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Kurzfassung

Kobaltferrit (CoFe,Oy) ist ein interessantes Material als Sensor und Aktu-
ator aufgrund seiner hohen Korrosionsbestédndigkeit, hohen Magnetostrik-
tion (A) und - im Vergleich zu auf seltenen Erden basierenden Sensoren -
niedrigen Herstellungskosten. Dariiber hinaus machen die hohe Magnetfeld-
Sensitivitat der Magnetostriktion (d\/dH) und die hohe Empfindlichkeit der
Magnetisierung auf externen Druck (dB/do) Kobaltferrit zu einem idealen
Kandidaten fiir die industrielle Anwendung als Sensor und Aktuator.
Obwohl Kobaltferrit seit iiber sechzig Jahren untersucht wird, gibt es noch
immer viele offene Fragen und Probleme. Eine sehr fundamentale Fragestel-
lung, die in dieser Arbeit diskutiert wird, ist die Bestimmung der “echten”
Magnetostriktionswerte bei Proben mit nicht vernachlédssigbarer Remanenz.
Zusétzlich hat Guillot (CNRS, Grenoble) 1988 einen Sprung in der mag-
netfeldabhéingigen Magnetisierung entlang harten Magnetisierungsachse bei
Kobaltferrit und Cadmium substituiertem Kobaltferrit gefunden. Dieser
Sprung wurde durch “Spin-Flip” Verhalten erklirt, was aufgrund der gerin-
gen Feldstéirke nicht iiberzeugend ist.

Daher wurde im Rahmen dieser Arbeit dieser Ubergang mit Hilfe von
Magnetisierungs- und Magnetostriktionsmessungen als Funktion von Tem-
peratur und Magnetfeld untersucht. Wir haben herausgefunden, dass dieser
Ubergang als Magnetisierungsprozess erster Ordnung (FOMP) klassifiziert
werden kann, der sehr oft in uniaxialen, hartmagnetischen Materialien wie
NdyFe4B oder PrCos vorkommt. Hingegen wird in kubischen, auf 3d Ele-
menten basierenden Materialien - wie Kobaltferrit - ein FOMP sehr sel-
ten beobachtet. Der dem FOMP zugrunde liegende Prozess ist ein Sprung
des Magnetisierungsvektors iiber eine Energiebarriere, die durch magnetische
Anisotropie verursacht wird. Dieser Sprung wird auch in der Magnetostrik-
tion beobachtet, da diese von der Spin-Bahn-Kopplung verursacht wird. Da-
her wurde auch die magnetische Anisotropie als Funktion der Temperatur
bestimmt und deren verschiedene Beitrdge in Abhéngigkeit der Temper-
atur analysiert. Zusammenfassend wurde eine sehr detaillierte und systema-
tische Untersuchung der magnetischen und magnetostriktiven Eigenschaften
von einkristallinem und vielkristallinem Kobaltferrit durchgefiihrt und diese

Ergebnisse wurden mit Theorie und Literatur verglichen.



Abstract

Cobalt ferrite (CoFeyOy) is interesting as magnetostrictive sensor and
actuator material because of a high corrosion resistance, a high value of
magnetostriction (\) and very low costs compared to rare-earth based mag-
netostrictive sensor materials. Moreover the large strain derivative (d\/dH)
and the high sensitivity of magnetization to applied stress (dB/do) make it
a perfect candidate for industrial applications as sensor and actuator.
Although cobalt ferrite is under examination for more than sixty years, there
are still quite a lot of open questions and problems. One very fundamental
problem is the determination of the “true” magnetostriction value of a
material with a non negligible remanence which will be discussed here.
Additionally in 1988 Guillot (CNRS, Grenoble) observed a jump in the field
dependence of the magnetization along the magnetic hard axis in pure cobalt
ferrite and also cadmium substituted cobalt ferrite. This jump was explained
as a spin-flip. Because of the rather low critical field this explanation was
not conclusive.

Therefore within this work this transition was studied by measuring the
magnetization as well as the magnetostriction as function of temperature and
applied magnetic field. We found out that this transition can be classified as
a first order magnetization process (FOMP), which is quite often observed
for uniaxial, hard magnetic materials like compounds for permanent magnets
NdyFe 4B or PrCos. Whereas in cubic 3d based materials - as cobalt ferrite
- a FOMP is not very often seen. The underlying process of a FOMP is
a jump of the magnetization vector over an energy barrier caused by the
magnetic anisotropy energy. This jump is also clearly visible in the magnetic
field dependence of the magnetostriction due to spin orbit coupling. In the
case of cobalt ferrite we measured the change of the magnetic anisotropy
as function of temperature and analyzed the effect of different anisotropy
contributions with respect to their temperature dependence.

Summarizing, a very concise study of the magnetic and magnetostrictive
properties of single- as well as polycrystalline cobalt ferrites was performed

and compared with theory and literature.
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Chapter 1

Introduction and State of the Art

1.1 Introduction

Ferrites like magnetite (Fe3O,) exist in nature as “magnetic” minerals. So
they have already been used as a compass for a long time in history: from
ancient China to ancient Greece and Rome until the present day!, where
a lot of ferrites are still used. Depending on the elements involved, the
magnetic properties are altered from soft to hard magnetic. The general
chemical sum formula for spinel ferrites is: MeFe,O4, where Me stands for a
(divalent or trivalent) metal ion of the group of the transition elements like
Mn, Fe, Co, Ni, Cu, Zn, Mg or Cd [2]. When mixing the transition elements,
the magnetic properties can be varied from soft to hard magnetic.

Among the group of spinel ferrites, cobalt ferrite (CoFeyOy4) exhibits
outstanding magnetic and magnetoelastic properties. Due to the presence
of the Co?* ions in the spinel lattice, magnetostriction increases together
with magnetic anisotropy [2]. The increased magnetostriction favours
cobalt ferrite as a sensor and actuator material, as the coupling of the
magnetization to the magnetostriction leads to interesting physical effects:
For example the Villari effect, which denotes the change of magnetization
of the material when external stress is applied. For a more concise overview

on the different magnetostriction effects see |2, 3, 4]. Cobalt ferrite is

LFor a more detailed historic introduction on magnetism see among others [1].
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very interesting for modern research and technology because it is excellent
material for sensors and actuators. Among all known magnetostrictive
materials it has outstanding magneto-elastic properties, although it has no
rare-earth elements in the sum formula. Its magneto-elastic properties rise
mainly due to the presence of the Co?'-ions, which are held responsible

not only for the increased magnetostriction, but also for increased anisotropy.

1.2 State of the Art

This thesis mainly concentrates on cobalt ferrite and its magnetic and
magnetoelastic properties. Although the first spinel ferrites were artificially
synthesized quite early in 1909 [5], the magnetic measurement techniques
and theories were not fully developed. Néel finally developed the theoretical
hypothesis for describing the ferrimagnetism [6] in the end of the 1940ies,
which was later confirmed by neutron diffraction [7]. With the theory of
ferrimagnetism a proper magnetic description of the spinels was achieved,
as all spinels are ordering ferrimagnetically.

The magnetic and magnetoelastic properties of cobalt ferrite were investi-
gated in the 1950ies more precisely [8, 9]. Bozorth and coworkers investigated
the magnetostriction and magnetic anisotropy of cobalt ferrite in 1955 [10].
This is probably the most cited paper on magnetostriction of cobalt ferrite.
With the development of the vibrating sample magnetometer by S. Foner
[11], the magnetization of cobalt ferrite was investigated more accurately
[12].

The effect of field annealing in cobalt ferrite was found and investigated by
various groups not only in polycrystalline [13, 14|, but also in single crys-
talline cobalt ferrite [15, 16, 17]. When cobalt ferrite is heated a few hundred
degrees Centigrade below the Curie-Temperature and a magnetic field is
applied for some time, the sample exhibits a thermally stable, permanent,
additional uniaxial anisotropy along the field annealing direction.

The magnetic anisotropy of cobalt ferrite was measured with various meth-

ods, like ferromagnetic resonance [18| or torque |10, 19, 20|. It was concluded
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that the first order anisotropy constant K plays the most important role,
while higher order anisotropy constants were neglected.

The magnetostriction of single crystalline [9, 10, 21] and polycrystalline
|22, 14] cobalt ferrite has been investigated by many groups. In fact magne-
tostriction of various doped cobalt ferrites is still being investigated today, as
this kind of material is suitable as sensor and actuator material [23, 24, 25].
Besides its resistance to corrosion, cobalt ferrite is inexpensive and easy to
produce, as no rare-earth elements are involved. By doping with different
elements, one tries to reduce magnetic anisotropy while magnetostriction
should stay constant.

The aim of this thesis is to understand the magneto-elastic behavior of
cobalt ferrite. Therefore it presents magnetization, magnetic anisotropy and
magnetostriction measurements on a set of polycrystalline samples and one
single crystal over a broad temperature range. The key to understand the
magnetostrictive behavior of cobalt ferrite lies in the second order magnetic
anisotropy constant K. As all samples exhibit a huge anisotopy, a large
magnetic field is needed for magnetic saturation.

Looking at the problem from an historical view, large magnetic fields were
not easy to produce. From the 1970ies on, cryostats with superconducting
coils were found more often in research laboratories. Most of the magnetic
properties of cobalt ferrite had already been investigated before that time
and later nobody thought a re-investigation was necessary. In 1988 Guillot
measured pure and Cd-doped cobalt-ferrite and found out that very high
magnetic fields at low temperatures were necessary in order to saturate the
samples [26]. No suitable explanation was supplied, which made it necessary
to re-investigate and re-evaluate the theoretical description of the magnetic
properties of cobalt ferrite. This thesis attempts to fill the gaps of previous

research in the field.



Chapter 2

Magnetism

2.1 Measurement Methods

The magnetization measurements were performed in a vibrating sample mag-
netometer (VSM) commercially available from Quantum Design Inc. The de-
sign is based on the work of Simon Foner [11], although it was improved over
the years |27]. The used VSM is built in an *He-cryostat with a high temper-
ature option, yielding an extended temperature range of 1.9 to 1100 K with a
maximum magnetic field H of + 90 kOe. A set of reference samples (Ni, Fe,
CopgFes 204 and Fe3Oy4) was measured to test the thermometry in the high
temperature range and to check the calibration of the pick-up system. The
absolute error in temperature was found to be within the expected 2% error
interval provided by Quantum Design Inc. No systematic deviations from
the calibration of the pick-up system were found. The error in magnetiza-
tion was found to be much smaller than 1%. For all evaluated magnetization
data the (applied) external magnetic field was used. The (calculated) internal
magnetic field was only used where it is explicitly noted. For evaluating the

magnetization data the law of approach to saturation (LAS) was employed.
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2.2 The Law of Approach to Saturation

The law of approach to saturation (LAS) describes the magnetization curve
near saturation of a ferro-, ferri- or antiferromagnetic sample as function of
the magnetic field. It is widely employed because of the simplicity of use
and the easy gain of information on magnetic anisotropy and other internal
material parameters like stress or structural defects. The LAS is mainly used
for polycrystalline or amorphous materials, but under special circumstances

it can be applied as well for single crystals (see chapter 6.1.1).

2.2.1 Definition

The law of approach to saturation is generally defined [3, 28| as a power
series of the magnetic field H:

M(H) = Msm<1+3 +i +— +i +e\/ﬁ+fH+gH2) (2.1)

H H?> H3 /H

where Mg, and a— g are all constants with different physical meanings. Gen-
erally spoken, the terms with positive exponent of the magnetic field H are
related to the so-called paraprocess as the magnetization increases with in-
creasing field [29]. Whereas the the terms with negative exponent are referred
to misalignment of the collective magnetization vector, as their contribution
to the magnetization is getting smaller with increasing field. The origin of the
effects are depending on the power of the term: magnetic anisotropy, struc-
tural defects, internal stress, boundary or surface effects and many more can
be accounted for the deviation of the saturation magnetization value [30, 6].
A recent article [31] and the references therein provide an overview on the

various parameters.

In this work the number of fit parameters is reduced in order to make the
description of the magnetization M (H) more facile. Therefore we restrict

ourselves to the three most important variables. The law of approach to
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saturation is then defined as [28]:

M(H) = Msa (1 - %) + kH (2.2)

where Mg, is the saturation magnetization, b is a field independent magnetic

anisotropy related constant and x is the high-field susceptibility.

2.2.2 Physical Explanation of Variables
Mgy - Saturation Magnetization

The saturation magnetization Mg,; denotes the maximum value of the mag-
netic moment the sample has at a certain temperature for H = oo. The
magnetization M can be seen as projection of the saturation magnetization
vector to the direction of the applied field M = Mg, cos, with 0 as the
angle between the applied magnetic field and the saturation magnetization
vector (see figure 2.1). Many physical origins exist which prevent the mag-
netization from full saturation. For example the magnetic anisotropy or the
thermal fluctuations hinder the magnetization value from reaching full satu-

ration Mgg;.

b

=5 — the anisotropy term

Akulov has published the derivation for relating the magnetocrystalline
anisotropy with the constant b [32], as well as Becker and Doring [3]. Al-
ternatively, a very elegant way of deriving the LAS is shown by [28]. When 6
is denoting the angle between the magnetization vector M and the magnetic
field H (see figure 2.1), the projection of the magnetization vector in the
direction of the field is:

92
M:MSatCOSQIMSat(l_E—i_-“)- (23)
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The exerted torque of the magnetic field Ly is counterbalanced by the torque

created from the magnetic anisotropy La:

OF s

Mg, H si = —— 2.4
5ot H sin 6 50 (2.4)

where F4 is the magnetic anisotropy energy (for exact definition see chap-
ter 3). When the material is near saturation, 0 is very small and the sine

function of formula 2.4 can be approximated with its argument:

OE
g — _ (8_9A)9<< _ C (2.5)
MSatH MSatH’
with C' = _(88%).9«' By putting formula 2.5 into formula 2.3 we obtain:
b
M:MSat 1_ﬁ_ 5 (26)
where b = 213;5 As M is rotating along the maximum gradient of the
anisotropy energy, C? can be written as:
0= ivEa = (B2, L (9Ea) (2.7)
ST e sin?6\ 99 ) '
H
/
MSat
LA ] A
o| M

Figure 2.1: Rotation of the magnetization vector against the magnetic
anisotropy (adapted from [28])
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with 6 and ¢ as the polar coordinates of the magnetization. For solving C
for the cubic case, we have to define the cubic magnetic anisotropy energy

(see formula 3.4) for the most simplest case:
EA = Kl(@l@Q + g + 061063), (28)

where the «; are the direction cosines of the magnetization:

a1 = sinfcos ¢
as = sinfsin ¢
a3 = cosf

By putting E 4 into formula 2.7 and averaging over all possible directions of

the polycrystal, we finally obtain:

8 K2

- L 2.9
105 M2,,’ (2.9)

In the averaging process it was assumed that the polycrystalline sample is
isotropic with no kind of any texture. This yields to the law of approach to

saturation in its final form:

8 K2

M(H) = Mgg (1= ——>1
(H) St( 105 M2, H?

) + KH. (2.10)

kH - the high field susceptibility term

Although most softmagnetic samples seem to be fully saturated at a few hun-
drets of Oersted (see for example the magnetization of nickel in figure 4.3),
the magnetization vector is slightly rotated out of the field direction at fi-
nite temperatures 7' due to magnetocrystalline anisotropy, magnetoelastic
contributions, thermal excitation and the formation of spin waves [33]. As
a consequence the magnetization value for finite fields is below the satura-
tion value. Holstein and Primakoff specified the theoretical description in
1941 [29]. They discussed this “intrinsic susceptibility” on the basis of the

exchange interaction model and described it with a linear relation of the
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susceptibility at temperatures below the ordering temperature 7¢:
k=dM/dH = AkgT (2.11)

with A as a temperature independent constant at a given field. This linear
behaviour in temperature was verified for example by Polley for Nickel in
the temperature range of 150 - 320 K [34]. Akulov is also describing this be-
haviour for ferromagnetic substances [32] and adds an important observation
around the Curie-Temperature T : While the high field susceptibility & is
growing with temperature, it reaches a maximum around 7T and decreases

with increasing temperature according to the Curie-Weiss law:
X(T —0) = const. (2.12)

Similar characteristic was found in many ferromagnetic materials in the ini-

tial susceptibility x(7") by Hopkinson in 1889 [35]. The main argumentation

MSat
VK’
where K denotes the anisotropy. For the derivation of this formula consid-

for this effect is the derived relation for the initial susceptibility y ~

erations and approximations for the wall energy of magnetic domains were
used [28|. The description works quite well for a lot of substances in the
low-field region, as the value for anisotropy will approach zero around the
Curie-Temperature, which creates a mathematical unsteadiness leading to a
peak in the susceptibility x(7") for T" — T¢.

While the peak in the low field or initial susceptibility x can be described by
domain wall energy effects, this explanation does not hold for the peak in the
high field susceptibility . At sufficiently high fields no domain walls can be
observed. With the help of the Langevin theory and the Weiss molecular field
theory [36] the (high field) susceptibility is given by the Langevin function
L(o) = coth(ar — 1) [28]:

_ NMg,L'(a)
~ kp(T —30:L(a))

K

(2.13)

With a = W, where w is the molecular field coefficient, ©f the or-

dering (Curie) temperature and N the number of spins. As the temperature
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Co, Fe, ,O, - polycrystalline sample
— .

2124
T T T T T T T T T T T T
0.006 |- T =T ~810K —=°®
max Cc
o
°
0.005 ® high field susceptibility K 4
linear fit curve [160-650 K] °
(~0.8T))
0.004 [® -
° L]
) °
= 0003} e ° .
x H
: :
0.002 |- ° —
0.001 |- . e -
[J
0000 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0 100 200 300 400 500 600 700 800 900
T[K]

Figure 2.2: High field susceptibility x of polycrystalline cobalt ferrite with the
two typical features: the linearity below T and the peak around T¢ (Own
measurement, the increase below 7" = 150 K is discussed in chapter 6).

T is approaching the ordering temperature ©; (or T¢), the denominator
of formula 2.13 is vanishing and the high field susceptibility x approaches
infinity. Above 0y, formula 2.13 becomes the well known Curie-Weiss law
(formula 2.12). In figure 2.2 the high field susceptibility x of a polycrystalline
cobalt ferrite sample is plotted. Below T = 150 K the sample can no longer
be saturated due to the high anisotropy, which results in a bad fit (see
chapter 6 for a more detailed discussion on this sample). Whereas from
160 to 650 K the high field susceptibility is in excellent agreement with
formula 2.11 where A was determined to 34.53 meV L.

Finally, it is important to note that it has been observed that « is indepen-
dent of the metallurgical history of the sample [34, 37, 29]. This shows that

k is indeed an intrinsic material parameter.
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2.2.3 General remarks on the LAS

When using the LAS it is important to keep in mind that this phenomeno-
logical method has its limits. One limitation is clearly that it can be mainly
used for polycrystalline materials without texture. Another limitation can be
seen when changing the borders for the fitting procedure: the result can vary
within certain limits. The anisotropy related constant b can change easily
within one order of magnitude, just like the high field susceptibility. At least
this effect does not affect the saturation magnetization in such a strong
way. In figure 2.3 the contributions to the LLAS are plotted as function of
field for a Fe3O4 reference sample. While the anisotropy related contribution
% is decreasing with increasing field, the high field susceptibility xH is
constantly increasing and giving the main contribution at 80 kOe. The green
line represents the best fit to the experimental curve.

The LAS is not the sharpest tool for analyzing magnetization data. The

Fe O, polycrystalline
T T T T T T
***** kH with k = 7.2067-10°° [emu/gOe]
06 2 . _ 106 2 .
B MSatb/H with b=1.595-10" [Oe "] i
AM best-fit curve R
P
= AM measured data ’_,_,.-."-:,‘”‘“.
g T P .
= A -
) LT
= R
C02F . o~ .
T N
E _ £ "- -
I L 7 “k
= 00}=— =
N VA T=293K
£ M, = 56.56 emu/g 1
0.2 . k 1 . 1 . 1 .
0 20 40 60 80
H [kOe]

Figure 2.3: Contribution of the main two terms of the law of approach to
saturation and the comparison with the room temperature measurement of
a polycrystalline Fe;O, reference sample.



Chapter 2. Magnetism 12

results are always dependent on the user defined borders of the magnetic field
for the fitting procedure and the number of terms which are used for the fit.
Accordingly all obtained variables are (linearly) dependent on each other and
so an absolute result can never be obtained. The formula of the LAS contains
not a set of othogonal functions, therefore the obtained fit parameters change
with the number of used parameters. As long as one keeps these limitations
in mind, it is still possible to gather a lot of information and intrinsic material

parameters from the magnetization measurement of a polycrystalline sample.

2.3 Magnetism of Spinel Ferrites

2.3.1 Structural Properties

One of the most important and by humans longest known magnetic mate-
rials is magnetite Fe3O4 which belongs to the group of the spinel ferrites.
A spinel ferrite is formed by metal cations sitting on two distinct crystallo-
graphic positions with oxygen as anion, usually in the chemical sum formula
(A)[B2]Oy4. The unit cell consists of eight formula units, with eight tetrahe-
dral places (A), 16 octahedral (B) sites and 32 oxygens |2, 4].

The spinels or spinel ferrites are a very large group of oxides which pos-
sess cubic crystal structure. If the 3d shell of the metallic cations exhibit a
magnetic moment, the overall magnetic structure is ferrimagnetic due to the
indirect magnetic coupling through the oxygen ions. The two distinct crystal-
lographic sites (tetrahedral & octahedral) are antiferromagnetically coupled
via superexchange. Depending on the type of magnetic ion sitting on one of
these two sites, all magnetic properties (Tc, Mga, K1, Ko, ...) of the spinel
vary. The valence state of the metal ions can vary between one up to six,
depending on the kind of cation, however in total an electric neutral state
has to be achieved. In principle many configurations are known, but in this
thesis we restrict ourselves to the combination of a divalent ion (D*") with

two trivalent ions (T®T), as it is found in Fe3O, , NiFe;O4 or CoFeyOy.
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2.3.2 Degree of inversion

The degree of inversion ¢ is a value between zero and one and denotes the
occupancy of one type of divalent cations in the tetrahedral site. If D is a

divalent ion and T is a trivalent ion, the spinel can be written as:
(D1_T;) [ D;Ty_;] Oy, (2.14)

where the round brackets indicate the tetrahedral and the square brackets
indicate the octahedral sites. If for example all divalent ions are placed in
the tetrahedral site (i = 0), the spinel is called normal spinel (D)|T2]Oy4 (like
ZnFe,Oy4: (Zn?)[Fed™|O4). Another extreme is the inverse spinel (i = 1),
where all divalent ions are sitting in the octahedral site (T)[DT]O4 (like
NiFeOy: (FeT)[Ni2TFe3T]0y).

The most common type is however the mizred spinel, where ¢ is in between
zero and one. Very often the degree of inversion can be changed by the
preparation technique or by the heat treatment. At high temperatures (for
example, near the melting point) a statistical distribution of the cations
in the crystal occurs, leading to i = % Assuming a very high cooling rate
(quenching) and a slow cation redistribution, this state can be frozen in
and remains stable at room temperature. In many cases a simple modified

. . —FEex
Boltzmann E%l_t)l% = e *sT distribution agrees well with experimental values

|4, 38], where E., denotes the exchange energy between a trivalent and a

divalent cation (usually around 0.14 eV [2]).

2.3.3 Crystal electric field

In spinels the crystal electric field (CEF) interaction is much stronger
than the spin orbit interaction and therefore the orbital momentum is
quenched. This leads to a ground state where L =0, g =2 and J = S with
the magnetic moment of the ion p.r; = gupy/S(S+1). In table 2.1 the
magnetic ground states of all three kinds of magnetic ions, which can be

found in cobalt ferrite, are listed up. The experimentally obtained value of
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Table 2.1: Magnetic ground states for various 3d ions [39].

ion shell S L J term jfiers [tB]  feap [105]
Fe™ 3d° 2 0 2 %S5, 5.1 5.82
Fe?™ (Co®") 3d° 2 2 4 5Dy 4.89 5.36
Co** 3d™ 3 3 2 Py, 387 4.90

the effective magnetic moment /i, is in good agreement with the calculated
effective moment fi.7y for Fe** and Fe®*, which proves the quenched orbital
momentum. For Co?" the spin-orbit coupling can not be fully neglected and
therefore the Co?* ions are considered as partly quenched. This is shown in
table 2.1. So the theoretical calculation (s = g,LLB\/M) does not
work for Co?* ions.

With the experimental magnetic moment .., of these ions it is possible to
determine the degree of inversion ¢ at T' =0 K with y = up_gites — hA_Sites,
where the magnetic moments of the A and B sites are calculated according
to formula 2.14.

2.3.4 Tetrahedral environment

In figure 2.4a the relative position of the nearest neighbor atoms of the tetra-
hedral site is shown. The cation is surrounded by four oxygen atoms forming
a tetrahedron. The resulting crystal electric field splitting is drawn in fig-
ure 2.5a. The 3d-electrons of the free ion are split up into an energetically
lower doublet e, and a triplet ¢5,. The e, orbitals point along the crystal axes,
while the t5, point in between. The CEF splitting A = 10Dq in the tetra-
hedral environment is much smaller than in the octahedral environment, be-
cause the electrostatic field of the surrounding oxygen ions is smaller. While
the tetragonal cation has four oxygen neighbouring atoms, the octahedral
cation has six oxygen neighbours.

As the tetrahedral site is crystallographically smaller than the octahedral,
the smaller ion usually tends to go to that site. For example in cobalt fer-

rite (CoFeyOy), the ionic radius of a Fe*™ ion is 0.92 A, for a Fe’™ it is
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Figure 2.4: Relative position of the nearest neighbour atoms of (a) the tetra-
hedral (A) site, (b) the octahedral (B) site and (c¢) the oxygen anion site in
spinels (adapted from [2])

0.785 A and for a Co®' ion the radius is 0.885 A [2, 40]. The smaller
Fe?t jon will tend to go on the tetrahedral site, which favors the inverse
or mixed spinel structure. Experimental results have shown that the mixed
spinel structure is found very often. Generally spoken the degree of inversion

can be altered by changing the heat treatment, as mentioned above [41].

2.3.5 Octahedral environment

The energy levels of the 3d-electrons in the octahedral sites are split up like
shown in figure 2.5b. This is opposite to the tetrahedral sites, because the
energy of the triplet ¢y, lies lower than the doublet e,. The reason for this

behavior is the spatial extension of the triplet and doublet states and their
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Figure 2.5: Crystal electric field splitting A = 10Dq in the tetrahedral (a)
and octahedral (b) site in spinels (adapted from |39, 28])

local symmetry: the t5, orbitals point in between the crystal axes they are
energetically more favorable, while the e, point along the crystal axes.

In figure 2.4b the octahedral environment is shown. When looking from the
[111] axis, a trigonal field from the other octahedral ions is superimposed,
but as there are eight equivalent [111] axes the cubic symmetry is not broken.
This trigonal field splits the triply degenerated ¢y, orbitals into a single lower
level pointing along the [111] axis and two doubly degenerated higher levels
pointing both perpendicular to the [111] axis.

When a Co?* ion is sitting on such an octahedral position, the electrons are
filling up the orbitals according to Hund’s rule (five spin up and two spin
down) as shown in figure 2.5b on the right side. The last electron is marked
in green, as it occupies the doubly degenerated level pointing perpendicu-
lar to the trigonal axis. This certain electron can switch between these two
levels, yielding in a circulating orbit around the [111] axis. In that case the
orbital magnetic moment of L = 1 is parallel to the trigonal axis with a
resulting spin-orbit coupling AL-S. The result is a large magnetocrystalline
anisotropy along the [111] axes, arising due to the presence of a Co?" ion in
the octahedral site [17, 2|.
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Magnetic Anisotropy

3.1 Types of Anisotropy

Generally spoken, anisotropy describes the dependence of the internal energy
on the crystallographic direction of the spontaneous magnetization vector [28|
below a magnetic ordering temperature 7¢. In the following we will discuss
magnetic anisotropy for ferri- and ferromagnetic materials. However quite a

lot of different origins can account for magnetic anisotropy:

1. magnetic crystalline anisotropy or magnetocrystalline anisotropy
2. exchange anisotropy
3. shape anisotropy
4. surface anisotropy
5. strain induced magnetic anisotropy
6. texture anisotropy
The first and most important kind of anisotropy is the magnetic crystalline

anisotropy or magnetocrystalline anisotropy which will be discussed in the

following chapter.

17
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3.2 Magnetocrystalline Anisotropy for the Cu-

bic Case

The magnetic anisotropy describes the dependence of the internal energy on
the direction of the magnetization [28|. As the magnetic anisotropy usually
has the same symmetry as the crystal structure of the investigated material,
the magnetic anisotropy is often also called magnetocrystalline anisotropy.

In this thesis we restrict ourselves to the description of the cubic magne-
tocrystalline anisotropy energy FE4, as cobalt ferrite crystallizes in a cubic

crystal structure.

3.2.1 Anisotropy Constants

For describing the cubic symmetry the use of the direction cosines a;, as,
and a3 is very common, as they represent the spherical coordiante system
(with radius of 1):

a; = sinfcos¢ (3.1)
ay = sinfsing (3.2)
a3 = cosé, (3.3)

with the inclination angle 6 and azimuth angle ¢. The anisotropy energy is
expanded in a polynomial series of the «;. One should keep in mind that
due to the fact that the energy has to be positive, the odd powers of the q;
are zero. The expansion is also invariant to an exchange of any of the «;, as
the cubic symmetry of the crystal can not be broken. With the help of these

considerations the magnetocrystalline anisotropy energy E, is defined as:

By = Ko+ K (a2aj+asai+aial)+Ky(atasad)+ Ks(ataytasas+atas)+. ..

(3.4)
with the field independent anisotropy constants K;. For most magnetic
systems the first and the second order anisotropy constant K; and K, are

sufficient to describe E4. Therefore we neglect the higher order anisotropy
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constants K3 and K, because their contribution is usually very small as

compared to K; and K.

3.2.2 K, - a crystal quality measure

In figure 3.1 the simple contribution of Ky = 1 to the anisotropy energy is
plotted. It describes the direction independent energy of the magnetization
process of a sample. A quarter of the sphere is cut out for better visibility.
This direction independent contribution is very important as it is not reflect-
ing the work against the magnetocrystalline anisotropy [3]. Strictly spoken

Ky is not a part of the magnetocrystalline anisotropy, nevertheless it is an im-
portant part for describing the measured anisotropy as it reflects the quality
of the single crystal. In a perfect single crystal without any dislocations, K
should be zero, as no work should be carried out when applying a magnetic
field. While an actual single crystal has some imperfections, like impurities,
small concentration variations or dislocations, the value of K can be taken
as measure for the quality of the single crystals.

When magnetizing a sample along the easy axis, say for example the [100]
axis (as it is for iron or cobalt ferrite), no contribution from the K; and K,
term is given to the anisotropy energy E4 (see formula 3.4). The only term
remaining is Ky, as a; = a3 = 0 and a; = 1. It is clear that the magnetiza-
tion vector should point along the easy axis when no field is applied, as this is
the definition of the easy axis. However the internal strains and dislocations
of a sample can create a small difference in the energy of the ground state
between the 6 different easy axis of a cubic system, leading to a small tilting
of the magnetization vector away from the easy axis. Moreover due to the
formation of magnetic domains, the stored domain energy has be overcome
when magnetizing the sample. This additional energy is reflected in Kj.
When we name the averaged internal strains of the sample with o;,,,
the magnetization work along the easy axis can be approximated with
Wigo ~ AooTine, Where Ajgp is the magnetostriction value along the [100]
axis. In [3] an example for iron is given: After measurements from [42]

Wigo ~ 10788 = 103 with Ajgp ~ 2:107° at room temperature this leads
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Figure 3.1: K, the isotropic, angular independent contribution to E4 (6, ¢).
A quarter is cut out for better visibility.

to g ~ 5-107% = b0MPa. This value for the internal stress is quite

reasonable for pure, mechanically soft iron.

3.2.3 K; - an indication for the easy and hard axis

In figure 3.2a the anisotropy energy with a positive K; is plotted. It can
be clearly seen in the cut out quarter of the graph that the minimum of
the anisotropy energy function, which is the magnetic easy axis, lies in the
main crystallographic axis [100], while the maximum (hard axis) lies in the
[111] axis. Quite opposite is the case for a negative Kj, as can be seen in
figure 3.2b, where the magnetic easy axis is the [111] and the magnetic hard
axis is the [100]. An additional positive contribution Ky = 1 was added in

order to avoid negative lobes of F4.
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Figure 3.2: The first magneto-crystalline anisotropy constant K;: (a) Ko =1
and K; = 1.5 (b) Ky = 1 and K; = —1.5. A quarter is cut out for better
visibility.

3.2.4 K, - defining the intermediate axis

The second order anisotropy constant Ky makes the whole anisotropy energy
function a bit more complicated. The main contribution of K5 is a negative
or positive lobe to the anisotropy energy along the [111] axis as can be seen
in figure 3.3, yielding in a change of the magnetic easy, intermediate and hard
axis. Figure 3.4 shows the parameter space of K; versus K,, which makes
the three main cases more evident [43]. When K is positive and Ky > —9K;
then the [100] axes are the easy axes, which is denoted by “P” in figure 3.4.
The second case is characterized by a negative K; and K, > —%Kl, which is
named “I”-type and prefers the [110] directions. In all other relations of K and
K, the [111] directions are favoured and this case is named “N” in figure 3.4.
However there exist three additional cases where the magnetic intermediate
axis changes with respect to K7 and K5. This is discussed elsewhere [44]. The

degenerated cases, where for example K; = 0, are discussed in [43].
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Figure 3.3: The second magneto-crystalline anisotropy constant Ks: (a) Ky =
15 (b) Ky = —15 (K = 1 and K = 0 for both cases) quarter is cut out for
better visibility.

(100]

Inm
ZadiENEREI

[111]

Figure 3.4: Magnetic easy direction as function of the two cubic anisotropy
constants K and K,
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3.3 First Order Magnetization Process in the
Cubic Case

A First Order Magnetization Process (FOMP) denotes an abrupt change in
magnetization M (H ), which manifests itself as a jump in the magnetization
curve along a certain crystallographic axis. This behaviour was quite often
observed in materials with uniaxial anisotropy and a theoretical explanation
was supplied as well [45]. Nevertheless it is observed in cubic and other sym-
metries as well |3, 43].

In a simple picture the magnetization vector has to rotate into the direction
of the increasing applied magnetic field. The higher the magnetic field, the
higher the magnetic energy in the system (Zeeman energy term: H-M). As
the magnetization vector follows the path where it needs a minimum in en-
ergy (Le Chatelier’s principle), we can set the total energy Ej, of our cubic

system to:
Eior = Ko + Ki(aqan + asag + ajas) + K2(04%04§04§) -—HM (3.5)

In the following we restrict ourselves to a P-type system (K is positive and
K, < —9K), where the easy axis is [100]. When calculating the magneti-
zation as function of the internal magnetic field, we start by parameterizing
the rotation of the magnetization vector from the [100] to the [110] axis. Due
to symmetry considerations we can stay in the (001) plane. In figure 3.5 the
coordinate system is plotted in black. The magnetic field is applied along the
[110] axis, which is plotted as red arrow. The magnetization vector is rotating
inside the (001) plane from the [100] to the [110] axis, drawn as light grey
arrow. The parametrization angle 6 is enclosed between the red marked [110]

axis and the light grey magnetization vector M:

oy = cos(%—@)
g = sin(%—@)

Oé3:O
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[001]

== [010]

[100]

Figure 3.5: red: Parametrization for rotating the magnetization vector M
from the [100] axis to the [110] axis where H is applied. blue: Parametrization
for rotating the magnetization vector M from the [001] axis to the [111] axis
where H is applied.

As 0 is decreasing from 7 to 0, M = Mg, cos @ is rotating towards the field

H, which is applied along [110]. By substituting cos# = n we can write the

condition for minimum of the total energy F,,; to:

dEtOt 1 2
=0=4Kn(= — HMgq4. 3.6
dn 177(2 n) + Sat (3.6)
From n = %, it follows that the magnetization as function of the reduced
field h = %Sl‘” can be plotted, which can be seen in figure 3.6, where the

magnetization along the [110] axis is plotted as dashed line. Tt is quite re-
markable, that the saturation along the [110] axis is completely independent
of K5. When the reduced field h reaches the value 1, the sample is saturated.

For a P-type material the saturation field along the [110] axis is defined as

2K
Mgat

the anisotropy field Hy = , as the sample has overcome the anisotropy
to be fully saturated.

When H is applied along the [111] axis, we have to parameterize the a; in
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Figure 3.6: Calculated magnetization curves along the [110] and [111] axis of
a P-type cubic system with K; = 1.

such a way that M rotates inside the (110) plane (see blue plain in figure 3.5):

1 2
o = \/;0089—1— \/;Siné’
1< 9

a; = 5 1—a3)
1
a; = g(1- af)

By minimizing again formula 3.5 with respect to 6, we obtain the equation

for the magnetization in the [111] direction:

HMgq = % [77(7772 —3) +V2(4n’ — 1)\/1—7?72] -

K
+ 3 [n(l — 1672 + 237%) — V2(1 — 9% + 100*) /1 — 772} (3.7)

In figure 3.6 the magnetization along the [111| axis is calculated with

different values of K,. After the domain wall movement processes are
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finished, the reduced magnetization reaches the value \/ig From this point
on a further increase of magnetization value is reached by tilting the
magnetization vector M from the easy [001] axis to the hard [111] axis. Even
for Ky = 0 a singularity at A = 0.741 is observed, which yields in a jump
of the magnetization. This discontinuity in the magnetization is usually
referred as FOMP or sometimes in literature as the “[111] anomaly” [46].
The explanation for this phenomenon lies in an energy barrier between the
[001] derived magnetization state and the [111] magnetization. The height
of this barrier is approximately 5-10~* K, for Ky = 0, however the height
of the barrier depends on the value of K, as well [46]. As long as K> is
bigger than —9-K; the jump in the magnetization is visible, as can be seen

in figure 3.6.

3.3.1 Numerical evaluation of measured P-type FOMP
data

The measurement of the magnetization of a cubic, P-type single crystal
along all three major crystallographic axes reveals the following behavior:
the magnetic easy axis is the [100], the intermediate follows the [110] axis
and the hard axis goes along the [111] axis. While the [100] axis delivers
the saturation magnetization Mg, value at a certain temperature, the
magnetization along the [110] axis reveals the anisotropy field H, at the

point of magnetic saturation. For further analysis of the FOMP along the

[111] axis, it is necessary to use the reduced magnetization n = cosf = N}‘gt
and the reduced magnetic field h = %Sl‘”, as it was already introduced

in the previous section. The theoretical calculation following formula 3.7
delivers the reduced FOMP field as function of the reduced magnetization
1 = nromp with the help of ( = /1 — 7n? to:

Lo —3) + Y242 1) -

hromp = G

(Tn*¢ — ¢+ 3v2n — 4v20%) (n(1 — 160* + 23n*) — V2(1 — 99 + 109*)()

2(¢ — 48n2C + 11504¢ + 19v/2n — 67+/2n3 + 50v/21°)

(3.8)
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In figure 3.7 the reduced FOMP field hropp is plotted as function of the
reduced magnetization, as calculated in formula 3.8. As an example let us
assume the reduced FOMP field of a measured sample to be hrpoyp = 0.384.
By solving formula 3.8 the calculated value of reduced magnetization is
nromp = 0.862, which means that the height of the jump in the reduced
magnetization along the [111] axis is 1 — 0.862 = 0.138. These values are
plotted in figure 3.7 as dashed line. The jump in the magnetization is plotted
as red double arrow

With the determination of the reduced FOMP magnetization angle nronp,

it is possible to calculate the ratio of the second and first order cubic
anisotropy constant for 7 = nroyp with the help of ( = /1 — n%:

Ky 18(=Tn*¢ + ¢ — 3v2n + 4v21°)
K1 ¢ —48n2C 4+ 115m4¢ + 19v/2n — 67v/213 + 504215

However it has to be noted that the first anisotropy constant K7 has to be

(3.9)

h_,,» @ function of magnetization anglen

1.50
only for P-type
K,> Oand K, < -9Kl
1.25
X 100
N
Eﬁ
T 0.75
o
=
2
< 050 .
__________________ e
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0.25 | ;
0.8 0.9 1.0
r|m = 0778 n - M / Msat

Figure 3.7: Calculated reduced FOMP field hroyp as function of the reduced

magnetization Npoyp = %, according to formula 3.8.
a



Chapter 3. Magnetic Anisotropy 28

positive and the second anisotropy constant K, < —9K7, in order to fulfill
the prerequisites of the P-type anisotropy. A result of the second condition

is the existence of a minimum reduced magnetization angle 7,,;,, = 0.778.

Using formula 3.9 for our example with nrpoyp = 0.862, the ratio of
the anisotropy constants is calculated to % = —3.6. By using the value

of Ky, which we already obtained from the anisotropy field H,, it is
now possible to calculate the second order anisotropy constant K. For-
mula 3.9 is plotted in figure 3.8. The reduced magnetization Npoprp iS
plotted from its minimum value 7,,;, = 0.778 to the maximum of 1, where
% diverges. It is remarkable that the FOMP always exists throughout
the whole range, although the height of the jump in the magnetization is

constantly decreasing, when nroarp approaches the value of 1 (see figure 3.7).

K,/ K, asfunctionofn_,

6 - T

only for P-type

K, >0andK, <-9K,
3
0

/

K,/K,

3 7:(
/ E AM MSat @ hFOMP
T i
/ Ny = 0.778 E
9 . . . .
0.80 0.85 0.90 0.95 1.00
n=M/Mg

Figure 3.8: Calculated ratio of the anisotropy constants % as function of the
reduced FOMP magnetization angle nroap, according to formula 3.9.
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3.3.2 The cubic FOMP for P-type materials in litera-

ture

FOMPs are widely discussed in literature, as they are present in every cu-
bic ferromagnetic material. One very important material is the Yttrium iron
garnet (YIG): Y3Fe;Oq2. Intensive research has been performed to determine
the magnetic properties and to tune them in order to fit the desired applica-
tion (as e.g. microwave absorption, permanent magnets, ...) [28].

The first example for the FOMP was chosen to be Th-substituted
YIG: Thg1YbogFes015. Lagutin and co-workers [47] determined the first
anisotropy constant to K; = 3.4-10° ; and the second to Ky = —16.7-10° I
at room temperature. With these constants the anisotropy of the compound
can be classified as P-type. Therefore the FOMP has to be visible in the mag-
netization along the [111] axis which is plotted in figure 3.9, where the data
were digitized from [48]. Clearly the FOMP is visible at temperatures lower
than 7' < 77K. It is interesting to note that with decreasing temperature,
the FOMP is getting more and more pronounced as the second anisotropy

constant K is further increasing.

The second example of a P-type FOMP in literature is pure and Cd-
substituted cobalt ferrite. Guillot and co-workers [26] have measured the
magnetization along the [111] axis and found the FOMP at temperatures
lower the T' < 150K as can be seen in figure 3.10. A more detailled dis-
cussion on the anisotropy constants and the FOMP in cobalt ferrite can be

found in chapter 6.2.1.

The third sample is a 0.7 weight-% silicon steel single crystal. The data
were digitized from [49] and plotted in figure 3.11. In order to plot the
theoretical magnetization curves, the anisotropy constants were fitted to the
measured magnetization curves. We obtained for K; = 4.6 - 10* 23 and for

m3
Ky =—0.81-10" 2.



Magnetic Anisotropy 30

Chapter 3.

Tb,,Y, FeO,, singlecrystal, H || [111]

01 29
T T T T
150 | T
Ny l-g-ie—N-—9—0
:"- :‘ ;’ """”"""/'F<«<<« < R D)
T 4
17 7 ;
100 38 &7 & : ]
] < o*
¥ - PRl - oo o-a—es®® :
©) & —e - T=773K |
= _F T=585K
50_; —v—T=488K |
-'. T=374K
] —<4—T=298K
+ T=210K
] —¢—T=100K
0 ' ; : .
2 4 6 8

Figure 3.9: Magnetization data of the iron garnet Thq1Ybs gFe5015 along the
[111] axis at several temperatures. Data were digitized from [48].
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Figure 3.10: Magnetization of Cd-substituted cobalt ferrite measured along
the [111] axis at T' = 4.2 K, digitized from [26].
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0.7% silicon steel single crystal, T=293 K
T T T T T T T T

o

1600

1400 -

= H [ [100]
= e H|[110]
1200 X H|[111] 8
1000 caleulated H || [110] with K, = 4.610" [J/m]
caleulated H || [111] with K, = -0.81-10" [J/m’]
n 1 n 1 n 1 n 1 n 1 n
0 100 200 300 400 500
H [Oe]

Figure 3.11: Magnetization of 0.7-weight% silicon steel at room temperature,
digitized from [26]. The curves are drawn according to formulas 3.6 and 3.7.
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Figure 3.12: Magnetization of an iron single crystal measured at 7' = 291 K,
digitized from [42]. The curves are drawn according to formulas 3.6 and 3.7.
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Finally, the last example of a FOMP in the literature is pure iron. Although
this material is investigated over a hundred years, it is still quite controversial,
because the jump in the magnetization is not very clearly visible [50, 42]. In
figure 3.12 the magnetization of an iron single crystal at room temperature is
shown. These data were digitized from [42]. Our theoretical calculations of the
magnetization along the intermediate and hard magnetic axes were plotted
according to formulas 3.6 and 3.7. The resulting anisotropy constants are
K =4.6-10" 2% and K, =1.2-10* 2.

The FOMP is not that clearly visible as in the examples shown before. The
main reason for that lies in the internal stress of the material. As iron is
mechanically quite soft as compared to the YIGs or spinels, a small stress
produces an additional uniaxial anisotropy inside the material. Consequently
the magnetization curve is smeared out, which hides the FOMP [51, 52]. Even
in a single crystal of very high purity, dislocations and the demagnetizing field

produce small distortions, which lead to a covered, smeared out FOMP.

3.4 Anisotropy Measurement Techniques

There exist a lot of different measurement techniques for determining the

magnetic anisotropy [3, 28]. A short list of methods is given here :

1. Law of approach to saturation
2. Integral method
3. Torque method
4. Ferromagnetic resonance
Among these the law of approach to saturation and the integral method are

the two used for evaluating the data of this thesis. Therefore they will be

introduced and discussed in more detail.
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3.4.1 Law of Approach to Saturation

This method is mainly applied for untextured, isotropic polycrystalline ma-

terials. The use and its limitations are described in more detail in chapter 2.2.

3.4.2 Integral Method

For using the integral method the magnetization curve of a single crystal has
to be measured along certain crystallographic directions until full magnetic
saturation. The number and the directions of the axis depend on the crystal
structure and the symmetry which lies therein. When we restrict ourselves
to the cubic case, it is necessary to measure the magnetization along the
three main axis [100], [110] and [111] in order to determine the first three
anisotropy constants Ky, K; and K. The anisotropy energy F4 is defined in
formula 3.4. When measuring along a certain |[hkl| axis, £, is equivalent to

the performed work:

]\/[Sat
E gy = / Hiprend My (3.10)
0

With the energies of the three main crystallographic axes the anisotropy

constants are given by:

MSat
Ky = / Hi100)d Mi100)
0

MSat MSat
K, = 4- {/ Hy10d M0 —/ H[mo]dM[wo}}
0 0
Msat Msat
Ky, = 27- {/ Hiy1yd M —/ H[110]dM[1101} -
0 0

MS'at ]\/[Sat
—36 - {/ Hiy100d M1 —/ H[lﬂo]dM[loo]}7
0 0
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alternatively expressed in terms of E -

Ko = FEapnog
Ky = 4-(Eapio) — Eapoo)
Ky = 27-(Ea — Eapio) — 36 - (Eapio) — Eapoo)-

Two important points on this method should be considered: First, it is a
prerequisite to saturate the sample fully. When the sample is not saturated,
the method fails and will deliver wrong values. Second, this method might
produce wrong signs for K5, when the absolute value of K5 is small compared
to Kj. That behaviour is well known in literature [42, 3] and can not be
avoided, as the integration error along the certain directions is propagated
in the calculation.

An additional possible source of error is the shape of the sample. The ideal
sample is a spherical or ellipsoidal single crystal where the demagnetizing
field can be corrected exactly. That can not always be fulfilled and the shape
anisotropy of the sample has to be taken into account. With the help of
the demagnetizing factor the internal magnetic field can be calculated with
H;,, = H.,y — N-M. The demagnetizing factor N can be calculated under
certain assumptions according to [53]. Nevertheless it is an approximation

and a spherical sample should be favoured.
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Magnetostriction

4.1 Definition - the Cubic Case

Magnetostriction denotes the relative change of length of a sample under
an applied magnetic field H [3, 28]. For all materials the magnetization,
magnetic anisotropy, magnetostriction and many other physical properties
are dependent on the crystal structure and the resulting symmetry of the
lattice. For this thesis we restrict ourselves to a cubic crystal structure, as
all here investigated materials have cubic crystal structure. The saturation
magnetostriction of a cubic material can be described with the well known
|3, 28, 54] relation:
Al 3 2 2 2 2 2 32
T §>\100(04151 + a5 + a303) + 311 (102f15s + asasBeBs + aras B 8s)
(4.1)
where the «; are the direction cosines of the magnetization vector and the (;
are the direction cosines of the observed direction. For the definition of the o;
and ; see formula 3.3. The field independent constants Ajgg and A1 are the
two cubic saturation magnetostriction constants. With these two constants it
is possible to describe magnetostriction in any field direction with the above

formula, as for example the magnetostriction in the [110] crystal axis Aj1q:

1 3
Ao = Z)\IOO + Z)\ln (4.2)
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For the general polycrystalline case it is necessary to measure the magne-
tostriction parallel A\ and perpendicular A, to the magnetic field in order to

calculate the saturation magnetostriction Agy:

2
A = 2 = A1) (43)
However for the isotropic, polycrystalline case A\j = —2A, is valid, leading
to:
2 3
ASat = A = g)\loo + g)\lll (4.4)

The last part of this formula is derived by averaging formula 4.1 over all crys-
tal directions under the assumption that the grains are completely randomly

distributed inside the polycrystalline sample and no texture is present.

4.1.1 Remanent Magnetostriction

As magnetostriction is a relative change in length % = %, it is important
to know about the initial state [y of the sample. Remanent magnetostriction
Arem denotes the irreversible change of length after applying a magnetic field.
The origin of this effect lies mainly in the formation of irreversible magnetic
domains inside a magnetic sample with a non-zero coercivity. It can be ob-
served in polycrystalline samples with sufficient high coercive field He, as
mainly the grain boundaries are a possible source of pinning spots for mag-
netic domains. Unfortunately this effect can not be measured repetitively, so
after the first measurement of A\(H) the sample has to be demagnetized by
heating above the Curie temperature. In analogy with the hysteresis curve
M (H) the first A(H) measurement corresponds to the “virgin” curve. If the
sample will be “demagnetized” by applying an alternating magnetic field with
a continuously damped amplitude, usually the irreversible domain walls do
not vanish completely and so the sample still exhibits a remanent magne-
tostriction, although with a reduced value. As a rule of thumb it can be said
that as soon as a sample has a remanent magnetization, it will have a re-
manent magnetostriction - this is only important if the demagnetizing field

Hp is smaller than the coercive field. Unfortunately this effect is very rarely
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discussed in literature [55, 22|, especially in connection with its identification
and correct methods of measurement. Although there exist models on treat-
ing this effect [56, 57].

In figure 4.1 the magnetization and magnetostriction of a polycrystalline
Cobalt Ferrite sample was measured. When starting from the origin in both
curves, the magnetization and the magnetostriction increase until they are
near the saturation value - marked with “A” (At this temperature the satu-
ration of this material would be reached at 160kOe - see chapter 6). When
reducing the magnetic field to zero, the remanence point “B” is reached. This
is valid for the ideal case, however in reality “B” is not at H = 0 for a sample
with finite length. For a magnetic sample in a magnetically open circuit the
working point is at H = —Hp, the demagnetizing field. Nevertheless at the
remanence point “B” the sample has changed its length irreversible (remanent
magnetostriction). By increasing the field again to the point “A” both curves

follow the same path from “B” as for reducing the field. By reversing the mag-
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Figure 4.1: Magnetization and magnetostriction measurement of a polycrys-
talline Cobalt Ferrite sample. The black, open symbols in the magnetization
curve are estimated values, as no magnetization measurement of the demag-
netized sample was performed.
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netic field to point “D” the coercivity “C” can be seen in the magnetostriction
as a local minimum or maximum (“C” or “F” in the magnetostriction graph).
The enclosed areas (EDCE and BAFB) of the butterfly shaped magne-

tostriction measurements correspond to the magneto-elastic losses and can

be accounted to the magnetic hysteresis losses inside the sample.
Generally spoken these butterfly shaped magnetostriction curves are pretty
hard to explain, nevertheless interpretations and conclusions on magne-

tostriction measurements on cobalt ferrite can be found in chapter 6.

Magnetostriction along the easy axis of a single crystal

Remanent magnetostriction mainly affects polycrystalline samples, but it
can happen as well for single crystalline samples that magnetic domains
might affect the magnetostriction measurement. Domain formation is a
mechanism for reducing the stray field of the sample. Generally spoken, two
kinds of domains can be established inside a sample: 90° and 180° domains.
The magnetization vector at zero field is always pointing along one of
the easy axes of the single crystal by definition. By applying a magnetic
field along one distinct easy axis, all the magnetization vectors of the
different domains are tilted and rotated towards the field direction. While
the contribution of the 180° domains perpendicular to the magnetic field
contribute to the magnetostriction signal, the 180° domains parallel to the
magnetic field do not contribute at all, as only rotation processes account
for the magnetostriction signal. Whereas the 90° domain wall configuration
will only partly account for the magnetostriction signal.

Summing up, when measuring along the easy axis of a single crystal, it might
happen that the measured signal is smaller than the actual magnetostriction
signal would be. Depending on the initial domain configuration the measured
magnetostriction signal can also be not affected at all. A safe way for deter-
mining the correct easy axis magnetostriction constant is the measurement
of the hard and intermediate axes and the evaluation of formula 4.2, where
one can deduce the easy axis magnetostriction constant with the help of the
other two constants. As magnetostriction is a relative quantity, the initial

length and its domain state(s) always have to be considered [54].
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4.2 Measurement Methods

4.2.1 Capacitance Cell

The basic principle of the used capacitance cell (CC) is described by [58]:
The sample is clamped in a protective cage inside the two ring shaped
electrodes of a capacitance. When applying a magnetic field, the sample is
changing its length, which yields in a change of capacitance. The capacitance
is measured with an “AH2500A” capacitance bridge from Andeen-Hagerling
Inc. The resolution of the capacitance bridge is about 1 aF which corresponds
in a relative change of length approximately 107 [58]. In figure 4.2 the
schematics and an actual photo of the used cell can be seen. The whole
cell is made of silver because of its excellent thermal conductivity, which
minimizes a thermal gradient in the cell on heating or cooling. For electric

isolation sapphire washers and kapton foil is used together with brass screws

Brass
Silver
Sapphire
Kapton

Figure 4.2: Schematics and photo of the capacitance cell for magnetostriction
measurement. On the right image the sample (Cu - reference sample) and
the silver sample spacer can be seen.
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for fixing the cell. In figure 4.2 on the right side a photo of an open cell is
shown. Besides the two ring shaped electrodes of the capacitance the sample
and the sample spacer are visible. The maximum sample space is a cylinder
with 3.5mm in diameter and height. In principle the sample can be of
arbitrary shape, but two flat parallel surfaces should generally be favoured.
The main advantage over other capacitive cell designs is the tilted plate
principle, which leads to a self compensated dilatometer over the whole
temperature range yielding in a very low background signal [58]. The
temperature range of operation is 2 - 315K as the cell is mounted inside

a variable temperature insert in an *He-cryostat with a superconducting
90 kOe coil.

4.3 Modelling

There exist numerous models for describing magnetostriction as a function
of temperature and magnetic field [54]. Most of them are based on spin-orbit
coupling or crystal electric field interactions which is valid for 4 f-elements.
However there exists hardly any good model for describing the magnetostric-
tion of 3d-elements including the magnetic anisotropy. Our new developed
model is purely phenomenologically, but can be integrated in a quantum-
mechanical calculation as well.

In a demagnetized, polycrystalline sample all magnetic domains are randomly
distributed, which yields to a macroscopically non-magnetic state. When a
magnetic field is applied to the sample, the domains start to align parallel
to the field. As soon as all moments are aligned parallel, the magnetization
is saturated. The path from the demagnetized to the fully magnetized state
can be described with a distribution function. This function has to incorpo-
rate various kinds of anisotropies (shape, magnetocrystalline, ...) as well as
the internal hysteresis losses due to domain formation and their movement
when increasing the field strength. It is clear that the description of such
a distribution function is not trivial. Nevertheless a general description for

Al

the magnetostriction A = 5° as function of the applied magnetic field H was
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found with a modified distribution function:
+7H, (4.5)

where special care was taken on the remanent magnetostriction Age,, = Ao,
the saturation magnetostriction Ag,; = Ao + A; and the high-field magne-
tostriction 7. The analytical function f(H) describes the magnetization pro-
cess inside the magnetic material as function of the applied magnetic field H
in a phenomenological way. It includes the magnetic anisotropy and domain
rotation processes as well. As this function would get even more complicated
when taking the magnetic hysteresis into accout as well, we omit hysteresis
effects totally. When f(H) is expanded in a polynomial series, it can most

accurately be fitted to any magnetostriction measurement:
f(H) =) aH' (4.6)
=0

In order to reduce the number of parameters to describe this function f(H),

we restrict ourselves to the first two elements:
f(H) = Qg + alH, (47)

where we rename the coefficients to get to the final form of our magnetostric-

tion model:
A
1 + e—cl(H—Hl)

MNH) = X+ +7H. (4.8)

H; is exactly the magnetic field value, where half of the saturation magne-
tostriction is reached. The parameter ¢; describes the steepness of the mag-
netostriction slope. The two field independent constants ¢; and H; can be
related to the magnetic anisotropy with the help of the 95% criterion, where
the anisotropy field! can be estimated: We define the anisotropy field Hy as
the magnetic field, where 95% of the moments are aligned and so most of the
sample is saturated. However one should keep in mind that the determined

anisotropy field is only of the correct order of magnitude as the 95% criterion

I The term anisotropy field is suitable for the hard and intermediate axes, for the easy
axis the term saturation field should be used, in order to be consistent with literature.
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is just an assumption:

ln(%)

C1

Hy=H — (4.9)

with the natural logarithm of the ratio of the criterion.

In figure 4.3 own magnetization and magnetostriction measurements of a
Nickel single crystal can be seen. The solid curves in the magnetostriction
measurement (right) are fitted according to formula 4.8. The fit parameters
can be seen in table 4.1 together with the calculated anisotropy fields. The
arrows in the magnetization plot (figure 4.3, right) are indicating the excel-
lent agreement of the anisotropy field in certain crystallographic directions,
which were obtained by the magnetostriction model.

The saturation magnetostriction constants are consistent with literature,
although one has to be careful when comparing magnetostriction constants
of Nickel. Deviations in magnetostriction measurements might arise due to
stress, as Nickel reduces its magnetostriction at the presence of (internal)

stress [59]. Another question might be the purity grade of the material, be-

Nickel Single Crystal Nickel Single Crystal
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Figure 4.3: Own magnetization and magnetostriction measurement of a
Nickel single crystal along two main crystal axis [100] and [111].
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Table 4.1: Fit parameters of Figures 4.3 and 4.4 including the calculated

anisotropy field.

T /\1 C1 H1 T HA

K] [ppm] [ppm~'] [T] [ppm~'] | [kOe]
Nickel - [100] | 293 -58.9 27.67 0.11  -0.55 2.2
Nickel - [111] | 304 -21.7  27.13 0.18 -0.55 2.9

000_8F€2.204 - [111] 4.2 70 2.82 0.55 2.7

320.6 5.9 5.5

cause the higher the purity, the least stress is induced into the sample. There-

fore it is difficult to compare magnetostriction measurements even of pure
Nickel.

4.3.1 Validity

This model is valid for any ferro-, ferri- or anti-ferromagnetic ordering sub-
stance. Moreover it is possible to extend this model to two or more sublattices,
simply by adding an additional distribution term:

A1 A2

)‘(H) = Ao+ 1 4+ e—c(H—Hy) + 1 4+ e—ca(H—Ha) +7H. (410)

In figure 4.4 as an example the comparison between the measured magne-
tostriction data and the extended fitting parameters is shown (red curve).
In table 4.1 all fit parameters together with the calculated anisotropy fields
are listed. All three measurements do not exhibit remanent magnetostriction,
which leads to Ao = 0. The anisotropy field H4 was calculated with the help
of the 95% criterion in formula 4.9 (More data on Cobalt Ferrite together
with an interpretation can be found in chapter 6). Note that the value of the
calculated magnetostriction (red curve in figure 4.4) at zero magnetic field
is not exactly zero, as it should be. Moreover it can be seen that the slope
of the magnetostriction curve in the low field region can not be precisely
reproduced. This behaviour shows some problems of that model, which is

discussed in the next section.
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Co, Fe, .0, Single Crystal Co,Fe,,0, Single Crystal
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Figure 4.4: Own magnetization and magnetostriction measurement of a
Cobalt Ferrite single crystal along the [111] axis.

4.3.2 Limitations

The main weakness of this model lies in the fact that it can not describe
micro-magnetically what happens inside the sample while applying the mag-
netic field. So it can only deliver the maximum value of magnetostriction and
an averaged value of the steepness of the magnetostriction slope %. It does
not provide any insight to the internal magnetization process which depends
on the pre-magnetized state, the microstructure, the internal stress, the mag-
netic anisotropy and many more physical quantities. The emphasis of that
model lies clearly in the inclusion of the magnetic anisotropy together with
the saturation magnetostriction of the high-field range and definitely not in
the low-field magnetic ordering range, because it does not include magnetic
domain effects.

For further development one can improve the distribution function by adding
a stress dependent term to the magnetic anisotropy term. Summing up this
model proves itself as a valuable tool for describing the magnetostriction

process A(H) macroscopically rather well.

920



Chapter 5

Sample Preparation and

Analytics

5.1 Sample Preparation: CojgFe;>20, Single
Crystal

The single crystal was grown by Prof. Weijun Ren at Shenyang National
Laboratory for Materials Science from the Chinese Academy of Sciences in
People’s Republic of China. He employed a flux method with Borax as flux
material [60]. The starting materials are 18 g of Borax (Na;B4O7 - 10H20),
2.3 g CoO 0f 99.99% purity and 6.7 g FeoO3 of 99.99% purity. After sufficiently
mixing, the materials were put in a tightly closed Pt crucible and were heated
from room temperature to 1370 °C at a rate of 100°C/h, and then held for a
period of 6 hours. Next, the crucible was slowly cooled from 1370 to 990 °C
at 2°C/h, followed by a furnace cooling by switching off the power supply.
The crystals were formed inside the crucible due to the fact that the bottom
of the Pt crucible was slightly colder than the top and so the solidification
process started. By cooking the flux with the included crystals in a hot dilute
solution of 20% HNOj as reported in [60] the crystals were separated from the
flux. The size of our single crystal was approximately 2x2x1 mm?. Afterwards

Prof. Weijun Ren determined the composition of the single crystal with the
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help of X-ray Diffraction (XRD) to CoggFes204.

5.2 Analytics of the CoggFe; 20, Single Crystal

5.2.1 Scanning Electron Microscopy Study

In order to determine the exact composition of the cobalt ferrite single crystal
and to have a look at the elemental distribution as well as possible concen-
tration gradients a concise Scanning Electron Microscopy (SEM) study was
performed. The SEM we used is a JEOL JSM-5040 with an electron backscat-
ter detector and an additional Energy-dispersive X-ray spectroscopy (EDX)
detector for elemental analysis. All pictures and spectra were taken at an
acceleration voltage of 20 kV and a working distance of 20 mm. In figure 5.1
one can see the triangular (111) plain of the octahedron shaped single crystal
at a magnification of 35. In the middle and the right image of figure 5.1, the
magnification was increased and one can see small platelets formed during
the growing process. The surface of the sample was not ground or polished,

as it is very smooth from the crystal growth process.

L s
CoFe 204 SC 012
MAG: 35 HV: 20,0 KV

CoeA04 SCLG14
MAGESDX HV: 2010 kA WD:20,0 mm

Figure 5.1: Triangular (111) plain of the as grown, octahedron shaped Cobalt
Ferrite single crystal

As it is not possible with EDX to determine the correct amount of lighter
elements as oxygen without large error, we could only determine the Fe-Co
ratio. Therefore, we first measured over a large area of the sample, turned

the single crystal around and measured the second side as well. Later we
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performed several spot measurements in order to determine the homogeneity
of the single crystal. The measured Fe-Co ratios were found to be quite the
same within the experimental error: %‘i = 2.436. When assuming that the
sum of of cobalt and iron has to be 3 and the amount of oxygen is 4, the ele-
mental composition of the single crystal is calculated to Cogg7Fes 1304 with
an experimental error of £3%. No gradients in composition were found as
shown in figure 5.2. In the backscatter electron image the change in bright-
ness is referring to different elemental composition. Besides the variation in
brightness due to topographical changes, the surface is quite uniform. As
in figure 5.2 shown there is only some dirt on the as grown surface of the
single crystal, but no stoichiometric gradient over the whole sample. From
this investigation it is proven that the single crystal is of high purity without

gradients of elemental composition.

Cofe?08 SEET5 0 i A
WAG 00 x 25 HV: 20,0 IV AND: 30, 00nm -

Figure 5.2: left: Secondary electron image of the surface. right: Backscattered
Electron Image for checking variation of different elemental composition of
the same spot.

5.2.2 Transmission Electron Microscopy Study

It is well known that the oxygen content is very important to the magnetic
properties of cobalt ferrite. A lot of studies have been performed on the vari-
ation of the oxygen content in the samples. For instance a variation of the
oxygen partial pressure while annealing cobalt ferrite influences the satura-

tion magnetization [13] or the sintering of cobalt ferrite under vacuum even
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leads to a formation of a second phase and inferior magnetic properties [25].
Therefore, it is important to determine the oxygen content with high accu-
racy. The aim of the Transmission Electron Microscopy (TEM) study was to

determine the exact stoichiometric composition of our single crystal.

As the accuracy of normal X-ray diffraction (XRD) or Energy-dispersive
X-ray spectroscopy (EDX) is not sufficient to determine the stoichiometric
composition of light elements as oxygen, we employed Electron Energy-loss
Spectroscopy (EELS). This technique measures the energy loss of the electron
beam (usually 200 keV) in the TEM going through the sample. While passing
the sample the incident electrons are scattering with the shell electrons of
the sample atoms and lose energy. This loss of energy is dependent on the
main shells (K, Lj, Ly, Ls, ...) of the sample atoms and lies in the range
of 30 to a few thousand eV, depending on the shell and the sample atom.
For our measurements we used the K-edge of oxygen with an energy loss of
532€V, the L3/Ly edges of iron with an energy loss of 708/721 eV and the
L3/Ly edges of cobalt with an energy loss of 779/794eV. For performing a
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Figure 5.3: SEM-EBSD image of the Cobalt Ferrite single crystal before
cutting out the TEM sample from the (111) plain. The Kikuchi lines are
visible with and without labeling.

concise TEM study, we first oriented the single crystal along the [114] axis
inside a SEM. This was verified by an electron backscatter diffraction (EBSD)
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image, where the electron beam is directed in a rather small angle (typically
20°) towards the sample surface. Due to elastic scattering on the regularly
assembled lattice of the single crystal a pattern can be detected by a CCD
camera. The pattern is arranged in so called Kikuchi bands which reflect the
symmetry, structure, lattice parameters and orientation of the sample [61].
In figure 5.3 one can see the Kikuchi bands with and without the calculated
structural information. After orientating the single crystal in the [114] axis,
a small oriented platelet was cut out of the single crystal with a focused ion
beam (FIB). The thickness of the platelet was further reduced by ion-milling
to less than 200nm (+10%). In figure 5.4 one can see the aligned single

Figure 5.4: TEM image of the Cobalt Ferrite single crystal.

crystal in the TEM. The variation of the brightness in the sample points to a
different thickness due to the ion-milling process. In the diffraction pattern in
figure 5.5 the [114] axis is visible. By the ratio of § = 1.16 and the two angles
<aa = 50° and <tab = 65° the [114] direction was verified. In figure 5.6 the raw
data of the EELS spectrum are shown on the left side, whereas on the right
side the background subtraction (red lines) and the resulting elemental edges

(green lines) are shown. Several spectra were taken at different locations of
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the sample. The results of this investigation are presented in table 5.1, where

we can see that there is just a very slight oxygen defect in the samples.

Figure 5.5: Diffraction pattern of Figure5.4 with the construction lines for
the evaluation of the [114] axis.
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Figure 5.6: Left: EELS Spectrum of Cobalt Ferrite single crystal. Right: Cal-
culated background subtraction and the resulting characteristic energy loss
of the oyxgen, iron and cobalt ions.
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5.2.3 Conclusion

The average Co-Fe ratio was determined with the use of three different and
independent methods. All three results are listed in table 5.1. The average
composition (CoggFes 204 ) over all three methods was chosen because it can-
cels out the various systematic errors of each analytical method. Moreover
with the help of the EELS method it is possible to determine the amount of
oxygen inside the sample, which was found to be very near to the theoreti-
cal value. Among these three methods the EELS method provides the best
resolution, with the disadvantage of measuring very locally. Therefore the
combination of all three methods ensures that our single crystal is of very
high purity with an uniform element distribution. Above all we were able to
determine the oxygen content and proved that it is in excellent agreement

with the sum formula.

Table 5.1: Composition of cobalt ferrite single crystal compared with a ball-
milled polycrystalline sample.

Single Crystal Polycrystal
Method XRD SEM TEM-EELS SEM
Fe/Co ratio 2.75 2.436 2.407
COHlpOSitiOIl COQ71F€2_2903.95
(Co+Fe = 3)
COHlpOSitiOIl COO_SF€2_204 COO.87F62_1304 000_88F62.1204
(Co+Fe =3
and O = 4)
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5.3 Sample Preparation: CoggsFes 100, Poly-

crystalline Samples

There exist numerous methods for preparing polycrystalline Cobalt Ferrite.
A quite concise overview on the various production routes is given by [62].
For our polycrystalline Cog gsFes 1204 samples we chose the ball milling tech-
nique. Therefore the stoichiometric correct amount of CoO and Fe,O3 are
put together with steel balls in a ball mill. The ball to powder ratio was kept
to 10:1. After 24 hours of continuous milling the powder is given in an oven at
T = 1000 °C under air atmosphere where the sample is annealed and forms
single phase CogggFes 1004. In order to make sure that the crystallite size is
more homogeneous, the milling process and the annealing process in the oven
have been repeated one more time. Afterwards the powder was pressed into
a pellet and the analytical investigations were performed. The single phase,
cubic structure and composition were verified with X-Ray Diffraction (XRD).
The SEM was used to determine the average size and micro-structure of the

crystallites.

5.4 Analytics of the CoggsFes 100, Polycrys-

talline Samples

5.4.1 X-ray Diffraction study

The XRD measurements were performed using CuKay 5 radiation in a Bragg-
Brentano geometry. The evaluation of the data were made using “TOPAS 4.2”
(Bruker AXS) software package. All polycrystalline CoggsFes 1004 samples
were single phase and crystallized in the Fd3mZ space group with lattice
parameter of a = 8.386 (0 < 1) A. The samples were measured with and
without rotation of the sample-holder, however no difference was observed.

In figure 5.7 a typical diffraction pattern of our polycrystalline samples is
shown. Using intensity analysis from XRD diffraction data one can refine an

average surface texture of the samples, however no surface texture was found.
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The average crystallite size was found to be 206 nm.

Co, . Fe, ,O, - polycrystalline sample
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Figure 5.7: XRD pattern of measured polycrystalline Cog ggFes 1004 in black.
The red curve denotes the calculated Rietfeld refinement and the grey curve
shows the difference between the calculated and measured XRD pattern.

5.4.2 Scanning Electron Microscopy Study

For the determination of the composition of the polycrystalline cobalt ferrite
pellet and to check the elemental distribution and possible concentration

gradients a scanning electron microscopy (SEM) study was performed. The
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SEM we used is a JEOL JSM-5040 with an electron backscatter detector
and an additional Energy-dispersive X-ray spectroscopy (EDX) detector for
elemental analysis. All pictures and spectra were taken at an acceleration
voltage of 20kV and a working distance of 20mm. In figure 5.8 the very
small grains of the pressed pellets are shown. In table 5.1 the mean results

of the evaluation of the EDX spectra are presented.

b P

Cofe204 HI2A3
1aits; 5000 % HIVE 20,0 kW WID: 22,0l

Figure 5.8: Microstructure of nanocrystalline cobalt ferrite, the average crys-
tallite size of 206 nm was determined by XRD.

5.4.3 Conclusion

The average Co-Fe ratio was determined with the use of the scanning electron
microscope to 2.407. This sets the composition of the polycrystalline sample
to CogssFes1204. With the help of the XRD an investigation on possible
textures was performed, which revealed that all the samples were free of
texture. This is important, as it is a prerequisite for using the law of aproach

to saturation (see chapter 2.2).



Chapter 6

Magnetic Properties of Cobalt

Ferrite

6.1 Magnetic Properties

The single crystal and the polycrystalline samples were measured in a
standard vibrating sample magnetometer (VSM) from Quantum Design
Inc., as explained in chapter 2. The single crystal was oriented by use of
a backscatter Laue geometry with the software package OrientExpress.
Because it was worked very accurately, the average misalignment of the
actual to the desired crystal axis was smaller than 1.5°. The three main
axes ([100], [110] and [111]) were measured first in the magnetometer and
then under the same orientation in the magnetostriction measurement
cell (explained in chapter 4). For magnetostriction measurements it was
necessary to grind the crystal in order to create two parallel, flat surfaces
perpendicular to the desired crystal axis.

Overall one can say that the shape of the single crystal as well as the
polycrystalline cylinder-like sample for all magnetization and magnetostric-
tion measurements can be approximated as a sphere (N = £) [53]. This is
important for correcting the external to the internal magnetic field of the
sample. With the well known relation H;,; = H.,; — N-M the demagnetizing
field was subtracted from the applied magnetic field, yielding to the internal

35
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magnetic field. The used density for evaluating the magnetization data of
the single crystal and the polycrystals was the theoretical XRD density

p = 5.259 &5, which we obtained from our XRD refinement.

6.1.1 Magnetization of the Single Crystal

Magnetization as a function of the applied field was measured for a set of
crystallographic directions over a very broad temperature range of 10 to
400 K with a maximum applied field of 90 kOe. Only the easy [100] axis was

measured in an extended temperature range of 10 to 900 K.

Co, Fe,,0, single crystal, H || [100], T = 10K
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Figure 6.1: Magnetization as function of the applied field at 7' = 10 K along
the easy [100] axis of the CoggFes 204 single crystal. The red curve is a fit
according to the law of approach to saturation (LAS), while the horizontal
blue line denotes the value of the obtained saturation magnetization from

LAS.
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Figure 6.2: Magnetization curves along the main crystal axes of cobalt ferrite:

[100], [110] and [111] with 0.5° and 1.5° misalignment.
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[100] easy axis

Over the whole temperature range the [100] axis turned out to be the easy
axis of magnetization M (H) as can be seen in figure 6.2 on the top, left
position, where the magnetization M (H) is plotted for five different tem-
peratures. With the help of the law of approach to saturation (LAS) it was
not only possible to determine the exact saturation magnetization of the
[100| axis, but also the high field susceptibility x along the easy axis (see
figure 6.10) and the anisotropy constant Ky as function of temperature (see
figure 6.20). In table 6.1 all fit parameters and the resulting anisotropy values
are listed. The anisotropy constant K, was determined with the help of the

fit parameter b according to this empirical formula:
Ko = MguVb-C, (6.1)

where C' is an empirical constant which was found to be 1 in order to fit
the Ky from the integration method with the LAS method. It should be
noted that usually only the anisotropy constant K; can be determined with
the LAS. Following the derivation of formula 2.9 the numerical factor has
to be zero, as the magnetization vector has to point along the easy axes of
the single crystal even without any magnetic field applied. Nevertheless the
inset of figure 6.1 shows the steepness of the magnetization slope and its fit
according to the LAS. The blue horizontal line shows the obtained saturation
magnetization value Mgq,;.

The temperature dependence of Ky(7T') and a comparison with the integral

method is shown in chapter 6.2.1.
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Table 6.1: Fit parameters for the law of approach to saturation measured
along the [100] axis. Kj is calculated according to formula 6.1.

T K] Msa 2] b2 k1 Ko ]
5 518507  6.418-10° 2.188-10~* 52200
10 517908  4.326-10° 2.793-10~* 42806
25 517770  1.478-10° 3.082-10~* 25013
50 516858  5.891-10° 4.757-107* 49852
75 515816  7.014-10° 4.626-10~* 54286
100 513197  9.665-10° 4.760-10~* 63400
125 509925  8.827-10° 5.257-10~* 60204
150 505081  9.640-10° 5.493-10~* 62318
175 498880  1.027-10'° 5.863-10~* 63528
200 491428  9.423-10° 6.229-10~* 59947
225 483111  9.606-10° 6.749-10~* 59502
250 472914  8.999-10° 7.257-10~* 56376
275 462392  8.679-10° 7.886-107* 54132
300 451055  7.927-10° 8.672-10~* 50465
325 439010  7.940-10° 9.447-10~* 49159
350 426197  7.409-10° 1.030-1073 46101
375 413352  8.361-10° 1.110-1073 47497
400 399868  8.333-10° 1.190-107% 45870
425 383494  7.983-10° 1.160-107® 43059
450 368331  1.302-10'° 1.210-10=* 52817
475 352165  9.093-10° 1.370-107% 42199
500 336328 1.373-10'° 1.390-107® 49520
525 319318  1.190-10° 1.530-10® 43779
550 302378  1.320-10° 1.610-107® 43663
575 283982  1.370-10' 1.740-107% 41763
600 266078 1.851-109 1.810-1073 45491
625 247493  1.450-10° 1.910-1073 37446
650 230789 2.085-10'° 1.990-107% 41873
675 216344  2.470-10'° 1.950-107® 42726
700 198988  2.984.10° 2.040-1073 43192
725 174502  4.584-10"° 2.330-107® 46950
750 142796  8.941-10' 2.930-107® 53658
775 96144  3.574-10"  4.450-107% 72230
787.5 65690  1.051-10'? 5.730-10~% 84609
800 27805  2.174-10'2 7.400-107* 51516
812.5 7696  2.481-10'2 6.640-107% 15236
825 2227  2.507-10'% 5.450-107% 4432
837.5  845.6  1.805-10'? 4.480-1073 1428
850 464.1  9.692-10"' 3.820-1073 574
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In figure 6.3 the saturation magnetization of the [100] axis is plotted as
function of the temperature for the low and high temperature measurement.
In the low-temperature region up to ~0.3-T¢ [0 - 225 K] the sample obeys
the spin wave theory, which means that the saturation magnetization follows
the modified Bloch Law [33, 63]:

—-E
Mgat(T) = Mga (0K) (1 — B-T? — G-Ti-ek:ff:), (6.2)

with Mgq (0K) = 518194 %, B = 4.07'10_6K_737 C =8.71-108K = and the
energy gap along the measured crystallographic direction Eg = 3.78 meV.
A fit of the saturation magnetization of the polycrystalline sample with the
Bloch Law could not be performed, as it is not possible to saturate the sam-
ple with 90 kOe. Franco and co-workers [64] could however apply a stronger
magnetic field and obtained for nanocrystalline (crystallite size ~ 42nm)
cobalt ferrite a value for B = 2.35-1075 K2 with C' = 0.

For the high temperature range [300 - 800 K] the saturation magnetization
Mg (T') follows a general scaling law, which was also used for determining

the Curie-temperature T¢ (see chapter 6.1.4):

Maof(T) = Mo (0K) <1 - T1> , (6.3)

c
with n = 0.557, T = 807.6 K and Mg, (0K) = 581.6 £, The fit parameter n
points to an isotropic molecular field model (n = 0.5). When extrapolating
to temperatures below 7" = 300 K, it is clearly visible that the scaling law
fails to describe the saturation magnetization and produces much to high

values for the saturation magnetization, as can be seen in figure 6.3.

[110] intermediate axis

The saturation magnetization along the [110] axis in a cubic environment
is only dependent on the first anisotropy constant K;. The magnetic field

value where the sample reaches a magnetically saturated state is called

the anisotropy field H, = J\Ql—ls{li In chapter 3 the magnetization process
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Figure 6.3: Temperature dependence of saturation magnetization of single
crystalline cobalt ferrite measured along the easy [100] axis.

along [110] was calculated and its independence of K, was proven (see
formula 3.6). From the upper, right magnetization curve in figure 6.2, it
can be learned that below 7" = 150 K saturation can no longer be reached
by applying a magnetic field of 90kOe. In 1988 Guillot and co-workers
found out that at 7' = 4.2K a magnetic field of 170kOe is necessary to
saturate cobalt ferrite [26]. K can therefore only be determined when the
magnetization data are extrapolated, which is discussed in more detail in
chapter 6.2.1.

[111] hard axis

Below T'= 150K a jump in the magnetization along the [111] axis is visible,
as shown in the bottom, left figure 6.2. The critical field, where the jump
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occurs is very sensitive to the alignment of the [111] axis with respect to the
magnetic field. As the single crystal was first aligned with Laue and then
glued to the VSM sample holder, a small misalignment error may occur. The
deviation from the [111] axis was determined with a linear fit in the low field
range [6 - 22kOe| and an extrapolation to zero field. As the magnetization
vector lies in the [100] axis, the projection to the [111] axis is %, which
should correspond to the obtained offset from the linear fit. This offset was
also analyzed as function of temperature, as shown in figure 6.4, where
the relative magnetization is plotted as function of the temperature. All
data were normalized against the saturation magnetization of the [100] axis
obtained from the law of approach to saturation (see table 6.1). It can be
clearly seen that the magnetization follows our geometric considerations up
to 250 K as the value of \/Lg is held quite constant over a broad temperature

range.

Co, Fe, O, single crystal
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Figure 6.4: Offset of the linear fit in the low field region of the normalized
magnetization as function of temperature.
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For the first measurements an alignment error of 1.5° off the [111] axis
(see figure 6.2 on the bottom right) was achieved, which causes an increase
of the FOMP-field to 70kOe. These magnetization measurements were
published in [65]. A later measurement reduced the misalignment to 0.5°
resulting in a FOMP-field of 60kOe (see figure 6.2 on the bottom left). The
magnetostriction measurements apparently did not show any misalignment
and the FOMP-field Hropp decreased to 55kOe [65]. In figure 6.5 these
data are plotted at a temperature of T' = 10K. A quite linear behavior
between the deviation angle and the critical field is observed.

However it should be noted that the higher misalignment of the sample
is, the more tends the measurement to behave like a [110] measurement
above the FOMP-field, whereas the measurement with lower misalignment
angle behaves like a [100] measurement. This behavior is clearly seen in fig-

ure 6.2 in the two bottom figures. Moreover it is visible in the magnetization

Co, JFe, O, single crystal

70 L First magnetization measurement, g _
used for [kriegisch12]

65 - -
o
o
=
o
8

- 60 |- @ Magnetization measurement .

55 p Magnetostriction measurement -
T=10K

P R R EE U U SRS SRS B

000 025 050 075 100 125 150 175 200

deviation from [111] axis [°]

Figure 6.5: Change of the critical FOMP field with the deviation angle from
the [111] axis.
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calculation in chapter 3, where no misalignment was considered and the mag-
netization vector jumps over the energy barrier and reaches immediately the

saturation magnetization (which is also seen in figure 6.2 on the bottom left).

6.1.2 Magnetization of a Polycrystalline Sample

In the polycrystalline sample it can be assumed that small crystallites are
isotropically and completely randomly distributed, as no texture was seen
in XRD. So the easy [100], the intermediate [110] and the hard [111] axis
characteristics are superimposed. Figure 6.6 shows the signal to noise ratio
@M—A/JdH) of the three main crystal axes of the single crystal at 7' = 10K.
The [100] axis measurement saturates fastest, which can be seen in the
normalized derivative as noise around zero. This noise amplitude can be

seen as the characteristic for the measurement setup. Whereas the [110] axis
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Figure 6.6: Normalized Signal to Noise ratio of the magnetization of the single
crystalline sample at T'= 10 K.
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measurement is asymptotically approaching to zero with a much higher noise
amplitude. The smaller system inherent noise amplitude will be reached sat-
uration. This is reflected in the magnetization as well, where the saturation
at T = 10K is not reached below H = 170kOe along [110] according to
|26]. In the normalized derivative of the magnetization measurement along
the [111] axis the FOMP is seen very prominently around H = 60kOe. It
is remarkable that below the FOMP field, the noise amplitude is roughly
of the same order of magnitude as the [110] axis measurement, whereas
above the FOMP the noise amplitude reduces to the value as found for
the [100] axis. This is not surprising, as a similar behavior is found in the
magnetization curve. The order of the magnitude of the noise points to local
stresses and small rotation processes of the magnetization vector against
the magnetocrystalline anisotropy. In the [110] and the [111] axis below the
FOMP, the magnetization vector has to work against the magnetocrystalline
anisotropy energy FE . Along the easy [100] axis no work against E,4 has

to be performed, therefore the noise amplitude is smaller, as it reflects the

Co, e, ,,0, - polycrystalline sample

6.0x10° 21274
.0x10 mm T T
| —T=10K ]
|
5.0x10° | “ — T =300K -
4.0x10° fHfl {| .
H.'; H 1
S 3.0x10° ‘
.OX. [ -
= Wil
= L
S 20x10 T .
S ‘ ‘ ‘
) i ' i
1.0x10° fr [ i j(‘””
I
00 al e W'
-1.0x10° : L : L :
0 30 60 90
H [kO€]

Figure 6.7: Normalized Signal to Noise ratio of the magnetization of the
polycrystalline sample at T'= 10K and T' = 300 K.
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inherent noise of the measurement setup. As the magnetization vector has
passed the energy barrier above the FOMP, the noise level has to get smaller
along the [111] axis.

It is noteworthy that the amplitude of the noise depends on the field sweep
rate change. As all samples were measured with the same field sweep rate,
we can deduce from these measurements that the noise amplitude can deliver
valuable information about the rate of changing the magnetic state of this
type of sample. This knowledge can also be checked on a polycrystalline
cobalt ferrite sample. In figure 6.7 the FOMP from the particles aligned
parallel to the [111] axis is visible as well as the steady increase of the
magnetization from the [110] axis oriented particles. The features of these
two axes are both present, but of course not as strongly pronounced as it
is in the single crystal. While at low temperature saturation can not be

reached, at T" = 300 K the average value of the normalized derivative of the

K
Mgat

measured magnetization is approaching the value of asymptotically.

6.1.3 Degree of Inversion

The degree of inversion was determined for the single crystal and with the
help of an extrapolation also for the polycrystal. As it denotes the cation
distribution of the spinel (see chapter 2.3.2), the degree of inversion is
calculated using the saturation magnetization at 7' = 0 K. Due to the very
high ordering temperature of cobalt ferrite (T ~ 800K), it is also possible
to take the saturation magnetization value at T = 5K. In figure 6.8 the
saturation magnetization obtained from the law of aproach to saturation of
the single crystal and the polycrystal are shown as function of temperature.
The magnetization of the single crystal was measured along the easy [100]
axis, giving a saturation magnetization value at 7" = 5K of pepp = 4.13 up
per forumla unit (f.u.). Due to the high magnetic anisotropy it was not
possible to saturate the polycrystalline sample below T < 150K with
90 kOe. Therefore the saturation magnetization appreas to decrease below
T < 150K, which definitely does not reflect the real behaviour of the

saturation magnetization. As a consequence, the saturation magnetization
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Figure 6.8: Saturation Magnetization obtained from the law of aproach to
saturation of the single crystal and the polycrystal.

of the polycrystal was extrapolated with the data obtained from the single
crystal, yielding in a magnetic moment of p.rr = 4.09 J’f—ﬁ at T'=5K.

For a further analysis on the inversion three parameters have to be known:
the measured low temperature effective magnetic moment fi.¢, the effective
moments of all ions involved (see table 2.1) and the sum formula. For the sin-
gle crystal the sum formula is given by (Cojt_;Feih ) [Coi T FedhFel® JOT™
leading to an effective moment jicfr = pp_gites — Ha—sites = 4.13 up. The
degree of inversion ¢ = 0.783 results from computing the effective magnetic
moments of the A and B-sites with the experimental values f,, of the
magnetic ions from table 2.1'. As i can vary between 0 and 0.8 the spinel
is nearly completely inverse. The resulting sum formula is calculated to:
(CopousrFensss) [0 hses Fen s F el s O

The sum formula for the polycrystal differs but the calculation stays in prin-

! Unfortunately the Fe?* ions were not taken into account for calculating the degree of
inversion in the first paper on cobalt ferrite [65].
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ciple the same: (Copts_Fepty. ;) [Coit Fedl,Felts,,]O7. With an effective
moment of ¢y = 4.09 up the degree of inversion is determined to ¢ = 0.494
which yields in the sum formula (Cof s Fepts ) [Coplos Fep o Fet e O

While the single crystal seems to be inverse, the polycrystal is definitely
a mixed spinel. Approximately 44% of the cobalt ions are sitting in the
tetrahedral site and 56% in the octahedral site. This is not surprising as
the polycrystalline sample was annealed at 7' = 1000°C, while the single
crystal was exposed to higher temperature T' = 1370°C. Although there
is approximately 10% more cobalt in the polycrystalline compound, the

magnetic moment is 1% lower due to the mixed cation distribution.

6.1.4 Curie Temperature

The Curie Temperature T of the polycrystalline and the single crystalline
sample was determined from magnetization measurements with four different
methods.

Maximum in high field susceptibility - LAS «

When measuring the initial magnetic susceptibility of a ferromagnetic mate-
rial it is known that a peak is observed close to the Curie-Temperature. For
the low field or initial susceptibility this peak is called the Hopkinson-Peak
and the effect is referred to the Hopkinson-Effect [35, 66]. For the high field
susceptibility x this effect can be described with Langevin theory and the
Weiss molecular field theory (see chapter 2.2.2).

For our polycrystalline sample we employed the law of approach to satura-
tion (see chapter 2) throughout the whole measured temperature range [5
- 850K]. The temperature dependence of the high field susceptibility & is
shown in figure 6.9. Clearly one can see the maximum around 7y = 815K
and the linear rise of k with temperature in an intermediate range. The

linear fit was performed from 150 to 650 K. The upper limit of the fit is
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Figure 6.9: Temperature dependence of high field susceptibility « of poly-
crystalline cobalt ferrite. Below 7" = 150 K the prerequisites for the law of
approach to saturation is no longer fulfilled, which results in a physically
unlikely increase of .

given by the rule of thumb that most temperature dependent fits are valid
below 0.8-T¢, whereas the lower limit (150 K) is given by the fact that the
law of approach to saturation is not longer valid, as the sample can not be
saturated by the maximum available field of 90kOe of the superconducting
coil inside our cryostat. A more detailed discussion on the validity of the
law of approach to saturation is given in chapter 2.

For the single crystal the easy [100| axis was chosen to measure the
magnetization from 5 to 850K. The law of approach to saturation was
employed here as well to determine the saturation magnetization Mg, and
the high field susceptibility x. In figure 6.10 the temperature dependence of
k is plotted as function of temperature. The linear fit was performed as well
in the temperature range of 150 to 650 K. At T' = 803.7 K the maximum in
the high field susceptibility is clearly visible. The slopes of the two linear fit

curves are very similar: The slope for the polycrystalline sample is 2.926-107°
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Figure 6.10: Temperature dependence of the high field susceptibility x along
the [100| axis of single crystalline cobalt ferrite.

[K~!] and for the single crystal 2.976-107% [K~!]. The deviation of the slopes
is only 1.7%.

H 2
47 versus M

When plotting a set of isothermal inverse susceptibility % curves versus the
magnetization squared M? around T¢, one can fit the resulting curves with
a straight line. The offset on the %—axis is zero for T' = T. This theory was
developed by [67] and is widely used for example by [68, 69]. In figures 6.11
and 6.12 the results of this analysis are shown for the polycrystalline sample
leading to T = 788K and for the single-crystalline sample leading to
Te = 782K. In the inset of the figures 6.11 and 6.12 the offset of the

susceptibility is plotted against the temperature.
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Figure 6.11: A set of isothermal inverse susceptibilities versus M? of poly-
crystalline cobalt ferrite.
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Scaling Law

It is seen very often that temperature dependent measurement quantities
like the saturation magnetization Mg,, magnetic anisotropy constants or
magnetostriction constants are plotted against the reduced temperature
%. As [69] is summing up, one reason is to determine critical exponents
in order to check the physical origin of the magnetic quantities and to
test theoretical predictions concerning phase transitions. Another reason is
simply to provide an easy relation for further simulations with the help of
such empirical plots.

The power law used here for the polycrystalline and the single crystalline
samples is the scaling law for the saturation magnetization (see formula 6.3).
The critical exponent n, as well as the other parameters Mg, (0K) and T¢
were left free for the fitting procedure. The range for these fits was extended

from 150 to 775K for the polycrystalline (see figure 6.13) and from zero to

212 4

Co,Fe, .0, - polycrystalline sample
600 — . . . .
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Figure 6.13: Temperature dependence of saturation magnetization of poly-
crystalline cobalt ferrite. Below T' = 150 K the law of approach to saturation
is no longer applicable, which results in an decrease of Mg;.
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800K for the single crystalline sample (see figure 6.3). The obtained value
for n is 0.557 for the polycrystalline and 0.543 for the single crystalline
sample, which points to an isotropic molecular field model (n = 0.5). The
values for the saturation magnetization for both samples were far too high
and therefore dismissed. The values given from the law of approach to
saturation were used for further analysis. The temperature range has to be
limited to values above 150K, as will be discussed in chapter 6.2.2. The
values of T were determined for the polycrystalline to T = 809K and
single-crystalline sample to T = 803.6 K.

M versus T

The last method is quite similar to the high field susecptibility, although
with reduced magnetic field. When looking at the magnetization at a small

constant field, the temperature where the curvature of the magnetization

Co, ;Fe, 0O, - single crystal - H=1000 Oe || [100]
T T T

100

M [KA/m]
dM/dH [a.u.]

50

T_=780K

0 1
760 770 780 790 800
T[K]

Figure 6.14: First derivative of magnetization measurement along the [100]
axis of single crystalline cobalt ferrite.
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curve is changing, is considered as Curie temperature. Therefore it is
necessary to calculate the first derivative of the magnetization. In figure 6.14
the change in the magnetization curve is shown. The derivative is plotted in
blue as second axis. The values of T were determined for the polycrystalline

sample to T = 790 K and single-crystalline sample to Tx = 780 K.

Results and Discussion

In table 6.2 the results for 7 using all four methods are shown. Very remark-
able is the fact that the deviations tends to be the same for each method.
While the “LLAS-£" and the “Scaling Law” produce a higher T , the “% Vs.
M? and “M vs. T” method produce a lower T . The reason for this be-
haviour is found in the fact that the “LAS-x” method and the “Scaling Law”
use high-field data and the high external magnetic field supports magnetic
order and shifts therefore the Curie temperature up. Whereas T determined
with low field methods should give more correct values, as this second or-
der phase transition is defined without external magnetic field. Therefore the
mean value of the low field methods is used as Curie-Temperature, which
delivers Tz = 789 K for the polycrystalline sample and T = 781 K for the
single-crystalline sample.

Although the investigated sample of Fayek and co-workers has the same Co
concentration x = 0.8, T is higher than our obtained value [70]. It is impor-

tant to consider that T was determined with Mossbauer method, which is

Table 6.2: Curie Temperatures obtained by various methods for poly- and
single-crystalline sample
polycrystalline single crystal

Co concentration x 0.88 0.8
Method TC [K] TC [K]
LAS-k 815 803.7

L vs. M? 788 782
Scaling Law 809 803.6

M vs. T 790 780
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very sensitive to short range order and tends to produce higher T values.
Moreover it has to be mentioned that the dependence of the Curie-
Temperature on the Co-ratio shows a different trend according to the work of
Persoons [71], who used Mossbauer method as well. In figure 6.15 the mean
value of the two low field methods Curie-Temperature is plotted together
with literature data.

The general difference of the Curie temperature for the polycrystalline and
single-crystalline samples might arise from the different composition and from
the degree of inversion of the samples. Depending on their prior heat treat-

ment the degree of inversion can be easily changed which affects T as well.

CoFe O
880 i : i : X I3—x 4I , :
®  [Persoon93]
® polycrystalline sample
860 single crystal 7
v [Fayek82)
840 -
X
2 820
800 |- .
°
780 - .
s | s | s | s | s
0.0 0.2 04 0.6 0.8 1.0

x[1]

Figure 6.15: Variation of the Curie-temperature with cobalt content x for
poly- and single-crystalline cobalt ferrite Co,Fes_,O,.
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6.2 Magnetic Anisotropy

6.2.1 Magnetic Anisotropy: Single Crystal

The magnetic anisotropy of the single crystal was determined first with the
integral method as described in chapter 3 and second from the FOMP and
saturation field.

One of the prerequisites for the integration method is the magnetic full
saturation of the sample. In figure 6.16 the magnetization at 7" = 10K is
plotted as function of the magnetic field (filled symbols). It can be clearly
seen, that the sample is not saturated up to the maximum available field of
90 kOe. Therefore the magnetization data along the [100] and [110] axes were
fitted with a linear function in the range from 70 to 90 kOe and extrapolated.
The [111] axis was fitted between 80 to 90 kOe and extrapolated to high field
values as well. The saturation field was determined as the point where the
intermediate [110] axis meets the easy [100] axis. This linear fit procedure
was necessary for all measurements below 7' = 175 K.

The values of the saturation field Hg,; is shown in figure 6.17. The red,
square symbols denote the measured saturation field, whereas the blue,
round symbols are derived from the extrapolated crossing point of the inter-
mediate with the easy axes. The purple line shows the maximum magnetic
field limit which can be applied by the superconducting coil inside the
cryostat. The diamond shaped symbols are digitized from [26| and represent
measured data. Overall, the excellent agreement of the extrapolated data
with the measurements leads to the conclusion that the assumption for the
linear extrapolation proves to be justified.

In figure 6.18 the integrated area fOHS” HdM (see formula 3.10) along
the main crystallographic directions is plotted as function of the upper
integration limit. The open symbols refer to literature data [26] and the
purple line shows the maximum applicable magnetic field. The values of
saturation magnetization at 4.2 and 10K are practically the same, due
to the very high ordering temperature (T ~ 800K). Starting with the
integrated data of the magnetization along the [100| axis, it is remarkable

that the integration area differs nearly a factor of 2 with the data obtained
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Co,Fe,,0, singlecrystal, T=10K

224
T T T T T T T T T T T
[TIIT unTn-rrrrrrrrjrrrgT;;;;;Lt‘
500 |-= oo -
[ ] wﬁp@
5 400 - -
S = HJ|[100]
s ¢ e HJ[110]
[e H || [111]
data for open symbols obtained
300 | through linear extrapolation
=, 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 120 140 160 180

H [kO¢]

Figure 6.16: Magnetization measurement of the CoggFes 20, single crystal at
T = 10K with linear extrapolation data.
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Figure 6.17: Saturation field Hg, along the [110] axis as function of tem-
perature for cobalt ferrite. The diamond shaped symbols were digitized from
[26].
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from [26]. As this area corresponds to Ky, this difference is significant.
Moreover K, can be seen as a measure for the quality of a single crystal,
as dislocations, impurities and internal stress affect the magnetization
measurement and increases the value of K (see chapter 3). This can be
seen as an indicator that our sample has fewer dislocations and less internal
stress. The integration values for the intermediate axes are similar within
an uncertainty of the measurement error. Both curves are increasing until
they reach the saturation field Hg,;, which lies around 160kOe at low
temperatures. The green, filled triangles are the integration results of the
1.5° misaligned [111] axis (used for publication in [65]). After the FOMP,
which is visible in a huge step around 70kOe, the magnetization curve
approaches the [110| axis (see figure 6.2 bottom, right), resulting in an
steady increase of the corresponding integrated area. With these values a
far too high integration area is obtained which results in a high positive Ky

published in [65]. When aligning the sample more carefully (0.5° from the

open symbols: Co, Fe O, from [guillot88] T=4.2K

1.04 196 4
ﬁlled symbols Coo 8Fe2 7O4 smgle crystal T=10K
T T T T T T T T T T T
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Integration Area[10° Jm?]
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Figure 6.18: Magnetization integration values as function of the upper in-
tegration limit and the comparison of the integration areas with literature
values. The open symbols were digitized from [26].
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open symbols: Co  Fe O, from [guillot88] T=4.2K
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Figure 6.19: Magnetic anisotropy constants as function of the upper integra-
tion limit and the comparison with literature values. The open symbols were
digitized from [26].

|111] axis) a more accurate measurement is possible (see figure 6.2 bottom,
left). The diamond shaped symbols show the FOMP at a lower field values
of approximately 60 kOe and the integrated values of the area is saturating
as well.

With this area a negative K, is obtained, as can be seen in figure 6.19.
For the integral method it is very important to have the crystallographic
axes perfectly aligned when measuring the magnetization. With a small
misalignment, a huge change in the integrated values can occur, which leads
in our case to a change of sign of the anisotropy constants. This behavior
is observed in literature as well [3]. Overall our measured data are in good

agreement with the digitzed data from [26].

Ky - a measure of the quality of the single crystal

The anisotropy constant K, was determined in two ways: First by fit-

ting with the law of approach to saturation (LAS) and evaluating the
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Figure 6.20: Magnetic anisotropy constant K, as function temperature ob-
tained by two different methods.

fit parameters with the empiricial formula 6.1 and second by using the
integration method as can be seen in figure 6.20. The symbols represent
the fits in the high field region with the law of approach to saturation. In
comparison with the obtained values from the integration method, they are
nearly half of the integration values. As the external field was used for the
integration method, the values for K, are nearly double the real values,
as will be shown in chapter 6.2.4. Nevertheless, K, is nearly constant over
the whole temperature range [10 - 700K]|, until the quite sharp increase
around the Curie-Temperature T which is discussed in more detail in
chapter 2.2.2. Above T¢ , Ky is decreasing to zero, as the sample is no longer
ferrimagnetically ordered. A direct comparison at low temperature with
the data from [26] is plotted in figure 6.18 (open and closed square shaped
symbols), where the values of |26 are nearly double in comparison with the

integration method.
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K, - first anisotropy constant

The anisotropy constant K is plotted in figure 6.21 as function of temper-
ature. As the saturation field is increasing with decreasing temperature (see
figure 6.17), it exceeds the maximum field limit of 90 kOe, resulting in too low
values of K; (black, filled square symbols green, open triangular symbols).
The overall difference e.g. at room temperature between the polycrystalline
and single-crystalline sample might arise due to the different degree of in-
version. Whereas the completely inversed spinel (single crystal) has a lower
anisotropy constant, the mixed spinel (polycrystal) has a nearly doubled
anisotropy constant K. The red, filled circle symbols show the correct evo-
lution of K; with temperature, when the magnetization is extrapolated as

described in the previous chapter. An additional calculation of K; was per-

2K,
Msat

along the [110] axis, which is presented by the blue, hexagonal symbols. The

formed with the help of the saturation or anisotropy field Hg,y = Hy =
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Figure 6.21: Magnetic anisotropy constant K; as function of temperature.
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red and blue solid lines represent fits according to the empirical Briihkatov-
Kirensky fit [72, 73]
K\(T) = K{(0) - e°T", (6.4)

where K7(0) is the anisotropy constant at 7' = 0K and « is an empirical con-
stant. The obtained values for the fits are shown in table 6.3 together with
literature values. Unfortunately it is very hard to find reliable, temperature
dependent literature data to compare with the obtained results.

Various models were tried for describing the temperature dependence of the
anisotropy constants K; and Ky [74, 75, 76, 17|, but only the purely phe-
nomenological Briihkatov-Kirensky formula can describe the measured data
K, (T) and K5(T) over the whole temperature range |72, 73]. The reason here
is that no simple theoretical model allows to calculate and describe the ori-
gin of K and K. Therefore no analytical formula exists for the temperature

dependence of the anisotropy constants.

Table 6.3: Results of Briikatov-Kirensky fits of the first order anisotropy
constant of cobalt ferrite in comparison with literature values.

Ki(0) [-5] o |K™?] Temperature Range [K| Source
196107  1.90-10 7 [20-325] [19]
5.20-10°  3.27-107° [300-825] [77], nanocrystalline
2.81-10%  1.31-107° [4.2-340] digitized and fitted from [64]
3.35-10°  3.61-10~° [10-400] integration method
4.15-10  2.46-107° [10-400] calculated from H 4

K, - second anisotropy constant

The second order anisotropy constant K, is plotted in figure 6.22 as func-
tion of temperature. The values for K, appear to be very small and slightly
positive for T > 150 K, where no extrapolation is necessary. It is reported
in literature [3|, that the integration method for small values of K5 might
produce wrong signs. Comparing with literature values at room tempera-
ture, K5 is generally assumed to be zero or too small and therefore being

neglected over the whole temperature range [19]. Below 7' < 150 K however
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K, is strongly negative and exceeds K; by a factor of approximately -2 at
T = 10K. Again it is important to mention that due to the overall high
anisotropy of the sample a high magnetic field has to be applied, which was
not possible as the maximum available field is 90 kOe. As a consequence, the
magnetization curves were extrapolated as described in the previous chap-
ter. With the help of the integration method the anisotropy constant Ky was
determined with (red circles) and without (black squares) extrapolation, as
can be seen in figure 6.22. The values of K5 which were obtained without
extrapolation are also shown to emphasize the weakness of the integration
method: All small measurement uncertainties in the magnetization measure-
ment, do show up as propagated error in the anisotropy constants.

The Briithkatov-Kirensky fit (red line in figure 6.22) delivers for K5(0) =
—7.56 % and for @ = 121.17-10"° K2, In table 6.4 all anisotropy constants
obtained by the Briihkatov-Kirensky fits are listed up.

Another possibility of determining K, is to calculate it from the reduced

Co, [Fe, O, single crystal

10 [ - T T T T T T
= K, determined with integration method |
5 u ®  without extrapolation
i n ® with extrapolation T

Briihkatov-Kirensky Fit

0
E
s 5 4
= |
" 10 o K2 calculated from hFOMP and H A

— Briihkatov-Kirensky Fit
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Figure 6.22: Magnetic anisotropy constant K, as function temperature.
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Table 6.4: Results of Briikatov-Kirensky fit of the second order anisotropy
constant of cobalt ferrite.

K5(0) |-5] o |[K™?] Temperature Range [K| Source
-7.56-10°  1.21-107* [10-400] integration method
-16.1-10°  9.03-107° [10-400] calculated from hpoap

Table 6.5: Anisotropy constants K7.q. and Ko of cobalt ferrite obtained
by direct calculation via Hg,, and Hponp.

T |K] | Hsat |kOe] Hpoump [kOe] | nponr 22 | Kicwre 1X3]  Kocare [2]
10 162 61 0.862 -3.600 4.20 -15.1
25 159 61 0.862 -3.600 4.12 -14.8
o0 155 60 0.866 -3.470 4.01 -13.9
75 135 60 0.892 -2.590 3.48 -9.02
100 123 59 0.910 -2.070 3.16 -6.53
125 108 59 0.958 -1.320 2.75 -3.63
150 98 59 0.953 -0.934 2.47 -2.31

2K1
Msat

the [110] axis. As the saturation field is only depending on K; and the FOMP
field is depending on the ratio of Ky to K7, we can use the derived relations
from chapter 3 (see figure 3.6). With a saturation field of 162kOe at T'= 10 K
and a FOMP field of 61 kOe, we get a reduced FOMP field of hpoyp = 0.377
yielding in the reduced magnetization value of nroyp = 0.862, according
to formula 3.8. With formula 3.9 we get a K, to K; ratio of -3.6. By us-

FOMP field hroap and the saturation or anisotropy field H4 =

along

ing the calculated quantity Kicue = % = 4.2 %, we finally get for
Koeqie = —15.1 m—;] instead of the value Ky = -7.01 % obtained from inte-

gration method. In figure 6.22 the open diamond shaped symbols show the
results of the calculation. In table 6.5 both calculated anisotropy constant

Kicae and Koeq of cobalt ferrite are listed up for various temperatures.
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Co,Fe, O, singlecrystal, T=10K
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Figure 6.23: Magnetization measurement of the CoggFes 20, single crystal at
T = 10K with linear extrapolation data and calculated theoretical behavior
of the magnetization.

Discussion on anisotropy constants

The most striking difference of both methods used for evaluating the
anisotropy constants is that the integration method delivers smaller values
throughout the whole temperature range. In figure 6.23 the magnetization
measurements at 7' = 10 K is plotted as example. It shows the linear extrap-
olation and the calculated theoretical behaviour of the magnetization M (H).
The overall trend for both is the same, but with one major discrepancy: the
values of the measured magnetization curves are much higher as compared
to the calculated. This behavior can be explained with the help of the phase
theory [78]. Phase theory is based on the assumption that the total energy
of the system can be lowered due to the formation of additional phases. In
figure 6.23 three phases can be found: the first phase (Al) is a six-phase
region and starts from zero field and ends approximately around 5000 Oe.
In this region the internal stray field of the magnetic domains has to be

overcome. As there exist six equivalent easy axes in a P-type material, the
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field to overcome the stray field depends on the absoulute values of the
anisotropy energy E4. Summing up, the higher the anisotropy energy is, the
larger the first region will be.

The second phase (A2) lies in between the field interval 5 < H < 27kOe and
is characterized by two-phase processes and rotation of the magnetization
vector. An energetic minimum is formed by the two easy axes which are
closest to the direction where the magnetic field is applied. This minimum
in energy gives rise to a reduced anisotropy, which manifests in an increased
slope of the magnetization, as can be seen in figure 6.23).

The beginning of the third phase (A3) is visible as small kink in the magne-
tization. The one-phase region is characterized by rotational processes only,
as the magnetization vector has completely rotated towards the favorable
easy axis derived state. Above H > 27kOe only rotational processes are
responsible for the change of magnetization with applied magnetic field.
The deviations from the calculation of the magnetization process can be fully
understood and described with phase theory [78]. The only remaining open
question is, which set of anisotropy constants should be used for describing
the anisotropy of cobalt ferrite: While the integration method takes the
micromagnetic behavior into account, the calculation from the FOMP
field only delivers the theoretical, perfect single crystalline behavior of the
magnetic anisotropy. Clearly the integration method has to be favoured:
First because the calculation from the FOMP field only describes an ideal
single crystal which never can be obtained, as dislocations and internal
stresses are always present. Second the integration method is reflecting the
reduced anisotropy, which arises due to phase theory.

While at room temperature the magnetic anisotropy of cobalt ferrite can
be described with the first order anisotropy constant only, at temperatures
below 150 K it is necessary to include the second order anisotropy constant
K,. It was found that the temperature dependence of both constants can be
described with the empirical Brithkatov-Kirensky law [72, 73]|.



Chapter 6. Magnetic Properties of Cobalt Ferrite 87

E4 - the anisotropy energy function

With all three anisotropy constants Ky, K; and K, it is possible to draw
the temperature dependent anisotropy energy function F4. In figure 6.24 the
anisotropy energy function of cobalt ferrite at 7' = 10K is plotted as an
example. The first section was performed along the (100) plane, while the
second section was done along the (110) plane. With these two sections the
anisotropy energy function along the three main axes is better visible. The
minima in the energy function refer to the [100] directions, while the maxima
represent the [110] and the [111] directions. Figure 6.25 shows the anisotropy
energy along the (110) plane, which is described by the function:

1 K.
Eap0)(0) = Ko + K, - (A_l sin* § + sin? 6 cos® 9) + TZ -sin*fcos® 6, (6.5)
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Figure 6.24: Three dimensional plot of the magnetic anisotropy energy func-
tion for cobalt ferrite at 7= 10 K. The cuts along the (100) and (110) plain
are made for better visibility.
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Figure 6.25: Magnetic anisotropy energy along the (110) plain for cobalt
ferrite at 7' = 10 K with and without the contribution of Kj.

where 0 is the parametrization angle for rotating inside the (110) plain.
Clearly it can be seen that the [100] axis is the easy one, while the [111] and
the |110] axes are magnetically harder. Just for comparison the anisotropy
energy is plotted with K5 = 0 as dashed line. The second order anisotropy
constant is reducing the overall anisotropy energy along the [111] axis, which

makes that direction more favorable.

6.2.2 Magnetic Anisotropy: Polycrystalline Sample

For the polycrystalline sample the magnetic anisotropy constant K; was
determined with the law of aproach to saturation method as described in
chapters 2 and 3. In the polycrystalline sample the grains are isotropically
distributed and we are measuring an averaged anisotropy constant K.
Below T = 150K it is not possible to saturate the sample with 90 kOe (see

figure 6.17), which results in an reduced value of K. There has been a lot of
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calculations and theories on this reduced value of K in literature. Only few
of them are solving this problem by applying a sufficiently high magnetic
field for saturating the sample [26, 64]. In figure 6.21 the green, open
triangular shaped symbols represent the anisotropy constant K obtained
by the law of approach to saturation. Below T' = 150 K it happens that K,
decreases due to the insufficient high magnetic field. The magenta diamond
shaped symbols are digitized data points from [64], who applied a sufficiently
high magnetic field and got reasonable results also below 7" = 150 K. The
reason for the higher values throughout the whole temperature range lies in
the fact that this sample was nanocrystalline (average crystallite size 42 nm),
which lead to an increased K; due to surface effects of the nanocrystalline
crystallites |64].

6.2.3 Discussion: Influence of Co?* Ions in Magnetite

In this section we will discuss the influence of the Co** ions on the magnetic
properties in magnetite (Fe3Oy4). In pure magnetite a temperature induced
structural change at the Verwey temperature 7y, ~ 120K is observed [79].
This transition goes from a cubic (7" > Ty) to a monoclinic (7' < Ty/) crystal
structure. Several XRD and neutron diffraction experiments were performed
to determine the exact symmetry? below Ty. As the change from cubic
crystal structure is very small, the results are not conclusive. The obtained
symmetry varies from orthorhombic [80, 81| to tetragonal [82, 83|, triclinic
|84, 85, 86] and monoclinic [87, 88]. But at least they all do agree that the
symmetry is no longer cubic. As the most recent publications [87, 88| have
the best resolution in their experiment, the most likely crystal structure can
be assumed to be monoclinic.

Besides this symmetry change, cation ordering is observed and the resulting
changes in electrical resistivity [79], specific heat [89] and magnetization
were investigated [90, 91|. At T; ~ 130K an isotropic point is found where

a change of easy axis of the magnetization occurs. For T' > T} the magnetic

2The term “symmetry” is used here as abbreviation for the “point group of the crystal-
lographic space group”.
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Figure 6.26: First and second order anisotropy constants as function of Co
concentration x. Filled Symbols are digitized from [16], while open symbols
represent measured values (see chapter 6.2.1).

easy axis is parallel to the [111] direction (N-type) which changes for
Ty < T < Ty to the [100] direction (P-type). This isotropic point is caused
by a change of the anisotropy constants K; and Ks. A lot of investigations
with different dopants in magnetite were performed and their influence on
the Verwey transition 7y with respect to their the concentration was studied
[92].
The influence of the Co?* ions in magnetite was investigated quite early
|91]. Special care was taken on the change of the Verwey transition and its
temperature shift with increasing Co content. With higher doping levels this
structural transition from cubic to monoclinic even vanishes completely.
Moreover with the presence of Co?' ions in the spinel lattice an increase
of the first and second order anisotropy constant is observed [16], which is
shown in figure 6.26. A quite linear increase of both anisotropy constants of
Co doped Magnetite Co,Fes_,O4 with respect to the doping concentration

x is found. Together with the data of our measured anisotropy constants
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(see chapter 6.2.1) and digitized data from Bozorth [10], a maximum in the
anisotropy constant K; around x = 0.7 can be seen, followed by a decrease
with increasing Co content x.

The origin and rise of the second order anisotropy constant K is discussed
in chapter 2.3.5, where an additional trigonal symmetry axis in the structure
along the [111] axis is pointed out. With the presence of Co*" ions in the
octahedral site [93] an increase of the second order anisotropy constant Ky

is also expected, as indicated in figure 6.26.

6.2.4 Internal vs. External Magnetic Field

The evaluation of the magnetization data revealed that for calculating the
magnetic anisotropy (see chapter 3) and the law of approach to saturation

(see chapter 2) the difference between internal and external magnetic field is
so small, that it even vanishes in the error bar. As the single crystal has not
a very defined shape, the demagnetizing factor N was approximated with %,
which corresponds to a sphere. Moreover the integration area for determin-
ing the anisotropy energy was calculated for different values of N, yielding
in a quite linear change of the integration area as can be seen in figure 6.27,
where the relative change of the integrated areas is plotted as function of N
at two different temperatures. The resulting anisotropy constants are shown
in figure 6.28. Clearly it can be seen that the difference between the internal
magnetic field (N = 3) and the external magnetic field for calculating K
and K is insignificant.

One would not expect that the difference in the anisotropy constant K is
that small. For the saturation magnetization, the coercive field, the high-field
susceptibility and all other magnetic quantities the correction to the internal
magnetic field is not necessary, only for the remanence and K it is impor-
tant. Because of the fact that the remanence data has a huge uncertainty as
the demagnetizing factor was only estimated, any analysis was omitted. For
determining all other quantities the external magnetic field was used, as the

correction to the internal magnetic field proved to be not necessary.
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Figure 6.27: Relative change of the integration area as function of the de-
magnetizing factor N at two different temperatures.
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Figure 6.28: Magnetic anistropy constants Ky and K, evaluated with internal

and external magnetic field without extrapolation, see figure 6.21.
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6.2.5 Coercive field

Coercive field of the single crystal

In figure 6.29 the coercive field Hc of the single crystal is plotted as function
of the temperature. The coercive field for all three main crystallographic
axes is very small above T" = 200 K and therefore not really easy to measure
in a magnetically open system. However below 7" = 200 K the coercive field
is continuously rising with decreasing temperature. It is remarkable that H¢
the easy [100] axis reaches the highest values, followed by the intermediate
|110] axis. Only the coercive field of the hard [111] axis is constantly below
the two other axes. One possible explanation might lie in the formation of a
direction dependent magnetic domain configuration. As the magnetization
vector lies in the easy [100] axis at low magnetic field, more domain walls

can be formed along the [100] axis. It is clear that the other axes are
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Figure 6.29: Variation of the coercive field with temperature along the three
main crystal axes of single crystalline cobalt ferrite.
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Figure 6.30: The coercive field of the three main crystal axes of cobalt ferrite
plotted as function of the first anisotropy constant K. The lines were added
after a linear fit in the temperature range of [300 - 75 K].

energetically less favorable and the coercive field is therefore reduced.

The overall behavior of the increasing coercive field with decreasing
temperature points to a correlation with the temperature dependence of the
magnetic anisotropy energy and - as a consequence - a change of the rotation
behavior of the magnetization vector. In figure 6.30 the coercive field is
plotted as function of the first magnetic anisotropy constant K;. A quite
linear behavior is found over a very broad temperature range [300 - 75 K],
the lines were added after a linear fit. It is however clear that the coercive
field can not be fully described only using the first anisotropy constant,
as it was shown in the previous chapter that the second order anisotropy

constant is no longer negligible below 7' = 150 K.
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Coercive field of the polycrystal

The coercive field of the polycrystal is of course much higher than that
of the single crystal as can be seen in figure 6.31. It is clear however that
the number of grain boundaries and dislocations in the polycrystal is much
higher than in a single crystal (which should be free of dislocations at all).

Consequently the coercive field of a polycrystal should be larger as well.
The single crystal data were plotted as comparison. The overall trend of
increasing coercive field with decreasing temperature is observed in the
polycrystal as well.

The coercive field as function of the first anisotropy constant K; is shown
in figure 6.32. Once more a quite linear behavior is found, although it is
not perfectly fitting over the whole temperature range. And again it should
be mentioned that beside the microstructure, the second order anisotropy
constant K5 should be taken into account for a more detailed temperature

dependent analysis.
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Figure 6.31: Variation of the coercive field with temperature for the single
crystal and polycrystal cobalt ferrite sample.
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Figure 6.32: The coercive field of polycrystalline cobalt ferrite sample plotted
as function of the first anisotropy constant K. The lines were added after a

linear fit.
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6.3 Magnetostriction

Magnetostriction measurements of the single crystal and the polycrystalline
samples were performed from T = 4.2 to 300K in the capacitance cell
which was described in chapter 4. The three main crystallographic axes
[100], [110] and [111] of the single crystal and two polycrystalline samples
were measured at certain temperatures with a maximum applied field
of H = 90kOe. For all polycrystalline cobalt ferrite samples a remanent
magnetostriction was detected. A measurement procedure was developed for
considering this effect. After each measurement at a certain temperature,
the whole setup was heated up to room temperature, the sample was taken
out of the magnetostriction cell and heated up above the Curie-Temperature
(in air) in order to get rid of the field induced magnetic domains, which
cause a remanence. In the next step the sample was slowly cooled without
any external applied magnetic field, followed by mounting the sample in the
magnetostriction cell and cooling the setup to the next desired temperature.
It is important to note, that only with this (very time consuming) procedure
it is ensured that the sample is demagnetized before the measurement
and that the remanent magnetostriction can be determined accurately.
Although no remanent magnetostriction was found for the single crystal,
this procedure was applied for all measured crystallographic directions as
well.

For measuring magnetostriction with the capacitance cell it is also very
important to note that the temperature has to be very stable. If the
temperature of the sample would change within less than 0.1% while
measuring, the cell would notice this change as “parasitic” thermal expansion
signal added to the magnetostriction signal and the measurement would
produce values far too high or far too low. As an example the desired
magnetostriction measurement temperature should be 7" = 100 K together
with the linear thermal expansion coefficient of silver o = 1.45-107° [K™],
as the cell is mainly made out of silver. Assuming that the stability of the
temperature would be 1 percent yielding to AT = 1K, the parasitic linear
thermal expansion signal would be &t = 1.1.45- 107> = 1.45 - 10~° which

]
is of the same order of magnitude as the magnetostriction signal of nickel
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or iron. At higher temperatures this contribution will get even bigger, as
the linear thermal expansion coefficient increases. Therefore special care was
taken on the temperature stability of the measurement setup. Nevertheless
it was sometimes necessary to correct the measured signal by subtracting
the linear thermal expansion due to small changes in sample temperature
while measuring. All magnetostriction measurements were evaluated with

the help of the self developed magnetostriction model from chapter 4.

6.3.1 Magnetostriction of the single crystal

[111] hard axis

Figure 6.33 shows the the magnetostriction measurement at 7' = 4.2 K with

H || [111]. The magnetostriction curve shows a very strong hysteresis below

111], T=4.2K

08 22 4
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Figure 6.33: Magnetostriction at 7' = 4.2 K with H || [111]. he arrows indicate
the magnetostriction measurement with increasing and decreasing magnetic

field.
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Figure 6.34: Magnetostriction as function of field H || [111], plotted in the
temperature range of [4.2 - 300 K|. The lines are drawn after a fit according
to the magnetostriction model.

the FOMP field of 55 kOe. The saturation magnetostriction is reached above
the FOMP and its value is A;11(4.2 K') = 390 ppm, when correcting the linear
increase (7H) of the magnetostriction model. Without this correction the de-
termined value is of course higher with Aj17(4.2 K) = 414.3 ppm. It is worth
to note that no remanence is measured, although the sample exhibits a huge
hysteresis below the FOMP field. The arrows indicate the magnetostriction
measurement with increasing and decreasing magnetic field. For these mea-
surement a negative magnetic field was applied as well, with the result that
the curves are reproduced, only mirrored around the ordinate.

In figure 6.34 the magnetostriction measured along the [111] axis in the
temperature range [4.2 - 300 K] is plotted. The solid lines represent the fits
according to the magnetostriction model. The fit parameters are shown in
table 6.6. The FOMP is very prominent as a sharp jump around 55kOQOe.

With increasing temperature, the height of the jump in the magnetostriction
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100

Table 6.6: Fit parameter using formula 4.10 for describing the measurements
of A\j11(H) (see lines in figure 6.34).

T )\1 C1 H1 )\2 Co H2 T )\111

K] | [ppm] [10°T7Y [T] [ppm] [107°T~°] [T] [10=°T~']| [ppm|
4.2 70 2.8 0.55 320 5.96 9.5 2.7 390

25 90 1.75 1.08  264.8 4.8 5.34 2.7 354.8
20 100 0.99 1.75  228.01 5.81 2.38 2.7 328.01
75 | 125.6 0.92 1.92 199.6 4.93 2.33 2.7 325.2
100 | 145.9 0.93 1.69 176.5 3.76 5.1 2.7 322.4
125 | 147.4 1.16 147 162.7 2.9 4.6 2.7 310.1
150 | 150.96 1.55 1.38 150 2.9 4.1 2 300.96
175 | 143.3 1.81 1.22  140.5 2.92 3.44 2.5 283.8
200 | 135.15 1.41 1.87 135.15 1.41 1.87 2 270.3
250 | 114.8 2.09 1.34 1148 2.09 1.34 2.2 229.6
300 | 107.35 3.28 0.71 107.35 3.28 0.71 1.5 214.69

is decreasing. In addition the FOMP field is decreasing as well. Starting with
a FOMP field of 55kOe from T'=4.2K to T' = 75 K, it is becoming smaller
from 50kOe at T = 100K to 35kOe at T'= 175K as can be seen in table 6.6.
Above T' = 175 K the FOMP is no longer visible, which manifests itself in the

fitting results of the magnetostriction model: As the two magnetostriction re-

lated fit parameter \; and A\, are no longer separable above T' = 200 K, only

one fit parameter was used to describe the magnetostriction. In figure 6.35

the two fit parameter A\; and Ag, together with A1, are plotted as function

of temperature. The reason for this splitting up of A;;; below T' < 150K is

the increased anisotropy (see chapter 6.2.1). Being more precisely the rise of

K, with the consequence that the jump in the magnetization (see figure 3.6)

also influences the magnetostriction behavior.
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Figure 6.35: Variation of the fit parameter A\; and Ay and the resulting mag-
netostriction constant \;;; with the temperature.

[110] intermediate axis

Starting with the well known relation for A9 = i)\loo + %)\111 (see for-
mula 4.2), it should be possible to describe the magnetostriction along the
[110] axis only with the two magnetostriction constants Ajgo and Ajq;. An
important assumption for this formula is that the sample is magnetically
saturated, which is however not fully reached below T' < 150 K, as the sat-
uration field (see figure 6.17) is higher than the maximum available field of
90 kOe. Nevertheless one of the strengths of the magnetostriction model pre-
sented in chapter 4 is the inclusion of the magnetic anisotropy in modeling
the magnetostriction. In figure 6.36 the measured magnetostriction A;19(H)
and the calculated magnetostriction are presented. For the simulation with
the magnetostriction-model all parameters, like anisotropy field and mag-
netostriction constants from the prior measurements along the [111] axis
were taken, except for Ajgg. As it was already mentioned in chapter 4.1.1
the direct magnetostriction measurement along the easy axis might produce
wrong values because of a remanent magnetostriction due to a certain, unfa-

vorable domain configuration. Therefore Agg was determined indirectly from
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Figure 6.36: Magnetostriction as function of field H || [110], plotted in the
temperature range of [4.2 - 300 K|. The lines are drawn after a fit according
to the magnetostriction model.

the magnetostriction measurement along the ;¢ axis. In the next subsection
both measurements of Aigo will be compared.

In table 6.7 all fit parameters are listed up. From the fit parameter ¢, and
hs the anisotropy field H,4 was calculated with the help of the 95% criterion
(formula 4.9). With the obtained magnetostriction model parameters \; and

Ao the magnetostriction constants Ajgg = 4A; and A\ = %)\2 were derived.

Table 6.7: Fit parameter for describing the measurements of \jjo(H) (see
figure 6.36 and formulas 4.2 and 4.9).

T | A =210 ¢ Hy X =3u C2 Hy | Hy

K] | [ppm| [10°°T7] [T]  [ppm] [10°°T7% [T] | [kOe]
42 -2284 812 021 280 0.22 5.9 [192.8
50 | -218.8 757 013 284 023  4.16 | 169.6
150 | -187.4 1225 013 2468 049  3.19| 92

225 | -141.4 153 013 1723 132 154 | 37.7
300 | -106.2 179 011 1228 3.16 0.7 | 16.3
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Table 6.8: Calculated values of Ai19, Aigo and Aqq7, obtained from the fit
parameters A\; and A, from table 6.7. Data evaluated according to formula 4.2

T /\110 - A1 + AQ A100 - 4)\1 )\111 - %AQ
K] [ppm]| [ppm] [ppm|
1.2 51.6 -913.6 373.33
50 65.2 -875.2 378.67
150 59.4 _749.6 329.07
225 30.9 -565.6 929.73
300 16.6 -424.8 163.73

These values are presented in table 6.8 and their excellent agreement with
the magnetostriction measurement is shown in figure 6.36. For example the
A10(H) measurement at 7' = 225 K: The first sharp downturn is accounted to
the first magnetostriction constant Ajgg, while the upturn is due to the higher
anisotropy contribution of Aj1;. It is remarkable that A\jgo(H) is saturating
quite quickly (Hgq ~ 5kOe), as it is expected for the easy axis. Whereas
A11(H) shows the anisotropy field values expected for the [110] direction,
as can be seen in the calculated H,4 in table 6.7. The overall behavior is in
good agreement and it is shown that the behavior of the magnetostriction
can be described quite accurately as function of the magnetic field including

the magnetic anisotropy.

[100] easy axis

In figure 6.37 the magnetostriction measurement along the [100] axis is
plotted for four different temperatures. The saturation magnetostriction is
reached at quite low magnetic fields around 5 kOe. These values correspond
to the measured anisotropy field of the magnetization measurements. In ta-
ble 6.9 the fit parameter for describing the curves with the magnetostriction
model are listed up.

In figure 6.38 the two main magnetostriction constants are plotted as
function of temperature. Clearly one can see that the directly measured

values of Ao are significantly smaller than the indirectly obtained from
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Table 6.9: Fit parameter for describing the direct measurement of Ajgg (see
figure 6.37).

T [K] Al = )\100 [ppm] C1 [1076 T71] H; [T] T [1076 T71]
4.2 -550 11.48 0.37 -3.2

100 -550 12.52 0.32 -3.3

200 -500.69 13.39 0.27 -3.7
300 -408.8 15.22 0.25 -4.4

the A11p measurement. Although the sample was demagnetized before each
measurement, an unfavorable domain configuration along the easy axis of
magnetization occurred which produces smaller linear magnetostriction
values. Therefore the indirect magnetostriction measurement values are the

more accurate and reliable.

Ao [PPM]
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Figure 6.37: Magnetostriction as function of field H || [100], plotted in the
temperature range of [4.2 - 300 K]|. The lines are drawn after a fit according
to the magnetostriction model.



Chapter 6. Magnetic Properties of Cobalt Ferrite 105

Co_Fe O, -singlecrysta
500 0.8 2.2' 4 i

T T T T
= b
s e o o o o o
= 250 |- ° o .
e<H .
o ® ), directly measured
® A, directly measured
A ), Obtained from A, ~ measurement
-250 |- -
B 1
g 500 | . 4
l_::, L] ] A
&
-750 |- A .
N A
-1000 . ' . ' . '
0 100 200 300
TIK]

Figure 6.38: Magnetostriction constants Ajgg and Aj1; as function of temper-
ature.

6.3.2 Magnetostriction of the polycrystals

The polycrystalline samples are made from pressed powder and were both
annealed at very high temperature. Consequently the samples can be re-
garded as isotropic, so they have an isotropic grain distribution and align-
ment. Therefore it should be possible to explain the polycrystalline magne-
tostriction measurements from averaging the single crystalline data. When
averaging formula 4.1 over the different crystal orientations with a; = (3; we
can describe the saturation magnetostriction for an isotropic polycrystalline
sample with:

2 3
ASat = g>\100 + g>\111

For a correct description of the magnetostriction of the polycrystalline sam-
ple, it is necessary to include the anisotropy related part of the single crystal
magnetostriction curve in the volume averaging process. This is included in
the magnetostriction model (see chapter 4). With the help of the anisotropy

constants obtained from the single crystal measurements (chapter 6.2.1) it is
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possible to calculate the mean anisotropy energy < E4 > simply by averaging

formula 3.4 over the volume:

K K5
Ey>=Ko+ L4+ 2 .
< Ey>=Ky+ 5 +105 (6.6)

and the resulting mean anisotropy field < Hy >:

< Hy o= 25taz (6.7)
Msa

With the mean anisotropy field the remanent magnetostriction will be ex-
plained.
The magnetization and magnetostriction of the two polycrystalline samples
were both measured. Not only the composition but also the heat treatment
(100 hours at 7' = 1000 °C in air) is identically, as they were both pressed into
pellets with exactly the same powder. While for one sample - named “HT?2” -
the emphasis of the measurement was put on the temperature dependence of
the magnetostriction, the second sample - named “HT2B” - was investigated
in positive and negative applied magnetic fields in order to determine the

magneto-elastic hysteresis behavior.

Longitudinal and Transverse Magnetostriction

In figure 6.39 the transverse (A, - open symbols) and longitudinal ()| -
filled symbols) magnetostriction of the “HT2” sample was measured, while
figure 6.40 shows the measurements of the second sample “HT2B”. The
overall trend from the single crystal measurements is also found here: with
decreasing temperature the magnetostriction is increasing. Additionally,
the remanence magnetostriction of both samples is also increasing. It
is important to mention that before each measurement the sample was
demagnetized by heating above the Curie-temperature. Otherwise it would
not be possible to determine the remanent magnetostriction. From the
longitudinal and transverse magnetostriction measurements the saturation
magnetostriction was derived and an analysis of the remanence and the

magnetoelastic hysteresis was performed.
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Saturation Magnetostriction

In figures 6.41 and 6.42 the saturation magnetostriction Agy, = %()\H — A1)
of both samples are plotted as function of the magnetic field. As the samples
are both isotropic (A\j = —2- A1), the longitudinal and the saturation mag-
netostriction are nearly equal. With the help of the magnetostriction model
(chapter 4) and formula 4.4, the two cubic magnetostriction constants Ajgo
and Aq1; were determined as function of temperature. In table 6.10 the fit
parameters for both samples are listed.

The mean anisotropy field < H4 > is plotted in figures 6.41 and 6.42 as ver-
tical line for various temperatures. It approximately shows the point, where
the “virgin” magnetostriction curve meets the “major loop” magnetostriction
curve. As the mean anisotropy reflects the averaged magnetic anisotropy

which is found in a polycrystalline material [49], it makes sense that the
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Figure 6.39: Transverse (A - open symbols) and longitudinal () - filled
symbols) magnetostriction of the “HT2” sample.
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Figure 6.40: Transverse (A, - open symbols) and longitudinal (X, - filled
symbols) magnetostriction of the “HT2B” sample
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Figure 6.41: Saturation magnetostriction of the “HT2” sample.
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mean anisotropy field describes the necessary field strength to overcome the
remanent magnetostriction.

In figure 6.43 the saturation magnetostriction of “HT2” at T'= 10K is plot-
ted as example for the application of the magnetostriction model. The blue
solid line represents the fit of the “virgin” magnetostriction curve accord-
ing to the magnetostriction model. The fit parameters can be found in ta-
ble 6.10. The sample exhibits a very prominent remanent magnetostriction of
Arem = —381 ppm. As soon as the remanent magnetostriction point is reached
at H = 0, a magnetic domain configuration is formed, where the (negative)
Ago-derived magnetostrictive states do no longer contribute to the magne-
tostriction signal. Only the (positive) Ajji-derived magnetostrictive states
contribute to the magnetostriction signal. The \;;;-derived magnetostrictive
states include all crystallographic directions but the [100| oriented grains.
Therefore the magnetostriction signal shows a higher magnetic anisotropy,
as for example the [110] oriented grains need a magnetic field of 160 kOe to
reach saturation.

Overall the saturation magnetostriction of the polycrystals can be described
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Figure 6.42: Saturation magnetostriction of the “HT2B” sample.
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as function of the magnetic field in the same way as for the single crystals:
the magnetostriction constants are multiplied with the magnetic anisotropy
related distribution function, leading to a field dependent saturation mag-
netostriction: Agq(H) = 2Ai00(H) + 2A111(H). The only exception is that
the remanent magnetostriction can no longer be neglected. A, is mainly
caused by the easy axis magnetostriction \joo(H ), where after being magne-
tized due to irreversible magnetic domain formation no contribution to the
magnetostriction is measured. Whereas Aj11(H ) seems to be not affected at
all by magnetic domain formation, because at higher magnetic fields there

exist no magnetic domains anymore.

212 "4

Co, .Fe, .0, - polycrystalline sample - T = 10K

200F  CT

A [ppm]

H [kOe]

Figure 6.43: Saturation magnetostriction of “HT2” at T = 10K plotted as
function of the magnetic field. The solid blue line represents the fit with the
magnetostriction model according to formula 4.10.
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6.3.3 Remanent Magnetostriction

The main origin of the remanent magnetostriction A, in the sample are
irreversible domain configurations. It was shown in the previous chapter that
only the easy axis magnetostriction constant \jgy contributes to A.c,,. In fig-
ure 6.44 the remanent magnetostriction of both polycrystalline samples are
plotted as function of temperature. Additionally the difference of the indirect
and direct magnetostriction measurements of A\jgg of the single crystal is plot-
ted as well. In table 6.12 all remanent magnetostriction constants together
with the calculated difference of both single crystal A\;qp measurements are
listed up. The magnetostriction data for 7" = 50,150 and 225K are put in
brackets, as they were interpolated in order to have data points for a further
calculation. It is remarkable that only the difference of the directly and indi-
rectly measured easy axis magnetostriction constants Ajgg can be accounted
for the remanent magnetostriction of the polycrystalline samples, as can be

seen in figure 6.44.

T T T T T T T T T T T
0 - '
HT2, HT2B - Co_Fe, O, - polycrystaline .
'SC - Co,Fe, .0, - single crystal
-100 | * i
| |
g_ -200 i
o
— 'S
&
= 300 g = HT2
heatl . e HT2B ]
L ¢ Difference of )\mo
>
ol n u from SC indirect and
400 direct measurement |
" 1 " 1 " 1 " 1 " 1 " 1 "
0 50 100 150 200 250 300 350

T[K]

Figure 6.44: Remanent magnetostriction A,.,, of polycrystalline samples to-
gether with the difference of the directly and indirectly measured magne-
tostriction constant \jgy of the single crystal.
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Table 6.11: Remanent magnetostriction \,.,, of polycrystalline cobalt ferrite
samples “HT2” and “HT2B” and calculated difference of direct and indirect
A100 measurement on the single crystal.

T | Mem HT2  Apery HT2B | Moo indirect Ajgg direct difference
K] | [ppm] [ppm] [ppm] [ppm] [ppm]|
4.2 -379 -913.6 -550 -363.6
10 -382

50 -384 -875.2 (-546.5) -328.7
100 =377 -550

150 -280 =271 -749.6 (-521.9) -227.7
200 -152 -500.7

225 -565.6 (-477.5) -88.1
250 -45

300 0 -10 -424.8 -416.2 -8.6

6.3.4 Magneto-elastic Hysteresis

As the applied magnetic field was reversed for magnetostriction measure-
ments on the polycrystalline “HT2B” sample, the magneto-elastic hysteresis
was determined as well. In figure 6.40 the longitudinal and transversal
magnetostriction is shown. The enclosed areas of these hysteresis loops were
calculated as they are correlated with the magnetic hysteresis.

When calculating the area of a magnetization hysteresis loop, the result
is an energy density [#] This area corresponds to the magnetic losses of
the sample which appear running through the hystersis loop. These losses
are caused by the movement of magnetic domains and domain walls. When
integrating the magnetostriction hysteresis loop the resulting units do not
form an energy density, as the magnetostriction is a relative measurement
with unit of 1. It is therefore not possible to correlate these two kinds of
hysteresis loops in a simple way. Although the origin of both hysteresis loops
is the same: irreversible magnetic domain and domain wall movement of the
easy [100] axis.

However one might try to separate the total hysteresis obtained from
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Co,.Fe,,,0, - polycrystalline sample - HT2B

212 4
0 T T T T T T
F T=42K new curve magnetostriction 1
-50 | area: 448.7 [ppmT] —
-100 B

-150 | reverse magnetostriction ]
- area 93.4 [ppmT]
-200

A, [ppm]

-250

-300 - -
-350 -
-400 '
-9 6 3 0 3 6 9
HH [T]

Figure 6.45: Longitudinal magnetostriction A\ at T' = 4.2K of “HT2B” to-
gether with the two enclosed areas.

magnetization measurement into two parts: f MdH = Pgys + Ppe. The first
part Pp,s comprises the microstructural and anisotropy determined part of
the losses, while the second part P,,. = ¢ [AdH stands for the magnetoelastic
hysteresis contributions. The constant ¢ describes the coupling parameter of
the magnetoelastic losses to the magnetization state of the sample.

In figure 6.45 the longitudinal magnetostriction measurement of “HT2B”
at T = 4.2K is plotted. The black area shows the magneto-elastic loss of

the initial or new curve Ay, (or A, for the transverse magnetostriction

Table 6.12: Magneto-elastic losses of magnetostriction measurements on the
polycrystalline cobalt ferrite sample “HT2B”.

T K] | Ay [ppm T|  Ajpoe. [ppm T| | AL [ppm T| Al [ppm T| | M-H [5]

4.2 934 448.76 91.42 301.58 938.1
150 91.9 148.23 94.87 126.94 345.4
300 3.71 30.02 -6.39 -26.92 52.6
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measurement), whereas the red area represents the “normal” magneto-elastic
hysteresis loss Ay (or A, for the transverse magnetostriction measurement).
In table 6.12 the magneto-elastic losses together with the integrated
magnetization area are shown for all three measured temperatures. The
magneto-elastic losses parallel A and perpendicular A, to the magnetic
field are the same within the measurement error. The discrepancy in the
new curve losses A, and A, . comes from the different magnitude of the
magnetostriction signal parallel and perpendicular to the magnetic field.
Summing up, it was tried to find an explanation for the magnetostrictive
hysteresis behavior of polycrystalline cobalt ferrite. Moreover by introducing
the mean anisotropy field a parameter was found for describing the maximum
field necessary to overcome the magneto-elastic losses of the new curve, as
shown in figures 6.41 and 6.42.

6.3.5 Magnetostriction Constants

In figure 6.46 the two cubic magnetostriction constants Ao and Aj1; for
all measured samples are plotted as function of the temperature. It is
remarkable that the magnetostriction constants are all nearly the same,
although the elemental composition of the polycrystalline and the single
crystal are slightly different. Moreover all magnetostriction measurements
follow the same trend in their temperature dependence.

Summing up it is possible to determine A\;;; and Ao correctly from one
single magnetostriction measurement g, (H) of a polycrystalline sample.
As the anisotropy and the resulting anisotropy field at lower temperature
(T < 150K) is strongly increasing, no saturation at a maximum applied field
of H = 90kOe can be obtained and therefore no correct value for \;;; can
be experimentally determined. Only with the help of the magnetostriction
model and the therein considered magnetocrystalline anisotropy it is possible

to extrapolate to the correct value of Aqq1.
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Figure 6.46: Magnetostriction constants Ajgg and A7 as function of temper-
ature for all measured cobalt ferrite samples.

6.3.6 Discussion on Origin of Magnetostriction in
Cobalt Ferrite

In magnetostriction measurements a general increase of Ajgp and A;y; for
of Co doped Magnetite Co,Fes_,O4 with respect to the Co concentration
x is found [94, 95, 96]. In figures 6.47 and 6.48 the evolution of the mag-
netostriction constants with increasing Co content z is shown. While our
measurement (x = 0.8) of Ajgo(x) fits with literature data [96], Ai11(x) does
not fit. For x = 0.4 and 0.6 a magnetic field of only 23kOe was employed
which can only saturate the easy [100| axis, but introduces large errors in
the calculated values of A\jj;, as Leyman and co-workers state themselves
[96]. So a rather large error bar for these datapoints should be considered.
Nevertheless a maximum in both magnetostriction constants was found
for cobalt ferrite Co,Fes_,O4 around x = 0.7, which made it interesting for
more intense investigations [10, 22, 97|. Several production routes and their

influence on the microstructure, magnetic properties and magnetostriction
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Figure 6.47: Evolution of A1gg magnetostriction constant with increasing Co
content z. Data for < 0.6 digitized from [96] and measured for z = 0.8 (see
chapter 6.3).
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Figure 6.48: Evolution of A1;; magnetostriction constant with increasing Co
content z. Data for x < 0.6 digitized from [96] and measured for x = 0.8 (see
chapter 6.3).
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were investigated in numerous publications and the references therein
|62, 14, 25].

Although the crystal structure of cobalt ferrite is reported as cubic (as
it is within this thesis), high resolution XRD measurements revealed a
tetragonal distortion with a £-ratio of 0.9988 at 7' = 80K [98]. Recent
synchrotron investigations [99] confirmed this tetragonal distortion and
set the £-ratio to 0.9989 at T' = 150 K. No structural transition at either
of these temperatures or even in the whole temperature range below the
Curie-Temperature (4.2 to 780 K) occurs, as no indication in specific heat or
magnetization measurements are ever reported.

The reason for this possible uncertainty in crystal structure is quite simple:
Above the Curie-Temperature 7T the sample is paramagnetic and crystal-
lizes in a real cubic crystal structure. Below T an increase of the exchange
interaction occurs which creates in this case ferrimagnetic ordering. Another
consequence is a slight deformation of the lattice due to the coupling of the
magnetization vector to the lattice which is also known as magnetostriction.
As magnetization and the resulting magnetostriction are increasing with
decreasing temperature, the distortion of the cubic lattice can only be
seen at low temperatures (T = 80K) [98]. The typical resolution limit of
conventional XRD is about 5-107% while with synchrotron radiation a limit
of 5-107% can be achieved, which made it possible to see the lattice distortion
even at higher temperatures of 7' = 150K [99]. As cobalt ferrite has a
considerably high magnetostriction at low temperatures (Agp ~ —1000 ppm
at T = 4.2K), it is possible to observe the lattice deformation directly in
XRD or synchrotron measurements.

Dionne found by elastic energy considerations that Co®" ions in an octahe-
dral environment favour an overall tetragonal distortion with f-ratio < 1
[100, 101]. Moreover this leads to enhanced negative magnetostriction along
[100] axis, which is also confirmed by [102].

It is of course important in any theoretical calculation to consider this
lowering of symmetry. In a very recent publication an ab-initio calculation of
the dependence of symmetry on the degree of inversion for cobalt and nickel
ferrite was performed [103]. It was shown only by elastic and magnetoelastic

considerations that the crystal symmetry depends on the cation distribution
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and the degree of inversion. Moreover it was found that complete inversion is
energetically most favorable for cobalt ferrite, because the resulting lowered

symmetry is reducing the elastic energy of the system.



Chapter 7
Conclusion

The aim of this thesis was the study of the magnetic and magneto-elastic
properties of cobalt ferrite. First, magnetization and then magnetostriction
was measured as function of temperature and magnetic field for one single
crystal and two polycrystalline samples. The cubic cobalt ferrite shows a
magnetic easy [100], intermediate [110] and hard [111] axis.

The magnetization measurement along the crystallographic [111] axis shows
a first order magnetization process (FOMP). This FOMP manifests itself as
a jump at the critical FOMP field Hropp = 55kOe below T = 150 K. In
order to describe the FOMP, the magnetic theory of a first order magneti-
zation process was investigated and further developed. With this enhanced
theoretical description it was not only possible to describe magnetization
M(H) as function of the applied magnetic field H, but also to determine
the magnetic anisotropy constants K; and K,. For the first time, the
dependence of the critical FOMP field Hroyp and the height of the jump
in the magnetization were calculated based on the first two anisotropy
constants K;(T") and K (T).

Moreover the magnetic anisotropy constants K;(7") and Ky(7T) were deter-
mined by two independent methods over a broad temperature range [10 -
400K]|. K5(T') was determined for the first time as function of temperature.
As K, is regarded to be very small and therefore negligible at room

temperature, no previous attempts can be found to measure it at lower

120
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temperatures. At T' < 150K K, however starts to rise and exceeds K; by a
factor of —2. So at lower temperatures K, is playing a very dominant role
in the magnetic anisotropy and the magnetization process.

This FOMP also influences the magneto-elastic properties. It becomes visible
as a huge jump in the magnetostriction at the same critical FOMP field
along the [111] axis. Along the easy [100] axis remanent magnetostriction
was found over the whole measured temperature range [4.2 - 300 K], which
manifests itself in the magnetostriction of the polycrystalline sample as
well. A special measurement routine was developed to consider remanent
magnetostriction. A model for describing magnetostriction measurements
as function of the applied external magnetic field was developed, which
incorporates magnetic anisotropy. With the help of that model it is possible
to determine the magnetostriction constants Ajgo and Aj;; together with
the magnetic anisotropy from one magnetostriction measurement of a
cubic, polycrystalline material. For the first time the two magnetostriction
constants Ao and Ajy; of cobalt ferrite were measured over a broad
temperature [4.2 - 300 K] and field range [0 - 90kOe].
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