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Kurzfassung

Aufgaben der vorliegenden Doktorarbeit war mit Selten-Erd Elementen
substituierte M-Typ Hexaferrite zu untersuchen und Anderungen von mag-
netischen und strukturellen Eigenschaften mit der Substitution zu beobachten.
Die Arbeit bestand aus vier Hauptteilen: Bestimmung magnetischer Eigen-
schaften von hydrothermal synthetisierten Proben, Herstellung von La sub-
stituierten Sr Hexaferrit Proben, Untersuchung von magnetischen und struk-
turellen Eigenschaften dieser Proben und Elektronenstruktur- Berechnungen .

Der erste Teil diente zur Untersuchung von an der Universität von Birm-
ingham mittels hydrothermaler Synthese hergestellten Sr-Hexaferrit Proben,
in welchen ein Teil der Sr-Ionen durch ein Selten-Erd (SE) Element ersetzt
wurde. Die verwendeten Elemente waren La, Sm, Nd, Pr in Konzentrationen
SE/Sr=1/24, 1/20, 1/16, 1/8, 1/4, 1/2. Diese Proben waren bereits mittels
XRD und SEM charakterisiert. Messungen von magnetischen Eigenschaften
dieser Proben und Charakterisierung mittels NMR wurden innerhalb dieser
Arbeit durchgeführt. Die Anisotropie wurde mittels SPD ("singular point
detection") Verfahren gemessen und zeigte bei Raumtemperatur nur eine
leichte Zunahme und keine klare Abhängigkeit von der SE Konzentration.
Messungen der Sättigungsmagnetisierung lieferten sowohl bei Raumtemper-
atur als auch bei 4.2 K einen erniedrigten Wert mit zunehmender Substitu-
tion. Bei tiefen Temperaturen war das Anisotropiefeld nahezu Temperatur
unabhängig, vergleichbar mit reinem Sr-Hexaferrit. Mit Röntgenstreuung
wurde der Grund für dieses Verhalten sichtbar, da eine hohe Menge an
Fremdphasen in Proben mit hoher SE Konzentration auftrat. Für sehr
kleine Konzentrationen bis SE/Sr=1/16 wurde eine Verschiebung aller fünf
57FeLinien in den NMR-Spektren beobachtet, was durch das Auftreten eines
großen Polarons erklärt wurde. Für höhere Konzentrationen zeigten die NMR
Spektren, aber auch Mössbauer Messungen, keine relevante Abweichung von
reinem Sr-Hexaferrit.

Ein Hauptteil der Arbeit war, eine entsprechende Methode zur Herstel-
lung von SE substituierten Hexaferriten zu entwickeln, Hauptauge!1merk
wurde dabei auf den reinen La-Hexaferrit und La substituierten Sr-Hexaferrit
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gelegt. Vier verschiedene, für Ferrite typische, Herstellungsmethoden wurden
für den reinen La-Hexaferrit versucht: Mechanische Legierung, mit Hilfe einer
Kugelmühle, Coprecipitation, Sol-Gel und Sol-Gel-" Selbstverbrennungs"
-Methode. Die Herstellung der Hexaferrit- Phase war mit allen vier Methoden
erfolgreich. Der wesentliche Punkt in der Herstellung ist die Wärmebehandlung
bei hohen Temperaturen. La-Hexaferrit ist eine Hochtemperaturphase, die
nur in dem engen Temperaturbereich zwischen 1380°C und 1420°C stabil
ist. Bei Raumtemperatur liegt eine metastabile Verbindung vor, die leicht
zerfällt. Deshalb muss sofort nach der Wärmebehandlung ein rasches Ab-
schrecken der Probe, z.E. in Wasser, erfolgen. Durch Variation der Ofen-
temperatur und des La-Uberschusses war es möglich, die Menge von in der
Probe enthaltenen Fremdphasen zu minimieren. Die Probe mit der gering-
sten Verunreinigung, hergestellt mit Coprecipitation, enthielt 10% LaFe03
und Fe203 als Fremdphasen, die in der Kugelmühle hergestellte war XRD
zufolge rein. Sr-Hexaferrit Proben mit unterschiedlichem La-Gehalt wurden
hauptsächlich mittels mechanischer Legierung hergestellt, wobei La Konzen-
trationen von La/Sr=1/8, 1/4, 1/2, 1/1, 1/3 verwendet wurden. Die
Wärmebehandlung dieser Proben musste bei hohen Temperaturen, ähnlich
wie für den reinen La-Hexaferrit, erfolgen, um die Bildung von Fremdphasen
zu vermeiden. Allerdings war eine kleine Menge an Verunreinigung für höhere
La-Konzentrationen (>1/4) immer vorhanden. Es wurde ebenfalls versucht,
Dy- und Er- Hexaferrit mit der gleichen Methode herzustellen. Der Sta-
bilitäts- Temperaturbereich dieser Verbindung ist unbekannt, weshalb mehrere
Temperaturen in einem größeren Bereich zur Wärmebehandlung gewählt
wurden, bisher ohne Erfolg.

Anschließend wurden diese Proben mittels XRD charakterisiert, um die
Phasen zu bestimmen und Anderungen der Gitterparameter mit der Substi-
tution zu erkennen. Eine Gitterverzerrung des reinen La-Hexaferrites wurde
bei tiefen Temperaturen anhand von Neutronenstreuung beobachtet. In-
formationen über die lokale Umgebung der Fe-Ionen wurde durch NMR und
Mössbauer-Spektroskopie gewonnen und lieferten wichtige Erkenntnisse über
den Wertigkeitszustand der Fe-Ionen und Veränderungen aufgrund der Git-
terverzerrung. Festkörpereigenschaften wie die Dichte wurden gemessen und
mit der Röntgendichte verglichen. Der elektrische Widerstand wurde von
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30 K bis Raumtemperatur gemessen und zeigte einen verringerten Wert mit
steigender La-Konzentration. Magnetische Eigenschaften wurden mit unter-
schiedlichen Verfahren bestimmt. Die Anisotropie wurde mittels SPD Ver-
fahren von 4.2 K bis Raumtemperatur gemessen. Es zeigte sich ein starker
Anstieg mit fallender Temperatur für den reinen La-Hexaferrit, ebenfalls eine
Zunahme für die Probe mit einer La-Konzentration von La/Sr=3/1, aber eine
Abnahme für alle geringeren Konzentrationen. Es war möglich, eine qualita-
tive Erklärung dieses Verhaltens zu geben. Magnetisierungskurven wurden
bei Raumtemperatur und bei 4.2 K gemessen. Das Koerzitivfeld aller Proben
ist außerordentlich gering, was durch die Bildung von extrem großen Körnern
aufgrund der Wärmebehandlung bei sehr hohen Temperaturen erklärt wer-
den konnte. Die Sättigungsmagnetisierung zeigte eine nur geringe Abnahme
mit der La-Konzentration.

Im letzten Teil wurden Elektronenstrukturberechnungen mit einem auf
der Dichte- Funktional- Theorie basierendem Programm (Wien2k) durchgeführt.
Unterschiedliche Methoden wurden hierbei verglichen. Die Zustandsdichte
und die lokalen magnetischen Momente wurden berechnet und mit den Ex-
perimenten verglichen. Diese ersten Berechnungen stellen die Grundlage für
Berechnungen von Anisotropie und Hyperfeinfeldern, die das experimentell
beobachtete Verhalten erklären könnten .
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Summary

Within this thesis rare earth substituted M-type hexaferrites, mainly Sr
hexaferrite, were investigated in order to monitor changes in magnetic and
structural properties with the substitution. The work was devided in four
main parts: investigation of magnetic properties of samples prepared by hy-
drothermal synthesis, preparation of La substituted Sr hexaferrite samples,
investigation of magnetic and structural properties of these samples and cal-
culations of the electron structure of these samples.

In the first part Sr hexaferrite samples prepared by hydrothermal synthe-
sis were obtained from the University of Birmingham, where a part of Sr ions
was substituted by a rare earth element. The elements used were La, Sm, Nd,
Pr in concentrations of RE/Sr=1/24, 1/20, 1/16, 1/8, 1/4, 1/2. These sam-
ples were obtained already characterized by XRD and SEM. Measurements
of magnetic properties of these samples and NMR were performed within this
work. The anisotropy measured by singular point detection (SPD) technique
at room temperature showed only slight increase and no clear dependence
on the RE concentration. The magnetization at room temperature and 4.2
K was decreased with increasing amount of substitution.The low tempera-
ture anisotropy was almost constant with respect to temperature, like in the
pure Sr hexaferrite. With X-ray diffraction the reason for this behavior was
found in a high amount of secondary phases for high RE concentrations. For
very small concentrations up to RE/Sr=1/16, a shift of all five 57Fe peaks
was found in the NMR spectra, which was explained by the effect of a large
polaron. For higher concentrations the NMR spectrum but also Mössbauer
exhibited no significant deviation from the pure Sr hexaferrite.

One main part of the work was to develop an appropriate preparation
method for RE substituted hexaferrites. This was focused on La hexafer-
rite and La substituted Sr hexaferrite. Four different preparation methods,
common in ferrite production, were tried for the pure La hexaferrite: Me-
chanical alloying by using a steel ball mill, coprecipitation, sol gel and sol gel
autocombustion method. With all four methods the hexaferrite phase was
obtained. It was found out that the essential point in the preparation is the
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heat treatment at high temperatures. The La hexaferrite is a high temper-
ature phase, stable only in the narrow temperature range between 1380°C
and 1420°C. At room temperature it is a metastable compound, and decom-
poses easily. Therefore a rapid quenching, e.g. in water, has to be performed
after the heat treatment. By variation of the furnace temperature and the
La excess it was possible to minimize the amount of secondary phases. The
sample with the smallest amount prepared by coprecipitation still contained
10% LaFe03 and Fe203, the one prepared by mechanical alloying was pure
according to XRD. Sr hexaferrite samples with different La amount were
mainly prepared by mechanical alloying and ratios of La/Sr=1/8, 1/4, 1/2,
1/1, 1/3 were used. A heat treatment of these samples had to be performed
at high temperatures like used for the pure La hexaferrite in order to avoid
the formation of secondary phases. However, for higher La concentrations
(>1/4) a small amount was always present. It was tried to obtain Dy and
Er hexaferrite by the same method. The temperature range of stability of
this phase is unknown, therefore several temperatures were tried, without
success.

Subsequently these samples were characterized by XRD in order to de-
termine the phases and observe changes in the lattice parameters with the
substitution. A lattice distortion of the pure La hexaferrite was observed
at low temperatures by neutron diffraction. Information about the local Fe
environment were obtained by NMR and Mössbauer spectroscopy and deliv-
ered important results about the valence state of the Fe ions and changes due
to the lattice distortion. Bulk properties like the density were measured and
compared with the X-ray density. The electrical resistivity was measured
in zero field from room temperature down to 30 K and showed a decreased
resistivity with increasing La concentration. Magnetic properties were de-
termined with different techniques. The anisotropy was measured by using
singular point detection from room temperature down to 4.2 K. It showed
a strong increase with decreasing temperature for the pure La hexaferrite,
still an increase for the sample with a La concentration of La/Sr=3/1, but
a decrease for all smaller concentrations. It was possible to give a qualita-
tive explanation of this behavior. Magnetization curves were measured at
room temperature and at 4.2 K. The coercivity was observed to be very
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small, which could be explained by the big grains formed due to the heat
treatment at high temperatures. The saturation magnetization showed only
small decrease with the La concentration.

In the last part the electron structure was calculated with the program
Wien2k based on the density functional theory. Different methods were com-
pared. The density of states and the local magnetic moments were obtained
and compared with the experiments. These first calculations provide the
basis for calculations of anisotropy and hyperfine fields, which may explain
the experimentally observed behavior.

•
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Chapter 1

Introduction

Permanent magnetic materials are part of our every day life and with the
increasing introduction of electronics in households, transport, but also in-
dustrial applications, there is an increasing demand for magnetic materials.
For example the average car contains around fifty magnets, the number in-
creasing, ranging from small motors for the electrical window lift to sensors
and actuators. But besides the well known motors, there is a huge variety
of other applications, stimulated essentially by the development of new and
better performing magnetic materials. In the 1970's and 1980's the rare earth
magnets, Sm-Co and Nd-Fe-B compounds, were found, which decreased sig-
nificantly the size of the magnets, due to their higher energy density, and
enabled so a miniaturizing of electronic devices. These materials partly re-
placed the former permanent magnets Alnico and the hexaferrites BaFe12019
and SrFe12019 [1].

M-type hexaferrites were discovered in the 1950's in the research lab-
oratories of Philips [2]. Due to the fact that they are ferrimagnetic their
magnetization is comparably low and also the coercivity is ten times lower
than the one of the rare earth compounds. Nevertheless hexaferrites are still
covering more than 50% of the permanent magnet market. The main rea-
son is the low costs, since rare earth elements are very expensive, while for
ferrites the main starting material is the cheap iron oxide. Another reason
is the chemical stability of ferrites in contrast to the rare earth compounds,
which oxidize easily. This makes also their handling simple and therefore

15
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production processes are facile. A further advantage is the fact that oxides
are insulating which is attractive for rf-applications [3]. Additional interest
was paid few years ago to the properties of small particles or thin films based
on hard magnetic ferrites, since they might be used as a disk medium. Hexa-
ferrites were also discovered recently as multifunctional materials, exhibiting
a strong magnetoelectrical affect [4]. This proves that although they appear
as well known material, further investigations may still lead to remarkable
results.

Because of their technical importance any improvement of the properties
of the M-type ferrites is of relevance for the large market. Therefore, many
attempts have been made to improve their magnetic properties by doping
and substitutions within the complex structure, for the Ba or Sr ion as well
as for the Fe ions. But most types of substitutions investigated up to now,
such as e.g. Fe by AI, or Co and Ti, either cause a decrease of the saturation
magnetization, or a drastic reduction of the magnetocrystalline anisotropy
(for a survey see [5]). Since magnetocrystalline anisotropy determines mainly
the coercivity, this also leads to a decrease of coercivity and, therefore, a
reduction of the energy product of the permanent magnet. However, a very
early work showing improved hard magnetic properties in samples doped
simultaneously with La and Co went unnoticed [6], so it came as surprise
when the significant increase in room temperature coercivity upon La-Co
substitution was rediscovered [7], causing a remarkable comeback of research
activities in substituted ferrites. The increase in coercivity was explained by
an increase in anisotropy due to the orbital momentum of the Co2+ ion. The
research included investigations of rare earth substituted hexaferrites [8, 9,
10], following early publications like e.g. [11], which are interesting also due
to a possible contribution of the magnetic moment of the rare earth element,
most likely at low temperatures. Among the rare earth substitutions the
complete substitution of Sr or Ba by La was promising, despite the missing
magnetic moment, due to a very high anisotropy at low temperatures of
this compound reported already in 1974 by Lotgering [12]. While the La-Co
substituted ferrites exhibited a significant increase in anisotropy, the rare
earth doped compounds did not show any significant change in magnetic
properties [13]. Especially for La this was unexpected, in view of the results

•
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of Lotgering.
This work was started in order to clarify the role of the rare earth el-

ement in substituted M-type hexaferrites in enhancing magnetocrystalline
anisotropy. For this reason rare earth substituted ferrites prepared by hy-
drothermal synthesis [14] were obtained and investigated for their magnetic
properties. In order to check the publication of Lotgering, La hexaferrite
was prepared using different methods. These samples were examined by
spectroscopic methods like nuclear magnetic resonance, neutron diffraction
and Mössbauer spectroscopy, together with measurements of temperature
dependent anisotropy and the low temperature hysteresis loop. In order to
arrive at a microscopic understanding of the large anisotropy enhancement
by La substitution, samples of partly La substituted Sr ferrite with various
La concentrations were prepared, using the same methods as for pure LaM,
and the change in magnetic properties observed.

A comparison with band structure calculations with respect to the La
concentration, yielding the local magnetic moments at the different Fe sub-
lattices, was performed. From these investigations considerable insight is
obtained on the interplay between orbital, magnetic and structural degrees
of freedom in the hexaferrites.

This research gives a contribution to explain how the properties of M-type
hexaferrites change with rare earth substitution of the Sr or Ba ion, and if
an improvement with respect to the parent compound is possible.



Chapter 2

Magnetism and magnetic
materials

2.1 Magnetism and solid state physics

This chapter is intended as a survey of certain topics related to magnetism
and solid state physics, with the aim to let the reader better understand the
content of following chapters.

2.1.1 Magnetic moments

The magnetism of materials is caused by the magnetic moments of the elec-
trons. There exist two type of magnetic moments: the spin moment

where /-LB = ;; = 0.92710-23 Am2 is the Bohr magneton, which is the el-
ementary magnetic moment of an electron, and 9 is the gyromagnetic ratio
given by 9 = 2.0023, containing a correction of the Dirac value for the inter-
action with electromagnetic fields,
and the orbital moment

~ e(~~) l~/-Ll = -- r x v = -/-LB2 .

19



20

Also the nucleus has a magnetic moment, given by

Chapter 2

where J-tN contains the proton mass instead of the electron mass and is there-
fore 1/1836 of J-tB, and 9N is of order of 1.

The magnetic moment of a free ion is given by the sum of all electron
contributions. Taking into account the Pauli exclusion principle and the
Coulomb interaction, Hund's rules postulate lowest energy for maximum spin
and maximum orbital momentum. Since the magnetic field generated by the
orbital momentum acts on the spin and vice versa, also this interaction, called
LS coupling, has to be considered. The term in the Hamiltonian related to
LS coupling is Hso = Àl. S, where land S are the total orbital momentum
and the spin moment. With LS coupling land S are no longer constants of
motion, therefore one defines a vector J= l + S, which is a good quantum
number. The total magnetic moment is parallel to this vector

where 9J = 1 + J(J+1)+;J~:l{)-L(L+1) is the Landé factor. This correlation
is valid for the rare earth elements. For the 3d elements the crystal field is
stronger than the LS coupling (see later chapter 2.1.3), so that the magnetic
moment is given by

where land S are determined by the crystal field ground state and Hso has
to be treated by perturbation theory.

A table with the quantum numbers and magnetic moments of certain ions
is shown below (see tab.2.1).

2.1.2 Magnetic interaction

Interactions between electronic moments

There are two types of magnetic interactions including only electronic mag-
netic moments. The dipole-dipole interaction (see later chapter 2.1.3), due
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Table 2.1: Quantum numbers of spin and orbital moment of certain free ions
of the 3d and 4f group

ion configuration S L J ground state Ms [/-lB]
Fe3+ 3d54s2 5/2 0 5/2 6S5/2 5
Fe2+ 3d64s2 2 2 4 5D4 4
Co2+ 3d74s2 3/2 3 9/2 4F9/2 4
La3+ 5s25p6 0 0 0 ISO 0
Er3+ 4f1l5s25p6 3/2 6 15/2 4115/2 3
Dy3+ 4f95s25p6 5/2 5 15/2 6H15/2 5
Sm3+ 4f55s25p6 5/2 5 5/2 6H5/2 5
Nd3+ 4f35s25p6 3/2 6 9/2 419/2 3
Pr3+ 4f25s25p6 1 5 4 3H4 2

to the magnetic field of a magnetic moment that acts on other magnetic mo-
ments. This is a long range interaction, but very weak. Usually the thermal
energy kBT is larger than the dipole energy, so that no alignment due to the
dipole-dipole interaction occurs. Therefore this interaction is also neglected
for paramagnetic materials.

The interaction that causes a spontaneous magnetization is the exchange
interaction between spin moments. It is characterized by the Heisenberg
Hamiltonian

H = - LJijSi. Sj,
ij

where Jij is the exchange integral. Since the exchange interaction is short
ranged, it is usually sufficient to consider only the nearest neighbors in the
summation. For Jij > 0 the miminum energy is given by a parallel align-
ment of spins, which corresponds to ferromagnetism, while for Jij < 0 it
corresponds to antiparallel alignment (antiferromagnetism).

From a macroscopic point of view this can be described in analogy to
paramagnetism with a field, produced by all spins, acting on another spin.
It is reasonable to assume that this field is proportional to the magnetization
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and therefore Weiss postulated

Hw=NwM,

Chapter 2

called Weiss' molecular field. From the paramagnetic analogy we find

/-lamM(H,T) = Matanh(kBT(H +Hw(M))),

with the molecular field acting on the magnetic moments in addition to an
external field H. From this the Curie-Weiss law for T > Tc is derived

C
x= T-Tc'

where Tc is the Curie temperature, below which spontaneous magnetic or-
dering occurs.

The direct exchange interaction derives from the Coulomb interaction be-
tween localized d electrons on neighboring ions. There exists also an indirect
exchange via neighboring non magnetic anions, that is called superexchange
[15]. It is an exchange between non neighboring ions and, therefore, longer
ranged. Usually superexchange is antiferromagnetic and is common for many
Fe oxides. There the 3d orbital of the Fe overlaps with the 2p orbital of O.
Due to Pauli exclusion the electrons in one shell can only have antiparallel
spins. This leads to the antiferromagnetic exchange.

There exists also a form of anisotropic exchange, an interaction between
an excited state of one ion with the ground state of another. This leads to
an exchange that prefers perpendicular orientation of the spins and therefore
leads to canted spins. It occurs mainly in antiferromagnets and results in a
small magnetization, which is known as weak ferromagnetism [16].

Interaction between electronic and nuclear moments

The interaction between electron and nuclear moment is given by the dipole-
dipole interaction between spin moment of the electron and nuclear magnetic
moment, by the Fermi contact term and by the interaction of the nuclear
moment with the magnetic field produced by the orbital momentum of the
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electrons. The Fermi contact term _8; S' JiNO(f) is necessary, since the
dipole-dipole term is not valid for r = 0, and describes the interaction of the
nucleus with electrons, that have a non vanishing probability at the nucleus
position. These are the s electrons. For 3d electrons this probability vanishes.
Nevertheless the Fermi contact term is important for the iron-group ions, due
to the so called core polarization. The strong exchange interaction between
the 3d electrons and the inner s cores, leads to a concentration of s spins
antiparallel to the 3d polarization at the nucleus site, while the parallel spins
are more far. This causes a local magnetic polarization at the nucleus site.
The total magnetic interaction is given in 2.1.

(2.1)

It is important to note the different signs of spin- and orbital-interaction with
the nuclear magnetic moment, which leads to opposite signs in the hyperfine
field Hh!, given by

The Hamiltonian can be easily described by the hyperfine parameters

H. - ~(LA ..S. - LB ..L.)~ - ~ ~ ~J J ~ ~J J .
j

Neglecting the orbital term it leads to Rh! = aM, with the hyperfine coupling
constant a. The hyperfine interaction causes a splitting of energy levels of
the nucleus.

2.1.3 Anisotropy

An energetical preference of the magnetization for a certain direction is called
anisotropy. The simplest case is a uniaxial anisotropy, where the energy is
minimum for the magnetization pointing along one certain axis in space. It
is possible to define this direction as the z-axis and describe the anisotropy
energy by a series expansion with variable (), which is the angle between the
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magnetization vector and the so called easy axis, where the energy is zero.

(2.2)

In the case of a hexagonal crystal we can write 2.2 in the form [17]

neglecting terms of higher order. Here we have already to distinguish two
different types of anisotropy, easy axis anisotropy as described before, when

and easy plane anisotropy, where an orientation in the basal plane is pre-
ferred, when

A magnetic field that is strong enough to rotate the magnetization from
the easy axis into a perpendicular hard axis is called anisotropy field and is
related to the anisotropy energy through

(2.4)

This derives from the torque acting on the magnetization in an external field,
given by

Replacing the energy by the anisotropy energy and considering only small
angles it can be expanded
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neglecting terms of higher order. Since (affoA) (}=o = a this leads to

delivering 2.4. For [100] easy direction the anisotropy field is
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(2.5)

where anisotropy constants of higher order are equal zero.

Besides easy axis and easy plane there exist also other types of anisotropy
like e.g. easy cone, where the magnetization orientates along a cone. The
type is determined by the ratios of the anisotropy constants Ki! KI, which
can also change with temperature. Therefore temperature dependent changes
of the anisotropy type occur in some compounds.

The mechanisms that cause magnetic anisotropy are of different origin.
The only intrinsic property causing anisotropy is the magnetocrystalline
anisotropy, due to a coupling of the magnetic moments to the lattice symme-
try. The microstructure plays an important role leading to shape anisotropy
caused by deviations of the particles from spherical shape. And then there
are several forms of induced anisotropy, when a sample is exposed to stress
or an external field during heat treatment.

Shape anisotropy

Shape anisotropy arises from the fact that every magnetized particle gener-
ates a demagnetizing field on average antiparallel to the magnetization. This
can be easily imagined, thinking of the Maxwell equation

divB = a

which means that the field lines are always closed. This demagnetizing field
is defined for ellipsoidal particles by

HD - -N...Ms- lJ , (2.6)
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where Nij (i,j = x, y, z) is a second order tensor. Assuming an ellipsoidal
particle with the cartesian coordinates along the principal axis a, b, c, Nij is
unequal zero only for the diagonal elements of the matrix with the constraint
Na +Nb +Ne = 1. The magnetostatic energy of a uniformly magnetized body
in its own demagnetizing field is, therefore

(2.7)

for a sphere or, more general,

(2.8)

For a spheroid with two principal axes equal and a rotational symmetry
around the third, the energy density 2.8 can be rewritten as

f J-toM~ (N . 2() 2(})
M = -2- .ism + NlicOS

and the corresponding anisotropy constant is in comparison with 2.2

For a prolate spheroid, where N.i > Nil and Nil < 1/3, this results in easy
axis anisotropy, while for a oblate spheroid with N.i < Nil and Nil > 1/3 we
have easy plane anisotropy in the plane perpendicular to the symmetry axis.

The shape anisotropy is one of the reasons why microstructure plays
an important role for the anisotropy of a material, since for single domain
particles, the shape and alignment of the particles is essential. However shape
anisotropy is limited by Ms and therefore in many cases HD < HA, so that
the magnetocrystalline anisotropy determines the total anisotropy.

Dipole-dipole anisotropy

The dipolar field caused by a magnetic moment mi is given by
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Bringing another magnetic moment mj close, it will interact with this field
with a potential energy of -mj . Bi. Taking into account that there are
several magnetic moments surrounding, we have to sum up all dipole fields.
The average magnetostatic field, which is equal to BM = J1o(HM + M), is
then

(2.9)

used in 2.7. This field is in general anisotropic and causes therefore an
orientation preference of a magnetic moment. Only for a sphere the Lorentz
field (~M), which is the magnetic field in a spherical cavity of a magnetized
material, and the demagnetizing field cancel each other and the dipole field
is equal zero. An example for this are ferrites with spinel structure.

Two types of anisotropy based on the same interaction can be derived
from 2.9. One is the dipole-dipole anisotropy, integrating over a spherical
volume of an assembly of dipole moments in an arbitrary symmetry. The
other one is the shape anisotropy, where a cubic symmetry is assumed and
the integration volume deviates from a sphere.

Magnetocrystalline anisotropy

In a crystallattice the magnetic moment of an ion is influenced by the electri-
cal field of the surrounding atoms at the ion position. This so called crystal
field creates, due to an interaction with the orbital momentum and the LS
coupling, a preferred orientation of the spins according to the symmetry of
the ion site, which is called magnetocrystalline anisotropy. We distinguish
two cases depending on the relati.ve strength of crystal-field and spin-orbit-
coupling. When the crystal field is stronger than the spin-orbit-coupling the
orbital momentum is rigidly tied to the lattice and the anisotropy energy is
determined by the variation of the spin-orbit energy proportional to i .S
with fixed i,and with S rotating with M. In the other case i follows Sand
the anisotropy energy is determined by the variation of i with respect to the
lattice. The crystal field is proportional to a positive power of the electron
orbit radius, while the LS coupling is proportional to 1/r3. An example for
the first case are therefore the iron group ions, with a large orbit, since the
3d shell is screened from the nucleus attraction by the 4s shell. On the other
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hand the rare earth ions belong to the latter case, because the 4f shell is
located inside the 5s shell, and therefore the effective nucleus charge is large
and the orbit small.

In the case of the iron group the crystal field effect is not only an electro-
static one. More important is a direct mixing of the 3d orbitals with the 2p
orbitals of the surrounding 02- ions. This leads in cubic symmetry (like an
octahedral site) to a splitting of the degenerate 3d energy levels in a 2-fold
degenerate d'Y (eg) level or r3 with higher energy, including the wave func-
tions or orbitals 4>xLy2 and 4>0, and a 3-fold degenerate level dE (t2g) or r5
with lower energy, including 4>xy, 4>yz and 4>zx (see fig.2.1 and fig.2.2). This is
also the energy level splitting for the half filled FeH ion, where Hund's first
rule is fulfilled maximizing S, but L=O. If we have to consider Hund's second
rule, which is a consequence of electrostatic repulsion due to the Coulomb
interaction of the electrons, filling up the 3d shell with further electrons, the
splitting changes. The same splitting still occurs for the 3d6 configuration
that we find in Fe2+, but for the 3d7 with L=3 the splitting changes in a
3-fold degenerate r4 with lowest energy, a 3-fold degenerate r5 and a non
degenerate r2 with highest energy. This corresponds to the Co2+ ion in
octahedral environment.

For a non degenerate ground state like in 3d8 or 3d3 the expectation value
of the angular momentum operator is always zero. This is called quenching
of the orbital momentum. Indeed, in many cases the ground state is non
degenerate, since there is always a crystal field of lower symmetry present,
that splits the lowest energy level. In this case the anisotropy Hamiltonian
can be derived by treating the LS coupling and the Zeeman energy in second
order perturbation theory. If in addition to L=O the site symmetry is cubic,
the anisotropy shows up only in fourth order perturbation [19]. This applies
to the FeH ion at octahedral sites, as they are in many ferrites.

In the case that due to the crystal field splitting ground state is still
degenerate, the degeneracy is further lifted by the LS coupling. The orbital
state is strongly coupled to the lattice, so that any distortion of the lattice will
also lead to a splitting of energy levels. The lifting of an orbital degeneracy
by the interaction between a lattice distortion and the orbital state is called
Jahn- Teller effect. An example is Cö2+ in an octahedral environment, like
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saturation

I = Is(l - AI H - BI H2
- CI H3) + XH + DVH,

Chapter 2

(2.10)

Is is the saturation polarisation, A is describing inhomogeneities due to e.g.
impurities, B is proportional to the square of the uniaxial anisotropy constant
K2, C is proportional to K3, X is a paramagnetic susceptibility and D is the
spin wave factor. For hexaferrites a good fit can be obtained neglecting the
last two terms and A, B, C > 0, with B is the main parameter [23]. For
determining Is it is sufficient to reduce 2.10 to

Is and B can then be determined from a plot of I versus 1IH2•

2.1.5 Debye model

In the Debye model an upper frequency limit is defined for the continuous,
dispersion free phonon modes. This limit is often characterized by the Debye
temperature

hnD
8D = k

B
'

where nD is a material constant, depending on the particle density and the
velocity of sound (and therefore the elastic constants). Integration over the
density of states for the phonon oscillations, which is quadratic in the Debye
approximation, leads then to the thermal energy. From this the part of the
specific heat, that is caused only by phonons can be derived. In the high
temperature limit T » 8D this leads to a constant value for the specific
heat

In the low temperature limit it leads to a Debye function for the thermal
energy
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be obtained [20] and exhibit a strong effect at low temperatures depending
mainly on the LS coupling parameter À and on Œ. This is a parameter that
describes the effective orbital moment due to the 'orbital moment of the Co
ion interacting with the crystal field. For the Fe2+ ion in magnetite the lowest
energy state is r5 instead of r4 due to the cubic crystal field (see fig.2.2) and
is further split to a nondegenerate ground state and a doublet by the trigonal
field and second order perturbation has to be applied. This is the reason, why
only the Co substituted spinel ferrite exhibits a large anisotropy: For Co2+
the angular orbital momentum appears in first order perturbation. The same
argument was applied to the La-Co substituted hexaferrites (see chapter 2.2).

Figure 2.2: Splitting of the many electron energy levels of the 3d orbital [21]

2.1.4 Hysteresis loop and coercivity processes

Fig.2.3 shows a typical hysteresis loop for a ferromagnetic material. The
saturation magnetization Ms, the maximum magnetization, the remanence,
the magnetization value for zero internal field, and the coercivity, the field
of zero magnetization, are shown. These parameters are used to character-
ize a hard magnetic material. The shape of the hysteresis contains a lot of
information, including the shape of the sample, the magnetic phases, the
anisotropy, the stored energy and the magnetization process. We distinguish
in principle two steps of the magnetization process. The first in the steep
part of the hysteresis loop is due to domain wall motion, where domains of
less preferred orientation shrink and the ones in preferred orientation grow.
The second step is in the very flat part of the hysteresis, at high external
fields, where rotation of the magnetization in order to align with the exter-
nal field occurs. To manage this the energy provided by the external field
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Figure 2.3: Typical hysteresis loop of a ferromagnetic material [16]

has to be higher than the anisotropy energy. Therefore saturation magne-
tization can be reached at much lower fields if the sample is aligned with
the easy axis parallel to the external field. The coercivity, which is a mea-
sure for the energy needed to reverse magnetization, is mainly determined
by domain wall motion and therefore by pinning effects due to impurities,
strains and surfaces. If one would consider only rotation processes, like in
a Stoner Wohlfahrt model [22], where single domain particles without inter-
action but uniaxial anisotropy are assumed, the coercivity is represented by
the anisotropy field. In general the situation is more complicated and since
domain wall motion requires less energy, the anisotropy field is only an upper
limit. While the domain wall can easily move within a particle it will face a
energy barrier at the particle surface. That is the reason why the coercivity is
reciprocally proportional to the grain size, for grains in the range of Jl.m. For
very small grains (in the nm range) no domains occur, since the energy gain
does not outweigh the magnetostatic energy loss. Considering in this case
also exchange coupling between the sufficiently isolated grains leads to the
strong decrease in coercivity with decreasing grain size, which was observed
in nanocrystalline materials.

The saturation magnetization is defined as the magnetization at H = 00.

It can be determined from the hysteresis loop, using the law of approach to
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dxz dyz dxy

Figure 2.1: Shape of the orbitals with L=2; the 3d orbitals are grouped in eg

and t2g, which are split in a cubic crystal field [18]

in the Co substituted magnetite. Here the energy levels of the free ion are
primarily split by the cubic crystal field, then by the trigonal distortion, that
splits r4 in a doublet with lower energy and a singlet with higher energy, and
these are finally split by the exchange coupling and the spin-orbit-coupling.
The anisotropy energy is given by a part of the Helmholtz free energy given
by

F = -kBTL:Nilnzi,
i

where Ni is the cobalt population of the sublattice and Zi is the partition
function given by

-<j(Oi)

Zi=L:e kT,

j

where Ej are the split energy levels and (Ji is the angle between Ai and the
trigonal axis. From this, the temperature dependent anisotropy constants can
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where x = k~T and the Debye T3-law describing the phonon contribution of
the specific heat

127r4N3 T3
Cv= 5 kBS3'

D

The Debye model can be also used for calculating the intensity loss in
diffraction experiments due to the oscillations of the atoms in a crystallattice.
Assuming a harmonic oscillation the intensity is reduced by a factor

(2.11)

where (x2) is the mean squared deflection and G is the lattice vector of the
reflex. f is called Debye-Waller factor and is calculated with the Debye model
to

where P = 1+4 (tD)2. J08D/T ~dy. The Debye-Waller factor is related to
the lattice bonding, the stronger the bonding, the smaller the Debye-Waller
factor.

2.1.6 Density functional theory

For calculations of the electron structure in solid matter it is necessary to
solve the quantum many body problem. The exact many particle Hamil-
tonian contains beside the kinetic energies of the ZN electrons and N nuclei
all Coulomb interactions of electron-electron-, nucleus-nucleus- and electron-
nucleus-type. It is impossible to solve this problem exactly for a realistic
number of particles and therefore several approximations are made [24].

The first is the Born-Oppenheimer approximation, where the fact that the
nuclei are much heavier than the electrons is considered. Hence the kinetic
energy of the nuclei is assumed to be zero and the nucleus-nucleus interaction
is reduced to a constant. In the Hamiltonian the influence of the nuclei on
the electrons appears then in form of a external potential.

The second approximation is based on the first Hohenberg-Kohn theorem
[25], that asserts a one-to-one correspondence between ground state density
of a many electron system and this external potential. The second theorem
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gives the ground state total energy as

Chapter 2

where FHK is the Hohenberg- Kohn density functional, which is universal
for any many electron system. These two theorems established the density
functional theory (DFT).

The equations published by Kohn and Sham [26] turned DFT in a prac-
tical tool. According to their theorem the ground state density is given by

N

p(T) = l:<Pi(T)*<Pi(T),
i=l

where <Pi are the single particle wave functions of the lowest energy solution
of the Kohn-Sham Hamiltonian. The Kohn-Sham Hamiltonian considers the
electrons as a non interacting electron gas in two potentials, one due to the
nuclei and one due to exchange and correlation effects. Now the problem is
reduced to solving single particle Schrödinger like equations, which can be
done in a self consistent way starting from a reasonable guess for the density
and perform several iterations. The problem is that the second potential is
not known and therefore another approximation has to be made. One is the
so called local (spin) density approximation (L(S)DA), where the (spin) den-
sity is assumed to be constant in infinitesimally small volumes. Each such
volume contributes to the total exchange correlation energy by an amount
eq~al to the exchange correlation energy of an identical volume filled with
a homogeneous electron gas, that has the same overall density as the orig-
inal material has in this volume. This method performs well for systems
with slowly varying density. Another approach is to make the exchange-
correlation contribution of every infinitesimal volume not only dependent on
the local density in that volume, but also on the density in the neighbour-
ing volumes. In other words, the gradient of the density will play a role.
This approximation is therefore called the generalized gradient approxima-
tion (GGA). This method is more realistic and performs usually better, but
it is not an ab-initio calculation in the strict sense, since the gradient density
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is not unique.
The equation can finally be solved by choosing an appropriate set of

basis functions. One option is the linearized augmented plane wave (LAPW)
method. In this method the space is devided in two regions: non overlapping
spheres around each atom with radius Reo often called muffin tin sphere,
and the remaining outside space, called interstitial region. The electron
states within the muffin tin sphere are usually the core states, while the ones
outside are called valence states. The basis set is then derived from the
augmented plane waves (APW)

- { _l_ei(k+K).r fE interstitial regionej/S(f E) = fi __
K ' "Ao,k+KuO(r' E)yl (fI) fE muffin tin regionul,m Im I , m

which are plane waves in the interstitial region and solutions of the Schrödinger
equation for a free atom a in the muffin tin region. In this basis set the ra-
dial function uï(r', E) is expanded at a fixed energy Eo and only the linear
term is taken into account, which reduces the number of basis functions with
respect to the APW and therefore the calculation times. The accuracy of the
method is determined by the factor Rr;:in Kmax, where Rr;:in is the smallest
muffin tin radius and Kmax is determined by the cut off energy E = 1i

2
!;;'axme

corresponding to a maximum radius in the reciprocal space. This basis set
has to be calculated for as many k points in the Brillioun zone as necessary
to fill it densely enough. Often a local orbital is added in the sphere of each
atom a in order to treat two valence functions with the same orbital number.

An improvement is the LDA+U method proposed by Liechtenstein [27].
A Coulomb potential is added to the Hamiltonian described by the Coulomb
integral U (Hubbard parameter), corresponding to the repulsive Coulomb
force between electrons with opposite spin located at the same site. This is in
competition with the interaction of the electrons with the crystal potential.
For U much bigger than the crystal potential parameter an isolated ionic
state occurs. In the opposite case the electrons will behave as conduction
electrons and the repulsive potential is usually treated as a perturbation.
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2.2 Magnetic materials - Hexaferrites

The material which is topic of this work belongs to the group of iron oxides
with hard magnetic properties. A compound is classified as hard magnetic
when it exhibits a hysteresis loop with a large area, which is proportional to
the stored energy [28]. Such a material is usually characterized by BHmax,
but simplified it should have a high remanence and coercivity [29]. Ferrites
with spinel structure of the type MeFe204 with Me=Mn, Fe, Co, Ni, Cu,
Zn, Mg, Cd, with the most known representative magnetite (Fe304), have
usually a very small coercivity in the order of 10-4 T. Ferrites with hexagonal
structure and easy plane anisotropy also exhibit a small coercivity, while easy
axis structures have a coercivity in the order of 10-1 T. Hexagonal ferrites
are divided in M-type (e.g. BaFe12019), Y-type (e.g. BaMe2Fe12022, Me is a
divalent transition element), W-type (e.g. BaMe2Fe16027) and Z-type (e.g.
Ba3Me2Fe24041) structures. For Z-, M- and most of the W-type structures
the spontaneous magnetization is parallel to the c-axis, while for Y-type it
is perpendicular. Y- and Z-compounds at room temperature exhibit always
easy plane anisotropy, W- and M-compounds easy axis anisotropy. Higher
magnetization at a comparable anisotropy field shows the M-type compound.

The crystal structure of the M-type hexaferrites corresponds to the one
of the mineral magnetopiumbit with the following formula unit
PbFe7.5Mn3.5Alo.5Tio.5019[30]. The most famous representatives of this group
are BaM and SrM, which were synthesized at the Philips laboratory in the
1950's [2]. Still this material covers a big part of the permanent magnet
market, although since then better performing compounds were developed.
Fig.2.4 shows a comparison of hard magnetic materials with respect to rema-
nence and coercivity. In the 1970's Sm-Co magnets were developed and in the
1980's Nd-Fe-B compounds, which exhibit the highest magnetization value up
to now. Compared with these materials ferrites have rather poor magnetic
properties, but their main advantage are the low costs (see tab.2.2), since
rare earth elements are very expensive, while for ferrites the main starting
material is the cheap iron oxide. Besides this, ferrites are as oxides chemi-
cally very stable in contrast to the rare earth compounds, that oxidize easily.
This makes also their handling simple and therefore production processes are
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facile. Another advantage, that made hexaferrites interesting for microwave
applications in the last years [31, 3], is the high electrical resistivity. For these
reasons there is still a strong industrial interest in advances of hexaferrites.

Table 2.2: Prizes of different permanent magnets [32]

material prize [$/kg]
ferrite (standard) 3.5

ferrite (high quality) 4.7
Alnico 45
SmCo5 110

Sm2Co17 130
Nd-Fe-B (standard) 90

Nd-Fe-B (high quality) 150

2.2.1 Crystal structure

Hexagonal ferrites with M-type structure belong to the space group P63/mmc
(Hermann-Mauguin notation) with the number 194. The unit cell contains
two formula units of XFe12019, with X=Ba, Sr, Pb. The unit cell is divided
in four different lattice modules. A S module with spinel structure and
two oxygen layers and S*, which is rotated 180°, and a R module with two
oxygen layers and in between the layer that contains the X ion (see fig.2.5).
S has cubic closest package of the oxygen ions, while R has hexagonal closest
package, so that cubic and hexagonal structure are alternating according
to RSR *S*. There are 5 different Fe lattice sites present in the structure
with the Wyckoff numbers 2a, 4£1, 12k, 4f2 and 2b. The spinellike module S
contains two octahedral sites (2a and 12k) and one tetrahedral (4£1), and the
R module one octahedral (4f2) and a bipyramidal site (2b) [34]. The Fe ion at
the latter site is surrounded by 5 oxygen ions, building a double pyramid with
triangular basis plane, which can be represented as two tetrahedral sites. The
iron ion is fluctuating between these two 4e sites [35]. The oxygen ions are
distributed between 5 different sites, according to the Wyckoff coefficients 4e,
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Figure 2.4: Comparison of hard magnetic materials with respect to rema-
nence and coercivity [33]

4f, 6h, 12k1 and 12k2, and the X ion is at the 2d site. The general coordinates
of the different Fe sites in the P63/mmc structure are shown in tab.2.3.
Typical values for the coordinates are x(12k) = 0.16886 A, z(12k) = 0.89083
A, z(4f1) = 0.02718 A and z(4f2) = 0.19091 A and for the lattice parameters
are a = b = 5.883 A and c = 23.037 A (for SrM) [36]. All Fe ions are in the
FeH state, all 0 ions in the 02- and X in the 2+ state. A list of ion radii of
ions contained in the M-type structure or related ions is shown in tab.2.4.

Table 2.3: Coordinates of Fe sites in P63/mmc ferrites [38]

site x y z
2a 0 0 0
2b 0 0 1/4
4£1 1/3 2/3 z
4f2 1/3 2/3 z
12k x 2x z
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Table 2.4: Ion radii of ions related to the M-type structure [39, 40]

Ion electronic configuration radius [A]
Sr2+ [Kr] 1.13
La3+ [Xe] 1.15
Fe2+ [Ar]3d5 0.74
Fe3+ [Ar]3d6 0.64
Co2+ [Ar]3d7 0.72
02- [Ne] 1.4

2.2.2 Magnetic structure and magnetic properties

39

The M-type hexaferrite is a ferrimagnetic compound with all Fe ions in the 3+
state, which give therefore a contribution of 511B to the total magnetization.
According to the Gorter model [41], at the sites 2a, 12k and 2b the Fe spin
points parallel to the c-axis, at the sites 4£1and 4f2 it points antiparallel (see
fig.2.6). Therefore the total magnetization per unit cell at 0 K is (12 + 2 +
2) * 511B - (4 + 4) * 511B = 4011B, so 20l1B per formula unit. The Fe spins
are coupled antiparallel via superexchange through the oxygen ions. The
exchange parameters were calculated to be larger for angles close to 1800

,

like for the Fe(2b)-0-Fe(4f2) bond, and negligible small for angles close to
900, like for the Fe(2a)-0-Fe(12k) bond [42].

The saturation magnetization exhibits an almost linear temperature de-
pendence in the range from 77 K up to 650 K. Curie temperature and mag-
netization are decreasing with the order of the element X=Sr, Ba, Pb (see
tab.2.5).

The anisotropy energy for a hexagonal crystallattice

(2.12)

in the M-type structure is determined by the anisotropy constant KI, and
exhibits uniaxial anisotropy. This is visible in a measurement of M versus H
perpendicular to the easy axis (=c-axis), which exhibits a linear dependence.
Such a behavior can be usually explained by a dipole-dipole-interaction, but
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Table 2.5: Comparison of saturation magnetization and Curie temperature
of the different M-type compounds [5]

compound Ms(300 K) [Am2/kg] Ms(O K) [Am2/kg] ec [K]
SrFeI2OI9 74.3 104.2 750
BaFeI20I9 72 (380 G) 100 740
PbFeI20I9 320 G - 725

it was reported, that for the M-type structure it would lead to a negative
KI due to the interaction of the R and the S module [43]. In more re-
cent publications a positive but very small dipole interaction was reported
[44]. Therefore it was assumed that the strong anisotropy must be caused by
spin-orbit-interaction, although the Fé+ ion does not exhibit an orbital mo-
mentum in the ground state. Wanatabe [45] investigated the excited states
of the FeH ion and calculated KI in a uniaxial crystal field with cubic sym-
metry. This led to a reasonable positive value of KI, under the assumption
that a significant amount of excited states exists due to a perturbation by
the crystal field. This corresponds to the single ion anisotropy, due to the
combined interaction of spin-orbit coupling and the crystal field effect [21].
However, more recent calculations support the idea that the anisotropy of
the M-type hexaferrites is caused by the dipole-dipole-interaction, or at least
it gives a strong contribution [46].

Which Fe site gives the main contribution to the anisotropy is unclear,
too. According to Asti et al.[47], who based their calculation on the Callen
and Callen theory [48] for the single ion contribution to the anisotropy, the
12k site is responsible for the high anisotropy. In contradiction You [49, 50]
reported the 2b site to give the main contribution.

In the case that only KI contributes to the magnetocrystalline anisotropy,
the anisotropy field can be calculated by HA = 2KM1 (see chapter 2.1.3). At

/-La s
low temperatures HA is almost independent of temperature. Tab.2.6 shows
values of HA at 300 K and at 0 K for SrM and BaM.

The grains in M-type hexaferrites have usually platelet structure, with
the c-axis along the short diameter, and are typically in the order of 1 !lm.
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Table 2.6: Anisotropy fields at room temperature and 0 K of the M-type
compounds [5]

compound JlQHA(300 K) [T] JlQHA(O K) [T]
SrFe12019 1.85 1.65
BaFe12019 1.68 1.55

Therefore in most cases the condition for single domain particles is fulfilled,
calculated by Kittel [51] and Néel [52] to be

(2.13)

for the critical particle diameter. (Jw is the domain wall energy given by

(Jw = 4(AK)1/2 (2.14)

with A is the exchange constant and K the anisotropy constant. The single
domain diameter is of order of 1~m for Ba hexaferrite [53]. The coercivity
is then determined only by rotation processes and can be written according
to the Stoner- Wohlfahrt theory [22] as

2K
MHC = 0.48 Ms - NMs, (2.15)

where N is the demagnetizing factor, for a non interacting single domain
powder assembly. In generall this value can be only considered as an approx-
imation for the coercivity, first of all since nucleation processes of domain
walls and domain wall movement cannot be completely neglected in commer-
cial hexaferrites, due to bigger grain sizes. Even if the grains are sufficiently
small compared with the critical thickness, domain wall processes have to
be considered because of lattice defects, stacking faults, or local changes in
anisotropy and inhomogeneities of magnetic fields at the edges of the plate
like crystals. A semi-empirical formula was found to describe the coercivity
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[54]
N

JHC = aHA - -(Br + Js).
/10

Typical values for the coercivity are shown in tab.2.7.
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(2.16)

Table 2.7: Coercivity at room temperature of the M-type compounds, pre-
pared by coprecipitation [5]

compound MHC [T]
SrFe12019 0.575
BaFe12019 0.6

2.2.3 Substituted M-type hexaferrites

It was tried to improve the M-type hexaferrite by modifying the formula
XFe12019 through substitution of elements. Improving a hard magnetic ma-
terial means either to enhance magnetization or increase coercivity. Coerciv-
ity can be increased in two ways, modifying the microstructure or increasing
the magnetocrystalline anisotropy.

There are two possibilities for substitution: substitution of the X ion or
substitution of the Fe ion. If the valence is the same and the ionic radius
resembles the one of the substituted element, the crystal structure will be
unchanged and only a slight change in the lattice parameters will occur. It
is also possible to substitute with elements with different valence, but in this
case a charge compensation must take place. This can be in form of dou-
ble substitution, like in the case of La-Co substituted samples, where one
ion may compensate the charge of the other one. In the La-Co substituted
samples, which is an example for successful substitution since anisotropy is
significantly increased in these compounds, the La ion with valence 3+ sub-
stitutes for the X ion with valence 2+ and Co with valence 2+ compensates
this with an additional electron at one of the FeH sites. Another possibility
of charge compensation is, that Fe changes its valence state, which occurs in
the LaM compound.
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Ca was used for a substitution of the X ion without changing the va-
lence, but the pure CaM phase was reported to be not stable [55, 56]. Only
with addition of La the compound was stable, but in magnetic properties
almost equal to SrM and BaM. Other elements like Ag and Na, with a 1+
valence, were tried in addition to La3+ to compensate the valence difference,
but without any improvement of magnetic properties [5]. Among the X ion
substitutions, only the La substitution showed a strong effect. The pure LaM
was reported to exhibit a strongly increased anisotropy at low temperatures
[12],while the magnetization decreases only slightly. In this material a strong
influence by the substitution was obtained since the X substitution has also
an effect on the Fe sites changing the valence of one of the Fe ions to 2+.
Lotgering explained the increased anisotropy with the orbital momentum of
the Fe2+ ion, that enters a Fe site with positive anisotropy contribution. First
Mössbauer studies didn't confirm the presence of the Fe2+ [57], but later mea-
surements by Sauer et al. [58] supported this idea. The Curie temperature
was reported to be decreased (695 K) in this compound due to the smaller
unit cell dimensions [59]. However, only few publications are available about
this compound and motivated by that an investigation of La and other rare
earth substitutions started recently, including this work, following an early
report of Deschamps et al. [11].

For substitutions of the Fe ions without valence change the elements AI,
Ga and Cr have been intensively studied starting with Adelsköld 1938 [30]
and Bertraut et al. 1959. They are industrially used since the anisotropy
is increased without strong decrease of saturation magnetization. Other
elements that followed were Mn3+, Sc3+, In3+ and Ru3+. According to
their ionic radii the ions prefer sites of a certain coordination type. With
Mössbauer spectroscopy such a preference was investigated, and it was found,
that AI3+ and Cr3+ enter first the 2a and then the 12k sites (octahedral),
while Ga3+ prefers the 4£1 site (tetrahedral). For all these substitutions a
decrease in Curie temperature was observed, since these ions are not mag-
netic and reduce the exchange. Placed on a Fe site with parallel magnetic
moment this would also decrease magnetization, but placed on a anti parallel
site, it could enhance magnetization. This was only observed in a La-Zn
substitution, were La substitutes for the X ion and Zn for an anti parallel Fe
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ion. Also the Fe substitution can be performed with two elements of different
valence, compensating each other for electrical neutrality. Among this group
are Ti4+-Co2+, Ti4+-Zn2+, Ti4+-Ni2+, Ir4+-Co2+ and others. An increase in
anisotropy like for the LaM compound could not be observed in any of the
Fe substituted materials. Instead anisotropy mostly decreases, changing for
example to easy plane anisotropy above a certain amount of substitution.
An overview of these materials can be found in [5].

Recently more important became the already mentioned La3+-Co2+ sub-
stituted Sr hexaferrite, which is a simultaneous substitution of the X ion
and the Fe ion. After an early publication of Smolenski [6] the compound
went more or less unnoticed until in the 1990's companies like Hitachi and
TDK announced commercial interest. Since then detailed investigations of
this material were started [60, 7] and a main contribution was given within
studies of Carbone Lorraine [32]. According to a preference for octahedral
sites the Co2+ ion enters the 4f2 and the 2a site. In cubic symmetry the Co
ion exhibits an unquenched orbital momentum, that according to the sin-
gle ion model enhances drastically magnetocrystalline anisotropy [20], which
was observed for Co substituted magnetite. The same effect occurs in the
La-Co substituted hexaferrite. At the 4f2 site the Co ion gives even a posi-
tive contribution to the total magnetization, and therefore improves the hard
magnetic properties in both ways.
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Figure 2.5: Unit cell of the magnetopiumbit crystal structure with space
group P63/mmc [37]
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Figure 2.6: Unit cell of the magnetopiumbit crystal structure with space
group P63/mmc; the directions of the Fe moments are shown
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Preparation and
characterization techniques

3.1 Investigated compounds and preparation
techniques

3.1.1 La hexaferrite and La substituted Sr hexaferrite

La substituted Sr ferrite and the pure La hexaferrite were prepared in collab-
oration with CIMAV, a materials research institute in Chihuahua, Mexico.
The pure La hexaferrite is primarily important due to its remarkably in-
creased magnetocrystalline anisotropy at low temperatures. Phase diagram
and preparation methods for this compound were already reported [61], nev-
ertheless there existed only few publications about this compound. The
reason may be that La hexaferrite is a high temperature phase, which is
metastable at room temperature. First attempts to prepare this compound
failed completely. It was then found out that the main points are to perform
a heat treatment within the temperature range of stability of this phase
followed by a very rapid quenching.

Four different methods were tried, all typical for preparation of hexa-
ferrites, which were mechanical alloying, a ceramic route, and 3 chemical
methods, coprecipitation and two sol gel methods. For mechanical alloying
[62] the starting materials were La203 and Fe203 in a ratio of 1/12. Differ-
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ent amounts of La excess in mol% were used in order to compensate for Fe
excess due to milling in a steel vial. The mechanical alloying was done in
a hardened steel vial together with 12 mm steel balls for 24 h using a Spex
8000 mixer/mill. The ball to powder mass ratio was 8:1.

For coprecipitation the starting materials were La(N03h and Fe(N03h
in a ratio of 1/12 with different La excess, since some La loss is expected due
to different solubility of the La(OHh and the Fe(OHh. These were dissolved
in a solution of water and ammonia, followed by a digestion step at 80aC.

Of this reaction results a fine distribution of La- and Fe-hydroxides. This
powder has been carefully washed, filtered and overnight dried prior to its
oxidation at 800aC for 24 h.

Two different sol gel methods were employed. For the first [63]
La(N03h.H20 and ferric citrate were dissolved in distilled water. Citric
acid was added to the solution in order to obtain an iron-lanthanum citrate
complex. Ethylene glycol and benzoic acid were also added as secondary
coordinate agents. This solution was slowly evaporated to get a gel, then the
gel is overnight dried at noac and grounded to form a powder. The powder
is subject to calcination in an open tubular furnace at 300aC for 2 h (the
powder was placed in a quartz tube inside the furnace). For the second [64]
La(N03h.H20 and Fe(N03h.9H20 were dissolved in distilled water. Citric
acid was added to the solution in order to obtain an iron-lanthanum citrate
complex. NH40H was also added to adjust the pH value to about 5. This
solution was slowly evaporated to get a gel. A brown-glassy material was
formed and burnt in a self-propagating combustion manner until all the gel
was burnt out completely to form a loose powder (ashes).

According to the phase diagram reported by Moruzzi et al. [61] the La-
hexaferrite phase is only stable between 1380aC and 1420aC. So, to form this
phase a heat treatment within this temperature range was performed. All
samples were pressed with 3 t (1 cm2 cross section of the samples) and heat
treated in air in a tubular furnace for 23 h or 24 h using several temperatures
within the stability range and some higher respectively lower temperatures.
To preserve the hexaferrite phase a rapid quenching after heat treatment is
necessary. Two different methods of quenching, in air and in water, were
used and the resulting samples were compared with a slowly cooled sample.

•

•
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Fig.3.1 shows a comparison of XRD patterns of samples prepared by all
four methods and heat treated at 1385°C. To identify the various phases the
samples were investigated by X-ray diffraction using Cu K£xradiation at 40kV
and 20mA. In agreement with Moruzzi et al. [61] the possible phases that
form together with LaFe12019 are LaFe03 (La-orthoferrite), Fe203 (hematite)
and Fe304 (magnetite). For the coprecipitated sample hematite appeared as
second phase, which means according to the phase diagram, that the La
excess was too low. For the mechanical alloyed sample La-orthoferrite was
found as second phase, due to a too high La excess. For both sol gel meth-
ods magnetite was found. This can be explained by a too high annealing
temperature, because a variation of furnace temperature within :l::5°Cis pos-
sible. In that case the upper limit of the stability temperature range of
the La-hexaferrite phase must be around 1390°C, which is much lower than
reported.
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Figure 3.1: XRD measurement of samples prepared by all4 different methods
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In order to get preliminary results about the magnetic behavior, the sam-
ples were measured at room temperature in a vibrating sample magnetometer
(VSM) up to 1.6 T. Fig.3.2 shows the hysteresis loops of these samples. As
hematite and La-orthoferrite are antiferromagnetic, they give no contribution
to the magnetization so that the loops of the coprecipitated and mechani-
cal alloyed sample showalmost no deviation and therefore contain the same
amount of hexaferrite phase. <x-Fe2ü3exhibits a weak ferromagnetism above
260°C, where a Morin transition [65] takes place that gives a negligible con-
tribution to the magnetization [66]. For the samples prepared by both sol
gel method the contribution of the magnetite phase is clearly visible. •80
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1,5 2,0 •Figure 3.2: Room temperature measurement performed in a VSM of samples
prepared by all 4 different methods

It was then decided to concentrate on coprecipitation and mechanical
alloying, which are common in ferrite production and more simple to perform
than the sol gel methods. For coprecipitation, which was mainly performed
at CIMAV, the following refinements of sample preparation were performed:
varying the La excess in order to reduce the secondary phases, checking the
temperature range of stability with the available tubular furnace, reducing
the heat treatment time and investigating different quenching methods.
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The first step was to vary the La excess in order to reduce the secondary
phases. Tab.3.1 shows room temperature magnetization at 1.6 T and phases
of three samples with different La excess. For 10% and 100% La excess the
secondary phase was hematite and La-orthoferrite respectively, which means
that there was either too little or too much La added. For the 50% sample
both secondary phases appeared, so that this amount of starting material
should result approximately in the required 1/12 ratio for La/Fe. This is
also confirmed by the magnetization value, which is highest for this sample.

Table 3.1: Samples prepared by coprecipitation with different La excess.
All samples are heat treated at 1365°C for 23 h and quenched in water.
Secondary phases were determined by XRD.

La exc. (%) M1.6T (Am2/kg) secondary phases
10 52.5 Fe203
50 63.1 Fe203+LaFe03
100 59.2 LaFe03

In order to verify the temperature range of stability of the La-hexaferrite
phase a series of samples was heat treated at several temperatures starting at
1355°C in steps of 5 degrees (see tab.3.2). As expected at 1355°C almost no
hexaferrite phase was found, only hematite and La-orthoferrite. But already
at 1360°C a smaller amount of LaFe12019was formed. This is in disagreement
with the phase diagram reported by Moruzzi et al. [61], where formation of
hexaferrite phase was found at 1380°C lowest temperature. From 1360°C
to 1380°C the magnetization is steadily increasing, except at 1375°C. This
value has to be considered as an outlier, and may be explained by a variation
in furnace temperature. Beside this value the magnetization varies only
slightly between 1370°C and 1390°C, so that any temperature within this
temperature range will be good for heat treatment. But above 1390°C only
La-orthoferrite and magnetite were formed.

Tab.3.3 shows the comparison of samples quenched in different ways.
Because of the metastability of the La-hexaferrite phase the not quenched
sample decomposed during cooling down to La-orthoferrite and hematite
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Table 3.2: Samples prepared by coprecipitation with 50% La excess, heat
treated at different temperatures for 23 h and quenched in water. Phases
were deterrriined by XRD.

temp. (OC) M1.6T (Am:l/kg) phases
1355 1.2 Fe203+ LaFe03
1360 46.6 LaFe12019+ Fe203 + LaFe03
1365 61.0 LaFe12019+Fe203+LaFe03
1370 66.4 LaFe12019+ LaFe03
1375 61.1 LaFe12019+ LaFe03
1380 66.9 LaFe12019+ LaFe03
1385 65.6 LaFe12019+ LaFe03
1390 65.5 LaFe12019+ LaFe03

which results in a negligible magnetization. For both different quenching
methods the XRD showed the hexaferrite phase, but the magnetization of
the water quenched sample was higher, which is equivalent to a higher amount
of LaFe12019, so that this method was chosen for further experiments.

Table 3.3: Samples prepared by coprecipitation with 50% La excess,
quenched in water or air and without quenching. All samples are heat treated
at 1365°C for 23 h. Phases were determined by XRD.

quenching M1.6T (Am2/kg) phases
water 61.0 LaFe12019+ Fe203+ LaFe03

air 56.1 LaFe12019+ Fe203+ LaFe03
not quenched 0.5 Fe203+ LaFe03

The method of mechanical alloying, which was mainly performed at the
Vienna University of Technology, was enhanced for the La ferrite in a similar
way, starting with the investigation of the temperature range of stability. For
this investigation a sample with high La excess was chosen, in order to avoid
the formation of Fe304. Magnetite is likely to form with some Fe excess
and would give a contribution to the magnetization signal. Without Fe304

•
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it is possible to estimate the amount of hexaferrite phase from the magne-
tization, since the other possible phases do not contribute. For this furnace
type a formation of small amounts of La hexaferrite was found at 131O°C.
Although in both furnaces the setting temperature was checked using a Pt-
Pt/Rh thermocouple, the difference was very big. This can be explained by
slight differences between sample position and position of the thermocouple,
since this is essential at high temperatures. At 1365°C Fe304 formed, lead-
ing to a high magnetization value, although a smaller amount of hexaferrite
phase was present in this sample. The samples heat treated between 1325°C
and 1345°C are almost equal, differing only 1% in magnetization. For further
heat treatments a setting temperature of 1335°C was chosen.

Table 3.4: Samples prepared by mechanical alloying with 100% La excess,
heat treated at different temperatures for 24 h and quenched in water. Phases
were determined by XRD.

temp. (OC) M4.9T (Am2/kg) phases
1305 - Fe203+ LaFe03
1310 24.7 LaFe12019+ LaFe03
1315 16.2 LaFe12019+ LaFe03
1325 58.0 LaFe12019+ LaFe03
1335 58.5 LaFe12019+LaFe03
1345 58.5 LaFe12019+ LaFe03
1350 53.3 LaFe12019+ LaFe03
1355 54.3 LaFe12019+ LaFe03
1365 54.3 LaFe03+Fe304

In the next step the La excess was varied, in order to find the optimum
value to compensate the Fe abrasion of the steel vial and minimize the sec-
ondary phases (see tab.3.5). The best result was obtained for the sample
with 2% La excess, where no secondary phase was observed in the XRD pat-
tern. In order to ensure, that, against expectation, an even smaller amount
of La could lead to better results, a sample with 2% Fe excess was prepared.
The magnetization value yielded 68.7 Am2/kg and the secondary phases were
LaFe03 and Fe203'
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Table 3.5: Samples prepared by mechanical alloying with different La excess.
All samples are heat treated at 1335°0 for 24 h and quenched in water.
Secondary phases were determined by XRD.

La exc. (%) M4.9T (Am2/kg) secondary phases
2 73.9 -
20 69.5 LaFe03
50 65.1 LaFe03
100 58.5 LaFe03

With samples with 2% La excess the investigations were continued and it
was tried to reduce the heat treatment duration (see tab.3.6). With decreas-
ing heat treatment duration the magnetization, and therefore the amount
of hexaferrite phase, is reduced. In the XRD pattern of the sample heat
treated for 1 hour, LaFe03 and Fe203 were visible, which means that the
reaction is not yet complete and this explains the reduction in magnetization
by 7%. Between 24 hand 8.5 h almost no reduction appeared, therefore a
heat treatment for more than 8 hours is sufficient.

Table 3.6: Samples prepared by mechanical alloying with 2% La excess,
heat treated at 1335°0 temperatures for different durations and quenched in
water.

duration (h) M4.9T (Am2/kg)
24 73.9

16.5 73.3
8.5 73.5
5 70.8
2 69.4
1 68.8

Partly with La substituted Sr ferrite samples were prepared by coprecip-
itation as well as by mechanical alloying. These samples were interesting in
order to monitor the changes in crystal structure and magnetic properties

•
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from Sr hexaferrite to La hexaferrite. Only one sample was prepared by co-
precipitation (see tab.3.7), following the same procedure as described above
using in addition Sr(N03h in a ratio of La/Sr=1/2. This sample was pressed
and heat treated at various temperatures ranging from lODDoC to 1365°C,
the same temperature, which. was used for the pure La ferrite. Fig.3.3 shows

Table 3.7: La substituted Sr hexaferrites with nominal formula unit

name formula unit preparation method
LaM5D LaFe12019 coprecipitation
LaM3 LaFe12019 mechanical alloying

SrLa2_1co SrO.66Lao.33FeI2019 copreci pi tat ion
SrLa8_1 SrO.88Lao.llFeI2019 mechanical alloying
SrLa4_1 SrO.8Lao.2FeI2019 mechanical alloying
SrLa2_1 SrO.66Lao.33Fe12019 mechanical alloying
SrLal_l SrO.5Lao.5FeI2019 mechanical alloying
SrLal_3 SrO.25Lao.75FeI2019 mechanical alloying

SrM SrFe12019 mechanical alloying

the hysteresis loops of these samples measured in a VSM. With increasing
temperature the coercivity is decreasing from a for hexaferrites typical co-
ercivity of D.5 T after heat treatment at lODDoC to a negligible coercivity
at 1365°C annealing temperature. But there is also a decrease in magne-
tization for low annealing temperature, which indicates a higher amount of
secondary phases. It is expected that not the complete amount of La entered
the lattice, which would also result in a lower magnetization if the La formed
a compound, which does not contribute to magnetization. Most probable is
the formation of La orthoferrite or La203 which is non magnetic. The XRD
showed as secondary phase in this sample only Fe203, but as the gate time
for the XRD measurement was low, it is possible that an amount of a few
percent of secondary phase is not visible in the pattern. As there is almost
no change in lattice parameter between La hexaferrite and Sr hexaferrite
because of the similar ion radii of La3+ (D.115 nm) and Sr2+ (D.113 nm), it
is also not easy to distinguish between these two phases in XRD. Therefore
it is more safe to perform a heat treatment at high temperatures, to ensure
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that La enters the hexaferrite structure. Unfortunately the high temperature
stimulates grain growth and leads therefore to a reduced coercivity. This was
also confirmed by images of scanning electron microscope (see chapter 4.1.1).
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Figure 3.3: VSM measurement of the sample SrLa2_1co heat treated at dif-
ferent temperatures

Samples with various La concentrations were prepared by mechanical al-
loying (see tab.3.7). While for the La ferrite the starting materials were
oxides, for the partly substituted Sr ferrite carbonates were used according
to the usual procedure for Sr or Ba ferrite [67]. The samples were prepared
according to the formula (1 - x)SrC03+x/2La2(C03h+6Fe203, using dif-
ferent La concentrations x. No La excess was used for these samples. All
samples were heat treated for 24 h at 1335°C and quenched in water. The
pure Sr ferrite (SrM) was heat treated only for 2 h at lOOO°C,which is
sufficient to form this phase. Tab.3.8 shows the secondary phases in these
samples, determined by XRD, and the quantitative analysis was performed
by the Rietveld method [68]. All samples with concentrations higher than
x=O.2, except x=1, contain an amount of hematite (Fe203)' In order not to
change the La/Fe ratio, also an amount of a La containing secondary phase
should be present, although it was not observed in the XRD pattern. Since
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the background in these patterns was very small, even an amount of only 1%
is possible to be observed with a good quantitative analysis. Either the La
evaporated forming a gas phase during the heat treatment, or there exists a
phase with higher La/Fe ratio, that exhibits a very similar XRD pattern, like
for example the W-type for the conventional hexaferrites. Such a phase is not
reported yet. For future experiments it is necessary to perform a chemical
analysis of the Fe and La amount in the sample, by e.g. titration.

Table 3.8: Amount of secondary phase Fe203 in partly with La substituted
Sr hexaferrites, prepared by mechanical alloying

sample x Fe203 [%]
SrM 0 0

SrLa8_1 0.11 0
SrLa4_1 0.2 0
SrLa2_1 0.33 8
SrLaL1 0.5 6
SrLaL3 0.75 12
LaM3 1 0

3.1.2 Rare earth substituted Sr hexaferrite

Substituted Sr hexaferrite prepared by hydrothermal synthesis

The La, Sm and Nd substituted Sr-M particles were produced by hydrother-
mal synthesis [14]. The chemical precursors used for these experiments were
Fe(N03h.9H20, Sr(N03h, RE(N03h-6H20 (R = Sm, Nd, La, Pr) and
NaOH. The precursors were weighed according to different REH /Sr2+ ra-
tios (n), where n was varied between 1/16 and 1/2, while Sr2+/FeH and
N03- /OH- ratios were fixed at 1/8 and 1/2 respectively. A water so-
lution containing Sr2+, FeH and REH ions was poured into the solution
of NaOH. Aqueous suspensions containing the precipitated products were
sealed, stirred at 1000 rpm and heat-treated at 220°C in an autoclave for
3 h. The resultant particles were washed carefully, filtered and then dried
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at 800e overnight. The as-synthesized particles were calcined at 11000e to
11500e for 2 h in air.

Dy and Er substituted Sr hexaferrite

According to the experience with La ferrite, it was assumed that the hexa-
ferrite structure forms also for other rare earth elements. This would be very
interesting, since they have a magnetic moment in contrast to La, which
may contribute to the magnetization, and can exhibit an orbital momentum,
which may influence anisotropy and magnetostriction. Dy (8=5/2, L=5) and
Er (8=3/2, L=6) were chosen for this experiment, also for the reason of the
affordable costs.

Dy hexaferrite was tried to be prepared by mechanical alloying follow-
ing the same procedure as for the La hexaferrite. DY203 and Fe203 were
used as starting materials with 2% Dy excess. A heat treatment for 2 h at
temperatures ranging from 1225°e to 14000e in steps of 25° was performed,
in order to find the temperature range of stability, and the samples were
again quenched in water. Unfortunately no hexaferrite phase was formed.
Above 1325°e the sample exhibited a magnetization of 62 Am2/kg, and with
XRD the pattern could be attributed to the DY3Fe5012phase [69], which has
garnet structure like YIG compound. These are magneto optic compounds,
exhibiting a strong anisotropy at 4.2 K.

The attempt was also not successful for Er which was prepared by copre-
cipitation and heat treated between 13400e and 13800e. This temperature
range was very small, so that it is probable, that the temperature range of
stability was not found. For future investigations it is recommended to try
heat treatments at temperatures in a very large range (eg between 12000e
and 15000e) and use small steps of not more than 20°. Otherwise it may
happen, that one misses the stability range, since it can be very small, like
in LaM and it may be significantly shifted to higher or lower temperatures.
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3.2 Characterization techniques

3.2.1 X-ray diffraction
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X-ray diffraction uses on the constructive and destructive interference of X-
rays reflected at the crystallattice planes. It is based on the Bragg equation

2dsinO = nÀ

delivering for a certain wavelength À the lattice plane distance d at a certain
reflection angle O. Scanning all angles delivers a diffractogram with peaks
corresponding to the different lattice planes in the crystal structure. This
reflects the crystal symmetry and is characteristic for a material.

X-ray diffraction was performed at a Siemens D500 powder diffractome-
ter with a graphite monochromator. Co Ka. radiation (À=1.79 Â) at 35mA
and 30kV was used. For low temperature diffraction a helium flow temper-
ature controller down to 4.2 K was available. The system was controlled
by a LINUX based software, developed at the Department of Solid State
Physics (TU Vienna). The evaluation of the data was performed with the
software Topas by Bruker. Topas is a graphics based profile analysis program,
integrating various types of X-ray and neutron diffraction analyses by sup-
porting all profile fit methods currently employed in powder diffractometry.
For quantitative analysis the Rietveld method [68] was employed.

3.2.2 Neutron diffraction

Neutron diffraction is based on the same principles as X-ray diffraction. The
wavelength of the neutron is adjusted by their velocity using

27r
P = mv = nk = n;:.

Neutrons have the advantage that.due to their magnetic moment, they inter-
act with magnetic materials, so that information about the local magnetic
moments in the sample can be obtained.

The neutron diffraction experiments were performed at the Institute Laue
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Langevin, Grenoble, France, in collaboration with Dr. C. Ritter. The dif-
fractometers D20 and D2B, for high resolution experiments, were employed.
D20 is very high intensity 2-axis diffractometer equipped with a large He3

microstrip gas detector. Due to the high neutron flux, small samples can
be measured. The complete diffraction pattern, covering a scattering range
of 153.6°, can be obtained as a function of temperature, pressure or other
parameter. D2B is very high-resolution powder diffractometer designed to
achieve the ultimate resolution. Being on a beam tube in the reactor hall, it
can use wavelengths as short as 1.05 Â and can collect the complete diffrac-
tion patterns in 15-60 minutes, depending on the amount of sample.

3.2.3 Microscopy

In order to determine microstructure the samples were examined with a scan-
ning electron microscope (SEM) and an optical microscope. A JEOL T 330A
SEM was available at the Departement of Solid State Physics, TU Vienna.
Since hexaferrites are insulators a thin layer (30 Â) of Au-Pd was sputtered
on the surface of the samples to make an electrical contact with the anode.
For element analysis an EDAX UTW detector was used, performing energy
dispersive spectroscopy (EDS), where characteristic X-rays emitted from the
sample are measured. A Polyvar optical microscope was used for determining
the grain size.

3.2.4 Density

For density measurements a Micromeritics multivolume pycnometer 1305 was
used. This is a He gas pycnometer, observing the reduction of gas capacity
in the sample chamber caused by the presence of the sample. Since helium
penetrates even the smallest pores and surface irregularities, the volume ob-
tained permits computation of the theoretical density. The gas capacity is
measured by the pressure in the sample chamber and after expansion of the
gas in a second precisely known volume.

•

•
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3.2.5 Resistivity measurement

Theory

61

The resistivity of hexaferrites exhibit a semiconductor like behavior following
an exponentiallaw for the temperature dependence

The activation energy Ep for ego BaFe12019 is 0.8 eV [43]. This corresponds
to 9280 K, so at room temperature hexaferrites are good insulators with a
specific resistivity of 106 Om. In the La substituted SrM the La may act as
p-doping and the gap energy is significantly reduced, so that there is a consid-
erable conductivity at room temperature. The simple exponential behavior
dominates at higher temperatures. At low temperature in the La substituted
samples a variable-range hopping [70] mechanism takes over. This means a
conduction via hopping of electrons between localized states close to the
Fermi level. This type of conduction always occurs if temperature is suffi-
ciently low or if the medium is disordered, e.g. due to impurities. In this
case the resistivity follows a law

More general one can write

B

P = Ae kBT
l
/
4

•

B

P = AekBTV,

(3.1)

where 1/4 :::;v :::;1/2, since v was found to differ from 1/4 for e.g. a non
constant density of states close to the Fermi level [71].

Experimental setup

The resistivity was measured with a Linear research LR-700 DC resistance
bridge in zero field. The samples, cylindrical pellets of pressed and annealed
powder, were contacted with conductive silver paste, a copper foil and thin
copper wires. To fix everything, it was wrapped in teflon tape and fixed with
a small copper clamp (see fig.3.4). The measurement was performed in a He
dewar vessel in order to vary the temperature from room temperature down



62

to 4.2 K.

Chapter 3

Figure 3.4: Sketch of the sample contact to perform the resistivity measure-
ment

3.2.6 Calorimetry

For measurements of the specific heat the quasi-adiabatic pulse heat method
was used. In this method the sample is exposed to a certain amount of heat,
given in form of a pulse, ßQ and the change in temperature ßT is measured.
If the sample is in ideal adiabatic condition the specific heat is given by

. ßQ
C(T) = l'lmtJ.T~O ßT'

In a realistic measurement one has to consider three types of errors: internal
relaxation of the sample, external relaxation or heat loss and self heating
of the thermometer. The internal relaxation is due to the expansion of the
sample, so that it takes some time until the heat gradient within the sample
vanishes. The external relaxation is due to heat exchange with the environ-
ment, which results in a heat loss of the sample.

For realizing adiabatic conditions in the experimental setup, the sample
is mounted on a small sapphire disk, which is connected with the sample
holder only through thin nylon wires. The heating is performed with a strain
gauge, connected through very thin manganin wires of diameter of 76 Jl.m.

The temperature is measured with a field calibrated CERNOX-resistivity
thermometer with wire connections of 20 Jl.m. All wires are fixed at the
irradiation shield (gold plated copper tin), surrounding the sample. It is
temperature controlled by a Lake Shore DRC-93CA, using a carbon-glass
thermometer. The sample holder is inserted in a magnet for field dependent

•
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measurements. Temperature dependent measurements are performed in a
He flow cryostat.

3.2.7 Pulsed field magnetometer

Theory

A pulsed field magnetometer is used for measurements of the hysteresis loop
of hard magnetic materials and anisotropy. The measurement is based on
the law of induction

U = _d<l>
dt'

so that a time varying magnetic flux is necessary. This is performed by a
time varying magnetic field, for example a field that is produced by a magnet
supplied with a sinusoidal alternating current. If a magnetic sample is placed
in such a field, its magnetization will follow the time dependence of the field
and therefore induce a voltage in a small coil wound around the sample.
The detection of the signal is usually not performed with a single coil, but
with a set of 4 coils, two that measure the magnetization and compensate
for the signal of the external field and two that measure the external field in
symmetric arrangement with respect to the magnet homogeneity. Such a set
is called pick-up system. The signal is proportional to the time derivative of
the magnetization according to U = --it J BdÂ = --it{£o(H + M)A, so that
it has to be processed afterwards. For hysteresis measurements the signal is
integrated, while for anisotropy it is derivated.

The latter is based on the singular point detection method (SPD) [72].
It is known that in a single crystal the magnetization curve in the hard
direction, shows a singularity in the second derivative ~ttat the anisotropy
field HA, since M (H) is linear for 0 '< H < HA and constant for H >
HA. In a polycrystalline material the curve is more smooth, but still it
keeps information about the anisotropy field, since there is always a part of
crystallites oriented in the hard direction. For a uniaxial material one can
find a peak in the second derivative of M(H). For basal plane anisotropy or
cubic anisotropy the peak occurs in higher order derivatives, but then it is
very difficult to measure since the derivation of the signal produces a lot of
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noise and then the peak is not visible.
The SPD technique can be easily performed in a pulsed field magnetome-

ter, since the signal detected is already the first derivative with respect to
time. If the funtions M(t) and H(t) are steady and invertible, the second
derivative with respect to time can be converted to ~~. So it is just neces-
sary to differentiate the measured signal with an analog differentiator.

Experimental setup

The pulsed field magnetometer used for the measurements was available at
the Department of Solid State Physics at the Vienna University of Technol-
ogy. It consists of a magnet for fields up to 30 T, a He flux cryostat for low
temperature measurements, two condenser battery banks with 24 mF if both
are used or 8 mF if the smaller one is used alone, the electronic control sys-
tem, a transient recorder for recording the measured signal and a PC for the
data acquisition. The condenser is charged by the electronic equipment and
discharged over the magnet, which produces a damped sinusoidal magnetic
field. The signal of the sample is detected with a coaxial pick-up system and
integrated digitally with the software. The derivation is performed analog
with a differentiator. The calibration of the system was performed with a
magnetite sample for the magnetization signal and for the field signal with
a planar coil with by NMR calibrated winding area (N . A).

3.2.8 Vibrating Sample Magnetometer

A vibrating sample magnetometer (VSM) is based on the law of induction,
too. In contrast to the pulsed field magnetometer, the external magnetic field
is static, but the sample moved vertically in a low frequency sinusoidal oscilla-
tion. This induces a signal in a pick-up coil proportional to the magnetization
of the sample. The main advantage is that the signal can be measured by
a lock-in amplifier. The lock-in couples the induction signal with a signal
synchronous with the sample oscillation and amplifies phase sensitive at the
relevant frequency only. This method reduces noise significantly.

At the Department of Solid State Physics, TU Vienna, two VSM are
available, one with a superconducting magnet up to 7 T and one up to 17 T.

•
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The oscillation is generated by a loudspeaker system with a frequency of 82
Hz and amplitude of 0.1 mm and 36.44 Hz and 1.4 mm, respectively. The
system with the 17 T magnet has the possibility to measure magnetization in
three orthogonal direction, since it contains a special type of pick-up-system.
For low temperature measurements both systems include a He flow cryostat
with a heater and a temperature controller.

3.2.9 Susceptometer

Theory

With a susceptometer the susceptibility of magnetic samples is measured. It
is defined by a tensor of second rank

1 1aMi
Xij = /-lo V aHj ,

which can be considered as a response function of a magnetic material. It is
usually measured in a ac magnetic field of small amplitude Hac = Hocos(wt).
The magnetization of the sample is measured with a pick-up system consist-
ing of two coils, similar like in pulsed field magnetometer, but by using a
lock-in amplifier. Therefore one can easily measure a signal in phase with
the external field and a signal 90° phase shifted defined by

Mac = Mocos(wt - </» = Mocos(wt)cos</> + Mocos(wt)sin</>.

The susceptibility can then be given in a complex form

x = X' - iX",

where X' = ~cos</> is the real part and X" = ~sin</> is the imaginary part.

Experimental setup

For the experiments a Lake Shore ac-susceptometer 7000 was used. It con-
tains a field generating coil, wound around the pick-up-system, a stepper
motor for positioning the sample, a lock-in amplifier and a PC as control
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unit. Sapphire is used as pick-up tube to ensure good thermal contact with-
out generating a magnetic moment. A He flow cryostat, a heater and a
temperature controller are used for temperature dependent measurements.

3.2.10 Mössbauer spectroscopy

Theory

Mössbauer spectroscopy is based on recoilless resonance absorption of y-rays
in crystals, discovered by Mössbauer in the late 1950's (Mössbauer effect).
This is possible since the crystal transforms the recoil energy in phonon
energy distributed over the whole crystal, which has a naturally high mass.
A common y-ray source is the radioactive 57CO,that decays through electron
capture in an excited state of 57Fe. The transition of 57Fe from the 3/2 to
the 1/2 state (14.4 keY) is then used in the Mössbauer experiment. This
radiation excites the 57Fe in the sample, which is around 2% of the total
Fe amount, and the following transmitted radiation is detected. Due to
the Zeeman splitting in a magnetic material six different transitions from
the excited 3/2 state to the 1/2 groundstate are allowed with 6.m = 0,:1:1
(see fig.3.5) and therefore a sextet is observed. This splitting is sensitive to
interactions between the nuclear magnetic moment with surrounding electric
and magnetic fields.

3-z •I

J=ï -z
+1

2
+1

2

Figure 3.5: Transitions from the excited 3/2 state of 57Feto the 1/2 ground
state

The main factors that can be determined by Mössbauer spectroscopy
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are the hyperfine field, due to the nuclear-Zeeman splitting caused by the
magnetic hyperfine field (see chapter 2.1.2), the isomer shift, due to the
electrical potential caused by a charge density at the nuclear site, and the
quadrupole shift, caused by the interaction between the nuclear quadrupole
moment and an electrical field gradient. The two latter terms arise from the
electrostatic exchange energy of a charge distribution with an electrical field

(3.2)

Because of parity the nucleus has no dipole moment, therefore the second
term in 3.2 vanishes. The first term corresponds to the isomer shift, the third
to the quadrupole shift.

An electrical potential at the nucleus site arises mainly from s electrons.
If s electrons give a contribution to chemical bondings or change their dis-
tribution due to interaction with outer shells (e.g. 3d electrons), this can
be determined by the isomer shift. It has to be mentioned that only the
difference between the electron density of the source and of the absorber is
measured. It is therefore necessary to define the matrix of the 57Fe source.
The energy shift also depends on the change in radius of the excited nucleus
and the groundstate. The isomer shift is visible in a shift of the whole sextet
by a constant factor.

A non negligible electrical field gradient (EFG) is present only for sites
with non cubic symmetry. Octahedral and tetrahedral sites have usually
very small field gradients, since they are close to cubic symmetry. Nuclei
with I = 0 and I = 1/2 have a zero quadrupole moment, thus only the
excited state of 57Fe is influenced. This leads to a shift of the outer lines
in the sextet to higher energies, while all other lines are shifted to lower
energies, depending on the sign of the EFG.

The intensity of the Mössbauer line can be calculated from a harmonic
oscillation considering the Debye model (see chapter 2.1.5). This leads to the
Lamb-Mössbauer factor
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where ER is the recoil energy and (x2) is the mean squared displacement of
the oscillator. For the Bragg reflection of x-rays this is equal to the Debye-
Waller factor. The intensity of the different Fe sublattice spectra in different
materials depends therefore on the bonding. For all ferrites an identical
Lamb- Mössbauer factor was assumed for all sublattices, so that the area of
the spectra is proportional to the weight percentage.

Experimental setup

The Mössbauer spectrometers at the department of Solid State Physics at
the Vienna University of Technology are using a 57COsource in Rh matrix,
which has a half-life of 270 days. The Fe line used has an energy of 14.4 keY.
A variation of this energy is performed by a movement of the source with
constant acceleration. This changes the energy according to the Doppler ef-
fect by /)'E = ::I:~Eo. With a velocity of 1 mmls a Doppler shift of 48 neV is
produced, which is 10 times the naturalline width (life time of the excited
57Fe state 7=1.4 10-7 s). As absorber thin layers of powder samples were
used, to ensure transmission of the low energy y-rays. For low temperature
measurements a He flow cryostat with temperature controller was used, while
for high temperature a furnace with temperatures up to 800°C and a PID
regulator was available. As detector a gas proportional counter with 97%
Kr and 3% CO2 as quenching gas with a voltage of 2.7 kV was used. The
transmitted y-ray intensity shows a minimum at the energies, where absorp-
tion occurs. The pulses of the detector are amplified and in a multi channel
analyzer counted with respect to a velocity interval.

3.2.11 Nuclear magnetic resonance

Theory

Nuclear magnetic resonance is a method to measure energy transitions of
the nucleus in a magnetic field. The 21 + 1 degenerate energy of the nuclear
magnetic moment splits in a magnetic field Ba into the equidistant energy
levels

E = -m'Y Bali, -1$.m$.l,
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where, = gN, the gyromagnetic ratio of the nucleus, as defined in chapter
2.1.1. Dipole transitions ßm = ::i:l can be induced by irradiation of the
energy E = hw = fi,Bo. This is usually performed with an alternating
magnetic field. The transition can be described classically by a change of
precessional motion of the magnetic moment with the frequency WL = ,Ba,
the Larmor frequency. Taking into account a system of nuclear spins leading
to a nuclear magnetization M and energy exchange between the spins and
between the spin and the lattice, this leads to the Bloch equations

where Tl is a characteristic time for the relaxation of the longitudinal mag-
netization to the thermal equilibrium value Mo (spin-lattice relaxation) and
T2 is the relaxation time for the spin-spin-relaxation that describes the loss
of phase coherence between the spins.

In ferromagnetic materials the field Ba is given by four different terms,
the external field, the demagnetizing field, the Lorentz field (see chapter
2.1.3) and the hyperfine field, which is the field at the nucleus position pro-
duced by the surrounding electrons. Assuming spherical particles, Lorentz
field and demagnetizing field cancel each other and the hyperfine field can
be measured directly. An external field is only necessary to determine the
orientation of the hyperfine field. The hyperfine field provides information
about the local magnetization of the sample, since they are coupled through
the hyperfine coupling constants (see chapter 2.1.2). The local surrounding
also influences the hyperfine field, so that different crystal sites can be distin-
guished. In a magnetic sample the magnetization leads to an amplification
of the alternating field, due to the tilting of the magnetization vector in the
direction of the alternating field. Since too high intensities lead to equally
occupied energy levels, no signal can be observed, because the difference in
occupation according to the Boltzmann factor is essential for the resonance.
Therefore it is necessary to reduce the amplitude. In magnetic walls the field
is even more amplified than in domains. By choosing the right intensity for
the alternating magnetic field signals either from domains or from walls can
be observed.
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A powerful method to observe the resonance signal is the spin-echo method
(see fig.3.6). This can be explained using the classical interpretation with a
rotating coordinate system with z-axis in the direction of the static field Bo
and the rotation frequency equal to the frequency of the alternating field BI'
In this coordinate system the alternating field is also static in x-direction,
and causes a precession of the magnetization vector in the y-z plane. The
angle can be determined by the duration of a BI pulse, Œ - w . t = 'YBlt. If
one chooses t so that Œ = 90°, the magnetization will turn to the y-axis and
then it will precess in the x-y plane around Bo. Due to inhomogeneities in
the field the spins will have slightly different Larmor frequency and spread
over the x-y plane and the signal weakens rapidly. If now another pulse is
applied, so that Œ = 180°, the spins are again in the x-y plane, but the ones
that are slower are now closer to the -y-axis than the ones that are faster,
so that all will refocus after a time t = 27, with 7 the time between the two
pulses. The signal observable at that time is called the echo.

E(t;t)

)

Echo

habkolJ.ds4:echoerz.eps

Figure 3.6: Scheme of the spin-echo method

Experimental setup
)

The experimental setup includes a superconducting magnet with maximum
field of 7 T, that produces the external field Bo. Most spectra of the hexa-
ferrites were measured in zero field using a frequency sweep. For the 57Fe
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(I = 1/2) resonance a field was used to identify spin up and spin down sites.
The 139La (I = 7/2) resonance was measured in a field sweep. A He flux
cryostat with temperature controller was used for temperature dependent
measurements, measurements at 4.2 K were performed in a liquid He dewar
vessel. The NMR system consists of sample holder, the transmitter elec-
tronic equipment and the receiver electronic equipment. The sample holder
contains the resonance circuit (parallel) with variable capacitance, that ap-
plies the high frequency pulse (MHz). The coil of this circuit also detects
the signal of the sample by the induced voltage (!-lV). The high frequency is
produced by a synthesizer and is pulsed by a PC. The pulses are delivered
through an attenuator (0-63dB) and a pulse amplifier (0-45dB) to the sample
holder. Pulses of frequencies between lOMHz and 1GHz can be delivered.
The samples induces a signal of app. l!-lV amplitude and several l-l8 pulse
duration at the resonance frequency in the coil. The frequency for Fe in
the hexaferrite is around 70 MHz (2b site 60 MHz), for La between 10 MHz
and 40 MHz, depending on the external field. The signal is amplified and
phase sensitive detected by mixing with the synthesizer signal in phase and
90° shifted. The whole system is controlled by a PC, where also the data
acquisition, including Fourier analysis of the measured signal, is performed.
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Experimental results and
discussion

4.1 La hexaferrite

The following table gives an overview of samples investigated within this
group.

Table 4.1: La substituted Sr hexaferrites with formula unit and preparation
technique

name formula unit preparation method
LaM50 LaFe12019 coprecipitation
LaM3 LaFe12019 mechanical alloying

4.1.1 Structural properties

X-ray diffraction

The formation of the M-type hexagonal crystal structure was confirmed by X-
ray diffraction. Fig.4.1 shows the diffractogram of the purest sample prepared
by mechanical alloying (LaM3). A Rietveld analysis showed that there are
no secondary phases present. The crystal parameters are given by a = b =

73
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5.8907 Â and c = 22.9003 Â. Compared with typical values for Sr hexaferrite
(a = b = 5.883 Â and c = 23.037 Â [36]) the parameter alb are slightly
increased while c is reduced.

Figure 4.1: XRD of sample LaM3 analysed by Topas shows the typical M-
type structure; no secondary phases were observed; the black line is the
difference between measured and refined pattern

A careful comparison between the X-ray diffractograms at room temper-
ature and at 4.2 K revealed a distortion of the hexagonal crystallattice to an
orthorhombic structure with spacegroup CmCm. The distortion was evident
in the splitting of the peak hkl = 220 in the P63/mmc structure (28 = 74.83°
for Co Ka. radiation) in two peaks corresponding to hkl = 400 and hkl = 260
at 4.2 K (see fig.4.2). This splitting was also found for the peak of lower or-
der, hkl = 110 (28 = 35.37° for Co Ka. radiation), although here the peak
shows only a shoulder at the left, since the resolution is worse at smaller
angles (see fig.4.3). Due to the splitting a distortion in the basis plane of the
hexagonal structure was assumed. Fig.4.4 shows a sketch of the distortion,
where an orthorhombic description with parameters a and b is used. The
400 peak was shifted to lower angles, which corresponds to an increased lat-
tice plane distance and the parameter a' is elongated, while the 260 peak is
shifted to higher angles, so that b' must be shortened. A Rietveld analysis
confirmed this idea, delivering the following values for the lattice parameters
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Figure 4.2: Splitting of the 220 peak of the sample LaM50 at 4.2 K; the
splitting is characteristic for a distortion to an orthorhombic structure

(see tab.4.2). To compare the values b it is necessary to multiply b in the
orthorhombic description with 1/ J3which delivers 5.8671 Â, which is indeed
0.4% smaller. From the line shift a distortion of L\d/d=l% was calculated.
Also the value for c is smaller in the distorted lattice. The 6-fold symmetry

Table 4.2: Lattice parameters of LaM50 from XRD at room temperature and
at 4.2 K analyzed by Tapas

temperature a [1O-Wm] b [1O-Wm] c [lü-lOm]
300 K 5.8886 5.8886 22.8992
4.2 K 5.9044 10.1622 22.7976

of the 220 planes is broken in a 2-fold symmetry for the 400 planes and a
4-fold symmetry for the 260 planes. The intensity ratio of the peaks in the
x-ray pattern corresponds usually to the symmetry and indeed the 260 peak
exhibits an intensity approximately two times as high as for the 400 peak
(see fig.4.2). The distorted lattice has a doubled unit cell (see. fig.4.5) and
the five Fe sites change in the Wyckoff notation from 2b, 2a, 4£1, 4f2, 12k to
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Figure 4.3: Splitting of the 110 peak of the sample LaM50 at 4.2 K; at small
angles only a shoulder appears

4c, 4a, 8£1, 8f2, 8f3 and 16h, so that 12k is split in two sites. The assignment
of the sites in the different spacegroups is not trivial and was observed with
NMR measurements (see chapter 4.1.4).
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a)
b)
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Figure 4.4: Distortion in the basis plane; a) undistorted hexagonallattice in
hexagonal discription with parameters a and 1; = 120° and in orthorhombic
discription with a' = a, b' = V3a and 1;' = 90°; b) distorted lattice, only
orthorhombic discription is possible with parameters a', b' and 1;' = 90°; one
representative of the lattice planes corresponding to the peaks in the X-ray
diffractogram are shown
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Figure 4.5: Distorted crystal lattice of the La ferrite with orthorhombic
CmCm spacegroup. The 12k site splits in the 16h and the 8f3 site (ions
colored pink)
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Neutron diffraction

79

With neutron diffraction of wave length 1.88 A a temperature scan from 295
K down to 10 K was performed in order to observe the phase transition. A
splitting of the peaks at 120.10 and 121.20 is shown in fig.4.6, that occurs at
temperatures lower than 101 K. This is in agreement with observations of
magnetic and thermal properties (see later in this chapter). The lattice para-
meters obtained from this measurement at room temperature and at 10 Kare
shown in tab.4.3. A calculation of temperature dependent lattice parameters
and thermal expansion requires a detailed study of all neutron diffraction
patterns, since for a good Rietveld fit the structure has to be changed from
hexagonal to orthorhombic, with a possible mixing at the temperature of
phase transition. This work is currently in progress.

Figure 4.6: Splitting of peaks in the neutron diffractogram of LaM at low
temperature indicating a phase transition

Microstructure

For studying the microstructure the sample LaM50 was investigated in a
scanning electron microscope as well as in an optical microscope. Due to
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Table 4.3: Lattice parameters of LaM50 from neutron diffraction at room
temperature and at 10 K

temperature a [lO-lOm] b [lO-lOm] c [lO-Wm]
295 K 5.8858 5.8858 22.8887
10K 5.9034 10.1626 22.7863

the porosity of the sample it was difficult to analyze the grain size. Fig.4.7
shows a SEM image with magnification factor 500 of the fracture surface. It
is impossible to observe the grains, also because of the big grainsize in this
sample. On the polished surface no grain boundaries were visible, maybe be-

Figure 4.7: Image of SEM with magnification 500 of the LaM50 sample with
fracture surface; the sample shows a strong porosity

cause polishing leads easily to a covering of the boundaries with the sample
dust. Also etching methods with 10% nital, which is usually used for ferrites,
and even strong acids as eg aqua regia for up to 30 sec did not improve the
result. Finally the best results were obtained with the pressed, not polished,
surface of the sample in an optical microscope using a magnification of 160
(see fig.4.8 and 4.9). The observed grainsize is app. 100 J..lm. With backscat-
tered electrons it was possible to observe the secondary phases in the sample
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Figure 4.8: Image of an optical microscope with magnification 160 of the
LaM50 sample; grains with diameter of around 100J.1mare visible

as regions of brighter color (see fig.4.lO). That the darker color corresponds
to the hexaferrite phase, was confirmed by an element analysis with the en-
ergy dispersive X-ray method. Compared with conventional hexaferrites the
grainsize of the La ferrite is very big indicating that the grains grow very fast
during the heat treatment at very high temperatures, which are necessary for
formation of the hexaferrite phase. To check this a Ba ferrite was prepared
by coprecipitation and heat treated at 1000°C for 2 h (sample BaM1), as is
the common method, and at 1380°C for 24 h (sample BaM2), as used for
preparing the La ferrite. BaM1 showed the typical platelet structure with
grains in the size of a few J.1m,while BaM2 exhibited very big grains of more
than 50 J.1m(see fig.4.11). The hysteresis loop of sample BaM2 exhibited also
a very small coercivity (see fig.4.12), while BaM1 showed a typical coercivity
of 0.3 T.
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Figure 4.9: Another image of the optical microscope with magnification 160
of the LaM50 sample

Figure 4.10: SEM image with backscattered electrons and magnification 350
of the LaM50 sample; the secondary phases Fe203 and LaFe03 are visible as
regions of brighter color

•
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• Figure 4.11: SEM image of a Ba ferrite sample prepared by coprecipitation
with different heat treatment temperature (BaM1 1000° for 2 hours and
BaM2 1380°C for 24 hours); sample BaM1 on the left shows grains with
diameter of a few J.1m,while sample BaM2 on the right shows grains with
diameter of more than 50 J.1m
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Figure 4.12: Hysteresis loop of BaM1 and BaM2 measured at room temper-
ature in a VSM up to 1.5 T in comparison with the LaM50 sample; in BaM2
the coercivity is strongly decreased
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Density

Chapter 4

The density of LaM50 was measured with a helium pycnometer and delivered
a reasonable value of 5.19 gfcm3. Usually the density of ferrites is around
5 gfcm3 [73] and the same measurement delivered for a commercial Ba fer-
rite 4.65 gfcm3. The density does not depend obviously on the preparation
method, since all samples were pressed before heat treatment with the same
pressure (3.107 Pa). The measurement yielded a value of 4.22 gfcm3 for an-
other coprecipitated Ba ferrite and 4.29 gfcm3 for a mechanical alloyed Sr
ferrite.

X-ray densities were calculated for the mechanical alloyed samples, see
chapter 4.2.1.

•
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4.1.2 Electronic properties

Electrical resistance
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Fig.4.13 shows the resistance of the mechanical alloyed La hexaferrite LaM3
measured on a pressed pellet. In clear contrast to insulating Sr hexaferrite
this material is a poor conductor at room temperature. The ceramic is brittle
and porous so that no sufficient control of the geometry is possible to mea-
sure conductivity. An estimate of the conductivity at room temperature is
only of the order of O.01j(Qcm). With decreasing temperature the resistivity
follows a semiconducting characteristic down to app. 100 K over more than
two orders of magnitudes in R, as indicated by the fullline in the figure. The
energy gap parameter is small, only 0.07 eV, or 800 K. Below 100 K the resis-
tance continues to increase but much less steeply, approaching the stretched
exponential behavior with exponent 'V=0.5 shown by the dotted line. This
might be associated with variable range hopping [70]. The crossover could
be induced by the current flowing mainly through grain boundaries at low
T, where the carriers in the semiconducting grains are frozen out. Again the
change occurs around the temperature of phase transition.

Specific heat

To figure out at which temperature the phase transition appears, a mea-
surement of specific heat Op was performed. As shown in fig.4.14 the curve
exhibits a small hump at around 110 K. This hump appears as a symmetric
anomaly, which is shown in the differentiated signal, where a curve, similar
to the derivative of of a Gauss function occurs. This is close to a jump in
dC;f.r which indicates a first order transition, but to classify this the hump is
not distinctive enough. The maximum at low temperatures is the inflection
point of the Debye function.
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Figure 4.13: Electrical resistance of LaM3 versus temperature in logarithmic
scale; above 100 K the material exhibits a semiconductor like behavior, while
below a variable range hopping seems to dominate the conductivity •
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4.1.3 Magnetic properties

Susceptibility

In the susceptibility signal of the sample LaM50 again a hump at around 110
K is visible in the real part as well as in the imaginary part (see fig.4.15).
Above this transition the imaginary part is very small, reversible processes
seem to dominate and hysteresis losses are small. Interesting is a second
hump in X" at around 35 K, that does neither appear in X' nor in the specific
heat (see chapter 4.1.2). This could indicate a magnetic transition without
structural transition, although they usually go together in ferrites, since the
Fe spins are strongly coupled to the lattice. For future experiments tem-
perature dependent hysteresis loop measurements of magnetically aligned
samples are recommended. A confirmation for this idea was also found in
the anisotropy (see chapter 4.1.3) and the NMR spectrum (see chapter 4.1.4)
at this temperature.
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Figure 4.15: Real and imaginary part of X versus T of the LaM50 sam-
ple; a hump at app. 110 K is visible indicating the phase transition from
hexagonal structure at room temperature to orthorhombic structure at low
temperatures
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Magnetization
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Measurements of hysteresis loop were performed at room temperature in a
pulsed field magnetometer using fields up to 4.9 T and at 4.2 K in a vi-
brating sample magnetometer, with fields up to 15 T. At room temperature
the magnetization at 4.9T was measured to MLaM3=74 Am2/kg, MLaM50=65
Am2/kg and, for comparison, MSrM=72.4 Am2/kg (see fig.4.16). The value
of the sample prepared by coprecipitation is significantly smaller due to an
amount of 10% secondary phases, with negligible contribution to the mag-
netization. To estimate the saturation magnetization a plot M versus 1/ H2

[23] was employed, yielding a value of 66.8 Am2/kg for LaM50 (see fig.4.17)
and 74.7 Am2/kg for LaM3. The value of Sr hexaferrite found in literature
is 74.3 Am2/kg [5].

According to the publication of Lotgering [12] the saturation magnetiza-
tion of La hexaferrite is slightly decreased compared with Sr hexaferrite. This
can be explained by using the Gorter model [41] (see chapter 2.2.2). In the
La hexaferrite one Fe ion per formula unit has to change from a 3+ valence
to a 2+ valence for charge compensation of the valence difference between La
and Sr. It was pointed out in [12] that, assuming a preference of the FeH for
a octahedral site, the FeH will enter the 2a site, giving a smaller contribution
to the total magnetization of 4~B. Therefore the total magnetization of La
hexaferrite at 0 K is calculated to (12+2)*5~B+2*4~B-(4+4)*5~B = 38~B
per unit cell. This model is based on the assumption of localized electrons,
i.e. insulators, which should be mentioned here, since the La hexaferrite, as
seen in chapter 4.1.2, is a bad insulator at room temperature. Nevertheless,
the value holds also for halfmetals, as shown in chapter 5.3.

To confirm this value the magnetization was measured at 4.2 K (see
fig.4.18). To saturate the La hexaferrite sample it was necessary to use a
high field, in this case a superconducting magnet with a maximum field of
15 T was available. The value of the saturation magnetization was again
extrapolated from a M versus 1/ H2 plot of this measurement and yielded
Ms=85.3 Am2/kg for LamM50. From X-ray analysis and Mössbauer spec-
troscopy it is known that the sample contains 90% of hexaferrite phase. The
secondary phases give a negligible contribution to the magnetization, since
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•
Figure 4.16: Comparison of hysteresis loop at room temperature of LaM50
and LaM3 with a Sr hexaferrite sample; the measurement was performed
in a pulsed field magnetometer with a maximum field of 4.9 T and a pulse
duration of 10.6 ms

LaFe03 and Fe203 are antiferromagnetic or exhibit a weak ferromagnetism.
This leads to a value of 94.8 Am2/kg for the pure La hexaferrite, which
is equal to 18.9 MB/formula unit, calculated with (M[emu/g]*weight per
mol)/(NAMB) = MB/formula unit (NA is the Avogadro constant). This is in
good agreement with the value of 19.2 MB/formula unit reported by Lotgering
and the calculation following the Gorter model.
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hexaferrite sample; the measurement was performed in a vibrating sample
magnetometer with a maximum field of 15 T and a frequency of 81 Hz
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Magnetocrystalline anisotropy

Chapter 4

The magnetocrystalline anisotropy of the samples was measured in a pulsed
field magnetometer using the singular point detection method (SPD; [72]).
This method uses the fact that the second derivative of the magnetization
with respect to the field exhibits a singularity at the anisotropy field for ma-
terials with uniaxial anisotropy. Fig.4.19 shows the temperature dependent
anisotropy field of the LaM50 sample in comparison with a Sr hexaferiite
prepared by hydrothermal synthesis. The anisotropy exhibits a remarkable
increase from 1.64 T at room temperature up to 4.01 T at 10 K. This is in
agreement with Lotgering [12], who reported a value of around 40 kOe for
the anisotropy field at 4.2 K. This increase was explained by the change from
FeH to FeH at one of the lattice sites, which results at one hand in a change
of magnetization and at the other hand in a contribution to the anisotropy
constant KI because of the orbital momentum of FeH. From magnetiza-
tion measurements it is known, that the FeH can enter only a lattice site
with negative magnetization contribution (which means a spin up site) and
positive KI contribution. For the mechanical alloyed sample LaM3 only the
values at room temperature and 4.2 K are shown and they match with the
ones of the coprecipitated La hexaferrite. A change in the slope is visible
at around 110 K, which is the temperature of the phase transition. Due to
the distortion it seems a change in crystal field appears, which leads to a
smaller increase in anisotropy. Evident is also a hump at around 10 K. This
hump may be associated with the splitting of the 16h site in the NMR spec-
trum (see later chapter 4.1.4) and the hump in the susceptibility although
they occur at slightly different temperatures. All this indicates a magnetic
transition.
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Hysteresis loop and coercivity
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Evident in the hysteresis loop at room temperature is a very small coerciv-
ity compared with conventional hexaferrites. The Sr hexaferrite sample in
fig.4.16, which was prepared by mechanical alloying, shows a typical coerciv-
ity of 0.6 T, while for the La ferrite it is around 0.05 T, like in a soft magnetic
material. It was found that the reason is the big grain size of the sample,
since the hexaferrite phase is formed only with a heat treatment at very high
temperatures (see chapter 4.1.1).

Two attempts to reduce the grain size and so enhance the coercivity were
made. In the first one the La hexaferrite was milled in a ball mill for a few
minutes and coercivity and magnetization were checked in a VSM after every
minute. This procedure should break the grains and indeed the coercivity was
increased (see fig.4.20). But simultaneously the magnetization was reduced
by 35% and this already after 10 min milling (see fig.4.21). The coercivity
was after 10 min with 0.065 T still very small compared with conventional
hexaferrites. XRD revealed that the reason for the reduced magnetization
is an increased amount of secondary phase (hematite) in the sample. It
seems, that the energy of a few minutes milling is sufficient to stimulate the
decomposition of the metastable La hexaferrite compound.

What is usually done in ferrite production to prevent grain growth is to
mix the ferrite with some additives like Si02 or CaO, mill it again and sin-
ter it afterwards [74]. These additions work as pinning centers for the grain
boundaries, since the strain energy of such impurities is lower at the surface,
which is also the reason why most of the impurities are found in the grain
boundaries. According to the experience with milling the La ferrite, this pro-
cedure may not be possible. Therefore a simple approach was tried, adding
Si02 to the starting materials, mill all together, followed by the heat treat-
ment within the temperature range of stability of the La hexaferrite phase. A
composition of La203+12Fe203+0.15Si02 was chosen for the sample LaM7.
Fig.4.22 shows the hysteresis loop of this sample in comparison with sample
LaM3, measured in a pulsed field magnetometer with pulse duration 10.6 ms.
A significant reduction by 42% of the magnetization is visible, which can not
be only due to not magnetically ordered secondary phases formed by Si. It

•
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Figure 4.20: Coercivity of the sample LaM50 after a few minutes of milling
in a ball mill

seems that the addition of Si02 stimulated the formation of other phases and
hindered the formation of the hexaferrite phase. XRD ~evealed as secondary
phase 12% of Fe203, which cannot explain the reduction of magnetization.
Probably an amount of X-ray amorphous phase containing Si is responsible
for this reduction. The lattice parameters of the hexaferrite phase are with
a=5.888 A and c=22.895 A almost the same as for the LaM3 sample, which
leads to the assumption that no Si entered the lattice. A substitution of Fe
by Si is also not likely, because of the different valence. On the other hand
Si entering the grain boundaries would be not visible in the XRD pattern.
A series of samples prepared only with Si02 and Fe203 would be useful to
observe the possible phases formed.
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4.1.4 Local probes

Mössbauer spectroscopy

97

In order to check the presence of the FeH ion and find a preference for one of
the lattice sites, Mössbauer spectroscopy was performed. Fig.4.23 shows the
room temperature spectrum of the coprecipitated LaM50 sample with app.
4% Fe203 and app. 6% LaFe03 of secondary phases. Since the secondary
phases contain iron the fit was difficult to perform, due to some line overlap.
The best result was obtained, assuming that FeH enters the 2a site. Since
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Figure 4.23: Mössbauer spectrum of the LaM50 sample at room temperature;
a satisfying fit is obtained with FeH at the 2a site

this method is sensitive to changes in the local surrounding of the Fe ions, it
was interesting to perform temperature dependent measurements in order to
monitor the phase transition. From these spectra the hyperfine fields of all
Fe sites were derived and plotted versus temperature (see fig.4.24). All iron
sites except 2a exhibit a typical increase in hyperfine field with decreasing
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temperature according to

Chapter 4

(4.1)

[75], which was also observed in conventional Sr ferrite (see fig.4.25). At the
2a site the hyperfine field, which is already at room temperature significantly
reduced compared to Sr hexaferrite (35%), decreases even 25% more down to
around 120 K and stays constant at lower temperatures or increases slightly,
respectively. This can be explained by the unquenched orbital momentum
of the FeH ion at the 2a site, because then a factor of opposite sign propor-
tional to the orbital momentum is added to the hyperfine field in 4.1 (see
chapter 2.1.2). It means that the orbital momentum is established from room
temperature down to 120 K leading to an increasing anisotropy field until it
reaches its equilibrium. At lower temperatures the orbital momentum stays
constant and in the hyperfine field only the temperature dependence of the
spin term can be observed, which leads to a slight increase.
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Figure 4.24: Hyperfine field versus temperature of the 5 Fe sublattices in
LaM50 calculated from Mössbauer spectra

The quadrupole shift, which is a measure for the electrical field gradient
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Figure 4.25: Hyperfine field versus temperature of the 5 Fe sublattices in Sr
ferrite (prepared by hydrothermal synthesis at University of Birmingham)
calculated from Mössbauer spectra

at the nucleus, shows the opposite behavior as the hyperfine field. At room
temperature the quadrupole shift is small at all sites except 2b, which is a
bipyramidal site, since all other have a symmetry close to cubic symmetry
exhibiting either octahedral or tetrahedral coordination. Therefore it is also
small at the 2a site (octahedral coordination) and almost constant down
to 120 K. At this temperature the orbital momentum is fully established,
but with the bigger FeH ion and the unquenched momentum the structure
seems not yet to be in equilibrium and so a lattice distortion starts. This
leads to a distortion of the 0 octahedra surrounding the FeH, visible in the
decreasing quadrupole shift with decreasing temperature. At 4.2 K a negative
quadrupole shift was observed in contrast to the value at room temperature
(see. fig.4.26).

The isomer shift of the 2a site is at room temperature more positive
than on all other sites. This is a clear indication for the FeH, since an
additional electron in the 3d orbital due to a screening effect reduces the
attraction of the nucleus for s electrons. FeH has one electron more in the
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Figure 4.26: Quadrupole shift versus temperature of the 5 Fe sublattices in
LaM50 calculated from Mössbauer spectra

3d orbital than Fé+, so that its electron density at the nucleus is lower than
for the FeH. Surprisingly, with decreasing temperature the isomer shift gets
smaller down to the temperature of the phase transition and increases again
at lower temperatures. The decrease may be explained by establishing the
orbital momentum of the FeH ion, which leads to an expansion of the 3d
orbital, that reduces the screening of the s electrons and increases the electron
density at the nucleus site. The increase at lower temperatures, when the
orbital momentum is fully established, may be due to a distortion of the
2a oxygen octahedra, since the 3d orbital of the Fe ion is coupled through
superexchange with the 2p orbital of the 0 ions. Imagine a distortion in
form of a compression along the c-axis of the octahedra (see fig.4.28). The
2p orbital of the 0 ions in the base move closer to the 3d orbital of Fe leading
to a reduction of the 3d orbital. This leads to an increased screening and an
increased isomer shift.
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Figure 4.27: Isomer shift versus temperature of the 5 Fe sublattices in LaM50
calculated from Mössbauer spectra

t
Figure 4.28: Possible distortion of 2a oxygen octahedra leading to an increase
in the isomer shift
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Nuclear magnetic resonance

Chapter 4

The samples were also investigated by nuclear magnetic resonance using the
spin-echo method of the 57Fe isotope. The spectrum at 4.2 K (see fig.4.29)
shows a significant deviation from the one of conventional Sr hexaferrite,
which was expected due to the phase transition occuring at low temperatures.
All lines of the five Fe sublattices are shifted. Both 4f sites are shifted to
lower frequencies and correspond in the distorted lattice to 8£1 and 8f2. 12k
is shifted to higher frequencies corresponding to 16h, which represents two
third of the 12k site. One third of the 12k intensity is missing and may
be the broad hump starting at 70.5 MHz and reaching up to the 16h peak,
corresponding to the orthorhombic 8f3 site. This is difficult to assign, since
at that frequency also the wallsignal of the 8£1line is observed. This splitting
of the 12k site cannot be observed in the Mössbauer spectrum, due to the
lower resolution. Unfortunately 2a and 2b could not be observed, probably
due to too short relaxation times. According to the Mössbauer results of
the hyperfine fields (see tab.4.4) the 2a line should be at 41.8 MHz due to
Bh! = ~f with the gyromagnetic ratio y = 1.3757MHz/T for 57Fe, even
lower than the 2b site in the undistorted lattice of Sr ferrite (59.5 MHz).
The 2b site should shift to the higher frequency of 61.5 MHz. Already in Sr
hexaferrite it is difficult to obtain a signal of the 2b site, since the Fe ion is
jumping between two 4e positions in the bipyramidal coordination [35]. In
the La hexaferrite it was not possible to find the signal of the 2b site, due
to some strongly fluctuating fields, which are reducing the relaxation time.
The same seems to happen for the 2a site.

Fig.4.30 shows the shift of the Fe lines in an external field. The sample
was a powder sample that aligns with the easy axis parallel to the external
field. This field gives a positive or negative contribution to the hyperfine field,
depending on the orientation of the external field with respect to the Fe spin,
following again ti.Bh! = ~ti.f. For a site with spins parallel to the external
field (spin up site) the hyperfine field is orientated antiparallel due to the core
polarisation and therefore the external field gives a negative contribution, and
vice versa for a spin down site. This leads to a positive slope of y for the
spin down sites 8£1 and 8f2 and a negative slope for the spin up site 16h.

•
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Figure 4.29: Pointwise Fourier transformed NMR spectrum of LaM3 in com-
parison with Sr ferrite (sintered)

For small fields the frequency stays constant due to the shielding effect of
the demagnetizing field HD = - NM, where N = Nij is a tensor of second
order, and can be analytically determined only for ellipsoid particles. Only
for special geometries it can be a factor, called the demagnetizing factor, like
eg for spherical particles. Here JlfJHD ~ 0.15 T. For the 16h site two values
are shown 16ha and 16hb because this site exhibits a splitting at higher
temperatures (see fig.4.31). It is not yet clear, what causes the splitting, but
it is likely, that it is associated with a magnetic transition, which was also
observed in the susceptibility at around 35 K (see chapter 4.1.3).

In addition the 139La resonance was measured (see fig.4.32), keeping the
frequency at 35 MHz and using a field sweep. The La peak in a diamagnetic
reference would appear at this frequency at Bdia=5.82 T. The gyromagnetic
ratio of La is y=6.0146 MHz/T and its nuclear spin 1=7/2. Therefore 21=7
lines corresponding to the transitions l1m= 1 between the quadrupole split-
ted energy levels are visible. According to the formula I(I+1)-m(m-1) [76]
the relative intensity should be highest in the middle, where m is smallest.
This is not observed in the NMR spectrum due to relaxation effects. It is
well known from various ferromagnets that relaxation via virtual spin-wave
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Figure 4.30: Shift of Fe resonance with field

excitations can lead to this effect [77, 78]. In addition a reduction of the in-
tensities is visible due to a reduced amplification factor, which is reciprocally
proportional to the field. The transferred hyperfine field was calculated from
the difference between the field of the centralline and Bdia to Bhf=1.35 T.
The line shift with increasing external field are shown in fig.4.33. The values
fit well on a line with the slope y, which is only the case since the powder
aligns parallel to the external field. The quadrupole splitting can be read
easily from this figure and is 3.85 MHz or ::i:1O.13.1021V1m2 electrical field
gradient at the nucleus site.

Fig.4.34 shows a comparison between hyperfine fields measured with NMR
and Mössbauer technique. In tab.4.4 the good agreement at 4.2 K is obvious.
Unfortunately it is not possible to compare the values of the interesting 2a site
and the 2b site. The values of the 8f2 site are slightly higher with Mössbauer
and to distinguish the 16ha and 16hb sites the resolution of Mössbauer is too
low.

Fig.4.35 shows the temperature dependence of the spin-lattice (Tl) and
the spin-spin (T2) relaxation time of the 8£1 peak in LaM. The relaxation
times decrease rapidly with temperature and no signal was observed above 35
K. TI and T 2 are proportional with a factor of 200. This indicates, that both
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Table 4.4: Hyperfine fields at 4.2 K calculated from NMR and Mössbauer
measurements

Bhf4f2 (T) Bhf2a (T) Bhf4f1 (T) Bhf12k (T) Bhf2b (T)
Mössbauer 53.91 30.38 52.32 52.67 44.67

NMR 53.59 - 52.29 52.55 -

times couple to the same relaxation process, due to fluctuating fields [79]. For
this case the relation between Tl and T2 can be written as -A = ~ + ß.
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Neutron diffraction
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The magnetic moments at the different Fe sites in the hexagonal crystal
structure of the La ferrite were determined by neutron diffraction. This
gives a hint for the FeH preference, since the spin magnetic moment of FeH
is reduced by 1ltB in comparison with FeH, that has a spin moment of 5ltB.

The observed magnetic moments at room temperature are shown in tab.4.5.
Four different experiments were performed: a) high resolution experiment at
the D2B spectrometer using a wavelength of 1.4 Â; b) experiment at the D20
spectrometer with wavelength 1.6 Â and a 10' collimator; c) experiment at the
D20 spectrometer with wavelength 1.6 Â using full flux and only the central
part of the detector; d) experiment at the D20 spectrometer with wavelength
1.6 A using full flux and the full height of the detector. A reduction of the
magnetic moment is visible at the 2a site, which is in agreement with the
Mössbauer measurements. The magnetic moment is for all sites much lower
than 5ltB, because a significant part is transferred to the oxygen ions, and
a part of electrons is in the interstitial region, which is in agreement with
the conductivity of the sample at room temperature (see also chapter 4.1.2).
Another reason is that the measurement was performed at room temperature,
where the magnetization is app. 10% lower than at 0 K.

Table 4.5: Magnetic moments at room temperature at the different Fe
sites determined by neutron diffraction; a)D20, 1.4Â; b)D2B, 1.6Â, lO'Coll;
c)D2B, 1.6Â, Fullflux1; d)D2B, 1.6Â, Fullflux2

Fe site ItB a) ItB b) ItB c) ItB d)
12k 3.6 3.8 3.8 3.7
4f2 3.8 3.7 4.0 4.1
4£1 3.8 3.9 3.9 3.7
2b 3.5 3.9 4.0 3.9
2a 3.4 3.4 3.5 3.1
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4.2 La substituted Sr hexaferrite

109

For an overview of samples investigated within this group see the table in
chapter 3.1.1.

4.2.1 Structural properties

X-ray diffraction

With X-ray diffraction the change in lattice parameters with respect to the
La concentration was analyzed. Fig.4.36 shows the change in the lattice
parameter a of mechanical alloyed samples with different La concentration,
calculated by Topas from room temperature X-ray diffraction. An increase
of only 0.2% from x=O to x=1 (x ...La concentration) occurs, but it is not
linear in the concentration and exhibits a bigger slope at higher concentra-
tions. The values are plotted for different concentrations. One is the nominal
concentration, which means the concentration used for the starting materi-
als. In most cases this is not the concentration in the compound, e.g. in the
coprecipitated samples it was necessary to add a certain La excess in order
to keep the amount of secondary phases as low as possible. Nevertheless
in mechanical alloyed samples the error between nominal concentration and
effective concentration can be assumed as small, since for the pure La ferrite
only an excess of 2% La was necessary. This assumption is only valid if the
sample exhibits no secondary phases containing La or Sr, which is the case
for all samples. As discussed already in chapter 3.1.1 it is not clear, what
happened in the samples with x=0.33, x=0.5 and x=0.75, where hematite
was found to be the only secondary phase. But since these samples also fit
in the line of values (see fig.4.37 and fig.4.38), the concentration may not de-
viate too much from the nominal one. Nevertheless the occupation, which is
proportional to the concentration, was calculated by Topas and these are the
circles in the plots. These values are only approximations, since they depend
strongly on the starting parameters of the iteration. For all concentrations,
except x=1 and x=O, where the occupation was not refined, they are higher
than the nominalones. Another interesting result is, that a good fit was only
obtained for a total occupation of Sr plus La smaller than 1, in worst cases
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up to 10% smaller, and the same happened for the Fe sites. This could mean
a high amount of defects in the structure. However, this result is doubtful,
since no confirmation was found in the NMR measurements which should be
sensitive to a high amount of defects in the local surroundings of Fe sites.
Another possible explanation is, that the Co radiation is highly absorbed in
the Fe containing sample, and this more at higher angles, where the path in
the sample is longer. This leads to an effect in the pattern, that the program
tries to fit with low occupation values. In any case the value x=1 is an outlier
and one of the possible explanations could be the difference in preparation,
since the starting materials were here only oxides, while for the partly sub-
stituted samples La and Sr carbonate were used. Another explanation may
be an essential difference in the crystal structure, because in contrast to the
partly substituted samples the pure La ferrite exhibits a lattice distortion at
low temperatures (see chapter 4.1.1).
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Figure 4.36: Change in lattice parameter a=b with the La substitution, all
samples were prepared by mechanical alloying and XRD was performed at
room temperature

While parameter a increases with the La concentration, the lattice para-
meter c decreases (see fig.4.37). This decrease is stronger than the increase
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in a so that the unit cell volume decreases, too (see fig.4.38). For the vol-
ume a linear fit is more suitable, according to the Vegard law [80, 81]. For
the calculated concentrations the fit is good for all values. For the nominal
concentrations the value x= 1 appears again as an outlier, all other concen-
trations fit nicely on the line. Table 4.6 gives an overview of the measured
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Figure 4.37: Change in lattice parameter c with the La substitution, all
samples were prepared by mechanical alloying and XRD was performed at
room temperature

and calculated values.
In addition x-ray density and crystallite size were calculated (see tab.4.7).

In this case the x-ray crystallite size, which is in the order of 100 nm, does not
coincide with the grain size, which was determined to be around 100 J.1m.It
corresponds to a coherence length for the x-rays, which can be much smaller
than the grain size, due to changes of texture or defects within the grains.
The x-ray density is with ~ 5 g/cm3 comparable with literature values for
SrM (e.g. 5.14 g/cm3 [30]), but smaller for the mixed ferrites, than for the
pure ones, LaM3 and SrM.

For the best Rietveld fits with Topas a slight texture in the direction of
the c-ax~s (001) was assumed, except for SrM, which showed no texture. The
R values for all fits were smaller than 5, except for the sample SrLa2_1, where
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Figure 4.38: Change in unit cell volume with the La substitution, all sam-
ples were prepared by mechanical alloying and XRD was performed at room
temperature

a texture in two directions, that may arise from a magnetic ordering of the
grains, made the fit problematic. Nevertheless with a value around 10, the
result is still acceptable. For future investigations it is recommended to per-
form a very accurate XRD with the sample mixed with Bi oxide, to separate
the crystallites. From this the distances between Fe and the neighboring 0
ions could be calculated, to find an indication for FeH, which has a bigger
ion size than FeH.
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•

•

Table 4.6: Comparison of lattice parameters a and c of mechanical alloyed
samples; Xnom is the nominal La concentration according to the starting
materials, Xeale is the with Topas calculated La concentration; volue is the
volume per unit cell; sec.ph. is the amount of secondary phase in the sample,
in this case Fe203

name xnom Xeale a=b [lO-1Om] c [lO-1Om] volue [10-3°] sec.ph. [%]
SrM 0 0 5.8806 23.0669 690.81 0

SrLa8_1 0.11 0.26 5.8836 23.0296 690.41 0
SrLa4_1 0.2 0.37 5.8843 23.0196 690.25 0
SrLa2_1 O. 33 0.45 5.8839 23.0039 689.70 8
SrLa1_1 0.5 0.602 5.8846 22.9814 689.18 6
SrLa1_3 0.75 0.887 5.8853 22.9329 688.19 12
LaM3 1 1 5.8907 22.9003 687.89 0

Table 4.7: X-ray density (x-ray dens.) and crystallite size (crys. size) of
mechanical alloyed samples; Xnom is the nominal La concentration

name Xnom x-ray dens. [g/cm3] crys. size [nm]
SrM 0 5.105 106

SrLa8_1 0.11 5.027 200
SrLa4_1 0.2 5.017 239
SrLa2_1 0.33 4.902 184
SrLaL1 0.5 4.988 182
SrLaL3 0.75 4.949 186
LaM3 1 5.133 226
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In order to check if a phase transition like in LaM occurs also for the partly
substituted SrM samples, neutron diffraction was performed. Fig.4.39 shows
a part of the temperature dependent diffractograms of La hexaferrite, Sr
hexaferrite and two different La substituted Sr ferrites with La/Sr ratios of
1/2 and 3/1. Only the angles, where due to the phase transition changes in
the peaks occur, are shown. Both partly substituted samples exhibit a very
similar pattern, although their magnetic behaviour is very different, having
a increased anisotropy at low temperatures for La/Sr=3/1 and a reduced for
La/Sr=1/2. Their diffractograms differ from the La ferrite as well as from
the Sr ferrite. The shift of the 4 visible peaks indicates the change in the
lattice parameters with the La concentration. The two peaks in the middle
move, starting from SrM, where they are separated, closer, ending up in LaM
as almost one peak. The left one from this both corresponds to (2 2 14), and
shifting to higher angles means a decrease of the c-axis, while the a-axis
increases according to the shift of the other peaks. The main observation is,
that no phase transitions are visible except for the La ferrite.

•

•
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Figure 4.39: Comparison of the peaks showing the phase transition in LaM
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4.2.2 Electronic properties

Electrical resistance

The electrical resistivity was measured of all La substituted Sr ferrite sam-
ples prepared by mechanical alloying. The samples were pressed to cylindrical
pellets with a cross section of 1 cm2 and a height of 2.9:l::0.05mm. Since all
samples have almost the same dimensions a comparison of the resistivity is
possible. A specific resistivity or a conductivity is not given, since the poros-
ity of the samples, grain boundary influence, impurities and defects in the
structure are undetermined. Fig.4.40 shows a measurement in zero magnetic
field from room temperature down to app. 30 K. The room temperature
resistivity is changing with increasing La concentration from a value of kn
for pure Sr hexaferrite to a few n for pure La hexaferrite (see tab.4.8). This
corresponds most likely to a gradual change in the energy gap at the Fermi
level, since the La ferrite exhibits a much smaller energy gap than the Sr
ferrite (see chapter 4.1.2). The Sr ferrite can be fitted with an exponential
function, corresponding to a semiconductor like behavior. For all other sam-
ples the slope at lower temperatures is lower so that variable range hopping
is assumed, like for the pure La ferrite. The measurement exhibits for all La
doped samples a hysteresis between cooling down and heating up. It is not
yet clear if this is a material property or due to a too fast cooling or heat-
ing, which may result in a effective sample temperature higher and lower,
respectively, than the one measured. More astonishing is that the values of
resistivity at room temperature before and after the measurement do not
match. This result has still to be reproduced.

•

•
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Figure 4.40: Resistivity from room temperature down to 30 K of Sr ferrites
substituted with different La concentrations, measured on pressed powder
pellets, in logarithmic scale

Table 4.8: Room temperature resistivity pellets of La substituted Sr ferrite
with different La concentration

name R [0]
SrM 2306

SrLa8_1 240
SrLa4_1 118
SrLa2_1 42
SrLaL1 27
SrLaL3 25
LaM3 16
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4.2.3 Magnetic properties

Magnetization

The magnetization of samples prepared with different La concentration by
mechanical alloying was measured at room temperature in a pulsed field mag-
netometer with fields up to 4.9 T (see fig.4.41) and from this the saturation
magnetization was calculated. A clear dependence of the magnetization on
the concentration could not be observed, but the magnetization decreases
with increasing amount of secondary phase (hematite). In fig.4.42 the sat-
uration magnetization from the measured values (squares) are corrected by
the amount of secondary phase (circles). The values are scattered with a
maximum deviation from the Sr ferrite magnetization of around 5%, which
maybe due to errors in the measurement as well as the amount of secondary
phases. The temperature dependence of the magnetization was measured
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Figure 4.41: Room temperature hysteresis at 4.9 T of La substituted Sr
hexaferrite with different La concentrations

in a VSM and in fig.4.43 a comparison between the coprecipitated samples
and a Sr ferrite prepared by hydrothermal synthesis is shown. From 4.2 K
to room temperature the Sr ferrite exhibits the steepest curve while the La
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Figure 4.42: Room temperature magnetization at 4.9 T of La substituted Sr
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ferrite decreases slower. Since M(T) is proportional to a superposition of
Brioullin functions of the sublattices, this indicates a change in the sublat-
tices, most likely due to the FeH, which is different for the pure La ferrite and
the partly substituted Sr ferrite. From a low temperature measurement of the
hysteresis loop (see chapter 4.2.3) the saturation magnetization of the pure
SrO.67Lao.33Fe12019,corrected for 17% of secondary phases, was estimated to
96.8 Am2/kg. Due to FeH there should be a change in magnetic moment of
:f:O.33J..lB per formula unit. Unfortunately the resolution of the measurement
is not high enough and the error in the secondary phase amount is too big
to allow the determination of this value.
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Magnetocrystalline anisotropy
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In the magnetocrystalline anisotropy a clear dependence on the La concen-
tration is visible. Fig.4.44 shows the anisotropy field versus La concentration
at measured by SPD technique at room temperature and at 4.2 K. At room
temperature the anisotropy is decreasing almost linearly by 21% at x=0.5
and then increasing slightly up to a value of 1.6 T for the La ferrite (Sr
ferrite: 1.83 T). There is some uncertainty in comparing the values, due to
the demagnetizing field. It was not possible to cut the brittle samples in
exactly the same way, so that the demagnetizing field of the slightly different
geometries may differ a few percent. At 4.2 K again the anisotropy decreases,
but only up to x=0.33, and increases then rapidly to reach a value of 3.9 T
for the pure La ferrite. From this one can already see that the anisotropy
decreases with decreasing temperature for x=O to x=0.5 and increases at La
concentrations higher than x ~ 0.6, where both curves cross.
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Figure 4.44: Anisotropy field versus La concentration x at 4.2 K and at room
temperature

This is better visible in the temperature dependent SPD measurement
(see fig.4.45). For all concentrations except x=0.75 and x=l the anisotropy
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decreases with decreasing temperature. This is rather astonishing, since Lot-
gering argued for a preference of the FeH for the 2a site in La ferrite, where
the anisotropy is enhanced. Also in the partly substituted samples some kind
of charge compensation has to take place. This can be in form of a localized
FeH ion and if the reasoning of Lotgering was true, it will only enter the
2a site, where it always enhances the anisotropy. But since the anisotropy
is decreased, FeH has to enter a site with negative KI contribution. Charge
compensation is also possible in the form of a delocalized electron. Such an
electron could enter the conductance band and increase conductivity of the
sample, but it will not change anisotropy much. It may happen that the
electron is localized at low temperatures, influencing the anisotropy, and de-
localized at room temperature. This picture fits with the electrical resistance
of the samples, but is not valid for the pure La ferrite, where the presence of
FeH at the 2a site at room temperature was confirmed.

The sample with x=0.75 shows the same behavior as the pure La ferrite,
but a less strong increase in anisotropy. Again a change in slope is visible,
for this sample at around 90 K. For the sample with x=0.2 only value down
to 40 K are shown, below this temperature the SPD peak disappeared. The
samples x=0.33, coprecipitated, and x=0.5, mechanical alloyed, are almost
indistinguishable.

•

•
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Figure 4.45: Anisotropy field versus temperature of La substituted Sr hexa-
ferrite with different concentrations, prepared by different methods
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Hysteresis loop and coercivity
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Coercivity measured in a pulsed field magnetometer versus La concentration
is shown in fig.4.46. The coercivity decreases with increasing La concentra-
tion. The coercivity is determined by two main factors, one is the magne-
tocrystalline anisotropy, which is a upper limit for the coercivity, the other is
the microstructure. In this case the microstructure is dominating the coer-
civity. As explained in chapter 3.1.1 it is necessary to heat treat the La ferrite
at very high temperatures. This supports grain growth and leads to a big
difference in coercivity between La hexaferrite and conventional hexaferrites.
A heat treatment of the partly substituted samples at lower temperatures
results in a higher coercivity, but at the same time it is not sure if the La
really enters the hexaferrite structure or forms secondary phases, or defects
in the grain boundaries (see chapter 3.1.1). Therefore it is save to perform
a heat treatment also for these samples at high temperatures (1335DC). The
result is a strongly reduced coercivity compared with the Sr ferrite, which
was heat treated at lOOODC,as shown in fig.4.46. The samples heat treated
at the same temperature exhibit a smaller change in cäercivity, ranging from
0.1 T at x=O.l1 to 0.03 T at x=1. Although this behavior, decrease down
to x=0.5 and above slight increase follows the anisotropy, it is expected that
this is a microstructural effect as observed in Sm substituted Sr ferrite [82].

The hystersis loop of the coprecipitated partly with La substituted sam-
ple (Sr/La=2/1)was measured at 4.2 K in a VSM, see fig.4.47. The hystersis
loop is much steeper at low fields than in the La hexaferrite and magneti-
zation reaches saturation at much lower fields. This was expected from the
measurements of anisotropy field, which is very low for the partly substituted
sample. Overall the hysteresis loop resembles the one of Sr hexaferrite. Tak-
ing into account the secondary phases of the La samples the measurement
delivers similar results for the maximum magnetization of all three sam-
ples (Ms=93.8 Am2/kg for SrM, Ms=96.9 Am2/kg for Sr0.67Lao.33Fe12019,
Ms=94.8 Am2/kg for LaM).
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Figure 4.46: Room temperature coercivity at 4.9 T of La substituted Sr
hexaferrite with different La concentrations, prepared by mechanical alloy-
ing; for the samples heat treated at high temperatures (all except SrM) the
coercivity is significantly decreased

100

80 - SrM (hydrothermal,
University of Birmingham)

60
- SrM, La subs!.

LalSr=ll2 (coprecipitated)
- LaM (coprecipitaled)

40

20
êi
.:.t.

0~
E
~ -20
~

-40

-60

-80

-100

-15 -12 -9 -6 -3 0

!loH (T)

3 6 9 12 15

Figure 4.47: Hysteresis loop at 4.2 K of La substituted Sr hexaferrite
(Sr/La=2/1) in comparison with SrM and LaM



126 Chapter 4

4.2.4 Local probes

Mössbauer spectroscopy

In order to determine a localization of the FeH ion and so to explain the
distinct behavior of the anisotropy, the Mössbauer spectrum of the sam-
ple SrLa2_1co (coprecipitated sample with Sr/La=2/1) was measured (see
fig.4.48). The spectrum resembles one of pure Sr hexaferrite and no indi-
cation for FeH was found. Also the hyperfine fields show the typical tem-
perature dependence for all 5 Fe sites, except in temperature range between
160°C and 230°C, where Bh! at the 2a site is increased. This may be a sign
for problems with the fit. The quadrupol shift shows a positive value for the
2b site, as in Sr hexaferrite. The isomer shift values of all sites are strongly
scattered, except for the 12k site.

LaO.3SrO.7Fe12019 + Fe203
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Figure 4.48: Mössbauer spectrum at room temperature of La substituted Sr
hexaferrite (Sr/La=2/1)
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Figure 4.51: Isomer shift versus temperature of the 5 Fe sublattices in La
substituted Sr hexaferrite (Sr/La=2/1) calculated from Mössbauer spectra
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Nuclear magnetic resonance
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Fig.4.52 shows the NMR spectrum of the La substituted Sr hexaferrite with
La/Sr=1/2 in comparison with pure Sr and pure La hexaferrite. Between 70
MHz and 76 MHz 7 peaks are visible in this structure. 12k, 4£1and 4f2 show
satellite peaks, while 2a is shifted to lower frequencies. By measuring in an
external field (see fig.4.53) the satellites were assigned to the main peaks,
showing a positive slope, like for 4£1 and 4f2, or a negative slope, like for
12k. These satellites are due to different local environments of the Fe ions,
caused by the partly substitution. While the main part of the 12k peak is
unchanged, the 4f2 shows a strong splitting in two almost equivalent peaks
and a slight shoulder at the right. This can be explained having a look at the
crystal structure (see chapter 2.2.1). The 4f2 site is very close to the Sr site
and has 3 Sr ions as neighbors. Some of these Fe ions will find no La ion as
neighbor, some one and some two. The intensity of the peaks is proportional
to the probability to find a certain number of La ions in the neighborhood.
The 12k site is in between the layer that contains the Sr ion and the 2a site,
which is strongly influenced by the La substitution. Therefore the 12k peak
shows only slight changes. The 2a peak, which is shifted significantly to lower
frequencies in the La hexaferrite, occurs in the partly substituted sample at
only slightly lower frequency and vanishes above x=0.5.

Fig.4.54 shows zero field spectra of samples prepared by mechanical alloy-
ing with different La concentrations. At the small concentration La/Sr=1/8
the spectrum resembles the one of pure SrM. All 4 peaks of the sites 12k,
4£1, 2a and 4f2 are present, but already the satellites of 4£1 and 4f2 occur.
The 2a peak is shifted to lower frequencies. With increasing concentration
the satellites grow and the peaks 4£1, 4f2 and 2a are shifted to lower fre-
quencies, at La/Sr=l/l 2a vanished and 4f2 appears as a broad hump. In
the pure LaM the 2a peak is shifted out of the frequency range shown and
4f2 occurs again as a sharp peak. At higher concentrations also the 4£1 and
its satellite move closer to a broad hump, with an intensity higher than the
remainder of the unperturbed 12k site. The strongest change occurs at least
at small concentrations at the 4£1 site, which leads to the assumption that
this may be the preferred site for the FeH ion. The 4£1 site has tetrahedral
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Figure 4.52: Pointwise Fourier transformed NMR spectrum of La substituted
Sr hexaferrite (Sr/La=2/1) in comparison with Sr ferrite (sintered) and La
ferrite

coordination, therefore the affect on the anisotropy of the orbital momentum
of FeH will be very different than at octahedral site (see chapter 2.1.3), and
could explain the decrease in anisotropy with decreasing temperature. At a
certain concentration the additional electron changes from the 4£1site to the
2a site, which is nearby in the crystal lattice, and increases the anisotropy
with decreasing temperature, like in the pure LaM. This configuration seems
not to be stable so that a distortion of the lattice occurs.

The La resonance is very different compared to the one in pure La hexafer-
rite. A broad hump appears due to a distribution of electrical field gradients
and internal magnetic fields. The curve should be symmetric, but because of
the amplification factor, which is reciprocally proportional to the field, the
intensities are smaller at higher fields. This can be corrected by multiply-
ing with the field and then a maximum can be determined. From this the
transferred hyperfine field can be estimated to 2.75 T.
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Figure 4.54: NMR spectra of La substituted Sr hexaferrite with various La
concentrations, prepared by mechanical alloying, in comparison with Sr fer-
rite (sintered)
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4.3 Rare earth substituted Sr hexaferrite
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This chapter includes investigation of Sr hexaferrite samples of the type
Srl-xRExFe12019, substituted with 4 different rare earth elements, RE=La,
Sm, Nd, Pr in different nominal concentrations, x=0.04, 0.048, 0.059, 0.111,
0.2, 0.333, equal to ratios RE/Sr=1/24, 1/20, 1/16, 1/8, 1/4, 1/2. All sam-
ples were prepared by hydrothermal synthesis at the University of Birming-
ham, including a structural characterization by XRD and SEM. Magnetic
properties were mainly investigated in Vienna, including Mössbauer studies
and NMR. These samples are interesting because, besides the effect of the
different valence of the rare earth compared with Sr which leads to changes in
magnetic behavior due to the FeH ion, the rare earth element itself, except
La, may develop an orbital momentum, giving a contribution to magne-
tocrystalline anisotropy.

4.3.1 Structural properties

X-ray diffraction

XRD was performed at the University of Birmingham using Cu Ka. radiation
with 40kV and 50mA[9]. For all samples an increasing amount of secondary
phases with increasing RE concentration was observed. The secondary phases
were mainly Fe203, present in all 4 sample series, Nd203 in the Nd series
[9], (Sr,Sm)Fe03_ö in the Sm series [8, 82], LaFe03 in La series [10]. It
was possible to reduce the amount of secondary phases by increasing the
temperature for calcination. For concentration RE/Sr<1/4 above 1l00°C a
negligible amount was found. For higher concentrations it was necessary to
increase the calcination temperature more, 1250°C were necessary to obtain
single phase samples. The RE concentration had in all cases almost no
influence on the lattice parameters, which is shown on the example of Sm
(see tab.4.9).

Microstructure

SEM studies indicated that platelet structure was obtained for all samples.
The grain size was independent of the RE earth concentration but, strongly
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Table 4.9: Lattice parameters of Sm substituted Sr hexaferrites

Sm concentration c [10 10] a [10 -10]
Sm/Sr=O 23.027 5.882

Sm/Sr=1/16 23.016 5.878
Sm/Sr=1/8 23.017 5.877
Sm/Sr=1/4 23.031 5.882
Sm/Sr=1/2 23.013 5.879

correlated with the secondary phases. For example in the Nd series a mixture
of small and large particles was found for higher RE concentrations, with in-
creasing proportion of small particles with increasing Nd/Sr ratio [9]. For
Sm substituted Sr hexaferrite the particle size was determined to be about
1.5-1.6~m and the size showed no increase with the calcination temperature.
For small Sm/Sr ratios the grain size even decreased with increasing tem-
perature, probably due to an grain growth inhibiting effect of the secondary
phase SrFe03-x' Also for the Sm series a decreased grain size with increasing
Sm concentration was observed [8].

4.3.2 Magnetic properties

Magnetization

Fig.4.56 shows magnetization measured at 1l00kA/m at room temperature
versus RE concentration for the series Sm, La and Nd and remanence for
the Sm series [13]. These first measurements of magnetic properties were
performed at the University of Birmingham and show a slight decrease of
magnetization with increasing RE concentration. This decrease may be at-
tributed to a small amount of non magnetic secondary phases in the samples.
The remanence shows a broad maximum, but decreases at higher concentra-
tions, too.

The hysteresis loop at 4.2 K was then measured at a VSM at the Vienna
University of Technology. Fig.4.57 shows measurements of all samples with
highest RE concentration, RE/Sr=1/4 (and La/Sr=1/2). For all samples
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Figure 4.56: Magnetization and remanence at room temperature of RE sub-
stituted Sr hexaferrite samples, with RE=Sm, La, Nd [13]

the magnetization decreases compared with the pure Sr ferrite, in the worst
case the decrease is 10% for La/Sr=1/2. As explained in the chapter4.1 a
slight decrease is expected due to the FeH ion, which has a smaller magnetic
moment. But for this reason we expect only an decrease of O.3Jl.B per for-
mula unit, equal to 1.5%. Whereas in the case of the formation of secondary
phases the decrease can be much higher. Assuming that no La enters the
hexaferrite structure, but forms a non magnetic secondary phase, with a for-
,mula weight of 1/3 of the Sr ferrite, the magnetization will be reduced by
10%. A secondary phase with a formula weight of 1/4 of SrM (moleweight
1061.8 g) is e.g. LaFe03 (moleweight 242.45 g), which is one of the possi-
ble secondary phases. Another indication that the rare earth element did
not enter the hexaferrite structure is a measurement of magnetization versus
temperature, shown in fig.4.58. While the coprecipitated samples (see chap-
ter 4.2.3) show a deviation from the pure Sr hexaferrite, all samples prepared
by hydrothermal synthesis follow exactly the Sr hexaferrite behavior. In the
inset of fig.4.58 the difference between the magnetization signal of the RE
substituted Sr ferrite and the pure Sr ferrite is shown. For all samples the
curve is almost constant and shows a deviation of up to 10% for the sample
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Figure 4.57: Comparison of hysteresis loop at 4.2 K of RE substituted Sr
hexaferrite samples, with RE=Sm, La, Nd, Pr; the measurement was per-
formed in a vibrating sample magnetometer with a maximum field of 7 T
and a frequency of 81 Hz

with the highest RE concentration. In order to clarify, if secondary phases
are present in the sample, a second XRD was performed for the sample
with La/Sr=1/2. The results of the analysis are shown in tab.4.lO. A total
amount of 13% of secondary phases was found, which explains the decrease
in magnetization. Also the lattice parameters indicate clearly that only SrM
is present in this sample, without La entering the lattice. It is not clear, why
first measurements showed single phase samples, since it is not likely that the
sample decomposes with time, since hexaferrites are chemically very stable.
On the other hand, since the rare earth substituted phase is metastable at
room temperature, it cannot be completely excluded. Most probable is the
explanation that the first XRD measurements were performed for a different
charge of samples, and maybe slight differences in preparation lead to the
amount of secondary phases.



Experimental results and discussion

95

139

~
85 •• ~

o
o 50 100 150 200 250 300

90

80
Ci

N~ 75
E::s.
~ 70

65

60

55
o

,.
12

50 100 150

T (K)

200

SrM, RE subs!.
Sm/Sr=O

• Sm/Sr=1/4
NdlSr=1/4
Pr1Sr=1/4
LalSr=1/4
LalSr=1/2

250 300
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Table 4.10: XRD analysis performed with Topas of a La substituted Sr hexa-
ferrite with La/Sr=1/2; lattice parameters and secondary phases are shown

u.c. volume [10-3°] c [10-1°] a [10-1°] Fe203 [%] LaFe03 [%]
690.45 23.028 5.884 3.4 10
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Magnetocrystalline anisotropy

Chapter 4

In contrast to the samples with La-Co substitutions (see chapter 2.2.3) the
RE substituted samples also did not exhibit a strong increase in anisotropy
with the RE concentration (see fig.4.59). The most promising result was
found for Pr, with a by 10% increased anisotropy field, still half of the value
that can be reached with La-Co substitutions. Also no significant deviation
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Figure 4.59: Comparison of anisotropy field at room temperature of RE sub-
stituted Sr hexaferrite samples, with RE=Sm, La, Nd, Pr and concentrations
up to RE/Sr=1/2; the measurement was performed in a pulsed field mag-
netometer with a maximum field of 8 T and a pulse duration of 2 ms (half
wave), using the SPD technique

from the conventional Sr ferrite was found in the anisotropy field versus tem-
perature (see fig.4.60). At low temperatures a potential orbital momentum or
a contribution of the momentum of the rare earth element should be appar-
ent. Only the Nd substituted sample showed a hump in magnetocrystalline
anisotropy at around 25 K, but overall the increase is still small. This result
is especially astonishing for the La substituted sample, since the sample with
the same concentration prepared by coprecipitation and mechanical alloying
showed completely different behavior. In comparison with the coprecipitated
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sample the hydrothermally prepared resembles the pure Sr ferrite, as shown
in fig.4.61. This is again an indication that with hydrothermal synthesis the
rare earth element does not enter the hexaferrite structure, and therefore
only the Sr ferrite signal is measured.
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Figure 4.60: Comparison of anisotropy field from room temperature down to
4.2 K of RE substituted Sr hexaferrite samples, with RE=Sm, La, Nd and
concentrations of max. anisotropy at room temperature; the measurement
was performed in a pulsed field magnetometer with a maximum field of 8 T
and a pulse duration of 2 ms (half wave), using the SPD technique
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Hysteresis loop and coercivity
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Although the magnetocrystalline anisotropy does not change drastically the
coercivity always shows a maximum with respect to the RE concentration
[13]. As example the measurement ofthe Nd series is shown in fig.4.62. It was
found that the main factor for this behavior is the microstructure, exhibiting
smaller grains at a certain RE concentration depending on the RE element
(see chapter 4.3.1).
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Figure 4.62: Coercivity and magnetization at 5 T of Nd substituted Sr ferrite
with different concentration
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4.3.3 Local probes

Mössbauer spectroscopy

Mössbauer measurements were performed for the Sm series [83]. The effect
of the Sm substitution on the hyperfine parameters is close to the resolu-
tion of the experiment, showing again almost no deviation from the parent
compound (see fig.4.63). A slight increase of Curie temperature was found
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Figure 4.63: Hyperfine field versus Sm concentration at 4.2 T calculated from
Mössbauer spectra [83]

with temperature dependent Mössbauer measurements, which can be taken
as indication, that the Sm substitution gives a contribution to the magnetic
exchange. At room temperature, where the resolution is best, a slightly
broadened doublet was observed, with a negative isomer shift. This usually
indicates a phase with metallic character, which could be SmFe03-s, found
in these samples [8]. Overall the spectra of pure and with Sm substituted
Sr ferrite are almost equivalent (see fig.4.64 and 4.65). No indication for
Fe2+ was found. This can be taken as a hint that the Sm does not enter the
hexaferrite. On the other hand it is also possible that the Sm/Sr ion has no
influence on the Fe sites, which have predominantly oxygen and iron ions in

•
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their local environment. A similar result was found for the coprecipitated
sample (see chapter 4.2.4).
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Figure 4.64: Change of Mössbauer spectra with temperature of Sm substi-
tuted Sr ferrite, with SmjSr=lj2 [83]



146

co.-
U)
U)

E
U)
cm...-.
Qi...

-10 -5 0 5

V I mms1

J= 450'e

10 15

Chapter 4

•

Figure 4.65: Change of Mössbauer spectra with temperature of Sr ferrite [83]
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Nuclear magnetic resonance
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In contrast to the Mössbauer measurements a clear deviation from the parent
compound was found with NMR for small RE concentrations. Fig.4.66 shows
the change of the NMR spectra with concentration using as example the
La series. A shift of all Fe lines is visible at small concentrations while at
higher La concentrations the spectrum is almost indistinguishable from Sr
ferrite. Lines belonging to the spin down sites 4£1and 4f2 are shifted to lower
frequencies, while lines of the spin up sites 12k and 2a, but also 2b, which
is not shown in the figure, shift to higher frequencies. This was observed by
measurements in an external magnetic field (see fig.4.67), which shifts the
lines in the opposite directions. At 0.4 T the spectrum of the La/Sr=1/16
sample and the one of Sr ferrite are identical. This means the presence of an
additional hyperfine field of 0.4 T in the sample. This value holds for all iron
sites except 2b, where the measurement delivered 0.25 T. The shift appeared
for all rare earth elements used for substitution (see fig.4.(8).

This shift was explained by the formation of a large polaron due to the ad-
ditional electron present in the sample, because of the 3+ valence of the rare
earth element [84]. This additional electron, in the sample with RE/Sr=1/16
only one in every eight unit cell, influences all Fe sites and causes an addi-
tional hyperfine field. This can be interpreted in a rigid band model, where
the in SrM empty minority bands are filled with the additional electron. The
minority states of 4£1 and 4f2 are parallel to the magnetization, while the
minority states of 12k, 2b and 2a are antiparallel. Therefore, assuming nega-
tive hyperfine coupling, the additional hyperfine field would be derived from
the 4f sites. For higher concentrations the overlap of bands and the filling
of the majority band may compensate the polarization of the polaron. In
view of the results discussed above it is, however, more probable that it is
not possible to prepare samples with higher concentrations with this prepa-
ration method. Instead, the changes in the preparation procedure for larger
concentrations may lead to the formation of pure SrM, so that the spectrum
of the pure hexaferrite was observed.
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Electron structure calculations

5.1 Introduction

Electron structure calculations were performed in collaboration with the In-
stitute of Physics of ASCR in Prague, Czech Republic. This was started
with the aim to calculate the anisotropy contributions of the five Fe sites. As
pointed out in chapter 2.2, the origin of the anisotropy in the M-type hexa-
ferrite is not yet clarified. Therefore electron structure calculations could
provide important information, but until recently these calculations were
not possible for unit cells as large as the magnetopiumbit one, since they
were restricted by the computational facilities. With the use of workstations
and reliable software based on the density functional theory the situation
improved, and few papers on this topic were published [46, 85], showing also
the viability of calculating anisotropy in this compound.

First calculations were performed for Srl-xLaxFe12019 with La concentra-
tions of x=O, 0.25, 0.5, 0.75, 1 and had the aim to investigate how electronic
structure and magnetism develop with the La concentration. For all concen-
trations, including x=l, the unit cell P63/mmc with Gorter spin structure
was assumed. This is only a rough approximation for the pure La ferrite, since
the calculations are performed at 0 K, and the La ferrite exhibits a lattice
distortion below 110 K, as was found out later. In subsequent calculations
LS coupling was added in order to achieve results about magnetocrystalline
anisotropy, and a similar procedure was done for the distorted crystallattice

151
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with the CmCm spacegroup. These calculations are still in progress and did
not yet yield results in good agreement with the experiment.

5.2 Calculation method

For the calculations of the electronic structure of M-type hexaferrite the
WIEN2k program [86] was employed, which was developed at Vienna Uni-
versity of Technology. This program is based on the density functional theory
and it uses the full-potentiallinearized augmented plane wave (FPLAPW)
method with the dual basis set (see chapter 2.1.6). In the APW-like methods
the space is divided into non overlapping atomic spheres and the interstitial
region. The electron states are classified into core states which are fully
contained in the atomic spheres, and valence states. The valence states are
expanded using atomic-like basis functions in the spheres augmented by plane
waves in the interstitial region. So called local orbitals are added to these
basis functions to treat two valence functions with the same orbital number
(like 3p and 4p functions of Fe) [87]. The 3p, 3d, 48, 4p states of Fe, 28, 2p, 38
of 0,48, 4p, 4d, 58, 5p of Sr, and 58, 5p, 5d, 68, 6p, 6d states of La were treated
as valence states. The radii of the atomic spheres were 2.00 for La and Sr,
1.9 for all five inequivalent Fe and 1.6 a.u. for the oxygen. The leakage of
the core states can be safely neglected so the outer ten (eleven) electrons of
Sr (La) are placed on valence states which differ only in their main quantum
number. They are responsible for the change of the density as the La con-
centration is increased. Charge or spin counts on individual atoms depend
to some extent on the size of the atomic spheres.

The maximum orbital number for the basis functions in the atomic spheres
is equal to ten. The number nk of the k points in the irreducible part of the
Brillouin zone was 4. The calculations were converged with a rather small
number of basis functions per atom in the unit cell (Rkmax = 4.2, nb ~ 37),
nb was then increased to ~ 66 (Rkmax = 5.8) and the calculation run to full
convergency. The results obtained with these two nb differed only slightly.
Increasing nk from 4 to 7 had a very small effect - the effect of La-doping
on the local magnetic moment of iron discussed below was found to be more
than order of magnitude larger.

•

•
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All calculations were spin-polarized, assuming the Gorter ferrimagnetic
ordering of the Fe spins. For the exchange correlation potential we adopted
the GGA form [88] as for the 3d compounds it is superior to the LSDA, as
a rule. A calculation with the LSDA exchange-correlation potential [89] was
performed for the stoichiometric strontium ferrite in order to compare the
results with those reported before [85].

Despite the fact that in many cases GGA gives better results than LSDA
when applied to systems with 3d electrons, in the 3d transition metal oxides
the energy gap and the magnetic moment are still underestimated [90]. To
improve the description of Fe 3d electrons the rotationally invariant version
of the LDA+ U method was used as described by Liechtenstein et al. [27], but
with the GGA instead of LSDA exchange-correlation potential. The method
should be therefore more correctly denoted as GGA+U. The method is no
longer truly ab-initia as the values of the Hubbard parameter U and the
exchange parameter J must be inserted. These can either be taken from the
experiment or estimated using the restricted LSDA (GGA) calculation. The
restricted LSDA calculation [91]of LaFe03 yielded the values U=7.7 and 9.3
eV for ferrous and ferric ion, respectively. A smaller value U(Fe3+)=5.5 eV
was deduced from the photoemission and inverse photoemission experiments
on a-Fe203 [92]. The exchange parameter J is believed to be close to its
atomic value J rv 1 eV [91]. In any case one can rely on reasonable limits for
these parameters rather than on their specific values (this concerns especially
U) .

In the LDA+U methods an orbitally dependent potential is introduced for
the chosen set of electron states, which in the case of hexaferrites are 3d states
of Fe. The additional potential has an atomic Hartree- Fock form, but with
screened Coulomb and exchange interaction parameters. The problem is that
the exchange and correlation already contained in the LSDA or GGA should
be subtracted. The form of this 'double counting correction' is spherically
symmetrical and it is not clear to which extent its application in the full
potential methods is justified, as there is no 'double counting correction' for
the non spherical terms in the orbital potential. This problem was avoided
by using an effective Ueff = U - J instead of the parameter U, and putting
the non spherical terms in the orbital potential equal to zero. In what follows
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the notation U = Ue/ / is used, but it should be kept in mind that we are
dealing with the effective U which is somewhat smaller than the Hubbard
parameter as JlU ~ 0.1-0.2. To see how the results depend on U, two values
U = 3.4 and 6.9 eV were employed in addition to the GGA calculation which
corresponds to U = o.

5.2.1 Mixed valence region - La substituted Sr ferrite

In the mixed valence region the distribution of the La3+ ions is presumably
random. In this situation, in order to treat the substitution, the supercell
method is usually used. In this method the unit cell is increased, containing
the substituted element. For example for a 50% La substituted Sr ferrite
the supercell is double of the normal unit cell. However, in the present spin-
polarized calculations the unit cell of the parent compound comprises two
formula units, or 64 atoms, eleven of which are inequivalent. To perform the
supercell calculation with the FPLAPW method would then be costly and
for x close to zero or one near to impossible. To overcome this difficulty,
we used the fact that the valence electron functions for La and Sr are very
similar (the chemical bonding is very similar). The substitution can then
be treated by a 'virtual crystal' method, successfully applied to 3d mixed
valence oxides earlier [93, 94]. In the 'virtual crystal' method the electrons,
the number of which is equal to the number of La atoms, are introduced
by increasing the number of valence electrons per unit cell by Nux, where
Nu = 2 is the number of formula units in the unit cell. To keep the system
electrically neutral the Sr atoms with atomic number Z=38 are replaced by
'virtual' atoms with fractional atomic number Z=38+x. The system retains
original periodicity, so that any effect of the disorder is suppressed.

To check the applicability of the method we performed for Lao.5SrO.5Fe12019
three calculations - in the first one virtual atoms with Z=38.5 were intro-
duced instead of all Sr atoms, in the second virtual atoms with Z =56.5
replaced all La atoms (Z=57), and in the third calculation one of the two
Sr in the unit cell was replaced by La (GGA exchange correlation potential
was employed). As seen in tab.5.2.1 the calculations yielded very similar

. results - e.g. the Fe spins change by less than 1% and there is negligible

•

•
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site VA Sr VA La Sr, La
2a 3.656 3.658 3.657

2b(1) 3.468 3.459 3.440
2b(2) 3.468 3.459 3.464
4f1(1) -3.378 -3.379 -3.378
4f1(2) -3.378 -3.379 -3.376
4f2(1) -3.319 -3.313 -3.337
4f2(2) -3.319 -3.313 -3.274
12k(1) 3.649 3.648 3.668
12k(2) 3.649 3.648 3.624
total 39.008 39.009 39.006
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Table 5.1: Lao.5SrO.5Fe12019,GGA calculation. Magnetic moments of iron
atoms calculated by virtual crystal method with virtual Sr atom (denoted
VA Sr), La atom (denoted VA La) and in a standard way with one Sr and one
La atom in the unit cell (denoted Sr,La). In the last method the symmetry
is reduced and number of inequivalent sites increases from five to nine (all
sublattices except 2a are split in two). The total magnetic moment of the
unit cell that includes moments on all atoms and in the interstitial is also
given. All moments are in J-tB.

change in the density of states near the Fermi energy. We conclude therefore
that if the effect of disorder can be neglected, the substitution of strontium
by lanthanum is well accounted for by the 'virtual crystal' method and we
employed this method to obtain the results described below .

5.3 Results.and discussion

5.3.1 Sr hexaferrite

The calculated electronic structure of SrFe12019 corresponds to a metal when
LSDA is used with the FPLAPW approach (see fig. 5.1), there is a finite
density of states (DOS) at the Fermi energy EF in the majority as well as
in the minority spin channel. A Gaussian broadening 0.003 Ry was used to
smooth the DOS in this case, as well as in all cases described below. The
material is on the border between metal and semiconductor if GGA is used for
the exchange potential which enlarges the gap in both spin channels almost
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to the size that it overlaps. An insulator results only with a non-vanishing
on-site repulsion parameter U. The band structure for GGA+U has a gap of
~ 1.2 eV for U= 3.4 eV that increases to ~ 2.1 eV as U is increased to 6.9
eV. This is much higher than the experimental value of 0.8 eV (see chapter
3.2.5), and indicates therefore that a lower U value is sufficient. However,
for relative comparison of the results any value of U is applicable.

80
40

0
-40

:::=- -80
Q) 80(,)

~ 40c
:J 0

;:> -40Q)- -80-CI)
800

0 40
0

-40
-80

80
40

0
-40
-80 •-8 -6 -4 -2 0 2 4

Energy (eV)

Figure 5.1: Total DOS for majority and minority states in Sr ferrite calcu-
lated by LSDA, GGA and GGA+U methods with two different U values;
EF=O

The states close to the Fermi energy EF have predominantly 3d Fe char-
acter with some oxygen 2p mixing in the LSDA and GGA calculations. The
oxygen character prevails when the GGA+U is applied. The DOS projected
on the 3d states of the five inequivalent iron ions are shown in fig.5.2 to-
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gether with the sum of the oxygen DOS. Note that the empty states of the
projected DOS in this ferrimagnetic structure appear in the (global) minor-
ity spin channel only for 2a-, 2b-, and 12k-Fe sites, while they are in the
majority spin channel for 4fr and 4f2-Fe sites.
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Figure 5.2: Projected DOS on the 3d states of the five Fe sublattices and
totalO DOS, calculated by GGA+U with U=3.4 eV. Left: SrFe12019, right:
LaFe12019

The crystal field splitting of the t2g- and eg-states on the octahedral Fe-
sites (2a, 12k, and 4f2) is clearly observed in the empty states. At U=3.4 eV
we find for the splitting, determined as the energy difference of the center
of gravity of the partial t2g- and eg-DOS, 1.61, 1.31, and 1.18 eV for the
12k-, 2a-, and 4f2-sites, respectively. For the tetrahedral co-ordination the
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t2g-eg splitting is expected to be smaller compared to the splitting on the
octahedral sites. This is indeed reflected in the Fe(f1) DOS - there is no gap
dividing these states.
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Figure 5.3: Crystal field splitting in t2g- and eg-states on octahedral Fe sites
in Sr hexaferrite observed in the projected DOS

Magnetic moments of all eleven inequivalent atoms and of the interstitial
region of the stoichiometric strontium hexaferrite and La hexaferrite calcu-
lated by the GGA+U method (U=3.4 eV) in comparison with the magnetic
moments measured with neutron diffraction are given in tab.5.3.1. A theo-
retical value of 5 MB/Fe in the ferrimagnetic SrM structure is expected (see



Electron structure calculations

atom SrM calc. LaM calc. LaM expo
Sr/La 0 -0.01 -
Fe(2a) 4.01 4.00 3.5
Fe(2b) 3.88 3.86 4.0
Fe(4f1) -3.85 -3.86 -3.9
Fe(4f2) -3.95 -3.95 -4.0
Fe(12k) 4.02 3.96 3.8
0(4e) 0.33 0.34 -

0(4f) 0.08 0.08 -
0(6h) 0.03 0.03 -

0(12k1) 0.08 0.08 -

0(12k2) 0.16 0.12 -

interst. 2.49 1.80 -
total 40.01 38.01 -
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Table 5.2: Magnetic moments of the interstitial region and inequivalent atoms
in SrFe12019 and LaFe12019 calculated by the GGA+U method (U=3.4 eV).
The total magnetic moment of the unit cell is also given. All moments are
in /lB. In comparison the measured magnetic moments of La hexaferrite by
neutron diffraction are shown (see chapter 4.1.4).

chapter 2.2.2), while for the La hexaferrite one Fe site should exhibit a de-
creased value due to FeH present in this compound. Clearly the Gorter
spin structure proved energetically favorable for both compounds, but no
decreased magnetic moment was obtained, like in the experiment at the 2a
site.

5.3.2 La substituted Sr hexaferrite

The electronic structure of Sr1-xLaxFe12019 in the mixed valence regime (x=
0.25,0.5,0.75 and 1) was calculated using GGA and GGA+U methods. The
virtual crystal concept with Sr as the virtual atom was used for x= 0.25 and
0.5, while for x=0.75 La virtual atom was introduced. Fig.5.4 shows resulting
total DOS for U=3.4 eV.

The nonintegral number of electrons n in the virtual crystal approach (x=
0.25 and 0.75) implies nonzero density of states at the Fermi energy while
for integral n a gap may appear. In all cases the density of the majority
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Figure 5.4: Total DOS of Srl-xLaxFe12019 with different La concentrations
x=O, 0.25, 0.5, 0.75, 1 calculated with GGA+U (U=3.4 eV)

spin (spin up) states exhibited a gap, while the DOS of the minority, spin
down, states is nonzero at EF• The electronic structure thus corresponds
to a halfmetal with the conduction in the spin down channel only. This
is not in agreement with the experiment, where a clear semiconductor like
behavior was found for all La concentrations, and is simply a consequence
of the virtual crystal approach. However, the halfmetallic character leads to
the following dependence of total magnetic moment on the La concentration
x: Due to the virtual crystal approach the number of valence electrons per
unit cell is n(x) = n(O) + 2x. At the same time n is the sum of numbers
of majority and minority spin electrons: n = nT + nt. Because of the gap,
nT is an integer that does not depend on x (in principle it may change by
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an integer, but that was not found in the results of calculation). The total
magnetic moment mtot is then (see fig.5.5):

mtot(x) = nr(x) - nt(x) =

nr(O) - [n(O) - nr(O) + 2x] = mtot(O) - 2x

(5.1)

For the pure La hexaferrite this was confirmed by the magnetization mea-
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Figure 5.5: Total magnetic moment per unit cell versus La concentration

surements (see chapter 4.1.3), while the resolution of the experiment was to
low to observe the changes also for the partly La substituted samples.

When La is substituted for Sr extra valence electrons appear in the sys-
tem. The explanation of the large magnetic anisotropy of the pure La hexa-
ferrite given by Lotgering [12] hinges on a preference of the additional electron
for the 2a Fe sublattice. A direct information on site preferences in real space
is provided by the number Ni of electrons in the atomic sphere i. This must
be taken with a caution, however, as any such division reflects the real situa-
tion only approximately, in particular Ni depend on the chosen atomic radii.
Nevertheless, taking the same reasonable value 1.9 a.u. for the radius of all
five inequivalent irons, we believe that a good estimation for the preference
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is obtained. The difference D..Ni = Ni(x) - Ni(O) for the five inequivalent Fe
sites is plotted in fig.5.6 for U=O, 3.4 and 6.9 eV.
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Figure 5.6: Difference of the number of electrons per atom D..N = N(x) -
N(O) for the five Fe sites as function of the La concentration for the GGA
(upper panel), GGA+U, U=3.4 eV (middle panel) and U=6.9 eV (lower
panel) calculations

First of all it is seen that most of the additional electrons are, in fact, not
contained in atomic spheres of Fe, the total count at x = 1accounts for only
0.38 electrons per unit cell. The fact that most of the additional electrons
end up in the interstitial regime indicates already that no significant site
preferences are predicted. In addition, a small but finite DOS at EF is
predicted for x = 1. This corresponds well to the measurement showing
that the resistivity of LaFe12019 at room temperature is several orders of

•
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magnitude smaller than that of SrFel20l9 (chapter 4.1.2).

In more detail, the behavior ofthe 2a-, 2b-, and 4fl-sites is predicted fairly
independent of the special value of U: No additional charges enter the sphere
at 4frFe, and at the 2a site the charge difference stays below 1% in all cases.
The 2b Fe sublattice is predicted to take app. twice as much electrons at
x = 1, but due to the small multiplicity this still is a small percentage of the
total count. However, it is also seen that the calculated distribution of the
doped electrons in the unit cell does depend significantly on the parameter
U for the 12k- and 4f2-sublattices. With increasing U !:i.Nl2k increases, while
!:i.N4f2 decreases at all x.

This may indicate an oversimplification in the calculations, since the same
on-site repulsion for all Fe sites while in reality U depends on coordination
and bonding. Preferably one should determine U separately for all five in-
equivalent sites. Due to the complexity of the structure such calculations are
outside the scope of the present work. To check for the influence of such a
difference in the local U the GGA+U calculation at x = 1 was performed
with U=5.7 eV for the 2a-site while it was kept at U=6.9 eV for all other Fe-
sublattices. As expected, the smaller on-site repulsion increases the electron
content of the atomic sphere at the 2a Fe, in this case by 0.04 electrons. This
indicates that the absolute effect of site specific parameters U will be small,
but inspection of fig.5.6 shows that the influence on the relative amount of
additional charge at the five sites might be considerable.

In the LDA+U-like methods the energy of occupied states is lowered,
while the energy of unoccupied states increases. As a consequence more so-
lutions of the selfconsistent procedure may be obtained, depending on the
starting occupation matrix. To check whether in this way a solution with
strong localization at 2a-sites as proposed from the experimental point of
view is obtained, a calculation was performed in which the starting popu-
lation matrices corresponded to this situation. After several iterations the
electron was smeared over different sites, however, and the converged result
was identical with the one obtained before. However, in the 'virtual crystal'
approach the disorder is disregarded. As a consequence one cannot rule out
that (especially for small x) the disorder may cause the localization.

Site preferences can be calculated also for the spins carried by the addi-
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tional electrons. The advantage of the magnetizations is that they can, in
principle, be determined from experiments. 5.2 shows that due to the half-
metallic character the dependence of the total magnetization on x contains
no information on such preferences. The calculated DOS shown in fig.5A con-
firm, however, that the half-metallic state is due to EF entering the (global)
minority spin DOS. From the projected DOS in fig.5.2 it is seen that indeed
only 2a-, 2b-, and 12k-Fe contribute to this part of the total DOS. Again we
consider the difference of the concentration dependent sublattice magnetiza-
tions mi(x) with respect to the situation in the stoichiometric Sr-hexaferrite:

(5.2)

Note the different sign compared to the charge difference. Due to the gap in
the total majority spin DOS only the population of the minority spin states
is changed and it increases. This implies in the ferrimagnetic arrangement a
decreasing absolute sublattice magnetization on 2a-, 2b-, and 12k-sites, but
an increasing one on the antiparallel 4f-sublattices.

Fig. 5.7 shows that the redistribution of spins in the unit cell upon
doping are, in fact, predicted to be fairly complex. In accord with the charge
distributions discussed above there are no changes on the 4fl-sublattice and
the results for the 2a- and 2b-sites show no systematic dependence on U.
Again, the main effect of the on-site repulsion is to increase any preference
the system might have for the 12k-sites, and suppressing migration to the 4f2-

sites. There are differences in the details of the charge and spin redistribution
upon doping but a direct comparison of the charge and spin count rests on
the assumption that the majority spin states of all individual Fe ions are
completely filled and stay so. This may well not be the case with the precision
required here to allow a discussion of such details.

The overall changes of charge or spin counts in the atomic spheres are
small, in contrast to the empirical model of localization at the 2a sites. The
majority of the electrons introduced by the substitution of Sr by La ends up in
the interstitial regime, without clear indications for localization. No change
occurs on the 4fl-sites, a relatively small increase of the charge is obtained
for the 2a-sublattice and app. twice as much on 2b-Fe. The largest changes

•
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are predicted for the 12k-sites, but they depend on the on-site Coulomb
parameter U, as they do for 4f2- Fe.
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Conclusion

This work was started in order to investigate the influence of substitution of
the Sr or Ba ion in the M-type hexaferrites by rare earth elements on their
magnetic and structural properties.

6.1 First studies

To this end first studies were performed on Sr hexaferrite samples prepared
by hydrothermal synthesis where a part of Sr ions was substituted by a rare
earth element. These samples were obtained from the University of Birm-
ingham and the elements used were La, Sm, Nd, Pr in concentrations of
RE/Sr=1/24, 1/20, 1/16, 1/8, 1/4, 1/2. Measurements of magnetic prop-
erties of these samples showed that no improvement, concerning anisotropy
and magnetization, is obtained by the substitution. Anisotropy measured
by singular point detection (SPD) technique at room temperature showed
only slight. increase and no clear dependence on the RE concentration was
observed. The magnetization at room temperature and 4.2 K was decreased
with increasing amount of substitution. The low temperature anisotropy was
almost constant with respect to temperature, like in the pure Sr hexaferrite.
With X-ray diffraction the reason for this behavior was found in a high
amount of secondary phases for high RE concentrations. It seems that this
preparation method is not appropriate for RE substituted hexaferrites with
higher RE concentrations. The RE element does not enter the hexaferrite
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structure, but forms secondary phases instead and a part may enter the grain
boundaries. Only for very small nominal concentrations up to RE/Sr=1/16,
it is granted that the RE enters the hexaferrite lattice, since a strong influ-
ence on the NMR spectrum occurs. A shift of all five 57Fepeaks was found,
which can be explained by the additional electron on the Fe sites, that is
necessary to compensate for the valence change on the Sr site (2+) by the
RE element (3+). To influence all Fe sites the electron has to be delocalized,
forming a large polaron. For higher concentrations the NMR spectrum but
also Mössbauer exhibited no significant deviation from the pure Sr hexafer-
rite. This leads to the conclusion that the preparation of RE substituted
samples cannot be performed in any case in the same way as for the usual
M-type hexaferrites.

6.2 Preparation

In order to develop an appropriate preparation method for RE substituted
hexaferrites a collaboration with an institute for materials research in Chi-
huahua, Mexico, was started. The work was focused on the pure La hexa-
ferrite and La substituted Sr hexaferrite. La hexaferrite was reported as
interesting magnetic compound due to a very strong anisotropy at low tem-
peratures. La exhibits no magnetic moment, but it was assumed that if the
preparation method works for La it mayalso work for other RE elements.
Four different preparation methods, common in ferrite production, were tried
for the pure La hexaferrite: Mechanical alloying by using a steel ball mill,
coprecipitation, sol gel and sol gel autocombustion method. With all four
methods the hexaferrite phase was obtained. It was found out that the essen-
tial point in the preparation is the heat treatment at high temperatures. The
La hexaferrite is a high temperature phase, stable only in a narrow temper-
ature range of 40°C around 1350°C. At room temperature it is a metastable
compound, and decomposes easily. Therefore a rapid quenching, e.g. in wa-
ter, has to be performed after the heat treatment. Cooling down the sample
slowly, e.g. in the furnace, it decomposes in LaFe03 (La-orthoferrite) and
Fe203 (hematite). By variation of the furnace temperature and the La excess
it was possible to minimize the amount of secondary phases. The sample with
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the smallest amount prepared by coprecipitation still contained 10% LaFe03
and Fe203, the one prepared by mechanical alloying was pure according to
XRD. Sr hexaferrite samples with different La amount were mainly prepared
by mechanical alloying and ratios of La/Sr=1/8, 1/4, 1/2, 1/1, 1/3 were
used. A heat treatment of these samples at temperatures like used for the
pure Sr hexaferrite resulted in a high amount of secondary phase. Again the
La did not enter the hexaferrite structure. With increasing temperature the
amount of secondary phases was decreased. It was therefore decided to pre-
pare all samples with the same temperature as necessary to obtain the pure
La hexaferrite. However, the formation of secondary phases for higher La
concentrations (>1/4) could not be avoided. It was then tried to obtain Dy
and Er hexaferrite by the same method. The temperature range of stability
of this phase is unknown, therefore several temperatures were tried, with-
out success. We conclude that the preparation of RE substituted samples
is only possible by conventional methods, if a heat treatment in the right
temperature range is performed, followed by a rapid quenching.

6.3 Structural properties

By XRD it was found that the lattice parameter c decreases with increasing
La concentration, while a is increasing slightly. The unit cell volume there-
fore decreases with increasing La concentration. The most interesting result
was that the pure La hexaferrite exhibits a lattice distortion at low tempera-
tures. This distortion takes place in the basal plane of the hexagonallattice,
increasing the parameter a but reducing b in the orthorhombic description.
The structure can be described by the spacegroup CmCm. The distortion
was observed in the thermodiffractogram obtained by neutrons, the temper-
ature of the phase transitions was found in the specific heat. This distortion
seems to have a strong influence on the magnetocrystalline anisotropy of the
La hexaferrite. In non of the partly with La substituted Sr ferrite samples a
change of structure was observed.
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6.4 Magnetic properties

6.4.1 Anisotropy

The anisotropy of all samples was measured by SPD technique and showed a
strong increase with decreasing temperature for the pure La hexaferrite. This
increase can be explained by a combined effect of the lattice distortion and
Fe2+ exhibiting an orbital momentum. Fe2+ appears in the pure La hexa-
ferrite for reasons of charge compensation, due to the different valencè of La
and Sr. The presence of the Fe2+ ion was verified by an increased value of the
isomer shift at the 2a site, calculated from the room temperature Mössbauer
spectrum of the sample. The Fe2+ ion establishes an orbital momentum with
decreasing temperature down to the temperature of the phase transition.
Then the momentum is fully established, but the structure is not stable and
so the lattice distortion starts. This was observed in the hyperfine field versus
temperature, that shows a strong decrease at the 2a site down to 110 K and
then stays almost constant. The opposite behavior was found for the quadru-
pole shift, which is clearly connected to the lattice distortion. The increase
in anisotropy may be explained in the one ion model by a Jahn- Teller like
effect. The 2a site in the P63/mmc structure is of octahedral ccordination
and Fe2+ is in the 3d6 state. Therefore the 3d energy levels are split in a
3-fold degenerate t2g energy ground state and a 2-fold degenerate eg energy
level. The ground state degeneracy is further lifted by the distortion. It was
shown for example for the Co2+ in the spinel structure that a trigonal distor-
tion leads to a 2-fold degenerate ground state. In that case the LS coupling
has to be treated in second order perturbation theory and could successfully
explain the increased anisotropy in Co substituted magnetite. This theory
was also applied to the La-Co substituted hexaferrites. For the Fe2+ a trig-
onal distortion would lead to a non degenerate ground state, which cannot
explain the increased anisotropy. The distortion that occurs in the M-type
La hexaferrite is more close to a tetragonal distortion than to a trigonal one.
In that case also Fe2+ would exhibit a 2-fold degenerate ground state and the
same reasoning as for the Co2+ may be applied. From current investigation
of the interatomic distances at the 2a site a clearer picture of the distortion
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should be obtained and crystal field calculation may turn this qualitative
picture in a quantitative one. The idea was supported by the latest electron
structure calculations performed on the distorted lattice, that indeed con-
firmed the localization of FeH at the 2a site and showed convergence for a
2-fold degenerate ground state.

For the La substituted Sr hexaferrite with La/Sr=3/1, the anisotropy
showed the same increase, but less strong than in the pure La hexaferrite.
Although no distortion was found in the neutron diffractogram, the disap-
pearance of the 2a line from the NMR spectrum together with the 12k-, 4f2-,
and 4£1-lines as well as the La spectrum approaching broadened versions of
the lines observed in LaM indicates that local distortions occur. These local
distortions lead to the same effect in anisotropy as in the pure La hexa-
ferrite. For the samples with lower La concentration the anisotropy showed
completely different behavior: The anisotropy decreases with decreasing tem-
perature. Since NMR spectra of these samples showed a strong effect on the
4£1 site, it may be an explanation if the FeH enters in these samples the
4f1 site. This is also reasonable due to the crystal structure, since the 4£1
site is close to 2a and therefore they could easily exchange an electron. At
very low La concentrations the additional electron may be delocalized, like
in the samples prepared by hydrothermal method. At a higher concentration
it localizes at the 4£1site and with increasing La amount also the 2a site will
be occupied. Only for the pure La ferrite we can find FeH exclusively at the
2a site and this seems to lead to a lattice distortion at low temperatures.

6.4.2 Magnetization and coercivity

Despite the high magnetocrystalline anisotropy at low temperatures all sam-
ples exhibited very small coercive fields. This is due to the strong grain
growth during the heat treatment at high temperatures. The grain size of
around 100 ~m was observed in the optical microscope as well as in the
scanning electron microscope.

The magnetization in the La hexaferrite was reduced compared to Sr
hexaferrite and a value of 18.9 JLB/formula unit at 4.2 K for the magnetic
moment was calculated. This is due to the reduced magnetic moment of
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the FeH ion compared with FeH. This proves that the FeH can enter only
a spin up site. The magnetic moment due to the orbital momentum was
neglected in the calculation since small changes in the order of 0.1 J.1B cannot
be resolved in the experiment. A clear reduction or increase in magnetization
was also not observed for the partly substituted samples, for the same reason.

The local magnetic moments at the five different Fe sites, determined by
neutron diffraction, confirmed the reduction at the 2a site, clearly indicating
the presence of FeH.

6.5 Electron structure calculations

Electron structure calculations based on the density functional theory did
not lead to any conclusion about a site preference for the FeH. The overall
changes of charge or magnetic moment in the atomic spheres are small, in
contrast to the expected localization at the 2a sites. The majority of the
electrons introduced by the substitution of Sr by La ends up in the interstitial
regime, without a clear indication for a localization.

The total magnetic moment per unit cell showed a linear decrease with
increasing La concentration. This was confirmed by the experiment for the
pure La hexaferrite.

A halfmetallic character was observed for all mixed valence compounds
including LaFe12019 with conduction in the minority spin channel. Only
SrFe12019 was found to be an insulator employing the GGA+U method.
This may be only a consequence of the virtual crystal method and the fact
that a relaxation of the lattice was not considered.

Especially for the La hexaferrite it is therefore necessary to perform cal-
culations in the distorted crystal lattice. The latest calculations supported
the idea of a localization of the additional electron at the 2a site with a
two-fold degenerate ground state. Taking this into account all experiments
and calculations fit well together, creating a picture that is able to explain
the strongly increased anisotropy of La hexaferrite: The additional electron
at the 2a site establishes a strong orbital momentum that interacts with the
crystal field of the distorted lattice in a Jahn- Teller like effect.
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