.

2.5 Dynamic light scattering

Dynamic light scattering (DLS) was used for measuring the size of particles
suspended in a liquid buffer.

The experiments were performed at the laboratory facilities of the Insti-
tuto de Ciencia de Materiales de Aragon (CSIC - Universidad de Zaragoza).
We used a Zetasizer NanoZS ZEN3600 from Malvern Instruments [66]. The
apparatus uses a red laser of wavelength 633 nm and a scattering angle of 173°
(backscatter detection). The measurements were performed at room temper-
ature. The samples were previously sonicated and placed in a plastic cell
provided by Malvern. Several sample dilutions were used to discard any in-
fluence of the concentration in the results. The size distribution profiles were
compared with those obtained from electron microscopy in order to discard
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the existence of aggregates in the liquid samples.

2.6 Electron microscopy

We used electron microscopy in order to obtain images of the sample and
information about the reciprocal lattice of the sample.

The scanning electron microscopy (SEM) measurements were performed
at the Servicio Microscopia FElectronica of the Universidad de Zaragoza. We
used a Jeol-JSM 6400 microscope with a resolution down to 3.5 nm that works
with voltages from 0.2 to 40 kV. This microscope is also equipped with an
electron back scatter diffraction analyzer which provides information on the
elemental composition. Samples were prepared embedding the ground powder
in an epoxy resin and polishing it. The obtained images were analyzed by
using a Digital Micrograph software to determine the average particle size.

The transmission electron microscopy (TEM) measurements on solid sam-
ples were performed either at the Servicio Microscopia Electronica of the Uni-
versidad de Zaragoza or at the ’'CEMES’ in Tolousse (France). In the first case,
we used a Jeol-2000 FXII microscope that works with voltages from 20 to 200
kV. Some samples were prepared by grinding the samples in acetone and evap-
orating drops of the resulting suspension on carbon-coated copper grids. Other
samples were prepared by embedding the ground sample in an epoxy resin and
cutting ultrathin slices by ultramicrotomy. Both low and high-magnification
images were recorded, the latter revealing details of the crystallite structure.

The measurements of the organic ferrofluid samples were performed at
the Servicios cientifico-técnicos of the Universidad de Barcelona. We used a
Philips CM-30 instrument working at an acceleration voltage of 200 kV. Sam-
ples were prepared by putting a drop of the as-prepared maghemite ferrofluid
on a carbon-coated copper grid and then drying in air.

Image analysis was carried out with a Digital Micrograph software. Addi-
tionally, we usually obtained the mean number of particles IV per gram of iron
oxide as:

~ [ n(V)dV
Y Tayvar Y

where p is the density of iron oxide phase. Using N we also calculated the
number of Fe ions per particle.
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2.7 Small angle x-ray scattering

In this thesis, small angle x-ray scattering (SAXS) has been employed to get
information about average sizes as well as nanoparticle arrangements.

X-ray scattering is named as ‘small-angle x-ray scattering’ (or SAXS) when
the measurement is confined to angles within the range between ~ 0.1 and 10
degrees, these limits depending on the particular instrumental setup [67-69].
Most of SAXS experiments are performed using x-ray wavelengths A ranging
from 0.6 A to 3.25 A and they provide useful information about heterogeneities
in electron density sized within the range ~ 0.5 nm to 50 nm.

A small-angle scattering instrument, shown in Fig. 2.1, consists of a radi-
ation source, a collimator (usually a monochromator), the specimen block and
the detector of the scattered radiation.

Sample

thickness e, u .. AQ |detection AN(u)
volume

source

D=N,/S

Figure 2.1: Schematic view of a typical scattering experiment.

The detector measures the counts in the direction » in a solid angle AfQ,

AN do ,_

where T' = ®1/®( is the transmission of the sample and do/dS) is the differ-
ential scattering cross-section, measured in cm?. The scattered intensity is the
differential scattering cross-section per unit volume,

a1 da(ﬂ) AN 1
_ax 7Y =
Ny TesAQ

=— = — 2.3
@y VdQ (2:3)

The standard unit is cm™!.

The intensity is collected as a function of the scattering angle 26. Elastic
interactions are characterized by zero energy transfers, such that the final wave
vector lzzf is equal in modulus to l::i. The momentum transfer or scattering
vector § = ki-kg is defined by ¢ = 4msin 8/A. The standard unit for ¢ is AL
The scattered intensity I(q) is the Fourier Transform of g(r), the correlation
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function of the electronic density p(r), which corresponds to the probability
to find a scatterer at position r in the sample if another scatterer is located at
position 0. Then, the experiments reveal the spatial correlations in the sample.
The number of photons scattered by one sample is proportional to its total
volume V' and to its electronic contrast. In the simple case of a binary system
such as an ensemble of scattering objects of density p; embedded in a solvent
of density pg, the electronic contrast is Ap = p1- p2 (cm™2). The higher the
contrast between particles and solvent, the more intense the scattered signal
will be. A typical small angle scattering intensity profile is shown on Fig.
2.2. Intuitively, a measurement made at a given gy allows to investigate the

min o e

Figure 2.2: Left: Example of scattering intensity profile measured between gy, and
(max- Right: Binary sample and ‘g-window’ corresponding to a measurement at a
given qo. The contrast is equal to zero in cases 3 and 4 and different from zero in
cases 1 and 2.

density fluctuations in the sample on a distance scale Dy — 2 7 /qo. This is
equivalent to observe the system through a 2 m /go diameter ‘window’ in real
space as shown on Fig. 2.2. The g-range is usually divided into three main
domains as illustrated in Fig. 2.3. The window defined in the high-¢ domain
(case 3) is very small so that there is a contrast only at the interface between
the two media. It is called the Porod’s region and gives information about
the interfaces present in the sample. In the intermediary region, case 2, we
can obtain information about the size, shape and internal structure of single
particles. Finally, when the observation window is very large (low-¢ domain,
case 1), the structural order can be obtained which allows to investigate the
interactions in the system.

The analysis of small-angle scattering data can be performed following three
different approaches. The first one, so-called direct method of interpretation,
is used when some a priori information on the object is available and per-
mits to recover directly its structure, i.e., the scattering density distribution.



34 Chapter 2. Experimental methods

Figure 2.3: Three ¢-domains define correspondingly three ‘windows’ of diameter 2
7 /q diameter in real space. Each g-domain provide different information about the
characteristics of the sample.

This approach is used mainly in the analysis of the scattering of non-complex
systems. There are some available software packages for this kind of analy-
sis, such as GNOM developed by A. V. Semenyuk and D. I. Svergun |70, 71],
which searches for the density distribution function that fits the experimental
data using some initial conditions provided by the user. The second approach
is used to determine structural parameters of the system and it is based on
the evaluation of the invariants of the scattering curve. These are calculated
from approximate expressions of the scattering intensity that are applicable in
certain g regimes. In the range qR;<'1 the intensity of a system composed of N
randomly oriented and spatially uncorrelated nano-objects follows the Guinier
law,

2 9
I(g) = I(0)exp (%) (2.4

where 1(0) = (p1 — p2)?¢6(1 — ¢) (V1) is the extrapolation of the intensity at
q — 0, V1 is the average volume of the particle and ¢ is the volume fraction. Ry
is the radius of gyration of the nano-object which in the case of a homogeneous
and spherical object of radius R is given by Ré — 3/5R? and in cylinders with
diameter D and height H is Ré — (D?*/8) + (H?/12). Then, the beginning
of the scattering curve provides information about two parameters, namely
I(0), characterizing the total amount of scattering matter, and Ry, bearing
information on its distribution with respect to the particle center of mass. In
the high g region, when two media are separated by a sharp interface, the
asymptotic intensity follows the Porod’s law,

2r(Ap)* S

. (2.5)

limgool(q) =
where S is the nanoparticle surface area. There are more sophisticated expres-
sions of this law for complex interfaces. Porod’ s law applies to either, dilute or
concentrated systems of isolated nano-objects, however in the particular case
of thin sheets or very narrow cylinders the asymptotic intensity is proportional
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to 1/¢* and 1/q, respectively [68]. The behavior of I(q) at high ¢ is often
analyzed using a Porod plot (I(q)q* versus ¢?), that according with Eq. (2.5)
I(q)q* is expected to become asymptotically constant in the high ¢ limit. Let
us remark that scattering intensity must be in absolute units for the deter-
mination of the interface surface area using Eq. (2.5). Then, the asymptotic
behavior of I(q) provides information about the surface scattering. Finally,
the Porod invariant @ is obtained from the integral of the scattering intensity
in reciprocal space,

Q= [ ¢ 1(@)dg =2 01(1 - 61) (8p)? (2.6)

Let us notice that @) only depends on the electron density contrast factor and
on the volume fractions ¢ occupied by both phases, but not on their detailed
geometrical configuration. For example, in structural transformations in which
the electron densities and the volume fractions of both phases are constant, the
integral () remains constant even if the structure and, consequently, the shape
of the scattering intensity curves vary. Again, the calculation of the Porod
invariant requires that the scattering intensity is in absolute units. The integral
@ is very useful for the determination of the volume fraction, from which we can
derive the concentration of the material. The right volume fraction is obtained
from Eq. (2.6) only in absence of aggregates. The scattering of clusters is
reflected as an additional contribution to the intensity that appears around the
angle position corresponding to the average cluster size. In this situation, Eq.
(2.6) would give larger ¢ values than the real ones. The comparison between
calculated and real concentrations provides information about the formation
of particle clusters. In those systems where particles are not correlated and
¢ << 1, we can make use of the expression of the extrapolated intensity 1(0) ~
(Ap)2p1 Vi and Eq. (2.6), Q = 272¢1(1 — ¢1)(Ap)? = 27241 (Ap)? to obtain
the ‘Porod’ volume of the particle,

e 1)
=z [ 1(q)q2dq

This expression does not require the absolute intensity values. The last ap-

(2.7)

proach is one of the most widely used in the interpretation of SAXS data. It is
based on the fitting of the scattering intensity with a unified equation proposed
by Beaucage [72, 73],

qu2)+31({erf[q3g/¢61}3)p 29
3

Ip(Q) =Giexp (_ 7

where (1 is the Guinier prefactor,

G1=N(p1-p2)* V (2.9)
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and N is the number of particles per unit volume. Bj is a prefactor specific
to the type of power-law scattering, defined according to the regime in which
the factor p falls. This factor describes the power law decay of the scattered
intensity and depends on the dimension of the scattering surface. For p = 4,
By is the Porod constant defined as

By =2aN (p1 - p2)° S (2.10)

This approach successfully describes scattering from polydisperse nano-objects
with different shapes and from multiple-size structures |72|. The above expres-
sion yields the values of Ry, By and G, that can be used to calculate the mean
diameter and the standard deviation of the particle distribution [74].

The experiments were performed at the Beam Lines ID01 (A= 1.77 A) and
BM16 ( X\ = 0.97 A) of the European Synchrotron Radiation Facility (ESRF).
Several sample detector distances were used in order to cover a broad angle
range. In some experiments in BM16 line, the CCD-detector was off-centered
to collect data at the highest possible angle. Various counting times were used
and several runs performed for every sample in order to have better statistics.
Solid samples were prepared by grinding and pressing into pellets. As prepared
transparent films were also observed for some samples. In the case of liquid
suspensions, the solvent and empty cell were also measured for absolute data
extraction. A PRIMUS software [75] was used in data treatment (subtraction,

averaging of different runs, ...). Average particle sizes were obtained using
GNOM software [71].

SAXS data from ID01 beamline were processed with macro software pro-
vided by IDO01 to get the absolute intensity profiles, as well as for error bars
estimations. The intensity in BM16 experiments was calculated in absolute
units (cm™!) by a scaling method using water as a reference. The procedure
was as follows: first, scattering intensities from the CCD detector were az-
imuthally averaged by using macros provided by BM16. Then, the scattered
intensity is normalized with the transmitted intensity (I;). Finally, the wa-
ter scattering intensity shown in Fig. 2.4 is determined, subtracting the cell
contribution and normalizing by cell thickness. The extrapolated value of the
scattered intensity is correlated with the constant scattering intensity of water
[76] at room temperature, (293 K) = 1.632 x 1072 cm™'.

2.8 Differential scanning calorimetry

In this thesis, differential scanning calorimetry (DSC) was used to confirm Neéel
temperature estimation from magnetization measurements.
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Figure 2.4: Intensity profiles for the water at sample to detector distances of 2.5 m
(2) and 4 m (o).

The experiments were performed at the Servicio de Andlisis Térmico of
the Instituto de Ciencia de Materiales de Aragén (CSIC - Universidad de
Zaragoza). We used a commercial Q1000 apparatus from TA instruments.
The instrument was calibrated in temperature and energy using an Indium
sample. Additionally, a standard Sapphire sample was measured in the same
temperature range as that used for the samples in order to calibrate the DSC
for absolute heat capacity measurements. The sample holder was an aluminum
pan.

2.9 Specific absorption rate

In this thesis, we measured the specific absorption rate (SAR) of the ferrofluids
to determine the effective relaxation time of the particles at frequencies f ~
kHz. The specific absorption rate is defined as the thermal power per mass unit
dissipated in the presence of an alternating magnetic field. SAR is measured
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according to the pulse heating method,

SAR- .. AT (2.11)

mnp At
where myp is the mass of magnetic material, C the heat capacity of the whole
sample and AT the temperature increment during the field application interval
At. The installation, shown in Fig. 2.5, consists of an ac magnetic field genera-
tor, a sample space delimited by an isolating material, temperature sensors and
a data acquisition system. The sample is hanged by thermal isolating threads

6 10

1 sample

5 2 adiabatic shield
3 T sensors

4 glass vessel

S pumping group
6 electronics

4 (T measurement &
8 8 control)

7 capacitor bank

8 coil

9 clectronics

(ac field generation)
10 computer

10

Figure 2.5: Schematic view of SAR setup. Image taken from Ref. [77].

from the adiabatic shield, which surrounds the sample. The shield is kept at
the same temperature as the sample in order to ensure adiabatic conditions.
It is made of alumina to minimize the effect of Foucault currents, which arise
in the presence of alternating magnetic fields. The coil is placed outside the
vacuum environment to prevent any heating in the sample environment pro-
duced at high field amplitudes. A detailed description of the magneto-thermal
installation can be found in Refs. [77, 78|.

The experiments were performed at the laboratory facilities of the Insti-
tuto de Ciencia de Materiales de Aragon (CSIC - Universidad de Zaragoza).
We used the special-purpose magneto-thermal setup [77, 78] working under
adiabatic conditions previously described. Measurements were performed on
liquid samples at average temperatures of 315 K. The specific absorption rate
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is measured by applying an oscillating magnetic field of amplitude 3 kA/m
and frequency f of 109 kHz. We used a quartz sample holder sealed with a
vacuum-proof solvent. The contributions to the SAR of the carrier liquid, the
quartz sample holder and the sealant were taken into account. The tempera-
ture increments measured were small due to the low nanoparticle concentration
in the ferrofluid and the relatively high heat capacity, so that final SAR values
were obtained by averaging between 5 to 9 heating steps. According to R. E.
Rosensweig [79] SAR can be expressed as:

WTeff

A _ H2 17 . h 124 — -
SAR(W/g) = pom fHyx"[p with x X01+(UJ7'eff)2

(2.12)
where p is the mass density of the active material, xq is the equilibrium sus-
ceptibility, w = 27 f and 7eg is the effective relaxation time of the particles.

2.10 Magnetic experimental techniques

The magnetic measurements were performed using three different setups that
are briefly described here.

The ac and dc susceptibility measurements under magnetic fields up to 5
T were performed in superconducting quantum interference (SQUID) magne-
tometers of Quantum Design Inc |80, 81]. Basically, this device consists of a
superconducting magnet inserted in helium bath, a temperature and magnet
control system and a SQUID-based dc magnetometer and ac susceptometer.
A schematic draw is shown in Fig. 2.6. The sample is suspended in a central
chamber isolated from the helium bath, allowing the temperature of the sample
to be controlled over the temperature range 1.8-400 K, while the detection coils
and the drive coils remain in liquid helium. The system works under magnetic
fields up to 5 T.

In the dc-magnetization measurements the sample is moved in a series of
discrete steps through the detection coils. A change in the sample’s position
causes a change in the flux within the superconducting detection coil, thereby
changing the current in the superconducting detection circuit. The detection
coils are configured as a second-order gradiometer, consisting of an upper coil
turned clockwise, two coils turned counter-clockwise and a bottom coil turned
clockwise. This configuration cancels the signal produced by fluctuations in
the large magnetic field of the superconducting magnet. The detection coils
are inductively coupled through a superconducting isolation transformer to a
SQUID-based detection system. The SQUID act as a flux-to-voltage conver-
tor so that measures directly the change in flux as the sample moves through
the superconducting detection coils. This voltage is recorded at each of the
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Figure 2.6: Schematic view of the SQUID magnetometer.

sample positions, being the raw data of the dc measurement. The longitudinal
SQUID calibration factor is used to convert the measured voltages into mag-
netic moment (Palladium is used to determine this calibration factor). The
resolution is of the order of 1077-107® emu. The ac susceptometer consist of an
ac drive system and a feedback system in addition to the detection coils and
the SQUID. In an ac susceptibility measurements the high sensitivity of the
SQUID is combined with the noise rejection inherent to ac techniques. In the
ac-susceptibility measurements an oscillating magnetic field is applied to the
sample; the change in flux seen by detection circuit is due only to the change
of the magnetic moment of the sample as it responds to the applied ac field.
From these measurements we obtain the complex susceptibility. The data re-
sult from two separate measurements, one in the lower gradiometer coil and
another in the center coil. First, the sample is moved to the lower coil where
the system automatically nulls any noise and removes dc offset and the signal
of the sample itself, to a selected user noise level. The remnant signal in the
bottom coil is then measured during a time specified by the user. The sample
is then moved into the center coil of the gradiometer and the signal is mea-
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sured. The difference between these two measurements is about three times
the actual moment of the sample, since the center coil has opposite orientation
to the lower coil and twice as many windings.

High-field magnetization isotherms have been measured with the vibrat-
ing sample magnetometer VSM option of the physical property measurement
system (PPMS) [82]. This option has a sensitivity of 107% emu (at 1 Hz).
The option consists of a VSM linear motor transport (head) for vibrating the
sample, a coilset puck for detection and the electronics for driving the linear
motor transport and detecting the response from the pickup coils. The mea-
surement is accomplished by oscillating the sample near a detection (pickup)
coil and synchronously detecting the voltage induced in a pickup coil. The
time dependent induced voltage

dd dddz :
Veoil = prir i 27 fCpAsin(2m ft) (2.13)

where ® is the magnetic flux enclosed in the pickup coil, C is a coupling con-
stant, p is the magnetic moment of the sample, A the amplitude of oscillation,
f is the frequency of oscillation and z is the vertical position of the sample.
The voltage induced in the pickup coil is amplified and lock-in detected in the
VSM detection module.

The experiments were performed at the Servicio de Instrumentacion Cien-
tifica - Area Medidas Fisicas of the Universidad de Zaragoza. Magnetic mea-
surements were performed using commercial PPMS system and SQUID mag-
netometers MPMS-XL and MPMS-5S from Quantum Design. The samples
were hold in capsules for the measurements. The diamagnetic contributions
of polymer matrix, solvent and capsule were determined in independent mea-
surements. All of them vary linearly with the applied magnetic field and are
temperature independent. Their contribution was subtracted from all the sam-
ple experimental data.

We also performed high field magnetization measurements at the High Field
Magnet Laboratory (HFML) facility in Nijmegen. Magnetization curves were
measured as a function of magnetic field up to 30 x 10* Oe at different tem-
peratures using an extraction magnetometer in a Bitter magnet [83, 84|. The
sensitivity of the extraction magnetometer is about 107 emu. The measure-
ment device yields magnetization as a voltage output that it is converted to
electromagnetic units (emu) by using a calibration factor. The samples were
enclosed in teflon sample-holders for the measurements. The diamagnetic con-
tribution from the sample-holder was also analyzed and it was removed from
the experimental data.

The results included in the following chapters are given in gaussian (CGS)
units. That is, magnetic field is expressed in Oersted (Oe, 1 Oe = 10 ? /
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47 A/m) and magnetic moment in electromagnetic units (emu, 1 emu = 1073
Am?). The magnetization, usually defined as the magnetic moment per vol-
ume unit, is given in the following chapters as magnetic moment per gram of
magnetic material. Accordingly, the susceptibility would be given per gram of
magnetic material and expressed in emu/Oe g units.



Chapter 3

Akaganéite polymer
nanocomposites

This chapter investigates the magnetic properties of a series of akaganéite poly-
mer nanocomposites prepared by ‘in situ’ precipitation of akaganéite nanopar-
ticles in a polymer media. A controlled precipitation is achieved by using a
polymer matrix, polyvinylpyridine, containing N-base functional groups that
form coordination bonds with iron ions. The resulting nanocomposites contain
isolated rod-like nanoparticles organized in parallel planar arrays distributed
within the polymer matrix. Magnetic studies show two sources of magnetic
moment in akaganéite nanoparticles: 1) finite size effects with a characteris-
tic blocking temperature below 2 K; and 2) a deficient Cl™ occupancy, with a
characteristic blocking temperature around 18 K.

3.1 Introduction

In their several crystalline forms, iron oxides are valuable materials for a variety
of applications [18]. In particular, akaganéite (5 -FeOOH) is present in phar-
maceutical formulations for the treatment of anaemia [85]. It is also used in
environmental applications [86, 87| and catalysis [88] thanks to its capacity for
ion and vapor adsorption. Though not frequently, akaganéite is found in soils
[89, 90] and possibly in other planets [91, 92]. Moreover, akaganéite is used as
a precursor in the production of other iron oxide phases such as hematite [93],
goethite [94] and magnetite [95], in order to obtain particle morphologies that
are unusual in these iron oxide phases. In this way, akaganéite is indirectly
useful in industrial and biomedical applications associated to other iron oxide
phases.
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Besides industrial applications, akaganéite is also interesting in basic sci-
ence, mainly in geology, corrosion, colloids and magnetism. There are some
open issues regarding the variation of magnetic properties of bulk materials
when their size is reduced to the nanometer range. Akaganéite is a suitable
antiferromagnetic material in these studies because its magnetic structure does
not present large values of uncompensated magnetic moment, associated to
non-collinearities in the magnetic structure, as in other antiferromagnetic ox-
ides such as goethite, hematite or ferrihydrite. Previous works on akaganéite
showed that its physical and chemical properties are strongly dependent on
the ions that fill the channels. In particular, the Néel temperature Ty ~ 240
K - 299 K and the Curie-Weiss temperature 6 ~ 300 K - 1000 K measured for
differently synthesized materials vary within rather broad ranges. D. Cham-
baere and E. De Grave showed that Ty strongly depends on the mean number
of intersticial water molecules [24]|. They associated this dependence to a re-
duction of the effective 3d-spin S, as the number of interstitial ions increased.
Based on this idea, we analyzed in this work the influence of the amount of C1™
ions on the uncompensated magnetic moment and the magnetic relaxation of
akaganéite antiferromagnetic nanoparticles.

Let us mention that, for this purpose, nanocomposites would be the ideal
samples, since particles should be isolated in order to distinguish between in-
trinsic particle properties and collective effects. The obtained nanocomposites
have been used in detailed magnetic studies that will be described in following
chapters.

3.2 Synthesis

Akaganéite has a monoclinic crystal structure [19, 20, 96, 97] formed by square
channels of double octahedra chains that are held by interstitial Cl™ ions. The
CI™ content may vary with the preparation conditions, but below a threshold
concentration the structure collapses. Thus, akaganéite is usually prepared
by hydrolysis of FeCls aqueous solutions at moderate temperatures. The pH
must be slightly acidic (pH<5) to avoid the formation of more stable phases,
such as hematite and goethite |98, 99|. Akaganéite has also been obtained
by hydrothermal synthesis [100] and by addition of NaOH to FeCly solutions
[101]. For all these methods, particles are usually rod-like single crystals with
a length of several tenths of micron [102] that, concerning magnetic properties,
can be considered as bulky particles. Some additives and organic solvents [103—
107] may induce the formation of akaganéite at a high pH. In these conditions,
the particle size is reduced to a few nanometers and aggregation is favored.
A convenient method to control aggregation and particle size is to prepare
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akaganéite particles in a template, such as a polymer. However, there are few
examples of akaganéite polymer nanocomposites in the literature. Dextran
and other polysaccharide have often been used, but this is more because they
are an adequate encapsulation for biomedical applications, such as anaemia
therapy, [107-111], because of their templating capacity. Other matrixes used
for akaganéite nanocomposites are assemblies of polyions [112] and nanoporous
alumina [113].

This chapter focuses on akaganéite-polymer nanocomposites. Among the
numerous routes to prepare magnetic polymer nanocomposites [25], in situ
precipitation has been our choice, since it yields homogeneous materials and
profits from the moulding effect of the polymer. In this route, the matrix is
mixed with a molecular metal precursor and the particles are grown inside
the precursor-polymer compound by addition of a precipitating agent [26-29].
The polymer used here is poly(4-vinylpyridine) (PVP), that has nitrogen base
groups that form coordination bonds with iron ions. In this way, the hydrolysis
reaction is carried out in a controlled manner. This method has recently been
employed successfully for the production of maghemite nanocomposites [30].
In that case the precipitating agent was sodium hydroxide and the precursor
salt was iron bromide. In the present case the precipitating agent is the same
while the precursor is iron chloride.

Inorganic reagents and PVP polymer (60.000 D) were purchased from
Aldrich. Gels of iron-PVP coordination compounds were prepared by dis-
solving 0.2 g of PVP in 4 mL of water/acetone (1:1), mixing this solution with
2 mL of 1M FeCl3-6H20 solution in the same solvent and drying first in air
and then in an oven at 60 °C for 2 h. Akaganéite nanocomposites were pre-
pared by immersing the iron-PVP coordination compound in a volume of 1 M
NaOH solution for a Fe/OH ratio of 1:3, washing with water, drying at room
temperature and then in an oven at 150 °C.

Two nanocomposite samples were prepared by the procedure described
above with a |Fe|/|pyridine| ratio = 1.05. The first sample, NCyasn, was exten-
sively washed with water after the treatment with NaOH, whereas the second
sample, NC¢, was just slightly washed. The bulk akaganéite sample was pre-
pared by the spontaneous oxidative hydrolysis of FeCls solutions as previously
proposed in the literature [18, 101]. One liter of 0.1 M solution of FeCly-4H20
was aged inside a closed vessel in an oven at 70 °C for 1 month. The yellow
precipitate was filtered, washed with water, dried first at room temperature,
then in an oven at 50 °C and finally stored in a sealed flask.
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3.2.1 Mechanisms of particle formation

The hydrolysis of iron ions may lead to a variety of crystalline phases depending
on the precipitation conditions and the precursor iron salt by a process that
involves several intermediate iron species. Concerning the akaganéite phase,
it is formed in iron aqueous solutions only in the presence of chloride ions,
slightly acidic solutions and moderate temperatures. Nucleation and growth
proceed by two different hydrolysis reactions, namely olation and oxolation.
The process has been explained by Bottero et al [114] and it can be summarized
as follows: 1) formation of iron dimers and trimmers 2) condensation into
Fe24 polycations (with the same local structure as akaganéite), 3) arrangement
of Fe24 clusters into linear chains, 4) chain ramification, 5) precipitation of
hydrated low density amorphous particles, 6) condensation into crystalline
particles. Obviously, it is difficult to control this process, although it is known
that it is drastically affected by the presence of iron ligands, such as PO}
[115].

The strategy proposed here to control akaganéite precipitation is to per-
form the process in a restrictive environment. There are three factors that may
contribute to growth restriction in iron-PVP system: 1) the growth medium is
a solid matrix and therefore ion diffusion is slowed down with respect to liquid
media, 2) the matrix contains pyridine groups that interact with iron growing
units and with the particle surface by means of N-Fe coordination bonds and 3)
the pyridine groups are deprotonized before the onset of precipitation, becom-
ing hydrophobic. This third factor can be determinant in the particle growth
process. As it is explained in our previous report [30], the initially homogeneous
iron-polymer gel collapses when the pyridine groups become hydrophobic. The
new microstructure would be no longer uniform in the nanometer scale, but,
most probably it would be partitioned into hydrophilic and hydrophobic re-
gions encapsulating the iron ions. Thus, the subsequent growth process will
be restricted by the amount of iron ions contained in each hydrophilic region.
This mechanism explains the small particle size and the absence of aggregates.
Besides, it will help to reduce the particle size dispersion.

3.3 Physical characterization

3.3.1 XRD

X-rays powder diffraction was performed in a Rigaku D-max B diffractome-
ter. Fig. 3.1 shows XRD patterns from NCy,asn and NCg) composite samples,
PVP polymer and precipitated akaganéite powders. The nanocomposite XRD
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Figure 3.1: XRD patterns of akaganéite database reference (S-FeOOH), aka-
ganéite nanoparticle powders from spontaneous precipitation, nanocomposite samples
NCyash, NCc1 and PVP polymer.

patterns show a very broad peak around 22°, which is also observed in the
polymer pattern and some narrower peaks, which are in turn present in aka-
ganéite powder pattern, at angles corresponding to those of akaganéite crystal
structure. The pattern of sample NC¢; shows additional sharp peaks that cor-
respond to NaCl crystal structure revealing that the washing was insufficient
to eliminate this salt from the nanocomposite.

The differences in relative peak intensities between powders and nanocom-
posites patterns and the reference pattern are probably due to particle shape
effects. Notice that the width of the peaks of NC¢j sample is in agreement
with the width of the peaks of NC,,gn sample suggesting that both samples
have similar average sizes.

An analysis by atomic absorption yielded 22wt % of Fe and 4wt % of Na
in this sample. Assuming a percentage of adsorbed water ~ 15wt% we can
determine the weight percentage for the polymer as ~ 50wt%.



48 Chapter 3. Akaganéite polymer nanocomposites

3.3.2 FTIR

Fourier transform infrared spectra were taken on KBr pellets using a Perkin
Elmer Spectrum One instrument. Fig. 3.2 shows FTIR spectra of pure ak-
aganéite powders, PVP and nanocomposite samples. The spectrum of aka-
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Figure 3.2: FTIR spectra of nanocomposite sample NC¢;, akaganéite nanoparticle
powders from spontaneous precipitation and PVP polymer.

ganéite powders shows broad bands at 1623 cm™, 850 cm™, 683 cm™ and
411 em™! and shoulders at 630 ecm™ and 473 cm™!, which are close to wave
number values reported for this compound [116-121]|. The band at 1623 cm™!
can be assigned to bending vibrations of structural water bound to different
sites [117, 118]. The band at 850 cm™' and shoulder at 630 cm™ correspond
to H-O-Cl libration vibrations (8504826 cm™!, 642 cm™ in ref [119, 121]).
The shoulder at 473 cm™! and the strong band at 411 cm™! can be related to
Fe-O translational modes (479, 424 cm™! in ref [119]) or to Fe-O-Fe symmetric
stretching vibrations [118, 120]. The band at 683 cm™!, often assigned to OH
libration vibrations, has recently been considered as an artefact [120]. Actu-
ally, there is some disparity between reported values for akaganéite IR bands
that can be due to different Cl” content in the samples [121]. For instance,
ref [106] reports bands at 850+820 cm™, 650 cm™, 487 cm™! and 420 cm™!,
whereas Ref. [105] finds bands at 848 cm™, 633 cm™ and 404 cm ™. The spec-
trum of the nanocomposite sample can be interpreted as the sum of polymer
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and powder spectra. Characteristic bands of akaganéite powders are clearly
distinguishable, as indicated in figure 3.2. No bands are observed from any
other iron oxide phase apart from akaganéite.

3.3.3 Electron microscopy

Transmission electron microscopy was performed with a Jeol-2000 FXII mi-
croscope, with point-to-point and line-to-line resolutions of 2.8 A and 1.4 A,
respectively. Samples for TEM observations were prepared in two different
ways: 1) grinding the nanocomposites in acetone and evaporating drops of the
suspension on carbon-coated copper grids; and 2) embedding the ground com-
posite in an epoxy resin and cutting ultrathin slices by ultramicrotomy. Both
low and high-magnification images were recorded, the latter revealing details
of the crystallite structure.

Figure 3.3 shows a TEM image of akaganéite nanocomposite sample NCyash
after grinding in a mortar. The particle density is very high and therefore
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Figure 3.3: (a) TEM image of the ground akaganéite/PVP nanocomposite sample
NCyash; (b) histograms of particle length and (c) particle width.

particle shape is only distinguished on the grain edges. The image shows rod-
like particles with average length and thickness of 23.7 + 5.5 nm and 5.1 + 1.1
nm, respectively. These dimensions are smaller than those found in akaganéite
powders from slow hydrolysis of iron (IIT) chloride solutions whose typical
dimensions are between 0.2-0.5 pm in length and 0.02-0.1pm in width [18].

Figure 3.4 shows a TEM image of a ground sample NC¢). The particles
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are also rod-like with average length and width 17.9 + 5.7

nm and 5.4 + 1.5
nm, respectively.
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Figure 3.4: (a) TEM image of the ground akaganéite/PVP nanocomposite sample
NCqy; (b) histograms of particle length and (c¢) particle width.

The Cl/Fe atomic ratio in NCy,sp and NC¢ samples estimated from EDS
analysis over the nanoparticles was 0.33 and 0.78, respectively, indicating that
washing effectively removed Cl™ ions from the akaganéite nanoparticles.

High-magnification images enabled us to measure the interplanar atomic
distances of nanoparticles with different orientations. One of these images is
shown in Figure 3.5 together with its FFT pattern. Lattice plane distances
of 1.87, 2.03 and 2.62/2.66 were measured, corresponding to (4 4 0), (1 5
0) and (4 0 0) planes of akaganéite crystal structure [19, 20, 96]. Analysis of
different nanoparticle images yield other distances, such as 2.35/2.36, 2.79/2.80

and 3.02/3.03, that can be assigned to planes (2 4 0), (1 1 1) and (0 0 1),
respectively.

In order to determine the disposition of the particles within the matrix,
ultrathin slices of sample NC¢y were observed by TEM as shown in Fig. 3.6.

It is observed that, at short length scales, the particles are arranged parallel,
forming sheets.
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Figure 3.5: HRTEM image of a group of nearly parallel needle particles showing the
same direction of elongation. In the inset, electron diffraction pattern of the area.

Figure 3.6: TEM images of an ultrathin slice of akaganéite/PVP nanocomposite
sample NC¢y.

3.3.4 SAXS

SAXS experiments were carried out at beamline ID01 of the European Syn-
chrotron Radiation Facility (ESRF). Nanocomposite samples for small-angle
x-ray scattering measurements were prepared by grinding the as prepared films
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in a mortar and then pressing the grains into pellets having an approximate
thickness of 0.2 mm. The nanostructure of composite samples was exam-
ined by SAXS following a procedure similar to that previously applied to
maghemite/PVP nanocomposites [122].

Fig. 3.7 shows SAXS plots of pellets of powdered polymer and composite
samples. The polymer curve shows a region of constant intensity at higher
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Figure 3.7: (a) SAXS log plots of pellet samples of poly(4-vinylpyridine) polymer
(PVP) and akaganéite/PVP nanocomposite samples NCyash and NCcy; (b) SAXS
curve of NC¢ sample after subtracting the polymer scattering.

q values, implying that the structure is homogeneous in the corresponding
length scale. At lower ¢ values, the scattered intensity follows a region of
linear increase with a slope of 3.3. This power-law behavior is not far from
the typical scattering behavior of smooth surfaces (n = 4), usually referred
as Porod regime [123]| and can be assigned to surface scattering from folded
polymer chains [122]. The SAXS curves of the two nanocomposite samples
are very similar to each other, consisting of a region of steep linear increase at
higher g values followed by another region of linear increase with a lower slope.
As in previous SAXS analysis [122], it can be considered that the observed
intensity is the sum of polymer and particle contributions.

Figure 3.7 (b) represents the scattering intensity after subtracting the con-
tribution of the polymer for sample NCg. The plot shows a central region
of linear increase with a slope n = 2.0, which is usually associated to tabular
objects. These tabular objects could correspond to the planar arrays of acic-
ular particles, observed in TEM images. The central linear region starts and
ends at ¢- values corresponding to distances of 6 and 73 nm, respectively. The
first distance is close to the average particle thickness determined by TEM and
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consequently to the height of tabular objects. The ending distance is clearly
higher than particle length but it is comparable to the width of these objects
(Fig 3.6).

3.3.5 Magnetic properties

Magnetic characterization including zero-field cooled (ZFC) and field cooled
(FC) dc susceptibility, ac susceptibility and magnetization versus field mea-
surements were performed in a commercial SQUID MPMS magnetometer from
Quantum Design.

Figure 3.8 shows the variation of magnetization with the magnetic field, I,
for NCyash and NC¢ samples. Curves from both samples show the presence of

Figure 3.8: Field dependence of the magnetization of akaganéite bulk and akaganéite
nanocomposite samples NCyasn and NCcp at 150 K. Notice that the extrapolation to
zero field Mync is three times larger for sample NCyagh, 1.21 emu/g, than for sample
NCcy, 0.43 emu/g, suggesting that the contribution to the magnetization associated
to the uncompensated magnetic moment is larger for sample NCyash-

a contribution saturating at relatively low magnetic fields M. plus another
contribution that increases approximately linearly with H. The former contri-
bution is three times larger for sample NCyasn, 1.21 emu/g, than for sample
NCcy, 0.43 emu/g. Also, at high fields (H ~ 30000 Oe) the NC¢ curve is
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almost linear, as expected for a perfect antiferromagnet, whereas NCygn still
shows a slight curvature. These features suggest that the contribution to the
magnetization associated to the uncompensated magnetic moment is larger for
sample NCyash-

Figure 3.9 shows plots of the in-phase x’ and out-of-phase x” ac suscepti-
bility components, respectively, for composite and powder samples. The x” of
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Figure 3.9: Temperature dependence of the in-phase x’ and out-of-phase x” ac mag-
netic susceptibility of akaganéite powders (bulk) and nanocomposite samples NCyash

and NCqy.

the powder sample is zero, as expected for an antiferromagnetic material. For
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Table 3.1: Characteristics of the NC¢; and NC,.sn, nanocomposite samples.

atomic Cl/Fe (L) (nm); (D) (nm) Myune (emu/g) xr (emu/Oeg) Ts (K)
NCcy 0.78 179 £5.7; 5.4 £ 1.5 0.43 0.7 x 1074 22
NCyach 0.33 23.7 £ 5.5: 5.1 = 1.1 1.21 1.9 x 1074 70

sample NCqy, below 22 K, x’ increases steeply and x” increases constantly from
zero and both of them are frequency dependent. This suggests the appearance
of a slow magnetic relaxation phenomenon due to finite size effects. In a first
instance, this phenomenon could be associated with a small magnetic moment
arising from uncompensated surface spins. Sample NCyashn shows a more com-
plex behavior. x’ and x” show a peak around 20 K and they become frequency
dependent at 70 K already. Moreover, the equilibrium magnetic susceptibility
XT Of NCyash is clearly larger than the equilibrium susceptibility of NC¢ (per
unit of FeOOH mass). For example, at 200 K, xt = 1.9 x 107 emu/Oe g for
sample NCyash while x7 = 0.7 x 1074 emu/Oe g for sample NC¢j. Thus, the
former sample has an additional source of uncompensated magnetic moment
with respect to the latter one, in agreement with magnetization results. Below
5 K, x’ and x” data are fairly coincident in both samples. This suggests that
the additional moment in NCyagn blocks at a higher blocking temperature, 7.
This can be associated with a slower relaxation process or with a higher mag-
netic anisotropy. Notice that, because particle sizes are similar, this additional
moment and the relaxation process are not likely associated with differences in
particle sizes between the two composites, but rather to a lower Cl™ content.
An incomplete filling of C1™ sites may alter the perfect compensation of antifer-
romagnetic sublattices and consequently it may lead to the appearance of an
associated magnetic moment. In other words, Cl™ ions play a role in magnetic
exchange interactions and a perfect sublattice alignment is only achieved when
the crystal lattice is saturated with CI™ ions.

The characteristics of both samples are summarized in Table 3.1. The effect
of CI” deficiency on the magnetic properties of akaganéite has been outlined
before [23] in relation to a decrease of Néel temperature, Ty, although other
authors attribute this decrease to the water content [124|. Reports on ac mea-
surements of akaganéite nanoparticles describe susceptibilities x” and x” that
increase from a certain temperature, find a maximum around 10 K (75 = 8
K, 11 K) and decrease again [111]. The measured samples were commercial
iron dextran preparations containing particles with an approximate size of 20
x 4 nm. Studies based on ZFC-FC dc susceptibility measurements, yielded Ty
= 18 K for spherical particles |[101] and Tg = 15 K for two different rod-like
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particle samples with sizes 120 x 25 nm and 200 x 50 nm respectively [113]
and they also showed a constant decrease of susceptibility at temperatures
below Ts. Muon spin relaxation experiments (measuring time, 7, = 1078
s) yielded a blocking temperature of 10 K on akaganéite nanoparticles with
an average size of 6 nm [125]. Much higher Ty values (150 - 290 K in [116]
and 65 - 215 K in [117]) have been derived in Mssbauer measurements from
doublet-to-sextet conversions. However, these conversions have also been in-
terpreted as an order-disorder magnetic transition (7x) [24], in agreement with
our own measurements that indicate Néel temperatures in the range between
220 K and 250 K (see Chapter 4). Thus, studies of relaxation phenomena in
akaganéite nanoparticles with a size of the same order of those studied here
yield Ty values in the range 8 - 18 K that are usually related to small mag-
netic moments originated from uncompensated spin lattices on particle surface
|126]. However, we have observed that nanoparticle samples that have not been
thoroughly washed after synthesis, ensuring a full C1™ site occupation, show
relaxation effects with an associated Ty well below these values (< 2 K). On
the other hand, samples undergoing a more extensive washing that may cause
a structural Cl™ deficiency, at least in a part of the particle population, show
an associated blocking temperature in the range of those previously reported.
Since it is expected that samples used in most of previous studies were com-
mercial and probably deeply washed with water during their preparation, the
observed blocking may actually arise from a defective occupation of Cl™ crystal
sites, as in our case. As a consequence, moments arising from uncompensated
surface spins would have a lower blocking temperature and thus an anisotropy
lower than that derived.

3.4 Conclusions

The resulting akaganéite nanocomposites contain rod-like nanoparticles grouped
in parallel planar arrays. Magnetic measurements show a small magnetic mo-

ment in akaganéite nanoparticles due to size effects that is not totally blocked

at temperatures above 2 K. An additional contribution to magnetic moment

appears after washing the samples that could arise from a deficient Cl™ sites

occupancy. Thus, our preparation method provides access to samples with

intermediate content in Cl™ which enables us to ascertain the different origins

of magnetic moment in nanosized akaganéite.



Chapter 4

Thermoinduced magnetic
moment in akaganéite
nanoparticles

In this chapter we present experimental evidences supporting the existence
of thermoinduced magnetic moments in akaganéite nanoparticles. In many
antiferromagnetic nanoparticle systems it has been reported an increase of the
magnetic moment with temperature [127-130|. These results were presented
as an evidence of the thermal population of uniform spin-precession modes by
S. Mgrup and C. Frandsen [61]. However the increase of the magnetic moment
found in these works were questioned [39] and attributed to artifacts of the
experimental method followed in the determination of the magnetic moment.
One of the difficulties is the lack of knowledge of the magnetic properties in the
bulk in most of the reported observations. For instance, ferrihydrite, in which
the thermoinduced magnetic moment is usually reported, cannot be found in
the form of a massive material. To overcome this problem we have studied the
thermoinduced magnetic moment in akaganéite nanoparticles. Bulk akaganéite
can be synthesized and then, bulk magnetic properties can be determined in a
rather straightforward manner.

In this work, we have studied the thermoinduced effect in akaganéite nanocom-
posites. These composites contain isolated akaganéite nanoparticles embedded
in a polymer matrix. We found that the nanoparticle magnetic moment in-
creases with temperature above the blocking temperature, an increase that can
be attributed to the thermal population of uniform spin-precession modes.

We first present the physical properties of the bulk akaganéite. We will ex-
tract information about relevant parameters such as the Néel temperature and
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the intrinsic antiferromagnetic susceptibility. Then, we characterize akaganéite
nanocomposites. Its magnetic relevant properties are compared with those of
the bulk material and we will show that some of them are size dependent. We
then determine how the magnetic moment of the nanoparticles depends on
temperature. Finally, we calculate the energy of spin waves modes and argue
that the thermoinduced effect is indeed present in akaganéite nanoparticles.

4.1 Synthesis

We have synthesized three samples: bulk akaganéite powders, akaganéite nanocom-
posites and a ferrofluid made from the nanocomposite. The synthesis and
characterization of the first two samples are described in Chapter 3. The
nanocomposite sample corresponds to the sample defined as NCqy.

The ferrofluid was prepared to discard the existence of magnetic interac-
tions between nanoparticles in the akaganéite nanocomposite by comparing
the magnetic behavior of both samples. The nanocomposites can be readily
dissolved in slightly acidic media to obtain nanoparticle dispersions. The fer-
rofluid was prepared by diluting 5 mg of powder nanocomposite in 1 mL of
HNOs3 0.1 N. The resulting fluid was left 2 - 4 days and then it was sonicated.

4.2 Structural properties

4.2.1 XRD and FTIR

XRD and FTIR characterization of the samples is given in Chapter 3, Sec.
3.3.1 and Sec. 3.3.2, respectively. The XRD pattern and FTIR spectrum of
the nanocomposite sample correspond to sample NC¢;. They show that the
only iron oxide phase present in nanocomposite and bulk powder samples is
akaganéite.

4.2.2 Electron microscopy

Studies of electron microscopy were performed in the nanocomposite, ferrofluid
and bulk powder samples. TEM images of the nanocomposite sample are
shown in Chapter 3, Fig. 3.4, Fig. 3.5, Fig. 3.6.

Images of various regions show isolated nanoparticles and no signs of coales-
cence. The analysis was carried out with Digital Micrograph software. Particle
size histograms were obtained analyzing 340 particles. They are shown in Fig.
4.1. The nanoparticles are elongated with a mean length of 18 + 5.7 nm, a 5.4
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+ 1.5 nm diameter and an average volume of (V) = 298.5 + 204 nm3. From
the volume distribution it is possible to estimate the mean number of particles
N per gram of 8-FeOOH as:
[n(V)av 17 :
=————" =11x10""particles/gg_ 4.1
fn(V)deV par /95-re00OH (4.1)
Using N we can also estimate the number of Fe ions in a particle to be about
6140 at Fe/particle.
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Figure 4.1: (a) particles length histogram and lognormal distribution fit; (b) particles
diameter histogram and lognormal distribution fit; (¢) particles volume histogram and
lognormal distribution fit.

A drop of the ferrofluid was evaporated on the grid to be observed by
TEM. Figure 4.2 shows that the nanoparticles are of the same size as that
encountered for the nanocomposite. Besides, no aggregate of nanoparticles
can be observed. We can conclude that the polymer of the nanocomposite is
completely and homogeneously dissolved.

Figure 4.2: TEM image of akaganéite ferrofluid.

For the akaganéite bulk powder, we performed SEM and TEM. SEM studies
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were performed with a JEOL JSM 6400 microscope with a resolution down to
3.5 nm. The sample for SEM studies was prepared embedding the ground
powder in an epoxy resin and polishing it. A typical SEM image is shown in
Fig. 4.3.

Figure 4.3: SEM image of the bulk akaganéite sample. The dark region corresponds
to the epoxy while the cristallite is shown white.

The image shows the existence of elongated particles with an average vol-
ume of about 12 um®. TEM images (not shown) were also taken in order
to discard the existence of any particle with sizes in the nanometer scale. A
Cl/Fe atomic ratio of 0.21 is estimated from the EDS analysis. Using the model
proposed by D. G. Chambaere and E. De Grave |24, 131] the chemical compo-
sition is Fe(OOH)|C]; 91,(OH)0.04|Ho.25:0.125xH2 O, where the square brackets
contains the atoms located in the channels and x accounts for the number of
interstitial and adsorbed water molecules that will be determined from the
thermo-gravimetric analysis in the following section.

4.2.3 TGA

The weight percentage of water in the bulk sample was estimated by thermo-
gravimetric analysis. The measurements were done under nitrogen atmosphere,
heating from 318 K to 972 K with a scan rate of 10 °C/min. The weight loss
thermogram is shown in Fig. 4.4. In a first step, 318-380 K approximately
5% weight is lost. This loss is usually attributed to loss of water adsorbed
on the surface [97]. In the thermal decomposition of 1 mol of akaganéite to
hematite 1/2 of water molecules are released. Chloride is also released from
the structure in the transformation to hematite [97]. We calculate the weight
loss associated to the release of Cl using the Cl/Fe atomic ratio determined
from EDS analysis in the last section. Finally, looking at the stoichiometry for
the akaganéite to hematite phase transformation,
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Figure 4.4: Weight Loss thermogram and its derivative. The weight loss of 5 %
corresponds to water adsorbed on the surface. The residual weight is in accordance
with the one expected from the stoichiometry of the phase transformation.

Feg(OOH)g[011,68,(OH)0_32]H2'XH20—>XH20+4F6203+4H20+1.68HC1+0.32H20

the amount of the weight loss of the interstitial and adsorbed water molecules
xH50 is readily calculated as ~ 5.53 %.

4.3 Intrinsic antiferromagnetic properties: size - de-
pendent Tx and xar

In this section we describe experiments leading to the determination of the
magnetic properties of bulk akaganéite, which will be later compared with those
found in the nanoparticles. In particular, we show that the Néel temperature
as well as the effective spin value are similar for both bulk and nanocomposite
samples. Additionally, we show that the dependence with temperature of the
antiferromagnetic susceptibility, xap, is similar for nanocomposite and bulk
samples but the magnitude of x4 is larger in nanoparticles.
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4.3.1 Néel temperature of bulk sample

First, we have determined the Néel temperature for the bulk akaganéite sample
by means of ac and dc susceptibility experiments. The magnetic measurements
were performed using a commercial SQUID magnetometer (MPMS-XL, Quan-
tum Design). Susceptibility data are plotted in Fig. 4.5 as a function of 7.
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Figure 4.5: x is obtained {rom: a)O, e, in-phase ac susceptibility component for 10
Hz and 117 Hz, b) A, dc magnetic measurements with a dc magnetic field of 2 kOe (x
= M(T)/2 kOe). Inset: Out-of-phase component shows bulk material does not, have

any nanoparticle.

At low temperatures the susceptibility does not follow the classical behav-
ior for an antiferromagnet, as it was already shown by D. S. Kulgawczuk [132].
Moreover, the susceptibility depends on the magnetic field, so that ac suscepti-
bility data do not agree with dc susceptibility data. This effect may arise from
a spin canting in the magnetic structure. The spin-canted structure for the
akaganéite was also proposed by C. A. Barrero [23] on basis of their Mdssbauer

experiments.

We have plotted the reciprocal dc and in-phase ac susceptibilities (10 Hz
and 117 Hz) versus temperature to determine the Néel temperature. These
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data are shown in Fig. 4.6. The Néel temperature is determined as the tem-
perature at which the susceptibility deviates from the Curie-Weiss behavior,
Tn = 260 = 1 K.
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Figure 4.6: Reciprocal in-phase ac susceptibility (10 Hz, 117 Hz) and dc susceptibili-
ties with 2 kOe. Both measurements show Néel temperature Ty = 260 K.

Above the Néel temperature this susceptibility follows the Curie-Weiss law,

“atoms,ugg
= el 4.2
X T_0 (4.2)

where 6 = -595 = 28 K is the Weiss temperature, and peg = g2y%5(5+ 1)
— 4.4 + 0.2 pp is the effective magnetic moment of each Fe?* ion, with a

gyromagnetic ratio g and spin S. Using g = 2, for the Fe3* with an octahedral
coordination [133], this gives S = 1.75 + 0.1 for the Fe3* ions.

This value of S agrees with values reported in Ref. [24]. However, S
is lower than S = 5/2 expected from the application of Hunds’s rules, as
observed in other iron oxides [18|. A possible spin reduction mechanism might
be associated with the compression of the coordination octahedra towards the
Fe3* ions by the interstitial ions in the structure. This compression would
then enhance the covalency of the Fe-O bond and consequently diminish the
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effective 3d-spin [24|. This mechanism was proposed by D. Chambaere and
E. De Grave [24] in order to explain the reduction of the effective spin S as
the number of interstitial water molecules accommodated in the structure was
increased. They show that the effective spin is lower for those akaganéite
structures with larger crystal water content. They propose that as the number
of interstitial water molecules accommodated in the channels increases, the
coordination octahedra compresses towards the Fe3* ions. The effective spin S
~ 1.83 reported by D. G. Chambaere for the sample with similar chlorine and
water content as the sample we studied here is of the same order as the S we
have determined.

The sublattice magnetization is estimated as Mg = %Ng,uBS = 413.6 emu
/ em?®, where N = 2.5 x 10 ?? atFe / cm? for akaganéite.

From the values for 6, Ty and .S, we can estimate exchange constants for
the akaganéite magnetic structure. We apply a mean field approximation |33]
and assuming that the akaganéite magnetic structure is that shown in Fig. 1.2.
Each iron Fe3* interacts with six neighbors with an antiferromagnetic constant
Jap and with two neighbors with an exchange constant Ja 4 that can be either
ferro or antiferromagnetic. If we assume that Jaa is antiferromagnetic,

S(S+1)

0= (2JaA +6JAB) = 595K (4.3)
3kp
S(S+1
Ty = % (2Jan - 6Ja8) = 260K (4.4)
B

It follows that Jap = 44.41 + 3.86 K, Jaa = 52.20 + 2.02 K. Although both
exchange constants are antiferromagnetic, the most energetically favorable con-
figuration for the akaganéite magnetic structure is that proposed in Fig. 1.2.
We notice that the calculated intra-lattice constant (Jaa) is larger than the
inter-lattice one. However, as we already discussed, the antiferromagnetic in-
teraction between A-A iron atoms is expected to be weaker than between A-B
iron atoms. We should perhaps consider the possibility that the temperature
range where the Curie-Weiss fit was performed is not sufficiently far from 7.
The temperature  may be determined more accurately when a larger temper-
ature range becomes available.

We have performed heat capacity (C},) measurements to support the Néel
temperature determined from the magnetic data. We have used a commer-
cial DSC (differential scanning calorimeter) Q1000 from TA instruments. The
measurements were made under helium atmosphere, heating from 312 to 450
K with a scan rate of 10 K/min. Then, the sample was removed from the ap-
paratus. The C}, is measured again with the same heating routine. We display
in Fig. 4.7 the heat capacity and its derivative for the temperature region of
interest.
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Figure 4.7: Heat capacity measurements of bulk akaganéite for the experiment 1 (o)
and experiment 2 (O). Derivative of Cj, is also displayed.

We notice that the heat capacity measured in the second experiment is
lower than that measured in the first one, so that some desorption takes place,
considering that the sample holder used in these experiments was not hermetic.
The difference in C}, agrees with the weight loss found in TGA (see Fig. 4.4)
within the experimental errors. The C}, is about 40 % larger than the one
calculated by B. E. Lang for bare akaganéite [134]|. This discrepancy can be
interpreted as follows. First, the sample measured in DSC has more water
than the sample used in TGA experiments. In addition, the CI~ moles per
mol of akaganéite is 9.6 x 10 2 for the sample studied by B. E. Lang while
the one studied in this work is about 0.21. So that the large discrepancy
between the two values of C}, can be also associated to the additional specific
heat contribution arising from the Cl™ ions residing in the channels. Finally,
differences due to the accuracy of the DSC measurement (typically around 5
%) may also contribute.

We now turn our attention to the determination of Tx. In Fig. 4.7 we can
hardly observe a small anomaly or change in the trend (close to the experimen-
tal resolution) at about ~ 260 K in which magnetic measurements reveal the
antiferro to paramagnetic transition. The absence of any strong anomaly in
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the heat capacity over the temperature range for the antiferromagnetic tran-
sition is also observed in the measurements of B. E. Lang [134]. In this work,
the absence of a sharp peak at the antiferromagnetic transition is associated to
finite-size effects. This effect is reflected in the absence of long range magnetic
ordering and a spread out of the magnetic transition over a wide temperature
range. The anomaly shown in Fig. 4.7 is of the order of that found by B. E.
Lang. The particle size of the akaganéite sample used in our experiments (see
Fig. 4.3) is an order of magnitude larger than that of B. E. Lang. But it seems
that this increase is still not enough in order to give a clear sharp anomaly.
We can therefore tentatively associate the small anomaly found in ~ 260 K to
the antiferromagnetic transition considering its agreement with the Ty value
determined from magnetic measurements.

4.3.2 Néel temperature of nanoparticles
Heat capacity was also used to determine the Néel temperature of the aka-

ganéite nanoparticles. The measurements were done under helium atmosphere
heating from 193 K to 453 K with a scan rate of 10 K/min. In Fig. 4.8
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Figure 4.8: Heat capacity measurements for akaganéite nanocomposites displays an
anomaly at T' ~ 260 K. Inset: Derivative of C, for the bulk (e) and nanoparticles (A)
have a minimum at 7' ~ 260 K.
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we notice only a small anomaly (near the experimental resolution) at around
260 K. The absence of a sharp peak at the antiferromagnetic transition can
be ascribed to finite-size effects. Considering this anomaly as the evidence of
the magnetic ordering and its agreement with the magnetic value for the bulk
akaganéite sample, we can conclude that the Néel temperature does not show
any significant variation when the size changes by two orders of magnitude.

We should also mention that the spread in the values of Ty reported in
the literature has been usually attributed to variations in the content of the
ions inside the channels of the akaganéite structure |23, 24]. We have already
mentioned that the magnetic properties of akaganéite have been shown to
strongly depend on the chlorine content [31].

Now, we determine the effective spin of Fe?* for the akaganéite nanoparti-
cles. The reciprocal paramagnetic susceptibilities, in units of ug/Oe atFe, of
the bulk and nanocomposite samples show nearly the same slope for temper-
atures 1" > Ty, as displayed in Fig. 4.9. Above the Néel temperature Ty, the
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Figure 4.9: Reciprocal equilibrium susceptibility shows similar effective spin for the
nanocomposite (A) and (e) the bulk samples.

susceptibility follows the Curie-Weiss law giving 6 = -49 + 13 K and peg =
3.41 £ 0.08 up. Using a gyromagnetic ratio g = 2 this gives S = 1.28 + 0.04 for
the Fe3* ions. This slight discrepancy in the value of the effective atomic spin
can be associated to the lower coordination of the Fe ions in the nanoparticles
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surface. By contrast, 6 is 12 times smaller for the nanoparticles as compared
with the bulk.

We can finally conclude that the Néel temperature does not present any
significant variation with size. By contrast, 6 is smaller for the nanoparticles
as compared to the bulk.

4.3.3 Antiferromagnetic susceptibility of bulk sample

As explained in Sec. 1.2.6, an external magnetic field applied perpendicular
to the easy axis of an antiferromagnetic material produces a small net mag-
netization that is proportional to the magnitude of the magnetic field. The
slope is x. . For randomly oriented powders, this linear contribution is xar =
(2/3) x. at T = 0. This linear component can be determined in a bulk anti-
ferromagnetic material from susceptibility measurements (ac or dc) and from
the extrapolation to high fields of magnetization curves.

We first determine xar from extrapolation to high field of the magneti-
zation measured in the SQUID magnetometer setup. The curves are shown
in Fig. 4.10. The magnetization is approximately linear with the magnetic
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Figure 4.10: Magnetization isotherms for bulk akaganéite. The solid lines are linear
fits at high fields.

field, as expected for an antiferromagnetic material. The linear antiferromag-
netic component is determined from a linear fit of the high field region at each

temperature.
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We also measured magnetization isotherms in the High Field Magnet Lab-
oratory (HFML). After subtraction of the diamagnetic contributions, the re-
sulting magnetization curves do not fully superimpose with the ones obtained
in the SQUID. Nevertheless, they have the same variation with temperature.
The discrepancies observed can be accounted to differences in the calibration
factor and in the diamagnetic contribution from the sample holder. Magneti-
zation curves were scaled with respect to those obtained in previous section. In
the scaling procedure we search for the calibration factor and diamagnetic con-
tribution such that derivatives versus temperature of experimental data from
both setups superimpose. The scaling factors determined in this section will be
further used in the following sections to scale magnetization curves measured
for akaganéite nanoparticles.

The magnetization curves are shown in Fig. 4.11 together with those mea-
sured in the SQUID setup. The antiferromagnetic susceptibility is determined
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Figure 4.11: Magnetization isotherms for bulk akaganéite. Inset: Low field region
magnification.

for the high-field measurements with a linear fit at an intermediate field region
of ~ 5 T. It is shown in Fig. 4.12 together with the ones we obtained from ac
susceptibility and dc susceptibility data.

We notice that xap determined from magnetization isotherms is smaller
than that obtained from susceptibility measurements. This effect may arise
from a slight spin canting in the magnetic structure found for akaganéite. This
contribution will be studied in detail in the next section.
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Figure 4.12: Antiferromagnetic susceptibility obtained through four different tech-
niques: a) in-phase component of ac susceptibility (0 10 Hz, e 117 Hz) , b) A dc
susceptibility measurements at 2 kOe (xar = M(T)/2 kOe), c) linear fit of magneti-
zation curves w, d)¥ linear fit of high field magnetization curves. The solid line is
the calculated value using a mean field approximation.

Thermal dependence of xar at high fields is interpolated scaling the yap
determined from dc susceptibility measurements at 2 kOe to the antiferromag-
netic susceptibility determined from magnetization data at high fields. Simi-
larly, the xar at low fields is interpolated scaling the dc susceptibility to the
ac susceptibility.

We have also calculated xap at Ty using a mean field approximation [33].
At T = 0 both sublattices lie in the easy sublattice axis antiparallel to each
other. A magnetic field applied perpendicular to the easy axis produces a
tilting of sublattice magnetization opposite to that arising from the exchange
interaction. At equilibrium, we have

|My x (H - Hg)| =0 (4.5)

where Hp = Hgaa) + HraB) = 7aaMa +vapMp is the exchange interaction
field for an Fe?* atom from sublattice A. Using the equilibrium equation we
get X, = 1/yaB. The molecular field constant yap = napJag/ [N/2(guB)2]
is calculated using exchange constants determined from Ty and 6 values. N
is the number of iron atoms per unit volume and nag = 6 for the magnetic
structure shown in Fig. 1.2. At T = Ty the antiferromagnetic susceptibility
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XAF — X1 = 5.05 x 1077 up/Oe atFe coincides with that measured for bulk
akaganéite.

4.3.4 Antiferromagnetic susceptibility of nanoparticles

In antiferromagnetic nanoparticles, the magnetization curves measured above
Ty do not seem to saturate and, at high fields, they increase almost linearly
with the magnetic field. L. Néel [58] proposed that this behavior can be mod-
eled with the antiferromagnetic susceptibility xapH plus an additional mag-
netization due to uncompensated moments. In addition, the antiferromag-
netic susceptibility xar of antiferromagnetic nanoparticles is usually larger
than what it is found in bulk for temperatures below Ty. This effect was
also explained by L. Néel [57]. He proposed that an additional susceptibility
XsAF arises from the continuous rotation of the antiferromagnetic ordering axis
within the nanoparticle, when a magnetic field is applied perpendicular to it.
He called this contribution ‘superantiferromagnetism’. He also estimated that
Xsap decreases with temperature [60]. In order to extract the temperature
dependence of the magnetic moment from magnetization measurements we
should first determine yap for the nanoparticles. This work will be described
in the present section and the results compared with those obtained for the
bulk.

Magnetization isotherms of the nanocomposite sample are shown in Fig.
4.13. They display the two contributions just mentioned. The contribution
from uncompensated spins becomes noticeable at low fields. At higher fields,
the magnetization approaches a linear behavior. The latter region emerges
at lower fields as we increase temperature. At temperatures higher than the
Néel temperature, the magnetization curve is just proportional to the magnetic
field.

We also measured magnetization isotherms in the High Field Magnet Lab-
oratory (HFML). The curves were scaled after subtraction of the diamagnetic
contributions. We apply the same scaling constants that were determined in
Sec. 4.3.3 for the bulk material. Some magnetization curves are shown in Fig.
4.14. Again, the two contributions to the magnetization can be seen.

However, we notice that the contribution arising from the uncompensated
moments seems to be smaller in the data measured at HFML than in the data
measured in the VSM magnetometer. In Fig. 4.15 we compare magnetiza-
tion curves measured at two temperatures in the VSM, SQUID and high field
magnetometers.

The differences between these sets of data are much more noticeable at 10
K, that is, below the blocking temperature. For larger temperatures, these
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Figure 4.13: Magnetization vs field curves for akaganéite nanoparticles. The dotted
line is a linear fit of the high-field data measured at T = 10 K. The nonlinear mag-
netization arising from uncompensated magnetic moments becomes dominant for H
< 50 kOe.
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Figure 4.14: Magnetization isotherms for nanoparticles from HFML.
differences gradually decrease, actually vanishing in the superparamagnetic

regime. We conclude that differences between the magnetization curves ob-
tained with the different magnetometers arise from their different sweep rates
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Figure 4.15: Magnetization curves obtained from three setups (a) at 10 K and (b)
at 60 K. Inset shows magnetization versus H/T at superparamagnetic regime

of the magnetic field. In the superparamagnetic regime there is no magnetic
relaxation and magnetization curves fully superimpose. This explains also why
we have determined the scaling factors for the data measured with the HFML
from data measured of the bulk samples which shows no relaxation at any
temperature.

Next, we shall determine the antiferromagnetic susceptibility for the nanopar-
ticles. Different methods to obtain xar(7") have been proposed. As a first ap-
proximation, the magnetization curves of antiferromagnetic nanoparticles can
be modeled by [127],

M = MsL (,ui) + XAFH (46)

kgT

where Mg is the saturation magnetization, p is the uncompensated magnetic
moment, L(,ukBLT) is the Langevin function (see section Sec. 1.2.3) and xar
is the linear antiferromagnetic susceptibility. However, N. J. O. Silva et al
[39] showed that a direct fitting of magnetization isotherms with this expres-
sion can give parameters with an erroneous temperature dependence. They
propose an alternative approach to determine the linear magnetization com-
ponent. In what follows, we apply such method to estimate xar for akaganéite
nanoparticles.

When the antiferromagnetic nanoparticles follow Eq. (4.6), the derivative
of the magnetization with respect to the magnetic field OM/0H is
oM H
—T=F|=]+ T 4.7
ST =F () xar (1)

where F is an unknown function of (H/T). If the magnetic moment does not
depend of the temperature and if the anisotropy can be considered negligible,
for any two temperatures 77 and 75,

oM H
— T =F|—|)+ T 4.8
o ! (Tl) XAFn 21 (48)
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oM H
O -r (2 T 4.9
oH 12 (T2)+XAFT2 2 (4.9)
oM. oM H H
e P ey o] e Ty F(2) = xap, T 4.10
oH 2 oH ! (T2)+XAFT2 2 (Tl) XAFn 1 (4.10)

The last term being equal to

XAPp, T2 = XaFy, Th

w(m)-r ()

The temperature dependence of the linear component xap(7") is estimated

only if

using the lowest isotherm measured at 77 as a reference. In our particular
case, we take as a reference the magnetization curve measured at 7' = 1.7 K
in the HFML. We plot (OM/OH)p + T — (OM|0H )1 7k * 1.7 data obtained at
different temperatures in Fig.4.16.
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Figure 4.16: (OM[OH)r » T — (OM[0H )1 75 * 1.7

We now determine (OM/0H)1.7x from saturation value for (OM/OH) as
follows. We plot (OM/OH) versus 1/(H/T) and extrapolate 1/(H/T) — 0.
With xap for the isotherm of 1.7 K known we can determine from (OM /0H )1 *
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T - (OM]OH)1.7x * 1.7 the thermal dependence of xar(7). We also deter-
mined the antiferromagnetic susceptibility from plain linear fits of magnetiza-
tion isotherms and the results are shown in Fig. 4.17. The antiferromagnetic
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Figure 4.17: xar(T) akaganéite nanoparticles determined using Ref. [39] and from a
linear fit of magnetization isotherms (full symbols) and HFML (crosses).

susceptibility extracted from data measured at very high fields agrees well
with that obtained from the VSM. Besides, we notice that xar(7") determined
from the linear fit of VSM magnetization isotherms is comparable with that
obtained from the method proposed by N. J. O. Silva et al [39]. Therefore,
this shows that the uncompensated magnetic moments are virtually saturated
at fields of order of 9 T. The linear antiferromagnetic susceptibility is then the
main contribution to the magnetization.

We compare the linear susceptibility component obtained for bulk and for
the nanoparticles in Fig. 4.18. They show a similar dependence with temper-
ature although xar is 1.5 times larger for the nanoparticles. This enlargement
can be associated to superantiferromagnetism |57].
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Figure 4.18: xar(7T') of nanoparticles is 1.5 times larger than xar(7") of bulk.

4.3.5 Anisotropy constant: Spin-flop transition

In this section, we determine the anisotropy constant of akaganéite from HFML
measurements.

Typical magnetization curves measured at high fields were shown in Fig.
4.10. At the lowest temperature of 7' — 1.5 K, the magnetization curve shows
a small change of slope at ~ 24 T. The derivative of the magnetization shows
indeed a peak near this field, as displayed in Fig. 4.19. This feature can
be attributed to a spin-flop transition. Some antiferromagnetic materials can
exhibit a spin-flop transition to a state where the moments lie almost perpen-
dicular to the magnetic field when a sufficiently large field Hg is applied along
the easy magnetization axis. The expression for Hg is [33],

Hy-y| —25 (4.11)
X1~ X//

where K is the anisotropy constant. The spin-flop transition is sensitive to the
crystal orientation with its easy axis of antiferromagnetic alignment parallel
to the direction of the magnetic field. However, when the field is applied at



4.3. Intrinsic properties: size - dependent Tn and xar 77

o
'
T 060 e 1
[0}
Q

m
wi
2 o055 A
I
T
=
© 0.50 u

Il Il Il
0 100 200 300

H(kOe)

Figure 4.19: The derivative of the high field magnetization vs field, showing evidence
for a spin-flop transition at 1.5 K. The solid line represents the derivative of the
interpolated magnetization data.

a small angle ¥ with respect to the direction of the easy axis, the spin-flop

transition takes place at
1 2K
H-= (4.12)
cos() \| X1~ Xy

The maximum angle with respect to the easy axis under which a SF transi-
tion can be observed [135] i ¥max = Han/2HE, where Hyn = K /Mg is the
anisotropy field for an antiferromagnet. In a sample with a random orientation
of the easy axis Eq. (4.12) is averaged up to this critical angle. For our sample,
this angle ~ 0.08 ° is very small, so that only those particles with the easy axis
oriented close to the direction of the magnetic field contribute to the average

and

(H) = \ K (4.13)

X1 =X/

This is in accordance with the small anomaly shown in the magnetization curve
at the transition.

At low enough temperatures, T' ~ 0, the parallel component of the suscep-
tibility is x;; ~ 0 and then
2K
X1

A direct method of calculating x, is to extrapolate OM /OH at high fields and
use the condition x, = %XAF = % (OM/OH). At fields H~5T, x, = %OM/GH

Hy = (4.14)
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= 5.1 x 10 7 emu/Oe gg_reoom, giving K = 5.5 x 10 ¢ erg/cm®. This value is
of the order of that expected for the iron atom that can be in a first approach
calculated from [33]

Ky = Jo(g-2)* ~10%rg/cm®

where J, is the exchange integral for the iron atom and (g-2) is a measure of
the orbital momentum which is present because of incomplete quenching.

Alternatively, we could also have calculated the anisotropy constant with

Hy~\/2Hg Hax (4.15)

where Han = K/Mg. However, Eq. (4.15) only holds for magnetic structures
in which next-nearest neighbor interactions can be neglected. Since the mag-
netic structure of akaganéite involves second neighbor interactions (see Sec.
1.1.1) we will use Eq. (4.14).

We mentioned in previous sections that the magnetic structure of aka-
ganéite can be slightly canted. The uncompensated magnetic moment arising
from the canting makes the spin-flop to take place at higher fields than for
the perfect antiferromagnetic alignment [136]. We calculated the anisotropy
constant with the expression provided in Ref. [136]

Hy = mHy +\/(mHy)® + 2Hy Hax (4.16)

and the uncompensated magnetic moment m = My,./Ms ~ 2 x 107* deter-
mined in the following section. We obtain then K = 5.6 x 10 erg/cm?® which
agrees remarkably well with the value obtained for the perfect antiferromag-
netic structure. So, we can conclude that although the magnetic structure is
slightly canted for akaganéite, the influence on the magnetic anisotropy con-
stant can be considered negligible.

The anisotropy constant can be compared with K = 2.1 x 10* erg/ cm?,
reported by J. Takagi et al [137| for akaganéite nanoparticles. This value was
estimated using the relaxation rates determined from the analysis of Mdssbauer
spectra, in the range from 210 to 260 K. However, at these temperatures,
close to Tk, the magnetic anisotropy can be significantly reduced by thermal
fluctuations. The anisotropy constant strongly decreases with temperature
and therefore, K should be obtained at temperatures T' ~ 0. For the iron atom
[138-140],

10

K(T) [ M(T)

= (4.17)
K1(0) [ M(0)

The anisotropy constant at temperatures 7' ~ 240 K, in which the superpara-

magnetic relaxation was analyzed by J. Takagi is two orders of magnitude

lower than K;(0). Also, rotation modes other than the coherent rotation of
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the magnetic moment can contribute, or even become dominant in elongated
nanoparticles. Then, one can still write the activation energy U for the ther-
mally activated relaxation as U = K Vg, but Veg can be much smaller than
the actual particle volume. This effect is enhanced in elongated nanoparticles
where the domain can be nucleated at the edges, as it has been observed in
nanowires [141]. The lack of proportionality between the anisotropy energy
and the volume in antiferromagnetic nanoparticles has recently been reported
by N. J. O. Silva et al [142].

For these reasons, we use here the anisotropy value K ~ 5.5 x 10° erg/cm?
estimated above, to interpret the low temperature susceptibility of the aka-
ganéite nanoparticles.

4.3.6 Effect of spin-canting

Derivatives of magnetization isotherms measured on bulk akaganéite samples
are shown in Fig. 4.20. We notice that up to a critical field OM/OH depends
on field. Besides, this critical field is the same ~ 1.3 T for all the temperatures.
This fact suggests that the observed features originate from an uncompensated
magnetization arising from spin canting.

dM/dH (107 n /OeatFe)

dM/dH (107 /OeatFe)

H (kOe)

Figure 4.20: Derivatives of magnetization isotherms for bulk akaganéite depend on
the field up to ~ 1.3 T for all temperatures. Inset: Low field region magnification.

Previous works on akaganéite have proposed that there are different sites
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for the iron atoms located in the channels of the akaganéite structure 23, 24]:
those near to the ion occupying the channel and those near a vacant site. In
particular, A. Barrero [23] proposed that this feature can produce a spin-canted
structure for the akaganéite.

In order to quantify the uncompensated magnetization arising from the
spin canting we determined remanence extrapolating the magnetization curves
shown in Fig. 4.10 to zero field. The remanence curve is shown in Fig. 4.21.
The remanent magnetization at T ~ 0 K is M, ~ 3.5 x 10~*up/atFe. We
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Figure 4.21: Remanence nearly disappears at 7' ~ 125 K.

obtained the effective magnetic moment peg — 4.4 for the Fe3* in Sec. 4.3.1,
so that the sublattice magnetization is canted an angle 0.002 °.

Finally, we calculate the contribution of the canting to the magnetic mo-
ment of the nanoparticle. For an average particle size of (V) = 298.5 nm?
there are 6140 atFe/particle. The average magnetic moment arising from the
canting pgc ~ 2 pp is 40 times smaller than the net magnetic moment of the
nanoparticle ~ 95 up (see following section) so that its contribution can be
safely neglected.
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4.4 Akaganéite nanoparticles: a model for the study
of spin waves

4.4.1 Magnetization isotherms

In a first approach, magnetization curves for antiferromagnetic nanoparticles
can be described by [127],

H
MzMgL(u—)+XAFHEMM+XAFH (4.18)
kT
where M, is the contribution from uncompensated magnetic moments in the
antiferromagnetic nanoparticle and xar is the linear antiferromagnetic suscep-
tibility. The term L(,u,%) is the Langevin function we introduced in Sec.
B
1.2.3, where p is the uncompensated magnetic moment.

To study the intrinsic magnetic behavior of nanoparticles it is necessary to
subtract from the magnetization curves xap(7") * H as determined from bulk
akaganéite. The results are shown in Fig. 4.22. In the superparamagnetic
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Figure 4.22: Superparamagnetic contribution for nanoparticles obtained subtracting
Xar(T) * H. The lines are included as eye guide. Inset: High temperature detail.

regime M), data should collapse into a single curve when plotted as a function
of H/T, provided that the magnetic moment p is temperature independent.
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Actually, as Fig. 4.22 shows, the magnetic moment depends with the temper-
ature, increasing first with temperature for 7' < 60 K and then decreasing for
T > 75 K (see the inset).

Magnetization curves were fitted using Eq. (4.18), allowing a dependence
of the magnetic moment with temperature. The fitting curves do not fully
superimpose with the experimental data, probably because the influence of
anisotropy is very strong. In addition, the magnitude of the antiferromagnetic
susceptibility determined from the fit approaches the yap of the bulk as T" —
Tn. Actually, the OM/OHp = T — OM|OH; 7 » 1.7 curves shown in Fig. 4.16
are not fully saturated for temperatures 7' > 125 K. The difference between
the antiferromagnetic susceptibilities in Fig. 4.18 for the temperature range
T ~ 125 K - 260 K can be therefore considered an artifact in the derivation
of xar. For temperatures above 125 K, the magnetization arising from the
uncompensated spins is not yet completely saturated, meaning that xar cannot
be properly determined under these conditions.

We conclude that we can obtain qualitative information from the magneti-
zation curves. However, the derivation of quantitative information is hindered
by the influence of anisotropy and therefore, it is better to extract the magnetic
moment from a magnitude where the influence of anisotropy can be neglected,
such as the equilibrium susceptibility.

4.4.2 ac susceptibility

Below Ty, x’ becomes much larger than the AF susceptibility x ar measured on
the bulk sample (see Fig. 4.23). This reveals the existence of uncompensated
spins, as already pointed out by Néel on his seminal papers [57-60|. The
susceptibility of a set of AF nanoparticles can then be approximated by the
following expression [41, 64]

X, = XAF * Xunc T Xth (419)

where Yunc and x;n are the contributions due to the uncompensated and ther-
moinduced magnetic moments, respectively. xunc can be expected to show the
superparamagnetic blocking, associated with relaxation. Surprisingly, consid-
ering the values of the estimated magnetic anisotropy constant and particle
volume, the susceptibility does not show the typical superparamagnetic block-
ing, as shown in Fig. 4.23. This confirms that rotation modes other than
the coherent rotation are contributing to the magnetic relaxation, as discussed
previously. This may also account for the lack of proportionality between the
energy barrier and the particle volume found by N. J. O. Silva et al. [142] and
for the small value of K, compared to the one we obtained here from the spin-
flop transition, reported in Ref. [137|. Fig. 4.23 shows that the out-of-phase
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Figure 4.23: In-phase and out-of-phase components of ac susceptibility measured at
different frequencies shows that superparamagnetic regime begins at 22 K.

susceptibility becomes zero for T > 22 K, indicating that for temperatures
higher than 22 K the nanoparticles are in the superparamagnetic regime.

We next discuss the origin of the magnetic moment, which is estimated
from the linear susceptibility. Using Eq. (4.19) and the expressions provided
in Sec. 1.2.7, it is possible to write

2 2
(x’—XAF)Tzn[kaBT?(@) ] (4.20)
kB th
where n is the number of particles per akaganéite volume, which can be de-
termined using the size distribution obtained by TEM. At each temperature
xar of the nanoparticles was taken as the value measured on the bulk sam-
ple multiplied by 1.5 (see Fig. 4.18). The quantity (x' - xar) T, displayed
in Fig. 4.24, increases from 22 to 50 K, shows a maximum near 50 K and
then decreases with increasing 7. For temperatures higher than 22 K and
below Tx, (X' = xar)T follows Eq. 4.20. The fit gives hwy = 6.5 + 0.4 K.
For temperatures 7' > Ty the material is paramagnetic so that x’ equals xaAp
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Figure 4.24: (x'—xar) T of akaganéite nanoparticles; the solid line is a fit to Eq.
(4.20).

and, therefore, the term in the brackets in Eq. (4.20) becomes zero. Fig. 4.24
shows that (x' - xar) T is proportional to T2, as predicted by Eq. (4.20) [64]
for the population of the homogeneous mode of spin waves. The decrease is
probably caused by the population of higher energy modes.

At T — 0 the thermoinduced contribution should vanish. The uncompen-
sated magnetic moment can then be estimated extrapolating the data mea-
sured above 22 K, giving pyne = 92.04 £ 0.5 pp. The relation between piyne =
NuncOgup and the number of atomic spins in the particle n reflects the origin
of the uncompensated magnetic moment in AF nanoparticles. The number of
uncompensated spins nype = /1 Or Nype = VTsurf for uncompensated spins
randomly distributed in the volume or through the surface, respectively. In
spherical nanoparticles ngu,t = n?3. In elongated nanoparticles ngyir = N Viurt
= NdA, where N is the number of atoms per unit volume and d is the typical
thickness of an atomic layer. For akaganéite N = 2.5 x 10 22 at Fe/cm? and
d ~ 2.4 A for the iron atom. A = (77/2)(D2 + DLa/sina) is the surface of an
ellipsoid with diameter D and length L, and o = arccos(D/L). Nanoparticles
with average length L = 18 nm and average diameter D = 5.4 nm have ngy¢
= 1375 Fe atoms. This gives \/NgutSgus — 95 pup, using the effective spin S
= 1.28 + 0.04 per Fe ion that we found for akaganéite nanoparticles (see Sec.
4.3.2), in very good agreement with the value obtained from the experiment.

Let us notice that uyn contributes significantly to the susceptibility (see
Eq. (4.20)) following a Curie dependence with temperature in the superpara-
magnetic regime [64]. When this contribution is larger for the contribution
due to the thermoinduced magnetic moment the susceptibility decreases in-
creasing T'. This is clearly our case, as shown in Fig. 4.23. Although the
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magnetic moment increases from 22 to 50 K, the susceptibility still decreases
as T' increases.

In order to support our interpretations, we calculate the spin wave energy
modes for the akaganéite nanoparticles. As we explained in Sec. 1.2.7, at finite
temperatures an antiferromagnetic material can access higher energy states and
the system is perturbed from its ordered configuration at 7" = (. These states
of higher energy can be described as a population of spin wave modes. The
energy of the ground state k = 0 at H — 0 reduces the Eq. (1.42) to

hwo = gup{Hax (2Hg + Hax)}'/? (4.21)

The anisotropy field for akaganéite is Haxn = K /Mg = 13 kOe, where K
= 5.5 x 10 % erg/ cm 3 and Mg = 413.6 emu / cm ® were determined in Sec.
4.3.6 and Sec. 4.3.1, respectively.

The exchange field Hg may be inferred from the Néel temperature, using
mean field theory that predicts Ty = Hggug(S + 1)/3kg, which gives Hg =
2.1 x 10% Oe. In principle, Hg could also be estimated from x(Tx) = 5 x 10
“"up/OecatFe, using the relation Hy = Msg/x(Tx), which gives Hy = 3.5 x 10°
Oe. However, this expression only holds for magnetic structures in which next
nearest neighbor interactions can be neglected. Since the magnetic structure
of akaganéite involves second neighbor interactions (see Sec. 1.1.1) we will use
the mean field value Hr — 2.1 x 10% Oe.

Using Han and Hg values determined above, gives hwg = 31.5 K. In this
mode all the atomic spins precess in-phase and a thermoinduced contribution
arises because the amplitude of the precession is different for each sublattice.
This energy is nearly five times larger than the value determined from the
experimental susceptibility. This discrepancy means that the simple Eq. (4.21)
does not properly describe the elemental magnetic excitations of akaganéite
nanoparticles.

The energy for the higher excited population modes is calculated from Eq.
(1.42),

9 9 2]{32&2 1/2
hwi = gus | (Hr + Han)™ - Hig (1— . )] (4.22)

The first excited state for the spin-wave traveling through the length of the
nanoparticle k = /L will be populated for a nanoparticle of 18 nm length at
an energy Ej_./;, = 64 K. When the second excited state k = 2w/L becomes
populated at 97 K the decreasing of the average magnetic moment with the
temperature is noticeable. Higher modes become populated with increasing
temperatures and finally at the Néel temperature the sublattice magnetization
becomes zero.
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The value obtained from the fit for hwy = 6.5 + 0.4 K is much lower than
the one we have just calculated. This fact suggests that the model we employed
for the fitting, that was actually developed for a bulk material, might be too
simple to describe the spin wave propagation in this system.

Effect of uncompensated magnetic moment

The energy levels population described in previous section have been calculated
for a perfect antiferromagnet in which at 7' = 0 the spontaneous magnetization
completely vanishes. However, the existence of an uncompensated magnetic
moment also influences the spin wave excitation energies, as described in Refs.
[64, 143]. The spin wave excitation energy of the uniform mode of a system with
an uncompensated magnetic moment can be calculated using the expression
provided in Ref. [143],

2
hwo = g [i% (C-1)+ \/QHEHAN + HgHpn (C-1) + (% (¢- 1)) + HE\N]

(4.23)
where (-1 = pync/MsV. Assuming that the uncompensated magnetic moment
tune = 92.04 pp, this gives energies hwg . = 32.8 K and hwp- = 30.4 K for
the upper and lower modes, respectively. The energy of the latter modes
are still five times larger than the experimental hwg = 6.5 K. We suggest
that the excitation energies of the modes that determine this phenomenon are
lower than those assigned to the homogeneous spin-wave mode. This can be
associated to the fact that bulk Hg and Han values have been used to calculate
the energy levels of nanoparticles. As we mentioned previously, this result may
also indicate that other energy excitations, perhaps associated with the local
excitation of surface spins contribute, or even become dominant, in the case of
AF nanoparticles.

Magnetic interactions

In Sec. 1.2.5 we mentioned that the increase of the magnetic moment with the
temperature is attributed by some authors to an inappropriate use of Langevin
expression in systems where magnetic interactions are not negligible. In this
section we will check if the magnetic moment increase with temperature in
akaganéite nanoparticles can be attributed to this artifact. First, we apply the
model developed by P. Allia described in Sec. 1.2.5 to calculate what they
called ‘actual magnetic moment’. We compare the thermal dependence of
this ‘actual magnetic moment’ to that corresponding to the magnetic moment
determined in the previous section. Then we calculate the average distance
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between nanoparticles expected for the interaction energy obtained with this
model. Finally we will show that the ferrofluid show also the thermoinduced
contribution.

The model of P. Allia model was developed in ferromagnetic nanoparticles,
although it is sometimes used to explain also the increase of magnetic moment
in antiferromagnetic nanoparticles systems. We pointed out in Sec. 1.2.6 that
antiferromagnetic nanoparticles have a finite contribution to the spontaneous
magnetization arising from the decompensation of atomic spins. If the an-
tiferromagnetic nanoparticles are close enough, dipolar interactions between
the uncompensated magnetic moment of neighboring particles may become
noticeable.

The ‘ordering temperature’ T* is calculated from the fitting of the the re-
ciprocal x — xaF, represented in Fig. 4.25, to Eq. (1.36), giving T = -30.3 K,
where xap(7T) is that obtained in Sec. 4.3.3 from bulk akaganéite multiplied
by 1.5 in order to account for the size effect (see previous Section). The tem-
perature region for the fit is chosen as far as possible from Ty to diminish as
much as possible the sublattice magnetization dependence with temperature.
The magnitude that includes magnetic moment distribution p can be calcu-
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Figure 4.25: Reciprocal x — xar(7T) for the akaganéite nanoparticles. The dotted line
is calculated from the fitting, at 7' << Ty, to Eq. (1.36), which gives T = -30.3 K.

lated assuming that decompensated atomic spins are randomly distributed on
the surface nanoparticle. Then p = /Natsurfitatre and p = < ,u2 >/ <p >2
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— < Surf > | < /Surf >2. Surface distribution is determined from TEM
distribution analysis. This leads to p ~ 1 so that the influence of the magnetic
moment distribution on T can be considered negligible. The temperature T~
is related, by this model of P. Allia, with the strength of dipolar interaction
such that for temperatures 7' > 30.3 K dipolar interaction does not influence
the value of the magnetic moment so that the thermoinduced magnetic mo-
ment, observed in the region ~ 30.3 K - 260 K, can not be attributed to dipolar
interaction effects.

Using the model of P. Allia we calculated the ‘actual magnetic moment’
and we compared its magnitude with the magnetic moment obtained straight-
forward using

1/2
= [313\B,T (x - XAF)] (4.24)

They are shown in Fig. 4.26. Notice that the ‘actual magnetic moment’ of
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Figure 4.26: Magnetic moment per particle obtained through the model of P. Allia
(o) and that obtained straight from Eq. 4.24 (A). Notice that the thermoinduced
contribution is also present in the magnetic moment obtained using the model of P.
Allia.

the P. Allia model also displays the thermoinduced contribution, so that we
can definitely conclude that the thermoinduced magnetic contribution is not
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an artifact arising from an improper use of the Langevin expressions.

Finally, lets calculate for this interaction temperature 7™ the average in-
terparticle distance. The model of P. Allia relates the temperature 7% = 30.3
K to the dipolar interaction energy for a particle with its nearest neighbors
through the expression

kgT* = ep = ap?/d® (4.25)

where d is the average interparticle distance and « is a constant that accounts
for the geometrical arrangement of nanoparticles. For this parameter the value
of @ ~ 10-20 is proposed in Ref. [49]. We calculated in Sec. 4.4.2 that the
uncompensated nanoparticle magnetic moment is ~ 92.04 pup. Using these
values, the interparticle distance to produce a magnetic interaction of 30.3 K
should be about d ~ 1.4 nm, in disagreement with TEM images shown in Sec.
4.2.2 that shows the particles are not aggregated.

The model of P. Allia can be used to determine the strength of magnetic
interactions through the calculation of the parameter 7. However, as already
pointed out by M. El-Hilo et al [56] parameters obtained with this model
should be taken with care, as the influence of some parameters, such as the
dependence of sublattice magnetization with temperature or the effect of the
blocking temperature on the susceptibility, makes the value determined for T
ambiguous.

Therefore we finally synthesized a ferrofluid from the akaganéite composite.
TEM images in Sec. 4.2.2 show that the polymer has been dissolved and the
nanoparticles are completely separated from each other so we can consider that
in the ferrofluid there is no influence of magnetic interaction. Fig. 4.27 shows
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Figure 4.27: \/(x’ — xar )T for ferrofluid (e) and nanocomposite (A) samples increases
with the temperature in the temperature region where the thermoinduced effect shows.
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that \/(x’ = xar)T for ferrofluid and nanocomposite samples increases with
the temperature in the temperature region where the thermoinduced magnetic
moment shows up.

We can finally conclude that the influence of dipolar interactions on the
thermoinduced contribution can be safely neglected.

4.5 Conclusions

In this chapter we have presented structural and magnetic properties of ak-
aganéite bulk material. We have shown that it is an antiferromagnet with a
Néel temperature around Ty = 260 K, an effective magnetic moment of 4.4 +
0.2 up and an anisotropy constant K = 5.5 x 10 ¢ erg/cm?.

We have also shown that the antiferromagnetic susceptibility is 1.5 times
larger for the nanocomposite than the xyar of the bulk. The dependence with
temperature of the antiferromagnetic susceptibility is quite similar for bulk
and nanoparticles.

Finally, we show that the magnetic moment increases with temperature in
the superparamagnetic regime and it can be attributed to the population of
the ground state of spin wave mode.



Chapter 5

Surface effects in maghemite
nanoparticles

A consistent model is presented for the variation of saturation magnetization
with particle size in maghemite nanoparticles, based on the existence of a
magnetically disordered layer with a constant thickness of 1 nm. Magnetization
measurements have been performed on maghemite polymer nanocomposites
with low size dispersion and a regular distribution of particles in the matrix.
A representative number of samples have been studied with a diameter size
in the range from 1.5 to 15 nm and + 10% of size dispersion. For particles
smaller than 3 nm, layer thickness increases rapidly and Mg is already zero
for 2.5 nm particle size. A good size characterization for the nanoparticles
is a fundamental step in this analysis. Here, we also present results on the
small-angle x-ray scattering examination of these maghemite nanocomposites.

5.1 Introduction

Despite the number of studies on the magnetic properties of ferrimagnetic iron
oxide nanoparticles, their magnetic behavior is not yet well understood. Mag-
netization of ferrimagnetic nanoparticles is lower than that of bulk materials, it
does not saturate at rather high fields and it shows open and shifted hysteresis
loops as well as irreversibility in ZFC-FC curves. Some of these features can
be explained by anisotropy effects or finite size effects such as misalignment
of antiferromagnetic sublattices and structural disorder |144-147]. However, a
variety of experimental techniques and computer simulations showed that the
incomplete coordination of superficial ions and the likely occurrence of surface
structure defects are determinant for this kind of behavior [148-156]. These
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defects can lead to magnetic disorder extending into the core within a layer
of a given thickness. Thus, the most accepted theoretical model to explain
the decrease of magnetization of nanoparticles with particle size is based on a
bulk-like ferrimagnetic core and a shell composed of disordered moments [155-
163]. Previous experimental determinations of shell thickness by Mossbauer,
ZFC-FC measurements or neutron techniques [148, 149, 153, 159, 160, 163] are
mostly based on just one sample or on various samples within a narrow particle
size range. A comparison between these values shows large variations for sim-
ilar particle sizes and no correlation between shell thickness and particle size.
Shell thickness can be calculated from the decrease of saturation magnetization,
Mg, with respect to the bulk, using published values of Mg on series of samples
with several average particle sizes [164-167]. This calculation also would lead
to scattered values and inconsistency on the variation of shell thickness with
particle size. Such a dispersion of values may come from differences in sample
preparation and/or characterization, because the magnetization of nanoparti-
cles is greatly influenced by a variety of factors related to sample quality (size
dispersion, superficial and internal crystal defects [145, 146], inter-phase chem-
ical interactions [8, 168-170] and inter-particle magnetic interactions [49, 171]).
In this work, we propose a simple model for the variation of saturation magne-
tization with particle size, based on the existence of a magnetically disordered
layer with a constant thickness of 1 nm. For particles smaller than 3 nm, layer
thickness increases rapidly and My is already zero for 2.5 nm particle size. This
model fits extraordinary well with obtained magnetization data, thanks to the
use of nanocomposite samples containing isolated particles with narrow size
distribution, high crystalline perfection and regular inter-particle separation.
In addition, this model agrees with the scattered data of previous works.

5.2 Synthesis

We studied maghemite polyvinylpyridine (PVP) nanocomposites. The samples
were prepared by basic treatment of PVP-Fe precursor films containing Rb,
Fe(II), Fe(III) and bromide ions following procedure described in Ref. [30].
First, we prepare a stock solution by dissolving weighted amounts of RbBr,
FeBro and FeBrs in a volume of water. In the process of dissolution, FeBrs
partially decomposed into FeBra and Bry. The final content of Fe(II) in the
stock solution was determined by titration with KoCreO7 using ferroine as an
indicator. Two different stock solutions have been used: a) stock solution 1
contains 0.5 mol/L of RbBr and 1 mol/ L of total iron and 15 % of Fe(II)
with respect to total iron; b) stock solution 2 contains 1.07 mol /L of RbBr
and 2.14 mol /L of total iron and 35 % of Fe(II) with respect to total iron.
Two series of maghemite/PVP composite samples were prepared using stock



5.3. Characterization 93

solutions 1 and 2, respectively. For the first series, different volumes of stock
solution 1 were added to a solution of 0.1 g of poly(4-vinylpyridine) (PVP)
in 4 mL of a water:acetone (1:1). The mixture was dried in an oven at 40
°C for 24 h to obtain a film of the Rb-Fe-Br-PVP precursor compund. This
film was immersed in 5 mL of a 1 M NaOH solution for 1 h, washed with
water and finally dried in an oven at 200°C for 24 h, in order to improve
the crystallization of the particles. Samples S3, S4 and S7 were prepared in
this way, using volumes of stock solution of 0.1 mL, 0.25 mL and 1.5 mL,
respectively. The procedure for the preparation of the second series of samples
was similar but using stock solution 2 and larger amounts of reactants. The
amount of PVP was 0.6 g and the volumes of stock solution 2 were 0.1 mL, 0.3
mL, 0.6 mL, 1.2 mL and 4.5 mL for samples S1, S2, S5, S6 and S8, respectively.
Additionally, we prepared maghemite powders samples in order to study the
influence of the polymer scattering in the SAXS profiles of the nanocomposites.
In this preparation, the stock solution (stock solution 3) contained 0.05 mol /
L of RbBr, 0.1 mol / L of total iron and 11% Fe(II) with respect to total iron.
The maghemite powders were prepared by addition of 300 mL of 0.1M NaOH
to 100 mL of stock solution, with magnetic stirring, at room temperature. The
precipitate was filtered, washed with a saturated sodium oxalate solution and
then with water and finally dried in an oven at 200°C for 24 h.

5.3 Characterization

5.3.1 XRD

X-ray diffraction measurements were performed at RT with a Rigaku D-max
B diffractometer. Diffraction patterns were recorded with 26 ranging from 10
to 70 ©. The XRD patterns shown in Fig. 5.1 have a broad peak around 20°
also observed in the pattern of the isolated polymer matrix. The set of peaks
shown in the XRD patterns of the nanocomposites match well with the pattern
of the maghemite. The narrowing of XRD peaks indicates a gradual increase
in the particle size with the |Fe|/|[PVP] ratio.

Notice that the XRD pattern for samples S1 to S4 does not clearly show
the peaks corresponding to the maghemite structure. For this reason, we
also determined the crystal structure from high resolution images and electron
diffraction (see Sec. 5.3.3). These results confirm that the crystal structure of
the samples corresponds to maghemite crystal structure.
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Figure 5.1: XRD patterns of 7-FeyO3 database reference, the polymer and the
maghemite nanocomposite samples S1 to S8.

5.3.2 FTIR

The nanocomposites have also been examined by infrared spectroscopy in the
region from 400 to 700 cm™'. Infrared spectra were taken on KBr pellets
using a Perkin Elmer Spectrum One instrument. The FTIR spectra of PVP
polymer, nanocomposite and maghemite y-FeoOs nanoparticle powders after
annealing at 200 °C samples are shown in Fig. 5.2. The bands in the region
from 400-700 can be attributed to Fe-O vibrations associated with cationic
ordering and crystal perfection [172]. We notice that the absorption of the
polymer matrix dominates the spectra of the composite. However, the spectra
of nanocomposite shows bands at 430 and a shoulder at 580 cm™' and 640
cm™!. Bands at 430 and 640 are forbidden in a perfect spinel structure, such
as magnetite and they appear only in maghemite [172]. The other band at 580

cm™! can also be assigned to maghemite structure.

From XRD and FTIR spectroscopy we can thus conclude that the only iron
oxide phase present in nanocomposite is maghemite.
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Figure 5.2: FTIR spectra of polyvinylpyridine (PVP) polymer, maghemite (y-Fe2O3)
nanoparticle powders after annealing at 200 °C and maghemite-polyvinylpyridine
nanocomposite.

5.3.3 Electron microscopy

We performed transmission electron microscopy in a Philips CM30 with a 1.9
A point resolution. All the composite samples used in this chapter have been
characterized by TEM. Representative images of the samples are included in
Fig. 5.3 and Fig. 5.4.

The images show particles with a size increasing regularly from sample S1
to sample S8. The shape of the particles is spherical, but in sample S8 most
of them are already faceted. The particles are homogenously spread along
the matrix. Particles in sample S1 showed a poor contrast with respect to
matrix due to their low density, which made difficult to perform a particle size
analysis.



96 Chapter 5. Surface effects in maghemite nanoparticles

(c)

Figure 5.3: Representative TEM images of maghemite nanocomposite sample S1 (a),
S2 (b), S3 (c), and S4 (d), show that nanocomposite contains isolated nanoparticles.
The nanoparticle’s average size increases regularly from sample S1 to S4.

Nevertheless, measurements on a few particles with a clear contour yielded
a particle size of 3.1 £ 0.4 nm. For the rest of the samples, a particle size
analysis was performed. The resulting distributions of particle’s size are shown
in Fig. 5.5. The average size and the standard deviations were calculated
statistically over the sizes obtained from TEM analysis. They are shown in
Table 5.1 with the molar [Fe|/|[PVP| concentration obtained by atomic emission
spectroscopy. The mean diameter increases with the [Fe|/[PVP| concentration,
in accordance with the results obtained in XRD. However, we notice that
the particle size in samples synthesized with stock solution 2 is larger than
those synthesized with stock solution 1, for a similar [Fe|/|[PVP] ratio. This
is clearly shown in Fig. 5.6. Thus, the particle size depends not only on the
[Fe|/[PVP] concentration, but also increases with the Fe(II) /Fe(III) ratio of the
iron bromide solution used in the preparation [30|. In addition, the average
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Figure 5.4: Representative TEM images of maghemite nanocomposite sample S5 (a),
S6 (b), ST (c), and S8 (d), show that nanoparticles are spread in the polymer matrix.
The average particle’s size increases regularly from sample S5 to S8.

sizes corresponding to those samples from the same stock solution increases
almost linearly with the iron molar concentration. In fact, the data seem a bit
scattered around this tendency, which can be assigned to some lost of accuracy
in the determination of the size in the analysis of the TEM images, due to the
low contrast of the particles.
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Figure 5.5: Size distribution histograms of the nanocomposite samples S1 to S8. Con-
tinuous line is the distribution function calculated with the mean size and standard
deviation calculated statistically.

Table 5.1: Characteristics of the nanocomposite samples. [Fe]/[PVP] concentrations,
obtained by atomic emission spectroscopy, and average size and standard deviations
from TEM analysis.

[Fe]/[PVP] (D) (nm) Std. Deviation

S1 0.032 3.1 0.4
S2 0.101 3.4 0.5
S3 0.107 4.1 0.6
S4 0.268 4.5 0.4
S5 0.194 5.2 0.9
S6 0.391 6.4 1.1
S7 1.607 7.2 1.4
S8 1.479 12.7 3.2

The crystal structure was determined from high resolution (HREM) images
and electron diffraction (ED) patterns. In samples S1 to S4, ED patterns were
diffuse, but interplanar distances in HREM images (insets in Fig. 5.3 (a)&(c))
were consistent with maghemite crystal structure. ED patterns in sample S5
(inset in Fig. 5.4(a)) showed already rings at distances that could be assigned
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Figure 5.6: The average size obtained by TEM increases almost linearly with the
[Fe]/[PVP] concentration in the nanocomposite samples.

to (220), (111), (210) and (400) reflections in maghemite structure. Patterns
in samples S6, S7 and S8 (insets in Fig. 5.4) were very clear and typical of
maghemite structure, without any evidence of the presence of another iron
oxide phase in the samples.

5.3.4 SAXS

Reliable particle size values have been obtained from small angle x-ray scatter-
ing data analysis [122|. SAXS experiments were carried out at beamline ID01
of the European Synchrotron Radiation Facility (ESRF). The nanocomposite
samples for SAXS experiments were prepared by grinding the as-prepared films
in a mortar and then pressing the grains into pellets. Maghemite pure powder
samples were prepared in two ways: (1) by directly pressing the powders into
pellets; and (2) by mixing maghemite powders and polymer grains in a mortar
and pressing the mixture into pellets. Most of the pellets have a thickness of
roughly 0.2 mm. SAXS images obtained from the nanocomposites consisted
of isotropic rings and were integrated azimuthally for further analysis. Noise
from slits and windows has been subtracted and statistical errors from the
photon flux have also been taken into account in the integration. Measured
curves were normalized for variations of the primary intensity. Absolute scat-
tering intensities were calculated from the normalized intensity and film/pellet
thickness. The intensity is represented as a function of the modulus of the
scattering vector ¢ = (4w /\) sinf, A being the wavelength and 26 being the
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scattering angle.

Polymer scattering contribution

We analyzed the contribution of the polymer scattering in the SAXS profiles
of the nanocomposites. Fig. 5.7 shows that log-log plots of SAXS from the as
prepared films and pressed powder pellets of another nanocomposite sample
prepared using an iron/polymer ratio of 0.04. SAXS curves corresponding to a
pure polymer pellet and a pellet prepared by mixing maghemite and polymer
powders are also shown in this figure.
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Figure 5.7: SAXS data of a pure polymer pellet (1), a maghemite-polymer as-prepared
nanocomposite film (2), a pellet of the same sample (3) and a pellet made by mixing
and pressing polymer and maghemite powders (4).

We notice that all the scattering profiles, including those of the pure poly-
mer and the as prepared film, show a power-law regime in the low-q region
(¢ < 0.1 nm™!), region I. Therefore, this scattering intensity is not an arte-
fact introduced during the preparation of the pellet and can be associated to
the scattering from the polymer. We fitted the polymer intensity to a Porod
expression [69],

Ipyp(q) = Ip+ Ag" (5.1)

that yields n = 3.31. The ideally smooth surface gives n = 4 and a Gaussian
polymer gives n = 2. So that this scattering intensity probably comes from
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the rough surface of grains formed by folded polymer chains.

Particle scattering contribution

Fig. 5.8 shows the variation of the absolute scattering intensity with ¢ for the
nanocomposite sample S4. The scattering curve of the nanocomposite shows
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Figure 5.8: SAXS of sample S4. Vertical lines separate regions of Porod regimes
(regions I and IIT) and a Guinier regime (region II). Inset: SAXS subtracted the
polymer scattering contribution. Short lines separate the regions associated to the
particle and second feature scattering.

three regions in accordance with reports on granular and mesoporous media
[173]: (I) the low-q region that follows a power-law regime; (II) an intermediate
region that follows a Guinier regime; and (III) a high-g region that shows a
power-law regime. Notice in Fig. 5.8 that, while the polymer curve showed a
constant scattering for ¢ > 0.1 nm™!, region II and III, the curves containing
maghemite nanoparticles have enhanced intensities in this region. Then we can
associate the scattering in angular region (I) to the polymer and the scattering
in (II) and (III) to the scattering of the nanoparticles.

In region (II) two ‘knee-like’ features are shown. Both features are more
clearly noticed as the contribution of the polymer is subtracted from the scat-
tering intensity of the composite (see inset in Fig. 5.8). The feature shown at
larger ¢ is in the angular region corresponding to the average particle size D

1

~ 4.5 nm. The second ‘knee-like’ feature at ¢ ~ 0.37 nm™" can be associated

either to a second particle population or to particle aggregates and will be
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analyzed in the following section.

SAXS of a nanocomposite series

In this section we analyze the dependence of the average size determined by
SAXS with the iron / poly(4-vinylpyridine) molar ratios used in the prepa-
ration of the nanocomposite samples. As we anticipated in Sec. 5.3.3 the
mean size depends not only on the total iron concentration, but also on the
Fe(II) /Fe(III) ratio, so that we will focus in this section on samples prepared
from the same stock solution: S1, S2, S5, S6 and S8. The SAXS curves of
the nanocomposites shown in Fig. 5.9 also display a power law in the low-g
region, region I, due to the polymer and an enhanced intensity due to the
nanoparticles. We notice that this enhanced intensity increases with the iron
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Figure 5.9: SAXS data of maghemite-PVP nanocomposites prepared from different
iron/ polymer ratios: 0.032 (S1), 0.101 (S2), 0.194 (S5), 0.391 (S6) and 1.479 (S8).
The enhanced intensity due to the nanoparticles scattering increases with the iron
content.

content, indicating an increase of the particles density and/or size. In samples
S1 and S2, with low iron content, the nanoparticle scattering (region II and
III) shows clearly the Guinier (region II) and power-law regimes (region III).
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As the iron content increases, the power law becomes more visible and its ex-
ponent approaches the value of n = 3.60, indicating the existence of particles
with rough surfaces. As the iron content increases, the transition from the
Guinier to the power-law regime occurs at successively lower ¢ values, which
gives a qualitative indication of an increase of the particles size. In samples
S5, S6 and S8 a second ‘knee-like’ feature in region II is more noticeable. This
samples show in region II, in addition to the Guinier regime associated to the
particle scattering, a second Guinier and power-law regime, as we mentioned
in the previous section as second ‘knee-like’ feature. Region III display the
power-law regime.

Analysis

As pointed out above, the SAXS intensity of nanocomposites is the sum
of the polymer and particle contributions. Polymer scattering is significant in
the low-angle region, region I, and it can be fitted to equation Eq. (5.1) for
all the samples. Regarding the two ‘knee-like’ features shown by the particle
scattering in region II, two approaches were considered: (i) the existence of a
bimodal distribution of nanoparticles and (ii) the existence of a monomodal
distribution of nanoparticles and interparticle interactions. The complexity of
the system is increased by the fact that the particle size distribution shows
a certain dispersion, however low. Consequently, we used an approximate
approach for the data analysis.

Let us consider the nanocomposite as a two-electron-density system [69].
The intensity profile associated to the particle scattering (Guinier and power-
law regime) can be fitted to a unified equation proposed by Beaucage [72, 73],

p
Ip(Q) = Gpexp (_@) + B, ({erf[qng/\/g]}S)

(5.2)

For a two-electron-density model G}, is defined as
Gy = Ny (pp = pm)’ v (5.3)

where N, is the number of particles, p, and py, are the electron densities of
particle and polymer matrix, respectively, v}, is the particle volume, and Ry is
the particle radius. For p = 4, By, is the Porod constant defined as

B, =27 (pp = pm)* S (5.4)

where S is the nanoparticle surface area. This approach successfully describes
scattering from polydisperse nano-objects with different shapes and scattering
from multiple-size structures [72|. From the above expression it is possible to
determine the parameters Ry, B, and G}, which allow us calculate the mean
diameter and the standard deviation of the particle distribution |74].
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In the samples with larger iron content, where the second ‘knee-like’ feature
is appreciable, we introduced another term, Iv(q), similar to that of Eq. (5.2)

2 9 p
Ir(q) = Grexp (_Rg%q) + Bp ({erf[ngp/\/E]}?’) (5.5)

q

to describe the above-mentioned ‘knee-like’ feature as arising from a second
set of nanoparticles, so that the total intensity can be expressed as

Ii(q) = Ipve(q) + I, (q) + Ir(q) (5.6)

A representative fitting of this expression to the data from sample S6 is shown
in Fig. 5.10.
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Figure 5.10: SAXS data of sample S6. Lines correspond to: total fitted intensity (I,
solid line), particle scattering term (Ip, short-dashed line) and a term attributed in
the first instance to a second set of nanoparticles (Ir, dashed line).

The particle average diameters were determined from (D)gxxg = 2\/%Rg
and Rp = \/5/3Ryp using Ry and Ryp obtained from fitting the SAXS data
to Eq. (5.6). Particle volume fractions, ® = N,vp, calculated from G}, are also
shown in Table 5.2. The iron / poly(4-vinylpyridine) molar ratios used in the
preparation of these samples are also included.
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Table 5.2: Characteristics of some nanocomposite samples obtained from SAXS.

Volume fraction ~ Volume fraction Distance (nm)  Rp(nm)
|[Fe]/|[PVP] estimated SAXS Dgaxs(nm) estimated SAXS
S1 0.032 0.0031 0.0041 1.55 6.99 7.75
52 0.101 0.0098 0.0066 2.45 6.78 6.07
S5 0.194 0.0186 0.0178 3.49 7.12 6.07
S6 0.391 0.0367 0.0383 5.16 7.35 6.20
S8 1.479 0.1261 0.9067 10.45 6.35 -

The average diameter (D)g,xg increases with the iron content, indicat-
ing that as the iron loading increases, particles grow larger. Actually, in Fig.
5.11 we show that the particle diameter increases linearly with the iron content.
The particle diameter obtained by SAXS is slightly smaller than those obtained
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Figure 5.11: Variation of the calculated particle diameter with the iron mass ratio
used in the preparation of the sample shows (D), xg increases with the iron content.
The line is included as eye guide.

from TEM analysis. In fact, as shown in Fig. 5.12, the average size determined
with SAXS is proportional to that determined by TEM. This feature can be
assigned to some systematic artefact performed in the determination of the
particle size. Let us remind that the contrast of the nanoparticles in the TEM
images (see Sec. 5.3.3) was very poor and, became worse as the size of the
particle decreased. We might have skipped some small particles in the analysis
of the TEM images and then, the average sizes determined by TEM were over-
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Figure 5.12: Particle diameter determined by TEM vs particle diameter determined
by SAXS. The line is included as eye guide.

estimated. In addition, the SAXS technique involves the analysis over a wider
number of particles than TEM. Then, the average size determined by SAXS
is more representative than the one obtained by TEM analysis. This fact is
in accordance with the results shown in Fig. 5.11 and Fig. 5.6. We notice
that the particle size determined by SAXS is not scattered and increases fairly
proportionally with the iron content. Then, we can conclude that the average
size determined by SAXS is more representative than the one determined by
TEM so that it will be subsequently used in the analysis of the magnetic prop-
erties. In addition, we conclude that the phenomenological Beaucage approach
can be used to obtain reliable structural parameters in nanocomposites with
multiple-size structures, in accordance with previous results |72, 74].

For moderate particle densities, the volume fraction @ is in good accordance
with the values calculated from the iron content in the sample. However, for
large particle volumes, @ is clearly exceeding the expected values, indicating
an enhanced scattering probably due to a structure contribution.

The distance Rp associated with the second ‘knee-like’ feature is roughly
constant for samples S2-S6 (6.07-6.20 nm) and it increases in sample S1 (7.75
nm) with the lowest iron content. In approach (ii) we have considered the
‘knee-like’ feature as arising from interparticle interactions with the SAXS
intensity being given by

I(q) = NP(¢)S(q) (5.7)

where P(q) accounts for the particle form factor and S(q) is the structure
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factor related to interparticle interferences. We studied the presence of inter-
ference effects with a Zernike-Prins liquid-like approximation [174], a Born-
Green approximation [67, 174] assuming a hard-sphere potential interaction
and a distorted one dimensional lattice [175] at the intermediate angle range
scattering. However, none of the applied models seem to fit the scattering
intensity. In this approach, the second ‘knee-like’ feature corresponds to a
smeared maximum corresponding to a characteristic interparticle average dis-
tance d that can be estimated as 27/gmax, where gmax is the ‘knee’ position: d
= 20 and 17 nm for samples S5 and S6, respectively. In the case of sample S6,
the value of Rp is not acceptable as being due to particle size, since it would
yield a particle diameter of 12.4 nm, out of the distribution range obtained
from TEM. In the case of samples with lower iron content (S1, S2 and S5),
Ry is far from (D)qxg and if Ry is a particle radius, the samples shall have
a distinct bimodal size distribution. Such marked bimodal size distribution
would be also apparent in other properties of the nanocomposites, such as the
magnetic susceptibility. It is well known that superparamagnetic nanoparticles

7

yield a signal in the out-of-phase a.c. susceptibility, x”, versus temperature
curve that is highly correlated to particle size and shape and to interparticle
interactions. Plots of x”(7") for samples S2, S5 and S6 (Fig. 5.13) show a single
peak, which is strong evidence of a monomodal particle population along the
whole sample. Moreover, the existence of a second population of maghemite
particles with a radius Ry (Table 5.2) would yield a peak in the susceptibility
x” around 300 K, a feature that is clearly absent in the curves in Fig. 5.13.
Furthermore, the Gaussian-like shape of the peak is also indicative of the ab-
sence of magnetic interactions between particles and consequently the absence
of compact aggregates in the samples. Therefore, the low-angle peak on the
scattering intensity profile can not arise from a second population of particles
or from dense particle aggregates.

5.4 Magnetic properties

We performed magnetic measurements in a commercial MPMS SQUID mag-
netometer (Quantum Design). All the samples included in this study yield
narrow single peaks in out-of-phase AC susceptibility measurements as shown
in Fig.5.13. This confirms that they are composed of a single type of particle
with a narrow size distribution.

Fig. 5.14 shows plots of the magnetization against H /T for various maghemite
nanocomposites with different particle sizes. It is clear that the magnetization
decreases rapidly with particle size. For a particle size of 2.5 nm the M (H/T)
curve is a straight line. Deviations from this linear behavior are apparent for
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Figure 5.13: Temperature dependence of the out-of-phase a.c. susceptibility, at 10 Hz,
for maghemite nanocomposite samples S2, S5 and S6 yields narrow peaks indicating
that particle size distribution is narrow.
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Figure 5.14: Magnetization per gram of iron oxide for a series of nanocomposite
samples with different particle sizes, T = 300 K. Lines correspond to Eq. (5.8).
Notice that magnetization decreases with particle size.
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Table 5.3: D is particle diameter, Mg is the saturation magnetization derived from
fitting to a modified Langevin equation and from high field extrapolation and d is the
calculated thickness of the magnetically disordered layer.

Sample FesO3 D (SAXS) Mg extra Mg Lang x Lang d
wt% (nm) (emu/g) (emu/g) (emu/g Oe) (nm)
S1 2.3 1.55 0 0 -
S2 7.6 2.45 0 0 (1.3)
S3 7.6 2.96 1.5 2.2 1.0 x 1074 1.0
S4 16.5 3.05 3 2.9 9.4 x 1075 1.0
S5 12.9 3.49 8.5 7.6 1.5 x 1074 0.9
S6 22.9 5.16 20 17.4 1.8 x 107 1.0
S7 58.1 6.97 31 26.4 1.9 x 1074 1.0
S8 52.9 10.45 52 46.9 2.8 x 1074 1.1

the larger particles. For samples with sizes above 2.5 nm, the curves show a
component that saturates at about 20 Oe/K and a component almost linear up
to 170 Oe/K. These two components can be assigned to the contribution from
a bulk like ferrimagnetic core and a shell composed of disordered moments, re-
spectively. Assuming this core-shell model, the contribution of the core to the
total magnetization of the particle must be negligible for a particle diameter,
D<2.5 nm. In this framework, the saturation magnetization of the core, Mg,
is the relevant parameter to observe the evolution of the core and shell sizes
with particles size based on M (H) curves.

In a first approach, Mg can be estimated by a high field extrapolation
(Table 5.3). This value can be refined by fitting data to a modified Langevin
equation:

MH)
M=MsL{E= ) +xH .
i (k:BT X (58)

where Mg is the saturation magnetization and p is the average magnetic mo-
ment of the core. The linear contribution to the magnetization, y, is an
additional term that is usually used for antiferromagnetic and ferrimagnetic
nanoparticles [127, 176]. In antiferromagnetic nanoparticles, such as ferritin,
it is usually interpreted as bulk xap susceptibility [57—60], which is enhanced
in nanoparticles [127]. However, the x values found here (Table 5.3) are larger
than typical values for antiferromagnetic nanoparticles, probably due to the
contribution of non-collinear spins in the magnetic structure arising from sur-
face effects [176]. The characteristics of the samples are summarized in Table
5.3.

In Fig. 5.14 differences between data and fits are observed, mainly due to a
deficient model for surface. In fact, the surface spins have some saturation
in the 20-160 Oe/K range, which is not accounted by the linear term. This
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small saturation arises since the surface ions are not paramagnetic and/or an-
tiferromagnets, being probably better described as clusters with a magnetic
moment much smaller than that of the core but higher than that of isolated
paramagnetic Fe ions. Magnetic moment distributions are also contributing to
these differences [39]. However, the extracted values of Mg are similar to those
estimated from a high-field extrapolation and may serve as a guide to follow
the influence of particle size.

5.4.1 Core-shell model

It is evident in Fig. 5.15 that the decrease of Mg is steeper as the particle size
decreases. For a size of 3 nm the value approaches to zero and for a size of
2.45 nm the Mg value is already zero (Table 5.3). In this core-shell model, Mg
is proportional to the volume fraction of the maghemite-like core

Ms=Mso( D2

(5.9)
where Mg should be close to the bulk saturation magnetization (76 emu/g)
[178]. The validity of this relation can be confirmed observing a Msl/ ? versus
1/(D/2) plot (Fig. 5.15b). The results are surprisingly consistent: since this
plot is quite linear, we conclude that the disordered layer d is almost constant
in a 3-15 nm diameter range.

A linear fit yields a magnetically death shell of thickness d = 1 nm and
Msgp = 73 emu/g, which is close to the bulk value and confirms the coherence
of this model. We can also observe that the thickness of the disordered layer
slightly increases when approaching the limiting size value for total magnetic
disorder, since My is already zero for sample S2 where D = 2.5 nm.

Fig. 5.15b shows also series of Mg data for maghemite nanoparticles from
different sources found in the literature [164-167, 172, 177, 179-181]. One
by one, these series do not show a clear and consistent tendency. However,
the overall tendency is not far from the model proposed in this paper, in
spite of a wide scattering. Deviations from the general tendency can be due
to particle size dispersion, particle aggregation, interphase interactions and
different degrees of crystallization. This could also be caused by uncertainties
in the determination of the particle size. In our case, the use of small angle x-
ray scattering for size determination has guaranteed statistical representability
and no changes in particles due to specimen preparation.

In previous articles, shell thickness has also been estimated from the ratio
of canted spins measured by Mossbauer spectroscopy. The shell thickness, d,
would be 0.9 nm for D = 5.9 nm according to the Coey results [160], 0.5 nm
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Figure 5.15: (a) Variation of the saturation magnetization, Mg, with the particle
diameter. Full points correspond to values from fitting to Eq (5.8) and empty circles
correspond to values from high-field extrapolation. The line corresponds to fit to
Eq. (5.9); (b) linearization of previous plot, where the constancy of thickness of the
magnetically disordered layer d with the particles size can be observed and comparison
with data from other authors. The full line corresponds to the fitting of the data here
reported and the dashed line to the overall fitting of data included those from other
authors: (e) our data, (x) [164, 165], (+) [166], (O) [167] and (A) [177].

for D = 9 nm according to the Hendriksen et al. [148, 149], 0.9 nm for D = 7.5
nm according to the Linderoth et al. [163] and 0.35 nm for all the particle sizes
in the range 2.7-7.1 nm (at 7' = 7 K). From ZFC-FC measurements, Martinez
et al. [159] suggest a spin-glass layer of 0.6 nm for D = 10-15 nm. Finally, Lin
et al. |153] estimated a thickness of 1.2 nm for cobalt ferrite from polarized
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neutron experiments. Again, there is a disparity of values, though on average
they are not far from the value found in this work. The degree of crystallinity on
core and surface can have an important influence on the magnetic properties
of maghemite nanoparticles [145, 146]. Actually, it has been proposed that
this is the only cause of decrease of magnetization in nanoparticles [182]. This
conclusion is based on measurements of saturation magnetization on 7 nm
size maghemite nanoparticles that yielded a value (80 emu/g) close to the bulk
(76 emu/g). However, values from other authors [179] using a similar synthetic
method show a decrease of saturation magnetization that fits well to Eq. (5.9).
This disagreement could be partially explained by a presence of magnetite
(Mg = 92 emu/g) in samples prepared with this method as found in Ref.
[183]. Nanoparticle samples used here, showed a high crystalline perfection
after annealing as revealed by IR observations. An independent confirmation of
our results have been recently reported by Komorida et al. [184] from pressure
experiments made in our samples. Comparing structural and magnetic data
under pressure the authors arrive at a value of 1 nm.

There are no other experimental evidences on the limiting size at which
the core disappears apart from this work. However, according to Monte Carlo
simulations by Iglesias and Labarta |185|, this should occur for a size around 3
nm. They also announce an increase of the shell thickness as the particle size
approaches this value. These predictions are in very good agreement with the
results of this work.

5.5 Conclusions

The approach of G. Beaucage can be successfully applied in the analysis of the
SAXS intensity of nanocomposites. The average size determined using this
method is in agreement with the iron/polymer molar ratio used in the prepa-
ration of the nanocomposite. The size dependence of saturation magnetization
of a series of nanocomposites, with an average particle size from 3 to 15 nm,
follows an analytical function based in the ’core-shell’ model. The fit to this
function gives a shell thickness of 1 nm value and a saturation magnetization
for the ferrimagnetic core close to the bulk value.



Chapter 6

Dipolar interactions in
maghemite ferrofluids

Often, the magnetic nanoparticles are close enough such that the dipole-dipole
interactions affect the superparamagnetic relaxation, susceptibility and mag-
netization curves. The interpretation of the results from the experiments is
not straightforward and has been a subject of scientific studies during the last
decades. One of the studied issues is the possibility of an enhancement of
the magnetic relaxation by the dipole-dipole interaction |51, 186|. In an early
report, J. L. Dormann [15] showed that magnetic relaxation slowed down as
the strength of dipolar interaction increased in a system of iron nanoparti-
cles dispersed in an alumina matrix. Later on, S. Mgrup found the opposite
trend in a system of maghemite particles embedded in a polymer [49]. In this
work, it was stressed that this tendency may be expected in systems where the
nanoparticles interact weakly. Some theoretical and numerical models devel-
oped afterwards [53, 54, 187] showed that for weak interactions relative to the
anisotropy, the energy barriers are no longer governed by interactions and, in
fact, decrease with growing interactions. Another interesting issue regarding
the effect of dipolar interactions on the magnetic relaxation, is the experimen-
tal approach followed to modify the strength of the interactions. Usually, the
effect that interparticle interactions have on the relaxation time is analyzed by
modifying the particle-particle distance, for example diluting the system, and
thus changing the strength of the dipolar interaction. However, this procedure
may also modify not only the particle-particle distance but also the distribution
of particle size or even, at high concentrations, particles may aggregate into
small clusters. Often, it is hard to separate the influence of dipolar interactions
on the magnetic relaxation from these other effects.

In this chapter we present results concerning these issues. First, we analyze
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the dependence of the relaxation time with the nanoparticle concentration in
a maghemite ferrofluid where dipolar interactions are very weak and, in fact,
are usually negligible. Let us remark that the main difference between Dor-
mann’s and S. Mgrup’s works is that the relaxation time was obtained from
magnetization measurements in the former and from Mossbauer experiments
in the latter which correspond to different experimental times. Magnetiza-
tion experiments study the relaxation in a time window from 100 s to 107°
s while Massbauer from 1077 s to 107 s. Up to our knowledge, there is no
evidence of the effect reported by S. Mgrup in experiments based on mag-
netization measurements. We show that, in our system, the relaxation time
obtained from magnetization measurements decreases as the concentration in-
creases. Second, we propose an experimental procedure to study the influence
of dipolar interactions that enables us to switch on and off the interactions.
The magnitude of dipolar interactions is modified by orienting the easy axis
of the nanoparticles. This feature arises from the anisotropic character of the
dipolar interaction. We stress that in this approach we do not modify the
number of nearest neighbors neither the distribution of particle size. So that
differences between the effective energy barrier of the randomly oriented sys-
tem and that of the textured system, can be associated only to an increase
of the dipolar interactions strength. The effect of the dipolar interactions in
ferrofluids by means of magnetically texturing the sample, have already been
analyzed by small angle scattering [188, 189]. We prepared a ‘magnetically
textured’ ferrofluid by cooling through the freezing point, under the influence
of an external magnetic field. The strength of dipolar interactions is larger in
the magnetically textured ferrofluid. In addition, magnetic relaxation becomes
slower after the texture process.

6.1 Synthesis

The ferrofluid samples consist of maghemite nanoparticles dispersed in dioctyl
ether. In order to study the issue concerning the magnetic relaxation in a weak
interaction regime, we prepared a ferrofluid of maghemite nanoparticles with
an average size of 12 nm (FF). The magnetic texture procedure was applied
to a ferrofluid of maghemite nanoparticles with an average size of 8 nm (TX).

The synthesis of highly crystalline and monodisperse maghemite, y-Fe2Os,
nanoparticles was carried out in an organic medium by the Hyeon method [32].
This procedure, which allows varying particle size by controlling the amount
of surfactant, is based on the thermal decomposition of iron pentacarbonyl in
the presence of oleic acid. In the synthesis of 12 nm iron oxide nanoparticles
ferrofluid, a reaction vessel containing 20 mL octylether and 3.41 g of oleic acid
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is heated under an argon flow to 100 °C. The amount of 0.4 mL of Fe(CO)s
solution is rapidly injected through a septum into the hot vessel containing the
dioctyl ether solvent and the oleic acid. This solution was then heated at 282
°C for 1 hour under vigorous stirring. Upon injection, the solution turns black
in color and bubbles as Fe(CO)s decomposes, as the iron nanoparticles are
nucleating and the CO gas is releasing. Then, the nanoparticle dispersion was
cooled to room temperature. The resulting iron nanoparticles were transformed
to monodisperse maghemite by controlled oxidation by using trimethylamine
oxide as a mild oxidant. In this process, 0.34 g of (CHj3)3sNO-2H20O were
added. The mixture was then heated to 130 °C under argon atmosphere and
maintained at this temperature for 2 h. Then, the reaction temperature was
slowly increased to reflux and the reflux continued for 1 h. The solution was
then cooled to room temperature. The resulting ferrofluid is named FF100.
Five additional diluted ferrofluids were prepared by adding dioctyl ether to
FF100 in ratios FF100 : octylether were 50:50, 25:75, 12.5:87.5, 5:95, and
2.5:97.5 and were labeled as FF50, FF25, FF12.5 FF5, and FF2.5, respectively,
in relation with the decrease in nanoparticle concentration.

The synthesis of 8 nm nanoparticles followed the same chemical route but
the amount of oleic acid in the reaction vessel is 2.56 g. The resulting fer-
rofluid is labeled as TX100. We prepared an additional solution with lower
concentration diluting with dioctyl ether TX100. The volume proportions
TX100:octylether is 1:8. The sample was labeled as TXS.

6.2 Structural properties

6.2.1 XRD

The crystalline phase of the nanoparticles was identified by recording x-ray
powder diffraction patterns of the dried samples. Diffraction patterns were col-
lected with 260 ranging from 5 to 70°, a step size of 0.03° and a detection time
of 1 s. The powder samples were prepared by precipitation with acetone, wash-
ing this solvent and then drying at room temperature. The x-ray diffraction
patterns of the nanopowders corresponding to samples FF and TX, shown in
Fig. 6.1, match well with that of an inverse spinel structure. The broad diffrac-
tion peaks are an indication of the small particle size. The diffraction pattern
does not present any other peak than those from magnetite/maghemite. The
diffractogram from these two phases are very similar in d spacing and intensi-
ties and it is therefore difficult to differentiate them only by using XRD. The
absence of magnetite was confirmed by titration with KoCryO7 /ferroin that
showed no presence of Fe (II).
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Figure 6.1: XRD patterns of FF (top) and TX (bottom) powder samples. The 7-
Fe; O3 database reference pattern is also included.
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The particle size was estimated from the broadening of the most intense
peak (the (3 1 1) reflection) by using the Debye-Scherrer’s equation,

~ 0.9
~ Acosf

where A is the radiation wavelength, A is the line broadening measured at
half-height and 6 is the Bragg angle. # and A were estimated by fitting the
peak to a Lorentzian. We obtained the average diameter of 11.2 nm and 7 nm
for the FF and TX samples, respectively.

6.2.2 Electron microscopy

Transmission electron microscopy observations of the nanoparticles were per-
formed in a Philips CM-30 instrument working at an acceleration voltage of 300
kV. Samples were prepared by putting a drop of the as-prepared maghemite
ferrofluid on a carbon-coated copper grid and drying in open air. The image
analysis was carried out with a Digital Micrograph software.

The ferrofluids FF100 and TX100 consists of non-aggregated spherical
nanoparticles as shown in Fig. 6.2 (a) and (b), respectively, with a distance
between the boundaries of nearest neighbor particles ~1.5 nm that corresponds
to the surfactant layer thickness. The particle size histograms shown in Fig.
6.2 were obtained by analyzing around 300 particles. From the gaussian fit
of the histograms we conclude that the iron oxide nanoparticles have a mean
diameter of 11.6 = 1.0 nm and 8.1 + 0.98 nm for samples FF100 and TX100,
respectively, in agreement with the value obtained from x-ray diffraction data.

6.2.3 DLS

Dynamic light scattering measurements were performed using a Zetasizer NanoZ$S
ZEN3600 from Malvern Instruments [66]. The analysis of the intensity profiles
shown in Fig. 6.3, gives hydrodynamic diameters of ~ 13 nm and 11 nm for
samples FF100 and TX100, respectively. Using these values and the average
diameter determined using TEM we estimate a thickness for the surfactant
layer of ~ 1.5 nm, in agreement with TEM images (see Fig. 6.2). The DLS
results confirm that there are not large aggregates of nanoparticles at room
temperature. Let us notice that the intensity profiles seem wider than ex-
pected for a particle size distribution with a standard deviation of ~ + 1 nm.
This effect may arise from the fact that the scattering intensity increases with
the size, so that the frequency of larger particles is over-valuated.
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Figure 6.3: DLS intensity profiles of FF (a) and TX (b) ferrofluid samples, measured
at room temperature.
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6.2.4 TGA

The weight percentage of maghemite in the ferrofluids was evaluated by thermo-
gravimetric analysis, using a TGA 5000 apparatus from TA Instruments. The
sample was placed in the TGA furnace and heated in nitrogen atmosphere at
a rate of 10 °C/min up to 1000 °.

The TGA thermograms of samples FF100 and TX100, shown in Fig. 6.4,
are in good agreement with the quantities of the chemical products employed
in the synthetic procedure. The weight loss of about 81% and 87% in the
temperature range of 100-200 °C are in agreement with the quantity of octyl-
ether in the reaction. The second loss of about 10% and 7.5 % corresponds to
the oleic acid content. The third loss of weight corresponds to the subproduct of
the oxidant. The residual weight accounts for the amount of maghemite, 0.97%
and 0.96% for FF100 and TX100, respectively. The resulting concentration
are 8.14 and 7.9 mg of iron oxide per mL for FF100 and TX100 ferrofluids
respectively.

6.2.5 SAXS

Small angle x-ray scattering experiments were performed to get information
about the average particle size and the nanoparticle arrangement in the fer-
rofluid. Experiments were carried out at the Beam Line 16 (BM16) of the
European Synchrotron Radiation Facility (ESRF). The scattered intensity is
calculated in absolute units (cm™) by using a scaling method with water as a
reference.

FF ferrofluids

The scattering profiles for the ferrofluid FF100 and the dilutions are shown in
Fig. 6.5. The extrapolation of the scattering curve to ¢ = 0 (Iy) is propor-
tional to N,/cm®. I(0) decreases as the concentration is lower, so that the
number of particles per unit volume of the sample decreases with concentra-
tion, as expected. The scattering intensities show a maximum in the g-region
corresponding to the scattering of the average size of the nanoparticles (see
below). This maxima show up in similar angular regions for all the dilutions.
A closer inspection of Fig. 6.5 reveals that a secondary maximum is observable
in the scattering profiles. This feature suggests that these ferrofluids are highly
monodisperse.

The presence of any aggregate would be reflected as an additional contri-
bution to the intensity that appears around the angle position corresponding
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Figure 6.4: TGA thermogram of FF100 (top) and TX100 (bottom) ferrofluid samples
show that the amount of maghemite is 0.97 % and 0.96 %, respectively.
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Figure 6.5: Intensity profiles for sample FF100 and dilutions. Concentration shown
in the legend is expressed in mg FeaO3 / mL. The extrapolation Iy, decreases as the
particle concentration decreases.

to the average cluster size. The fact that the intensity profiles are constant
at low-q suggests that there is not any aggregate in the ferrofluids. Also, we
can compare the concentration obtained from the volume fraction ® calculated
from the Porod invariant with the real concentration we know from the syn-
thesis and TGA analysis. In the absence of aggregates both concentrations
should agree with each other. In order to calculate ® we use the expression of
the Pood invariant [67, 68|,

Q- [ H(@)q*dg =270 (1 - @) (3p)” (6.1)

where Ap is the contrast, i.e., the difference of scattering length density be-
tween the scattering material and the buffer (see Sec. 2.7). The density is,
_ Ne~
p(em™) = ———bp (6.2)

Vmolecular

where by = 2.82 x 10713 cm is the Thomson scattering length for an electron.
The concentration, determined from the volume fraction, is shown in Table
6.1. The real concentration, determined from the TGA analysis for the FF100
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Table 6.1: Middle column is the real concentration, assuming the concentration ob-
tained from TGA for sample FF100. The last column is the concentration calculated
using Eq. (6.1).

Sample gFes03/mL  gFeO3/mL from Eq. (6.1)
FF100(100:0) 8.14 x 1073 8.46 x 1073
FF50(50:50) 4.07 x 1073 425 x 1073
FF25(25:75) 2.03 x 1073 2.50 x 1073
FF12.5(12.5:87.5) 1.02 x 1073 1.12 x 1073
FF5(5:95) 0.41 x 1073 0.53 x 1073
FF2.5(2.5:97.5) 0.21 x 1073 0.38 x 1073

sample and considering subsequent dilutions, is also included in the table for
comparison. If aggregates were present in the ferrofluid the concentrations
determined from Eq. (6.1) would be larger than the real ones, as Eq. (6.1)
would give larger ® values and, correspondingly, larger concentration. The
agreement between calculated concentrations using Eq. (6.1) and the fact
that the intensity profiles are constant at low-g confirm that there is not any
aggregate in the ferrofluids.

Additionally, we plotted the normalized concentrations calculated from Eq.
(6.1) as a function of the real ones in Fig. 6.6. The existence of aggregates
would be reflected in a parabolic trend. From the linear dependence between
both normalized concentrations we conclude that there is not any cluster in
these ferrofluids, in agreement with DLS results.

The size distribution of sample FF100 was also determined from SAXS
measurements and compared to that obtained by TEM. One of the advantages
of the size analysis by means of SAXS is that the size distribution is determined
from the analysis of a large number of particles. The fit of the intensity profile
of the dilution FF12.5, with software GNOM, is shown in Fig. 6.7. The
average diameter of 12.8 nm obtained from the fit is comparable to the diameter
determined by TEM studies.

We can conclude that the average diameter of 11.6 nm determined by TEM
is representative of nanoparticles’ size and that the ferrofluid FF100 and its
subsequent dilutions do not have any aggregate.
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Figure 6.7: Scattering intensity for the sample FF12.5. Solid line is the profile fit

with GNOM software. Inset: Size distribution profile obtained by SAXS.

TX ferrofluids

The SAXS scattering profiles of the TX100 and TX8, displayed in Fig. 6.8,
show a constant scattering at low-¢q, indicating the absence of large aggregates.
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Table 6.2: The middle column refers to the as prepared concentration. The last
column gives the concentration calculated from the Porod invariant.

Sample gFesO3/mL  gFesOs3/mL from Q
TX100(100:0) 7.9 x 1073 8.83 x 1073
TXS8(1:8) 0.88 x 1073 1.23 x 1073

The extrapolated intensity 1(0) shows that the number of particles per unit
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Figure 6.8: Intensity profiles for sample TX100 and TX8 show a constant scattering
at low-q, suggesting the absence of large aggregates in the ferrofluids.

volume decreases as the concentration decreases. The profiles of both dilu-
tions show a maximum in the same angular region, which corresponds to the
scattering of the average particle size. In addition, the secondary maximum
is also noticeable, indicating that these ferrofluids are highly monodisperse, in
agreement with the distribution obtained by TEM.

The concentrations were calculated following the same procedure as in the
previous section. They are shown in Table 6.2, together with the concentra-
tion calculated from the TGA results. The concentrations calculated from
the Porod invariant are in agreement with those determined by TGA, but the
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former are slightly larger. The agreement between calculated and measured
concentrations, as well as the absence of any additional maximum in the SAXS
profiles suggest that the ferrofluids are free from aggregation at room temper-
ature, in agreement with the results obtained by DLS.

Now, we determine the size distribution as in the previous section. The
fitting of the scattering intensity, shown in Fig. 6.9, gives an average diameter

of 8.5 nm, in agreement with the one determined by TEM studies
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Figure 6.9: Scattering intensity for the sample TX100. Solid line is the profile fit with
GNOM software. Inset: Size distribution profile obtained by SAXS.

We can conclude that the average diameter of 8.1 nm obtained by TEM
analysis is representative of the nanoparticles’ size.

Finally, the effect of the magnetic texture induced by a 1 T magnetic field
on the fluids TX100 and TX8 is analyzed. The intensity profiles at room
temperature, shown in Fig. 6.10, under the influence of a 1 T field agrees with
that in the absence of a magnetic field. The scattering intensity under the
influence of 1 T field agrees with the one in absence of magnetic field for samples
TX8 and TX100. The formation of structures in the fluids is manifested in the
scattering curves as a maximum at the characteristic distance of the structure
[67]. The absence of this feature and of any additional maxima in the profiles

of Fig. 6.10 suggest that in these samples the magnetic field does not induce
any aggregation at room temperature.
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Figure 6.10: SAXS curves for the samples (a) TX100 and (b) TX8 at room tem-
perature. The scattering profiles in the presence of a magnetic field of ~ 1 T (filled
symbols) agree with the intensity in the absence of a magnetic field (open symbols).

6.3 Dipolar interactions at low concentrations

In this section we analyze the influence of dipolar interactions on the magnetic
behavior of y-FeoOgs ferrofluids by means of magnetization and SAR experi-
ments. In particular, we study the dependence of these magnitudes with the
nanoparticle concentration. In these studies, we used samples FF100, FF50
and FF25. The magnetic signal of the samples FF12.5, FF5 and FF2.5 was
close to the equipment resolution so they were discarded in these studies. The
magnetic measurements were performed using a commercial SQUID magne-
tometer (MPMS-5S, Quantum Design) in the temperature range from 2 K to
325 K and under static magnetic fields up to 5 T. The diamagnetic contri-
butions of the capsule and the buffer were subtracted from all experimental
data.

To preserve as much as possible the state of distribution of particles in
the carrier liquid at room temperature we have to avoid aggregate formation
that may appear in the solidification process. We therefore cooled down the
magnetometer to a temperature much lower than the solvent’s melting point
(T ~ 250 K) before the introduction of the fluid samples in order to quench
the arrangement of particles in the carrier liquid.

The specific absorption rate was measured at an average temperature of
315 K. To calculate the sample heat capacity, the contributions of the NPs, the
carrier liquid, the quartz sample holder and the sealant were taken into account.
The temperature increments measured were small due to the low nanoparticle
concentration in the ferrofluid and the relatively high heat capacity, so that
final SAR values were obtained by averaging between 5 to 9 heating steps.
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6.3.1 Equilibrium properties

Magnetization versus magnetic field curves measured at 300 K, 250 K, and
180 K are shown in Fig. 6.11. Magnetization curves, in emu per gram of
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Figure 6.11: dc magnetization curves at room temperature of FF100 sample, at 300
K, 250 K and 180 K. Inset: Ms/Ms (r-1s50k); solid line represents the the fitting to
the power law expression.

maghemite, were calculated using the maghemite concentration obtained by
TGA. The dependence Mg (T) can be described by a power law [190] Mg —
Ms (p-py (1-bT< ). The Bloch exponent a = 1.7 we obtained is in the range
predicted for ultrafine particles (3/2 < a < 3), b= 1.24 x 107 and Mg (T=0) =
77.3 emu/gFes03 (355.58 kA /m) coincides with magnetic saturation for bulk
maghemite [18].

The equilibrium susceptibility values, xo, have been obtained from the
thermal variation of the ac susceptibility, shown in Fig. 6.12. Out-of-phase x”
susceptibility component vanishes at temperatures larger than 275 K and, cor-
respondingly, in-phase X’ susceptibility component superimposes at the mea-
surement frequencies. These features are also observed for samples FF50 and
FF25. Then, above 275 K nanoparticle magnetic moments are superparamag-
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Figure 6.12: ac susceptibility for FF100. At temperatures larger than 275 K out-of-
phase susceptibility component vanishes and in-phase susceptibility component su-
perimposes for different frequencies.

netic and, x’ equals o, the equilibrium susceptibility.

6.3.2 Relaxation

We investigated the dynamics through the analysis of the variation of the relax-
ation time with temperature. In this analysis, we employed two experimental
techniques: ac susceptibility and SAR measurements. The latter explore the
relaxation time at room temperature and frequencies of ~ 100 kHz, while the
former examine the range corresponding to temperatures between 4 and 300 K
and frequencies between 1 and 852 Hz. Let us point out that, in our particular
case, both techniques explore the relaxation in different states of the medium,
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Table 6.3: Blocking temperatures, determined as the temperature of the maximum
of x”.

T3 (K)

f (Hz) FF25 FF50 FF100
1 75.2 70.8 69.4
15 83.4 79.1 77.5

117 89.8 88.0 85.7
852 105.1  98.7 94.6

which is liquid in SAR measurements and frozen in ac measurements.

In ac susceptibility the dynamics are analyzed from the magnetic response
as a function of temperature when an alternating magnetic field of frequency f
is applied. In particular, we analyze the variation of the blocking temperature
Ty with the relaxation time 7 = 1/27 f (see Sec. 1.2.4). In a frozen-medium the
particles are not allowed to rotate, so that we are just regarding information
about the Néel relaxation time 7y that we note as 7 to abbreviate. The average
blocking temperatures Tg, corresponding to the maximum of the out-of-phase
component at the measuring frequency f (see Sec. 1.2.4), are shown in Table.
6.3.

Fig. 6.13 shows that log1o7, obtained from ac susceptibility, is proportional
to 1/T5. Relaxation time can therefore be described by Néel expression [35]
that for an isolated particle is

T = 19exp(Ey k™) (6.3)

where E}, corresponds to the energy barrier. It is interesting to note in Fig.
6.13 that magnetic relaxation is faster for the most concentrated ferrofluid.

The specific absorption rate of the ferrofluids is measured under an oscil-
lating magnetic field of amplitude 3 kA /m and frequency f of 109 kHz. The
temperature of the sample is recorded before, during and after field applica-
tion and the SAR values are calculated as SAR = (1/myp)-C-(AT/At), where
myp is the mass of magnetic material, C the heat capacity of the whole sam-
ple (estimated using the mass, concentration and specific heat capacity of each
component) and AT the temperature increment during the field application
interval At.

Fig. 6.14 shows three pulses. The left ordinate axis is (Ig - Tp)- C/mnp
(J/g), where Ty is the sample temperature, Ty is the initial temperature trend.
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Figure 6.13: Relaxation time versus temperature follows Néel relaxation for the frozen
ferrofluid (four points at lower temperatures). Notice that relaxation is slower as the
nanoparticle concentration decreases. In the figure is also included relaxation time
determined from SAR.

This difference is multiplied by the C/myp ratio, to account for the different
ratios. The right ordinate axis shows the field-application interval, with ¢ =
600 s in all cases. Let us notice that the original and diluted ferrofluids come
from the same batch so that, in absence of magnetic interactions, the thermal
power per unit mass (expressed in watts per gram of magnetic material) should
be similar in samples FF25, FF50 and FF100 and so should the increments in
Fig. 6.14. However, these increments are higher for the dilutions, about 24%
and 134% larger, for samples FF50 and FF25, respectively. This is indicating
a decrease of heating power with increasing concentration.

We determined the relaxation time from SAR values. According to R. E.
Rosensweig [79] SAR can be expressed as:

WTeff

SAR(W/g) = por fHX"[p with X" = xo T (6.4)

(WTeff)2
where p is the mass density of maghemite, xo is the equilibrium susceptibility, w
= 27 f and 7o is the effective relaxation time of the particles. The equilibrium
susceptibility yo at 315 K is obtained from the extrapolation of X’ at the
superparamagnetic regime. At temperatures 7' = 315 K the ferrofluid is in
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Figure 6.14: Heating steps at f = 109 kHz: experimental data with smooth fit. The
dotted lines are the extrapolation of the T drifts after ac-field application. The double
arrowhead lines stand for the AT - C/myp values.

the liquid state so that relaxation result through two processes: brownian
and/or Néel mechanisms. Both contribute to the relaxation with an effective

relaxation time ) L1
-y (6.5)
Tef T TB
where 7g is the time associated with the rotational diffusion and 7 is the time
associated with the magnetic relaxation, mentioned previously. The Brownian

relaxation time for spherical particles is given by the expression
8 = (3Van) [ksT (6.6)

where 1 ~3.52 mPa:s is the viscosity for the octylether and Vi is the average
hydrodynamic particle volume. Using the hydrodynamic diameter determined
from DLS (see Sec. 6.2.3), Vi ~ 1.2V, where V is the average volume deter-
mined by TEM, we obtain 73 = 3.43 x 107% s. Neglecting the variation of
viscosity with ferrofluid concentration, due to the low concentration values,
this 75 is the same for the three ferrofluids considered. Néel relaxation times
can then be deduced and are collected in Table 6.4. The 7 values determined
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Table 6.4: Relaxation times at 315 K, calculated by using SAR measurements.

Sample Teff (8) 7 (s)

FF100 1.27 x 1077 1.32 x 1077
FF50  1.50 x 1077 1.57 x 1077
FF25 261 x 1077 2.83 x 1077

from SAR are also depicted in Fig. 6.13. We notice that the magnetic relax-
ation is faster as concentration increases, in agreement with the results from
the magnetic measurements of the frozen ferrofluids. However, heating power
is smaller with increasing concentration. This feature can be explained as fol-
lows. The frequency of 109 kHz in SAR experiments is smaller than the average
magnetic relaxation frequency, 1/7, corresponding to the magnetic relaxation
of the mean size, which can be estimated using Eq. (6.3) to be ~ 450 kHz at
room temperature. In a plot representing x” versus the magnetic relaxation
frequency we are performing the SAR experiments at a frequency f smaller
than the frequency at which x” shows the maxima of the superparamagnetic
relaxation. So that x”(109 kHz) < x”(1/7) and, correspondingly, the SAR. (109
kHz) is smaller than the value corresponding to the average size. As the con-
centration increases the average relaxation frequency increases so that the x”
maxima becomes further away from the measurement frequency of 109 kHz,
as the concentration increases. Then, x"ppos(109 kHz) > x"pp50(109 kHz)
> X"rFr100(109 kHz) and, correspondingly, SAR (109 kHz)ppss > SAR (109
kHz)pps0 > SAR (109 kHz)pp1g0, in agreement with the experiments. Finally,
let us mention that, in addition, 7 values are 10 times lower than the 73, so
that Néel relaxation is the dominant mechanism, because it is much faster.
Then, Teg ~ 7, that we will note in subsequent sections as 7 to abbreviate.

6.3.3 Analysis

The effects observed in the previous sections could be due to the existence
of aggregates in FF100 that have progressively disappeared when we have di-
luted the fluid. However, dynamic light scattering measurements provide an
hydrodynamic size of the order of that obtained by TEM. This fact discards
the existence of large aggregates. Also, due to its low concentration value,
sample FF100 is not likely to contain such aggregates. Another possible expla-
nation is the presence of dipolar interactions in the original fluid FF100: the
dipolar interactions become weaker as the fluid becomes more diluted and the
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nanoparticle magnetic moments readily follow the magnetic field.

In order to better understand and to correlate the results obtained in the
liquid and frozen states, we have compared our experimental data with some
theoretical results about magnetic systems displaying dipolar interactions. At
this point we compare the volume concentration, ¢,, of our samples with those
used in other works on dipolar interactions in ferrofluids [49, 50]. For FF100,
FF50 and FF25 we have ¢, ~ 0.18%, ¢, ~ 0.10% and ¢, ~ 0.04%, respectively.
The low concentrations of our ferrofluids leads to large interparticle distances
such that models based on spin-glass behaviors, characteristics of strong inter-
acting systems, are far from being adequate in this analysis. The interaction
effect usually attributed to these concentrations is negligible. For example,
using the model proposed by S. Mgrup and E. Tronc [49] for weak interac-
tions, the change in T due to interactions in the FF100 sample would be ~ 5
x 1073 %, which is inappreciable. However, it is very difficult indeed to avoid
interactions completely.

The models usually applied to analyze the influence of dipolar interactions
are described in Sec. 1.2.5. The Dormann-Bessais-Fiorani model (DBF) [51]
differentiates two regimes of medium and weak interactions according to the
value of the factor [a1 M2V [kgT], where a1 ~ ¢y/\/2. This factor for the
FF100 takes values between 0.014 and 0.003 in the considered temperature
range, so that the samples of this work lie in the weak interacting regime.
Fig. 6.15 shows the fit of the relaxation time with the expression proposed by
the DBF model. In the fitting we used the dependence of the magnetization
with temperature calculated in Sec. 6.3.1 and the average particle volume
from TEM analysis. We assume that the mean number of first neighbors is 12
(average close packing) for the three dilutions. With those parameters fixed,
from the fitting we deduce the anisotropy barrier of the single-particle, Epy =
1705 + 100 K, nr = 0.9 £ 0.01 and the interaction energies F; pri00 — 8x107% +
0.01 K, Ei,FF50 =25.7+ 0.5 K, Ei,FF25 = 53.9 £ 0.7 K. The value of EbO isin
agreement with the magnitude for the anisotropy energy of v - FeaO3 and n; is
in the range expected for interacting nanoparticles [50]. Notice from Fig. 6.15
that the slope increases as the ferrofluids become more diluted, in agreement
with the dependence with concentration of the values determined from the fit
for E;. However, this means that the dipolar interaction increases when the
particles become more separated, that is unreasonable.

In this model, the expression for the total energy barrier Ey, predicts an
increase of this magnitude with increasing concentration. So that an increase of
the relaxation time with increasing interactions strength is predicted. However
in Fig. 6.13 we clearly show that the trend of the relaxation time is just the
opposite for both the frozen and liquid state: it is faster for the concentrated
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Figure 6.15: Relaxation times versus inverse blocking temperature and corresponding
fits to the DBF model.

samples. So the assumptions made within this model seem not to be adequate
to describe our results.

The Mgrup-Hansen-Tronc model (MHT) was developed to describe the
magnetic relaxation in weak interacting systems. In fact, it requires that

2
ﬂ(i—o) % « 2B (6.7)

7r
where E} is the single-particle energy barrier, ¢ is the mean magnetic moment
and d is the average distance between the neighboring particles. This condition
is fully satisfied in the 2saumples studied in this work where Eyy ~ 1800 K for

v-Fez03 and V2 (42) b5 ~ 2.5 K for the most concentrated sample FF100. We
fit the relaxation time with the expression

7 = oexpla — (1/3) 85, (1 - 3/4a™")]

where a = Eyg/ kgT and B2, — 2[(uo/4m)?u* ¥ d8]/(kgT)?. The best fit
of the data with this expression provides values for the pre-exponential factor
~ 1071 s, much lower than 7p. So that we assumed that 7o depends with
temperature following the expression [37]

m = 1T (B ki T) (6.
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where T is the relaxation time of isotropic spins, and E}, is the energy barrier.
From the fit, shown in Fig. 6.16, we deduce Epy ~ 1830 + 200 K, in agreement
with the magnitude for the anisotropy energy of v - FeoO3. The dipolar energies

E 3

0.000 0.005 0.010 0.015
1T,

Figure 6.16: Relaxation times versus inverse blocking temperature and corresponding
fits to the MHT model.

determined from the fit Ei,FFlOO =207+ 5K, Ei,FF50 =165+ 13 K, Ei,FF25 =7
x 10 77 £ 3 x 10 719 K increase with the volume concentration as expected when
the distance between neighboring nanoparticles become smaller. However, the
magnitude of the dipolar energies obtained from the fit are much larger than
the value calculated by using the distance between particles determined by
TGA, Eirrioo = 24.8 - 49.6 K, Eipps0 — 16.6 - 33.23 K, Ejppos — 6.3 -
12.7 K. We conclude that although the MHT model qualitatively describes the
dependence of relaxation time with concentration, the magnitude of the fitting
parameters derived is not real.

The model of P. E. Jénsson, J. L. Garcia-Palacios, M. F. Hansen and P.
Nordblad (JGP) [52] is valid at very weak interaction strengths. The dipolar
interaction energy for the FF100 sample is uou®/4ra’ky = 1.75 K, so that
the model might be applied in the entire temperature range. Fig. 6.17 shows
the fits of the experimental relaxation time to the expression we mentioned
in Sec. 1.2.5, 7y = 10€°g(A, 0,d). We obtained Eyy ~ 1772 K, in the range
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Figure 6.17: Relaxation times versus inverse blocking temperature and corresponding
fits to the JGP model.

of the anisotropy energy value expected for v-FeaOs. Also, from the values
obtained in the fit for {47 we calculated the concentration that might induce
this interaction energy, ¢, = 0.52, ¢, = 0.39, and ¢, ~ 0, for FF100, FF50
and FF25, respectively. They are two orders of magnitude larger than the
experimental concentration (¢, ~ 0.18 %, ¢, ~ 0.10 %, ¢, ~ 0.04 %, respectively).
So that once again the model qualitatively describes the dependence of the
relaxation time with the concentration but, the magnitudes determined are
not acceptable.

Therefore none of the previous models gives an analytical expression that
provides reasonable physical parameters for our data, though MHT and JGP
can describe them qualitatively.

We finally considered the model of D. V. Berkov and N. L. Gorn [53].
The value of the parameter 3 = 2 K / M2 in these ferrofluids is calculated
with the anisotropy constant determined from the Néel relaxation time fit
(1800 K) and the saturation magnetization from dc magnetization measure-
ments 355 emu/cm?. This gives 3 = 4.2 > 1 that corresponds to the range
of moderate and large anisotropies. Both features assigned to this regime are

observed in Fig. 6.18: first, the peak in the x"'(T") shifts towards lower tem-
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peratures when increasing particle concentration (see Table 6.3); second, the
out-of-phase susceptibility component also display non-monotonic dependence
of the peak height on the particle concentration. The peak height of x"(7)
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Figure 6.18: Out-of-phase susceptibility shows the Ty of FF100, FF50 and FF25
decreases increasing particle concentration at 15 Hz (77.5 K, 79.1 K and 83.4 K,
respectively) and at 852 Hz (94.6 K, 98.7 K and 105.1 K, respectively). Notice also
the peak height of x”(T') increases from the FF25 to the FF50 ferrofluid and then it
decreases again for FF100.

increases from the FF25 to the FF50 ferrofluid and then it decreases again
for FF100. The effect is small, in agreement with numerical simulations re-
sults. We also compared the peak height of x”(T') for various frequencies. The
corresponding numerical simulations for § = 2 in Ref. [53]| show that when
increasing frequencies the peak position is shifted to higher temperatures and
the peak height decreases. In Fig. 6.12 we clearly observe that for FF100
the peak shifts also to higher frequencies and the peak height increases up to
117 Hz and decrease at 852 Hz. Such a change can be understood taking into
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consideration that the frequencies used in the numerical calculations of Ref.
[53] are much larger than those we used in ac susceptibility measurements. So
that only the diminishing in peak height is observed. This dependence of the
peak height confirms that our system is in the moderate and large anisotropy
regime in which interparticle interaction is not strong enough to govern the
energy barriers. Let us notice that this model describes not only the depen-
dence of the relaxation time with concentration for our samples but also the
diminishing to the peak height at high frequencies.

6.4 Texture-induced magnetic interactions

The magnetic measurements were performed using a commercial SQUID mag-
netometer (MPMS-XL, Quantum Design) in the temperature range from 2 K
up to 325 K and under magnetic fields up to 5 T. All the measurements were
performed with the ferrofluid enclosed in a gelatin capsule. The diamagnetic
contributions of the capsule and the buffer have been measured separately.
They depend linearly with the magnetic field and are temperature indepen-
dent. These diamagnetic contributions were subtracted from all experimental
data.

The melting point of the solvent (T1,) is around 250 K. In order to vary the
magnetic texture, we performed experiments using two different cooling down
protocols depicted in Fig. 6.19. In the first, protocol 1, the sample was cooled
down to the lowest temperature (1.8 K) under no magnetic field (sample RDM).
After this process the easy axes of the nanoparticles stay randomly oriented and
the angle between the easy axis and the measuring field 1 can have any value
between zero and 7/2. The fraction of particles with the easy axes having an
angle ¥( £ di) with the direction of the measuring field is P(v)sinidy, where
the orientational distribution of easy axes P(¢)) =1, 0 < < /2. In the second,
protocol 2, the nanoparticles are subject to a magnetic field of 5 T when they
are cooled down from 280 K to 110 K, i.e. crossing the melting point (sample
TXT). Notice that since Ty, >> Tg (the largest blocking temperature is of the
order of 100 K, see below) the two protocols are ZFC processes with respect
to the blocking of the magnetic moments. The same qualitative behavior is
observed for TX100 and TX8 ferrofluids after the texture process but the
magnetic texture achieved in TXS8 is larger, so that we only present the results
obtained for the TX8 ferrofluid.

After process 2, the nanoparticles easy axes are expected to become closer
to the direction of the texturing field, parallel to the measuring field. As a
simple approximation, we model this effect with a narrower flat distribution
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Figure 6.19: Experimental protocols employed to control the magnetic texture. Pro-
tocol 1: the sample is cooled down to 1.8 K under no magnetic field; the easy axes
of the nanoparticles stay randomly oriented. Protocol 2: the sample is frozen to 110
K under a magnetic field of 50 kOe; it is subsequently cooled to 1.8 K (crossing 1)
under no magnetic field. The angle between the easy axis and the measuring field ¢
range from zero t0 Ymyax, where ¥y, is zero for a perfect alignment and 7/2 for a
randomly oriented easy axis.

function

P () :{ (1) ?piﬁj:{}m (6.9)

which 1 can have any value between zero and tp,x. For a perfect alignment
of the easy axes with the texturing field, ©¥max would be zero. As a first
approximation we consider that ¢ is homogeneously distributed between zero
and Ymax (see Fig. 6.19).

6.4.1 Effect of texture on the equilibrium properties

First, we analyze the equilibrium magnetic properties to estimate the degree
of magnetic texture acquired following protocol 2. The effect of the cooling
protocol on the magnetic texture can be asserted by the remanence and coer-
civity of the hysteresis loops measured at T' << Ty under magnetic fields up
to 5 T. We estimated the demagnetizing effect on the shape of the hysteresis
loop and it can safely be neglected.

Fig. 6.20 shows that the area of the hysteresis loop measured at T = 2 K
in sample TXT is slightly larger than the one obtained following the protocol
1. This feature suggests that protocol 2 introduces a partial alignment of the



140 Chapter 6. Dipolar interactions in maghemite ferrofluids

50 T
—e—RDM

aop TN /*/
30 | B
20

=)

E 10 g

IS

2 0

=
10k 4
220 | 4
30 F 4
40k 4
.50 | |

-0.5 0.0 0.5

H(kOe)

Figure 6.20: Hysteresis loop for the protocol 1 (o) and protocol 2 (e) samples at T' =
2 K. The area increases after the protocol 2.

easy axes with respect to the direction of the freezing field. In agreement with
this, the remanent magnetization M, increases slightly, by about 15%, after
protocol 2.

The degree of magnetic texture was obtained from the remanent magneti-
zation which can be written as [191]

M, ~ (costp) Mg (6.10)
where Mg is the saturation magnetization and (cost) is given by

foﬂﬂ cos P () sing dyp 1 - cos2¢max

<COS¢> = /OTF/QP (1/}) sine da B 4(1 —COSQZ)ma.X)

(6.11)

Inserting in Eq. (6.10) M, and Mg of sample RDM we obtain (cosy) gpy) =
0.45. This value is slightly smaller than the expected at T' = 0 for a sample with
the easy axes randomly oriented, (cosy) = 0.5, since the hysteresis loops were
measured at T'= 2 K. In order to avoid this experimental difficulty, (cosy txr)
is determined from the ratio between the remanent magnetization of sample
TXT and that of sample RDM. Considering that saturation magnetization of
sample TXT is the same as that of sample RDM one can write

M rpm _ (COS¢ RDM> (6.12)

M, xr (COS¢ TXT)
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Inserting in Eq. (6.12) the experimental values for remanent magnetizations,
and using (cost) grpy) = 0.5, gives (cosy rxr) = 0.575 + 0.005, which corre-
sponds t0 Ymax = 81 £ 1 °.

The texture effect on the magnetic behavior is also reflected in the equilib-
rium magnetization curves [192, 193|. It is interesting to note in Fig. 6.21 that
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Figure 6.21: Equilibrium magnetization measured at different temperatures for the
two cooling down protocols: solid symbols correspond to sample TXT; open symbols
to RDM.

the ferrofluid magnetizes faster (i.e. at lower fields) after the texture process.
This suggests that the process has induced a certain degree of orientational
order on the easy axes. Above the solvent freezing temperature T' = 230 K,
the differences in equilibrium magnetization tend to vanish and magnetiza-
tion curves measured following the two protocols superimpose. We notice that
magnetization M is not a function of H/T, which is in agreement with the
temperature dependence we found for the magnetic moment determined by
susceptibility measurements.

The effect of the magnetic cooling protocol on the magnetic texture is evi-
denced also by the equilibrium susceptibility [194]. The in-phase susceptibility
above the blocking temperature and below the melting point is larger for the
protocol 2 than for the protocol 1, as shown in Fig. 6.22, so that the effect
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of texture is to increase the equilibrium susceptibility [194]. Notice from Fig.
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Figure 6.22: In-phase susceptibility at different frequencies: solid symbols correspond
to sample TXT; open symbols to sample RDM. Notice that the equilibrium suscep-
tibility is larger for the textured sample; at the melting point of the solvent ~ 250
K the curves obtained after the two protocols superimpose. Inset: Low temperature
detail.

6.22 that equilibrium susceptibility data of sample TXT agrees with the data
of sample RDM at the melting point of the solvent, indicating that the texture
process is reversible.

The degree of magnetic texture was also estimated from the in-phase sus-
ceptibility at low temperatures. At T — 0 the expression Eq. (1.22) reduces
to

X' = (sin®) x. (6.13)

where

fOW/Q siny P () dy 2+ c08®Prmax — COSYPmax

- 6.14
foﬂ/2 P (¢)siny dyp 3 (1 - costmax) (6.14)

(sian) =

and x, = I%\SN (see Sec. 1.2.4) is the susceptibility perpendicular to the easy
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axis, being Hayn the anisotropy field. The value for x, ~ 7.64 x 1072 emu/Oeg
is estimated using the in-phase susceptibility data of sample RDM, assuming
that the easy axes are randomly oriented, so (sinQd} RDM) = 2/3. Inserting this
value of x, in Eq. (6.13) we obtain (sin® 4xr) = 0.608 + 0.001, giving tmax
= 81.2 £ 0.2 °, in agreement with the value determined from remanence data.

Notice that the equilibrium susceptibility,

XT =~ (c0s2w) Xl (6.15)
where x| is the susceptibility along the anisotropy axis,

C)

T (6.16)

X||

provides information about the degree of texture (through (coszz,b)) but is also
influenced by the dipolar interactions (through #). So that we cannot obtain
information about the degree of texture from yr.

The information about the texture determined through remanence and
susceptibility has been compared with the values calculated with the expres-
sions provided in Ref. [191]. The average value of costy in a fluid dispersion
of nanoparticles with magnetic moment g and anisotropy energy KV, in the
presence of a magnetic field H, is given by

<cos¢>:,a(5)(1-i) (6.17)
20

where 0 = KV [kgT, f = pH/kgT, and L () is the Langevin function. On
cooling the sample through its freezing point T}, it retains the texture charac-
teristic of the fluid at Ty,, characterized by 8 = pH /kgTm, and 0 = KV [kgTh,.
The anisotropy energy KV = 485 K was determined from the out-of-phase
susceptibility data of sample RDM following the method described in Ref.
|47|. The average magnetic moment at Ty,, u = 7420.1 up, was obtained from
the in-phase susceptibility data of sample RDM. Inserting these values in Eq.
(6.17) gives (cosy) ~ 0.73 which corresponds to ¥max = 63 °. The degree of
texture expected from these calculations is larger than that obtained from re-
manence and susceptibility data. The magnetic texture in a fluid dispersion of
nanoparticles depends on the coupling between the magnetic moment and the
easy axis of the particle. The discrepancy between the calculated and the ex-
perimental degree of texture can be explained considering a weaker anisotropy
energy, probably due to the fact that the anisotropy constant K decreases
as the temperature increases. Regardless of this discrepancy we can conclude,
from remanence and susceptibility data, that the sample becomes magnetically
textured after procedure 2.
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6.4.2 Magnetic interactions

We next discuss if the texture has any influence on the strength of magnetic
interactions. In order to do that, we compare the equilibrium susceptibility x7
of RDM and TXT samples, as xr is influenced by the dipolar interactions |56].
Since the dipolar energy is anisotropic we would expect that after protocol 2,
which oriented the easy axes of the nanoparticles towards the magnetic field,
the interaction strength increases.

One of the approaches to model this effect is to assume that x7 can be rep-
resented, above the blocking temperature, by the Curie-Weiss law Eq. (6.16),
where the magnitude of 6 is considered to reflect the strength of the interac-
tions and the sign its type (6 > 0, ferromagnetic; 6 < 0, antiferromagnetic)
[56]. 0 is usually obtained as the extrapolation of the reciprocal susceptibility.
El-Hilo et al. [56] analyzed the use of Eq. [56] and concluded that magnetic
relaxation influences 6. This effect is reflected in the reciprocal susceptibility in
which a linear dependence of 1/x7 with the temperature is not clearly shown,
being more noticeable as T' approaches Tg. For this reason the temperature
range selected to apply the Curie-Weiss law was chosen well above Ty and
below the melting point of the solvent.

Fig. 6.23 displays the reciprocal susceptibility data of RDM and TXT sam-
ples. From 5 to 75 K the susceptibility shows the superparamagnetic blocking

o RDM

e TXT
40 b ‘]

1/ %' (emu/Oeg)

0 50 100 150 200 250 300

T(K)

Figure 6.23: Reciprocal ac susceptibility: solid symbols, TXT; open symbols, RDM.
The solid lines represents the extrapolation of the Curie-Weiss law determined at the
equilibrium superparamagnetic regime, from 124 to 196 K.
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for both samples, as already shown in Fig. 6.22. Above 125 K and below the
melting point of the solvent y7 follows the Curie-Weiss law giving 6 gpn = 34.6
+ 2.6 Kand 0 rxr = 54.4 + 3.6 K for RDM and TXT samples, respectively. The
reciprocal susceptibility data of sample TXT extrapolates to a larger value of
# which supports the interpretation that the interaction strength has increased
after protocol 2. Notice that at the melting point of the solvent ~ 250 K the
curves obtained after the two protocols agree with each other.

This result is in agreement with the success obtained in the texturing pro-
cess, considering the anisotropic character of the dipolar interaction. Protocol 2
introduced a partial alignment of the easy axis towards the freezing field direc-
tion thereby narrowing the distribution of magnetic moment’s direction. After
protocol 2, the direction of the particle’s magnetic moment becomes closer to
its nearest neighbor one, increasing the strength of dipolar interaction. We
can conclude that the texturing process is able to change the magnitude of the
dipolar interactions by orienting the easy axes of the nanoparticles.

6.4.3 Magnetic relaxation

In previous sections we have shown that using the magnetic texture procedure,
protocol 2, we are able to increase the strength of dipolar interactions in the
sample. We can now attempt to explore how the texture, and the induced
magnetic interactions, modify the magnetic relaxation process.

The out-of-phase susceptibility data (see Fig. 6.24) shows evidence for a
superparamagnetic blocking at a temperature ~ 20 K. It is obvious from this
figure that the magnetic relaxation is slower for the TXT sample. Also, we
observe an increase in the out-of-phase susceptibility component. This indi-
cates a larger susceptibility component along the anisotropy axis. The effect
arises from the texture of the easy axes along the direction of the texturing
field, that increases the fraction of particles that achieve thermal equilibrium
over a determined energy barrier.

The dependence of the blocking temperature Ty with 7, = 1/w is well
described for both samples (RDM and TXT) by the Arrhenius law [35-37|

Ueff
In(7,,) =In(m) + 6.18
(r) = In(ro) + 5 (6.15)
where U corresponds to the total activation energy barrier that has con-
tributions resulting from the magnetic anisotropy (Up) and the dipole-dipole
interactions with neighboring particles (Uipt).

Fig. 6.25 shows that a plot of logig7, versus 1/Tg yields a straight line
with 79 ~ 10 71! for sample RDM, in agreement with previous works with non
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Figure 6.24: Out-of-phase susceptibility at different frequencies: solid symbols corre-
spond to TXT sample and open symbols to RDM one. Magnetic relaxation is slower
for the TXT sample.
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Figure 6.25: Arrhenius plot of the RDM (o) and TXT samples (o) shows that the
slope is larger and g is three orders of magnitude smaller for the former.
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interacting FeoO3 nanoparticles (~ 10 719 - 10 ') [50, 51]. In addition, this
exponential prefactor is three orders of magnitude smaller for sample TXT,
70 ~ 10 7, in agreement with previous works for interacting nanoparticles
[50, 51|. The slope is two times larger for sample TXT (Ueg = 893 K) than for
sample RDM (U = 485 K). Both effects support the interpretation that the
interaction strength has increased after the magnetic texturation process.

Finally, we address the subject of the existence of a spin-glass transition. In
a spin-glass, the average relaxation time must diverge at a finite temperature
Tg [187]7

Te =Tm |l - T/Tg|_zy (6.19)

where Ty, is the relaxation time of individual nanoparticles in the absence of
interactions and zv is a critical exponent. Considering that 7, is the relaxation
time of sample RDM, in which the effect of magnetic interaction is negligible,
we fit the 7 of sample TXT with the expression Eq. (6.19). We show in Fig.
6.26 that the best fit where T, = 23.9 K and zv — 4.8, does not describe
properly the dependence of 7 with the temperature. In fact, it is not possible
to find any 7, that fits the relaxation time with the expression Eq. (6.19).
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Figure 6.26: Arrhenius plot for sample TXT (e); the solid line is the fit to Eq. (6.19)
where T; = 23.9 K and zv = 4.8.
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6.5 Conclusions

Concerning the effect of dipolar interactions in weakly-interacting systems we
can conclude, from susceptibility and SAR measurements, that magnetic relax-
ation becomes faster when the dipolar interaction becomes stronger. According
to different theoretical models used in this work these results can be interpreted
assuming that magnetic relaxation in our system is governed by single-particle
anisotropy and is enhanced by dipolar interaction. Consequently, theoretical
models based mainly on the contribution of dipolar interactions to the relax-
ation behavior are not applicable to our system.

Concerning the procedure of magnetically texturing the system in order
to increase the dipolar interaction strength, we can conclude that this process
induces a partial alignment of the easy axis with respect to the direction of
the freezing field. This texture is reversible, which means that when the fer-
rofluid is heated to room temperature it recovers its initial properties. After
this process, the strength of interparticle interaction increases and magnetic
relaxation becomes slower. This procedure of increasing the magnitude of the
interaction by magnetically texturing the ferrofluid enables the study of the
effect of magnetic interactions on the relaxation times. In addition, the mag-
netic relaxation can not be described with the expressions developed for the
spin-glass transitions.

Let us mention that in the first issue of this chapter the superparamagnetic
relaxation is governed by the anisotropy so that the effective energy barriers
increase as the interactions become weaker. On the other hand, in the sec-
ond issue of this chapter, the interactions energies are large compared to the
anisotropy energies and, accordingly, the magnetic relaxation is governed by
the interactions so that the effective energy barriers increase as the interaction
strength becomes stronger.



Chapter 7

(General conclusions

The particular features of nanoparticles turn into a rich magnetic behav-
ior. Nanoparticles are rather attractive in magnetism, since they are unique
systems to observe many physical phenomena. One of them, the appearance
of a magnetic moment in antiferromagnetic nanoparticles, is a subject of study
in this thesis. In this system, the decompensation of atomic spins produces a
net magnetic moment. However, slight modifications in the particle structure
may change its magnitude. In the case of akaganéite nanoparticles this change
occurs just by washing the samples, because this is generating a deficient Cl™
sites occupancy. Therefore, there are two sources of magnetic moment in aka-
ganéite nanoparticles: finite size effects and a deficient C1~ occupancy. There is
yet an additional contribution to the magnetic moment in akaganéite nanopar-
ticles with a C1™ occupancy that arises from the thermal population of uniform
spin-precession modes. When this mode is populated, the two sublattices pre-
cesses with different amplitudes and the angle between them increases with the
excitation energy. This leads to a magnetic moment with the unusual feature
of increasing with temperature.

Some particular characteristics of ferrimagnetic nanoparticles also called
our attention. In particular, the dependence of saturation magnetization with
the nanoparticle size. Previous works showed that the saturation magnetiza-
tion decreases as the size of the nanoparticles decreases. But, it is in fact hard
to derive a function accounting for this decrease because when the available
experimental data are plotted together, the values are widely scattered. This
scattering is associated to different synthetic procedures and to different size
determination methods. In order to avoid these experimental difficulties, the
preparation of maghemite nanoparticles was carried out in a polymer template
since the particles grow isolated and the particle size can be controlled by
changing the iron to polymer ratio. A representative number of samples with
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a diameter size range of 1.5 to 15 nm and + 10% size dispersion were produced
in this way. To obtain precise and representative values of the average size, this
was estimated from SAXS measurements. It has been found that the depen-
dence of the particle size with the saturation magnetization follows fairly well
an analytical function based on the core-shell model. This function relates the
saturation magnetization with the particle size, the saturation magnetization
of the ferrimagnetic core and the thickness of a magnetically disordered shell.
The fitting of the data to this function gives dead-layer thickness of 1 nm and
a ferrimagnetic core with a saturation magnetization close to the bulk.

Ferrimagnetic nanoparticles can also be presented in the form of ferrofluids.
This system allows a control of the magnitude of magnetic interactions between
particles, so that it is a useful model for the study of dipolar interactions. Mak-
ing use of this advantage, a ferrofluid was diluted down to a concentration in
which dipolar interactions are weak relative to the anisotropy energy. In this
regime, some theoretical models propose that magnetic relaxation is no longer
governed by interactions and it is, in fact, faster with growing interactions.
These theoretical predictions are experimentally confirmed in these ferrofluids,
in which the relaxation time from magnetization measurements decreases as
the concentration increases. An interesting issue taking place in the medium
to large dipolar interactions regime, is the experimental approach followed to
modify the strength of the interactions. Here, we followed an experimental
procedure that enabled us to increase the interaction strength. The process
of magnetic field cooling induces a magnetic texture in the ferrofluid through
the orientation of the easy axes. This texture is reversible, which means that
when the ferrofluid is heated to room temperature it recovers its initial prop-
erties. After the texturing process the strength of dipolar interaction increases
and magnetic relaxation becomes slower. This procedure therefore enables the
quantitative study of the effect that magnetic interactions have on the relax-
ation times.

As it often happens in scientific studies, this thesis leaves open questions.
We would like to comment on some of them and to propose possible lines of
action. Concerning the influence of Cl™ occupancy on akaganéite nanocrystals
magnetic behavior, the results presented here could be compared with pre-
dictions of Monte Carlo simulations. Screen-shots of the magnetic structure
would be obtained that would render the ordering of the atomic spins, thus
revealing the origin of the experimentally found magnetic moment. A thresh-
old limit in the chlorine content should be found such that below this point,
the structure collapses and the magnetic moment of the nanoparticle reaches
a maximum. Furthermore, these simulations could be performed for different
particle sizes in order to study the influence of the size in the temperature at
which the thermoinduced contribution becomes noticeable. The screen shots
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of the magnetic structure will show the spins arrangement at different tem-
peratures. One may expect that as the particle size increases, the difference
between the ground state and excited levels would become smaller. Then, the
sublattice magnetization would decreases at nearly the same temperature at
which the uniform spin wave is populated. Concerning the dependence of sat-
uration magnetization with size found here in maghemite nanocomposites it
will be interesting to analyze the influence on Mg of other structural factors
as the crystalline perfection, the degree of crystallization and the influence of
a surface coating. With respect to the ‘texturing’ method for magnetic fer-
rofluids that is proposed here, it can be applied, not only to switch on and off
the interactions, but also to ‘tune’ its strength. This method might allow the
analysis in the whole range from weak to large dipolar interactions.
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